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Abstract 
Rolls-Royce Corporation has completed a 

cooperative agreement under Department of 
Energy (DOE) contract DE-FC21-
96MC33066 in support of the Advanced 
Turbine Systems (ATS) program to stimulate 
industrial power generation markets. This 
DOE contract was performed during the 
period of October 1995 to December 2002. 
This final technical report, which is a program 
deliverable, describes all associated results 
obtained during Phases 3A and 3B of the 
contract.  

Rolls-Royce Corporation (formerly 
Allison Engine Company) initially focused on 
the design and development of a 10-megawatt 
(MW) high-efficiency industrial gas turbine 
engine/package concept (termed the 701-K) to 
meet the specific goals of the ATS program, 
which included single digit NOx emissions, 
increased plant efficiency, fuel flexibility, and 
reduced cost of power (i.e., $/kW). While a 
detailed design effort and associated 
component development were successfully 
accomplished for the 701-K engine, capable 
of achieving the stated ATS program goals, in 
1999 Rolls-Royce changed its focus to 
developing advanced component technologies 
for product insertion that would modernize 
the current fleet of 501-K and 601-K 
industrial gas turbines. This effort would also 
help to establish commercial venues for 
suppliers and designers and assist in involving 
future advanced technologies in the field of 
gas turbine engine development. This strategy 
change was partly driven by the market 
requirements that suggested a low demand for 
a 10-MW aeroderivative industrial gas 
turbine, a change in corporate strategy for 
aeroderivative gas turbine engine 
development initiatives, and a consensus that 
a better return on investment (ROI) could be 
achieved under the ATS contract by focusing 
on product improvements and technology 

insertion for the existing Rolls-Royce small 
engine industrial gas turbine fleet.  

As a result of the program strategy change 
under the ATS contract, advanced technology 
development was centered on the following 
areas at Rolls-Royce: 

! Low emission combustion research and 
development 

! Dry low emissions (DLE) staged system 
development 

! Existing combustion system 
improvements 

! Fuel flexibility—dual fuel low emissions 
research 

! Monolithic ceramic turbine vane 
component demonstration  

! Materials technology and advanced 
applications 

! Mechanical systems integration 
! Alternative engine growth studies  

Initial strategy assessments following 
discontinuation of the ATS 701-K 
demonstrator engine concept suggested that 
ATS-derived technologies were best suited 
for product insertion into the 601-K11 series 
gas turbine. This was the initial target 
application for insertion of low emissions 
combustion technology development.  

Significant progress was achieved in the 
field of low emissions combustion technology 
for both gas and dual fuel systems. Once the 
701-K engine concept, which featured a 
single silo staged combustion system with 
catalytic reactors, was no longer pursued, 
Rolls-Royce directed low emissions 
combustion development toward the 601-K 
series gas turbine since the operating 
temperatures of the 501-K and 601-K series 
industrial gas turbines were significantly 
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lower than that of the 701-K engine, a lean 
premixed stage combustion technology 
program was instead pursued as a viable 
approach toward achieving the ATS program 
goals for reduced exhaust emissions. This 
change from catalytic technology 
development was also driven by the 501-K 
and 601-K engine architectures, which were 
not readily adaptable to catalytic combustion 
configurations. 

Initial DLE development at Rolls-Royce 
centered on a two-stage lean premix concept 
that featured advanced mixing concepts in the 
secondary fuel jets. Despite challenges with 
combustion noise within the operating range, 
attainment of single digit NOx, and reduced 
CO up to 90%, operating power for the 601-K 
gas turbine was achieved during full-scale 
sector rig testing at the Indianapolis test 
facility.  

In addition to DLE combustion research 
and development at Rolls-Royce, both full-
scale and subscale component test and 
evaluation of three dual fuel low emission 
combustion concepts were also accomplished.  

A second staged DLE combustion concept 
that was pursued concurrently with the staged 
lean premix system involved a radial inflow 
design in the primary stage that did achieve 
single digit NOx and CO levels and virtually 
no combustion instability or noise up to 30 
atmospheres pressure ratio. The combustion 
system also demonstrated low emissions over 
a 204ºC (400°F) wide operating range (i.e., 
very high turndown). This technology concept 
was also evaluated for larger Rolls-Royce 
industrial gas turbines, which included the 
Trent series engine.  

In addition to technology development of 
combustion concepts, during the final phase 
of the ATS contract, Rolls-Royce integrated 
product improvements into the existing LE4 
DLE combustion system utilized on the  

501-K series industrial gas turbine. Based on 
the low emissions combustion research 
performed, improvements in wall cooling and 
premix design were successfully integrated 
into the LE4 system. This resulted in a next 
generation LE5 design currently being fielded 
at end-user sites in preparation for 
commercialization of this technology. Prior to 
field testing, the LE5 combustion system was 
validated during engine burner outlet 
temperature (BOT) testing and full-scale 
engine temperature paint tests conducted at 
the Indianapolis facility. Once fully 
implemented, these technology enhancements 
will significantly reduce operating costs for 
the DLE fleet of 501-K industrial gas 
turbines.  

Catalytic combustion research originally 
identified for the 701-K engine combustion 
system was continued (following the program 
strategy change) in a partnership agreement 
with Catalytic Combustion Systems 
Incorporated (formerly Catalytica). This effort 
focused on the material properties and 
durability of catalytic systems.  

The Rolls-Royce Corporation ATS 
program also focused on several material 
technology development programs for both 
demonstration and technology modernization.  

Rolls-Royce focused on demonstrating 
ceramic components in a gas turbine engine, 
with a view to an improved understanding of 
the durability of ceramics in this environment. 
The project was a cooperative effort involving 
the DOE, Oak Ridge National Laboratories, 
suppliers of ceramic components and 
coatings, ExxonMobil Corporation (end user 
for test demonstration), and Rolls-Royce. The 
program successfully demonstrated extended 
operation of ceramic vanes and successful 
integration of a strain isolation vane assembly 
mounting system for the 501-K series gas 
turbine. Results from testing provided 
invaluable insights into the time- and 
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temperature-dependent characteristics of 
ceramics in a high temperature gas turbine 
engine environment. 

A second materials initiative under the 
Rolls-Royce ATS contract involved the 
integration of an improved material system 
for the 501-K series first-stage turbine vane 
doublet to increase durability and ultimately 
lower operating costs. This initiative also 
included the application of improved thermal 
barrier coating technologies and life 
prediction methods in concert with the 
University of Connecticut. Over 7000 hours 
of successful field testing of the improved 
turbine vane design was accomplished at 
various field sites that demonstrated the 
potential for a 2X life improvement over 
current production high pressure (HP) turbine 
vanes. Ultimately, this will result in a cost 
reduction of 11% when compared to the 
original vane material system. Efforts are 
currently underway to commercialize this 
ATS-derived technology into the entire fleet 
of more than 1500 501-K series industrial gas 
turbines worldwide. 

Following the 701-K demonstrator engine 
strategy change, the last area Rolls-Royce 
Corporation focused on involved mechanical 
system design integration on the 601-K series 
industrial gas turbine. This effort involved the 
design and integration of a supercritical main 
shaft on the low pressure (LP) turbine spool 
and a simplified center sump bearing 
arrangement. These two design features, 
which were implemented in the production 
601-K gas turbine, resulted in a 5% reduction 
in overall product cost.  
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Introduction/Program Objectives 
This final technical report describes all 

design, experimental, and test results obtained 
for DOE contract DE-FC21-96-MC33066, 
Advanced Turbine Systems (ATS) 
Cooperative Agreement, under Phases 3A and 
3B conducted by Rolls-Royce Corporation 
(Indianapolis, IN).  

In Phase 3 of the ATS cooperative 
agreement, the scope of supply consisted of 
design, manufacture, and testing of full-scale 
system components, and integrated 
subsystems for an industrial system.  

The specific program goals under the ATS 
cooperative agreement consisted of the 
following major initiatives for the industrial 
gas turbine industry: 

! Efficiency—15% improvement in 
efficiency compared to the best available 
technology available in 1991 vintage 
power systems. Efficiency is based on the 
lower heating value (LHV) of natural gas. 
The target efficiency was 60% on an LHV 
basis for a combined cycle mode of 
operation. 

! Emissions—Single digit NOx (9 ppm by 
volume on a dry basis at 15% oxygen) and 
competitive COx with acceptable levels of 
carbon monoxide and unburned 
hydrocarbons without any external 
controls (e.g., exhaust scrubbers) 

! Cost of Power—Busbar energy costs at 
10% less than current best available 
technology 

! Reliability, Availability, and 
Maintainability (RAM)—Demonstrated 
state-of-the-art RAM capability with ATS 
turbine configurations 

The ATS program developed two paths 
for attaining the stated goals. The first path 
involved cost-shared cooperative agreements 

between DOE and gas turbine original engine 
manufacturers (OEMs). The second path was 
associated with the creation of a consortium 
of industry and academia for technology 
research. Three program phases were 
developed for the ATS program prior to full 
program commercialization into the 
marketplace: 

! Phase 1—Concept Definition Studies 
! Phase 2—Concept Development 
! Phase 3—Systems Testing and Pilot Plant 

Demonstration 

The Rolls-Royce Corporation ATS 
involvement completed the Phase 1 and 2 
initiatives under separate contracts, and this 
report covers all aspects of Phases 3A and 3B 
under DOE contract DE-FC21-96-MC33066. 
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Executive Summary 
Rolls-Royce Corporation (formerly 

Allison Engine Company) has completed a 
cooperative agreement effort with the U.S. 
DOE under the Advanced Turbine Systems 
contract (DE-FC21-96-MC33066). The initial 
program focused on the development of a 10-
megawatt (MW) industrial engine concept 
capable of achieving the ATS program goals 
of reduced exhaust emissions, higher thermal 
efficiency, and lower operating costs through 
improved reliability. A full detail design 
assessment of the proposed engine and pilot 
plant configuration (701-K series) was 
accomplished prior to full-scale hardware 
fabrication and test demonstration. The basic 
Model 701-K gas turbine arrangement is 
shown in Figure 1. 

The 701-K utilized enhanced technologies 
based on advanced aero engine concepts and 
technologies under development at Rolls-
Royce Corporation. In addition to a two-stage 
compressor module that offered high 
efficiency, the combustion architecture 

featured a multistaged silo configuration that 
featured catalytic reactors in conjunction with 
a lean premix (LPM) staged combustor. The 
HP turbine was designed for 1315ºC (2400°F) 
turbine inlet temperature and utilized 
advanced blade multipass cooling technology 
along with single crystal material blades. In 
addition, the HP turbine section also featured 
powder metal turbine disks capable of 
maintaining adequate strength at higher metal 
temperatures while offering a reduction in 
overall manufacturing costs.  

In 1999, Rolls-Royce elected to 
discontinue further development of the ATS 
701-K industrial engine concept due in part to 
a change in corporate strategy and concerns 
with the return on investment. Instead, Rolls-
Royce redirected the remainder of the ATS 
contract to focus on technology demonstration 
and commercialization of component 
enhancements into its existing fleet of small 
industrial gas turbine products (i.e., the Model 
501-K series and 601-K series engines). 

 
Figure 1. Rolls-Royce Model 701-K ATS concept. 
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This redirection in program strategy centered 
on the following major areas of development: 

! Low emission combustion research and 
development (both dry low emissions and 
dual fuel) 

! Monolithic ceramic material component 
demonstration 

! Advanced material and coating 
technology development 

! Mechanical systems integration 
! Alternative engine growth studies 

Initial assessments performed on 
applications for low emissions combustion 
systems suggested that the best focus for this 
technology area was the Model 601-K series 
industrial gas turbine engine, and as such 
significant work was accomplished on the 
development of a staged LPM low emissions 
combustion system sized for the 601-K 
engine flow path. A canted silo combustor 
arrangement was the slated application as 
shown in Figure 2. 

A high pressure, high temperature 
combustion sector test rig capable of 
achieving 20 atmospheres pressure ratio was 
fabricated to support gas DLE component 
combustion testing. The initial two stage DLE 
configuration utilized a similar primary zone 
to the LE4 combustion system used in the 
Model 501-K industrial gas turbine fleet but 

incorporated enhanced features to attain 
single digit NOx and reduced CO emissions 
over a wide turndown ratio. Despite 
challenges associated with combustion 
instability, successful low emissions 
operation up to 90% equivalent power (at 
601-K conditions) was attained with this 
combustion concept.  

A second low emissions combustion 
system developed under the ATS program 
was successful in achieving single digit NOx 
and CO emissions with low noise levels over 
a wide operating range at rig conditions 
representing full engine power for both the 
601-K industrial gas turbine and a larger 
aeroderivative engine (the industrial Trent) up 
to 30 atmospheres pressure ratio. The radial 
inflow design is shown in Figure 3. 

Duel fuel research and technology 
development was completed under the ATS 
cooperative agreement at Rolls-Royce. Three 
different candidate dual fuel combustion 
systems were evaluated under this task and 
optimum results with an LE4 based design 
arrangement were achieved at simulated 601-
K and RB211 industrial engine test 
conditions. This combustion system 
demonstrated superior performance with 
flashback, smoke formation pattern factor, 
and autoignition resistance and met target 
emission goals for natural gas and DF-2 fuel.  

 
Figure 2. Model 601-K engine concept with silo combustion arrangement. 
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Figure 3. Radial inflow design combustion 
system. 

In addition to advanced technology 
programs for low emissions combustion 
research, Rolls-Royce Corporation also 
focused on component improvement efforts 
with its existing DLE combustion system on 
the 501-K industrial gas turbine engine. 
Modifications in the design of the LE4 based 
system under the ATS program resulted in an 
upgraded version (LE5 system) that has 
demonstrated improved durability of the liner 
assembly and transition section and lower 
carbon formation in the pilot zone. The LE5 
system is in the process of being integrated 
into the fleet of 501-K DLE industrial 
engines.  

Catalytic combustion research involving 
the participation of Catalytic Combustion 
Systems Incorporated (CCSI [formerly 
Catalytica]) was completed as part of a joint 
technology effort with Solar Turbines. This 
effort involved materials characterization of 
CCSI’s Xonon® technology and durability 
assessment of catalytic materials to high 
temperature gas turbine environments as well 
as the effects of fuel contamination. 

Ceramic material technology offers the 
promise of increased efficiency of operation 
of gas turbine engines by utilizing flow-path 
components that do not require cooling air 
flow. As such, a program was developed at 
Rolls-Royce Corporation wherein the primary 
objective was to demonstrate uncooled 
ceramic turbine vanes in an industrial gas 
turbine engine. Past programs with other 
engine manufacturers were conducted to 
investigate ceramic rotor blades and 
combustor liners. The approach followed by 
Rolls-Royce was to use a Model 501-K 
industrial gas turbine engine as the vehicle in 
which the ceramic turbine vane technology 
could be investigated. Design of the ceramic 
vane system comprised an aerodynamic study 
to evaluate a solid, uncooled vane and 
mechanical design of a ceramic vane airfoil 
and the mounting system that would 
effectively isolate the vanes from externally 
imposed loadings. While they can have good 
toughness and strength, ceramic materials 
have low strain tolerance. The mounting 
system designed for this program provided 
both mechanical and thermal isolation from 
the surrounding structure, with a minimum of 
additional hardware being required for the 
ceramic vanes. This allowed for retrofit of the 
vanes into a 501-K turbine module.  

The program was conducted in two 
phases. In the first phase, uncoated silicon 
nitride ceramic vanes were procured from 
Honeywell. The vanes were first subjected to 
thermal shock proof testing, after which they 
were inspected again and then installed into a 
501-K engine. The ceramic vane assembly in 
the engine was operated under typical engine 
conditions as a proof test of the vanes and 
mounting arrangement. Vane inlet 
temperatures were measured during this 
running to verify the operating environment 
for the components. After being run for 22 
hours, the engine was disassembled for 
inspection, and the vanes were observed to be 
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in excellent condition after the proof test, 
confirming the durability of the vanes and 
demonstrating the acceptability of the 
mounting design. Based upon these results, 
the ceramic vane assembly was released for 
installation into a customer engine for 
durability demonstration running. The engine 
and ceramic vanes were reassembled and the 
engine installed on a customer site. The 
customer, ExxonMobil, operated three 501-K 
engines to provide site power. The engine was 
operated normally in this environment for a 
total of 793 hours, at which time the vanes 
were determined to have developed excessive 
material losses. During the engine running, 
the ceramic vane assembly was removed at 
200 hours and at 500 hours to permit 
inspection of the vanes. At each inspection 
interval physical measurements of the vane 
chord and trailing edge thicknesses were 
made and selected vanes were removed for 
more detailed inspection. From the Phase I 
testing it was found that the ceramic vanes 
lost material at unacceptably high rate, and 
that an improved ceramic and/or coating was 
required to extend the vane life. 

In the second phase vanes in two materials 
and having different coatings were procured. 
Vanes were produced by two manufacturers 
in their respective silicon nitride formulations. 
Those vanes produced by Honeywell were 
coated using either a Honeywell developed 
environmental barrier coating, a chemical 
vapor deposited coating provided by Oak 
Ridge National Laboratories, or a 
combination of the two. The Kyocera vanes 
were uncoated as no acceptable coating 
process for these parts was available at the 
time. Near the planned conclusion of the 
program several vanes coated using an 
experimental environmental barrier coating 
were installed into the engine. At the time of 
this phase of the program, environmental 
barrier coatings for ceramic materials had not 
yet achieved a high level of maturity but 

stakeholders saw the value of accepting the 
risk of early testing to effect significant gains 
in the coatings technology field. Figure 4 
shows the ceramic first-stage turbine vane 
assembly utilized in both phases of the 
program. The uncoated and coated parts were 
subjected to thermal shock proof testing prior 
to installation in the engine. As in the Phase I 
testing, the vane assembly was removed at 
intervals for inspection and to remove 
selected vanes for detailed investigations. The 
engine was operated normally for 2320 hours, 
at which time total loss of the vanes occurred. 
The operator continued to run the engine to 
2560 hours, at which time the engine was shut 

 
Figure 4. Uncoated and coated rainbow 
configuration ceramic material first-stage 

turbine vanes. 
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down and the vane assembly removed. The 
production turbine module was installed and 
the engine returned to service. 

Intermediate inspections allowed for 
physical measurements of the airfoil chords 
and trailing edge thicknesses for comparison 
among the vanes and for the different 
exposure times. More detailed information 
was obtained by measuring the profiles of the 
removed vanes. Material studies were 
conducted by Oak Ridge National 
Laboratories to define the changes in the 
characteristics of the ceramics over time, 
including the manner and depth of oxidation 
and the degree of material degradation. From 
this work, a more complete understanding of 
the pattern and magnitude of material 
recession and material degradation was 
obtained. Leading edges generally showed 
blunting over time, and the airfoils generally 
showed thinning over time, especially past 
mid-chord. The structure of the ceramics did 
change significantly with increasing time and 
for different temperatures. The two materials 
also showed differences in their respective 
intergranular phases over time. The retained 
strength of both materials was not 
significantly degraded over time at 
temperature. Rather, the component strengths 
were dictated by the recession rates, which 
led to reduced section properties. Only the 
vanes having the experimental environmental 
coating showed substantial loss of mechanical 
properties, and this was a direct consequence 
of the coating rather than exposure to engine 
conditions. 

Present work has substantially expanded 
the knowledge base for ceramics operated in a 
gas turbine environment and has provided 
invaluable insights into the specific problems 
requiring solutions. Future development work 
can be guided based upon the many lessons 
learned in this series of tests of ceramic 
vanes. 

In addition to the development of 
advanced ceramic material turbine vanes 
under the Rolls-Royce ATS contract, a second 
but distinct material development program 
focused on the integration of an improved 
metallic turbine vane system for the 501-K 
series gas turbine. This materials program 
focused on improving the durability of the 
existing production 501-K HP turbine vane 
doublet. The current production metallic HP 
turbine vane has, in some applications, 
displayed premature onset of distress 
characterized by local loss of thermal barrier 
coating or with increased time some distress 
in the base alloy. Excessive distress can be 
cause for removal and replacement of the 
vanes, resulting in an additional cost to the 
customer or to the company. A program under 
ATS was initiated to investigate the feasibility 
of developing a vane in an improved material 
system for investigation and verification of 
improved durability. This program culminated 
in field demonstration of the improved vanes. 

The alloy selected for the improved vanes 
was Mar-M247, a high nickel content alloy 
having superior oxidation resistance when 
compared with the current production vane 
material system (Stellite 31). In addition to 
the base material, an improved coating system 
was developed and consisted of a platinum 
aluminide with a thermal barrier coating 
applied to the gas-path surfaces. 

In the screening studies of uncoated 
alloys, the oxidation resistance of Mar-M247 
was shown to be superior to that of Stellite 31 
or other commonly used alloys. Accelerated 
cyclic oxidation testing of coated test 
specimens showed that as much as a 20X 
improvement in durability over that of the 
current system could be realized. The life of a 
material system in a gas turbine engine is 
dependant upon many other environmental 
effects, such as water content, particulates in 
the gas flow, and other factors. However, it is 
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expected that the life of the vanes may be 
doubled when the improved material system 
is introduced. 

The component demonstration program 
was approached with the view to develop and 
demonstrate an improved vane at minimal 
cost. To minimize the cost to produce the 
castings, existing casting tooling without 
modification was used. Approximately two 
engine sets of castings were delivered for the 
program. These castings were machined using 
standard production methods. The coating 
development work was carried out in parallel, 
using existing coating systems.  

The coating system selected from the 
screening studies for the demonstration 
components is applied in two steps. First, the 
platinum aluminide is applied to the part. As 
applied, this coating is essentially uniform 
over all surfaces. The thermal barrier coating 
applied to the gas path surfaces is applied via 
an electron beam assisted physical vapor 
deposition process. This is a line-of-sight 
process and must be tailored to the specific 
component geometry. Again, to minimize the 
cost of the program, only limited tooling and 
coating process development was carried out. 
Since the quality of the thermal barrier coating 
is dependent upon proper growth of the 
coating structure during the coating application 
process, the platform coatings were less than 
optimal. The primary requirement was for the 
best coating to be applied to the airfoils, as 
they are subject to the most severe 
temperatures and flow conditions. The 
platforms, being cooler, were allowed to have 
a less than optimal thermal barrier coating. In 
all areas, the primary oxidation protection 
coating, the platinum aluminide, was 
uniformly and properly applied. An external 
supplier was selected for coating the 
demonstration components using their standard 
coating process. In the screening studies this 
process had been shown to have superior 

oxidation protection capabilities. After the 
coating tooling was developed using scrap 
machined vanes, machined parts were coated 
to verify the physical and microstructural 
characteristics of the coating. Coated vanes 
were subjected to accelerated thermal cycling 
testing and destructive evaluation to verify the 
coating thickness characteristics. As in the 
screening process, the durability of these parts 
exceeded that of the current production parts 
by as much as a factor of 10X. 

A total of 53 finished parts was produced 
for field trials. One full set was installed in a 
customer engine that was typically operated 
continuously at maximum power. The second 
set, with seven current production parts 
included to provide a full engine set of vanes, 
was installed in a customer engine that was 
subject to many on/off cycles. 

The vanes in the customer engines were 
examined at intervals either via borescope or 
by full disassembly. Both engines were 
removed from their respective sites during 
mid-2001 for routine maintenance. At that 
time six vanes were removed from the first 
engine, which had 7439 hours of operation. 
Eight vanes were removed from the second 
engine, which had 1779 hours of operation. 
All parts were in excellent condition with the 
exception of some loss of thermal barrier 
coating from the platforms. This was expected 
based upon the earlier comments on tooling 
development for the coating process. In all 
cases the primary oxidation protection coating 
was fully intact and continued to provide 
protection of the base alloy. Those vanes 
remaining in the two engines will continue to 
be operated and will be inspected at intervals 
to provide further verification of the improved 
durability of the new material system. 

Figure 5 details one set of advanced vane 
hardware produced under the ATS program 
for field evaluation. 
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Figure 5. Advanced metallic turbine vane 
installed in 501-K industrial gas turbine  

for field evaluation. 

A further investigation was conducted in 
support of a technology development program 
at the University of Connecticut. A laser 
fluorescence technique for measuring residual 
stresses in the coatings was used to measure 
the stresses present on vanes in the as-coated 
condition after a brief thermal exposure in air 
and after operation in the engines. The data 
generated through these studies of engine 
components will be used to establish a basis 
for residual stress limits. The method is 
envisioned as ultimately being applicable to 
field assessments of the expected remaining 
life of coated parts, and can thus be used to 
avoid premature removal of otherwise 
acceptable parts or to identify those parts 
nearing the end of their operational lives. 

This component improvement program 
was most successful in demonstrating the 
potential benefits to the customer. The 
improved vanes developed and demonstrated 
under this program have from field operation 
trials shown a significant improvement in 
durability when compared with current 
production parts. The cost to produce the 
finished parts was reduced by approximately 
11% below that for the current parts. Based 
on these data, the new material system was 
released to production in 2002. 

Limited research was also accomplished 
on powder metal turbine disk materials 
originally selected for the Model 701-K ATS 
engine configuration; however, this initiative 
was halted when the program was redirected. 

The last major focus area under the 
revised ATS program at Rolls-Royce 
Corporation involved the integration of 
improved mechanical systems design into the 
601-K industrial engine configuration. This 
involved the design of a supercritical shaft on 
the LP turbine spool and an improved center 
bearing sump arrangement to minimize part 
count and reduce overall product costs. 
Design, fabrication, and validation test of the 
shaft and bearing sump arrangement was 
accomplished and production released for the 
601-K gas turbine. Design-to-cost studies 
performed on this effort indicated a reduction 
in product costs of approximately 8%. 
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1.  701-K ATS Engine Development and Preliminary Design 
1.1  General Engine Design 
Arrangement 

From 1992 through 1998, the ATS 
program at Rolls-Royce Corporation 
(formerly Allison Engine Company) centered 
on the design and development of an 
advanced aeroderivative industrial gas turbine 
concept termed the Model 701-K. A 
preliminary detailed design and conceptual 
generator package design layout of the 
proposed ATS industrial plant configuration 
was also completed during this phase of the 
ATS contract. The 701-K ATS general engine 
configuration is shown in Figure 6. 

In addition to completion of the 
preliminary engine design review, the overall 
generator set design and pilot plant 

arrangement was also accomplished by U.S. 
Turbines (now Rolls-Royce Energy Systems 
Incorporated) and is detailed in Figures 7  
and 8. 

In October 1994, Rolls-Royce proposed to 
the Department of Energy (DOE) an 
Advanced Turbine System (ATS) engine with 
an 18,000 hp simple cycle engine capable of 
meeting the program goals. The engine was a 
two-shaft machine with the cold end drive 
output shaft integral with the low pressure 
(LP) compressor and LP turbine shaft. 
Subsequent to the submittal of the proposal, it 
was determined that a simple cycle gas 
turbine with a two-shaft gas generator and a 
free power turbine would offer significant 
advantages in operability while reducing the 
unit cost of the power produced.  

 

Figure 6. Rolls-Royce 701-K ATS simple cycle gas turbine engine concept and  
key engine modules. 
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Figure 7. Rolls-Royce 701-K generator set layout. 

 

Figure 8. Preliminary design of ATS simple cycle pilot plant layout. 
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More detailed cost studies conducted on 
the proposed engine configuration indicated 
that it would be difficult to profitably produce 
while meeting the ATS program objectives of 
a 10% reduction in busbar energy costs. At 
the time, it was determined that a significant 
cost savings could be realized if the number 
of stages in the LP turbine could be reduced 
from four to three. To do this effectively, it 
was necessary to increase the diameter of the 
LP turbine, which required the integration of 
an interturbine duct. The exit Mach number 
and swirl conditions of the high pressure (HP) 
turbine were not optimum for use with an 
interturbine duct. However, subsequent to its 
proposal submission, Rolls-Royce had 
initiated the preliminary design of a new, 
larger HP turbine for use in its new AE 3012 
aeroderivative gas turbine engine. The exit 
conditions of the HP turbine were observed to 
better match the requirements of the larger LP 
turbine than the earlier 701-K HP turbine 
design. This larger HP turbine also required a 
higher HP compressor exit flow, which 
resulted in the elimination of the last two 
stages of the HP compressor. The desired 
overall pressure ratio of the 701-K engine was 
achieved by adding an additional stage to the 
LP compressor. The net effect of these 
changes resulted in a reduction of one 
compressor stage and one turbine stage. 

Having arrived at this engine 
configuration, a review of all potential 
applications was conducted, including marine 
and mechanical drive installations. The 
originally proposed engine was configured 
with a supercritical LP shaft. The advantage 
of this type of shaft is that it does not require 
an intershaft bearing and sump as long as its 
operating speed is between the first and 
second bend frequencies. Marine and 
mechanical drive applications cannot ensure 
this condition is met due to the range of 

operating speeds encountered as part of the 
particular duty cycle.  

A trade study was conducted to determine 
the relative advantages and disadvantages of 
an intershaft bearing and sump arrangement 
and of using a free power turbine (or two-
shaft engine arrangement). The free power 
turbine (also described as a hot end drive) 
arrangement was selected because engine 
performance could be maximized for all 
applications. This also minimized engine 
complexity and cost by eliminating the center 
sump bearing arrangement. When the gas 
turbine is used for electrical power 
generation, the output shaft must turn at 
constant speed, which at part power may not 
be the most efficient speed to operate the LP 
rotor system. The same is true for marine and 
mechanical (i.e., oil and gas) drive 
applications, although to a lesser degree. 
When operating at part power, the LP and HP 
rotors run at reduced speeds that are 
determined on the basis of the output power 
required.  

The 701-K engine configuration featured 
a free power turbine arrangement. With the 
added flexibility of operation afforded by an 
output shaft that is independent of the gasifier 
rotors, it is possible to maximize the gas 
producer efficiency by running at its optimum 
speeds at any power turbine speed. The free 
power turbine or two-shaft engine 
configuration for the 701-K design was 
achieved by reducing the power turbine stages 
to two and adding a single-stage LP turbine to 
drive the LP compressor. This resulted in an 
engine thermal efficiency of 42% that 
produces 20,600 shaft horsepower (shp).  

The engine cycle performance for the  
701-K ATS configuration is shown in  
Figure 9. 
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Figure 9. Cycle performance for ATS 701-K at its design point rotor inlet temperature. 

1.2  701-K Engine Component 
Description/Features 

Some of the key features comprising the 
ATS 701-K design configuration include an 
LP compressor module designed specifically 
for the ATS 701-K engine concept and 

featuring inlet guide vanes and a three-stage 
compressor assembly. An intermediate 
support housing separates the LP and HP 
compressor modules on the 701-K engine. 
The general arrangement of the ATS 701-K 
inlet housing and compressor module is 
shown in Figure 10. 

 

Figure 10. ATS 701-K inlet housing and compressor module layout. 
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Materials utilized in this module included 
17-4 PH and custom 450 stainless steel for 
blades and vanes. The design of this 
compressor configuration resulted in a 
polytropic efficiency of over 89%.  

The HP compressor featured in the ATS 
701-K engine configuration involved the 
conversion of a Rolls-Royce 
AE 3007/AE 2100 HP compressor system 
design for an industrial engine duty cycle. 
This effort included a redesign of all static 
and rotating hardware to accommodate more 
aggressive operating conditions and increased 
life cycles relative to aircraft engine designs. 
The compressor consisted of a 12-stage 
straddle-mounted design featuring a tie-bolt 
arrangement. The first four stages of the HP 
compressor design also featured variable 
geometry for improved part power efficiency 
optimization. Advanced blisk design using 
Waspaloy material was also featured in the 
ATS 701-K compressor. The HP compressor 
polytropic efficiency observed from cycle 
analysis was over 88%. The general 
arrangement of the 701-K inlet and engine 
compression module is shown in Figure 10. 

The combustion system selected for the 
ATS 701-K engine consisted of a single can 

silo arrangement featuring a two-stage lean 
premix (LPM) design integrated with a 
catalytic reactor. The combustion module is 
shown in Figure 11. 

The scroll LPM combustion architecture 
incorporated design and development 
experience obtained from the Green Thumb 
Combustor program developed under the 
Ultra-Low Emissions Combustion System 
(DOE contract DE-FG02-93CE41026.000). In 
addition to a catalytic reactor used in the fuel-
air injector developed in part by Catalytic 
Combustion Systems Incorporated (CCSI 
[formerly Catalytica]), the LPM combustion 
module featured radial inlet swirler 
technology. Materials featured in the ATS 
combustion system included Hastelloy X and 
Haynes 250 for most of the components.  

Predicted emissions performance and 
temperature levels at various engine power 
levels for the ATS 701-K combustion system 
are displayed in Figure 12. The combination 
of LPM performance along with catalytic 
technology provides for ultralow emissions 
that far exceed the ATS program goal of 9 
ppm maximum. This arrangement also  

 
Figure 11. ATS 701-K advanced low emissions combustion module arrangement. 
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Figure 12. ATS 701-K predicted combustion performance. 

provided for effective combustion turndown 
of less than 8 ppm NOx from 40% to 100% 
power operation. 

Limited sector rig testing to 20 
atmospheres of pressure of the ATS 
combustion system was accomplished as part 
of the 701-K development program. This 
effort assisted in the final design selection for 
premix nozzles, fuel staging characteristics, 
and validation of three-dimensional (3-D) 
axial computational fluid dynamics (CFD) 
modeling. Component rig testing of the 
catalytic reactor module was also performed 
by CCSI and is discussed later in the report.  

The turbine module designed for the ATS 
701-K engine featured a two-stage HP axial 
flow turbine, single-stage LP or intermediate 
pressure turbine, followed by an interturbine 
duct and a two-stage free power turbine 
arrangement. The ATS 701-K turbine module 
arrangement is shown in Figure 13. 

The HP turbine was designed to operate at 
a 9.6:1 pressure ratio. The single-stage 

intermediate pressure turbine drives a 3.2:1 
pressure ratio boost module compressor that 
permits the power turbine to generate 
approximately 18,000 shp.  

Two methods of channeling hot gases 
from the single can silo combustor in the HP 
turbine were examined. The first method used 
a bifurcated duct that split the incoming flow 
from the combustor can into equal 
circumferential streams and then turned the 
flow axial. The second method used an inlet 
scroll arrangement. The scroll arrangement 
was finally selected since it provided for more 
uniform turbine inlet temperature and flow 
profiles. The scroll arrangement also allowed 
a reduction of six HP turbine vane segments, 
which also reduced vane turning and thus 
improved efficiency.  

Placement of the intermediate pressure 
turbine resulted in a one-stage turbine close 
coupled to the HP turbine followed by an 
interturbine duct and two-stage power turbine. 
This provided the best mechanical 
configuration and performance.  
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Figure 13. ATS 701-K turbine module arrangement. 

The first-stage turbine featured CMSX-4 
blade material and Udimet 720 (U720) 
advanced powder metal (PM) disks. 
Additional research and development of the 
fabrication and capability for low cost 
manufacture of PM disks was accomplished 
as part of the ATS Phase 3 contract. 

Extensive research on secondary flow and 
cooling analysis was accomplished as part of 
the engine design effort, which resulted in the 
integration of advanced cooling technology. 
This permitted a rotor inlet temperature (RIT) 
of 1316ºC (2400°F) as the design point with 
an overall efficiency of 89.3%. Mechanical 

speed at 100% operation for the HP turbine 
rotor was defined at 17,384 rpm.  

The CMSX-4 turbine blade conceptual 
model with the advanced multipass cooling 
circuit is shown in Figure 14. 

In addition to the multipass cooling 
concept that was ultimately selected for the 
701-K engine configuration, an alternate 
turbine blade cooling concept termed 
CastCool™ using Lamilloy® (registered 
trademark of Rolls-Royce Corporation) 
cooling design technology was also evaluated 
for this engine configuration.  

 

Figure 14. Advanced high work turbine blade conceptual 3-D model. 
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The first-stage vane designed for the 701-
K engine configuration featured a vane 
doublet design utilizing CM188LC (single 
crystal material) that also featured platinum 
aluminide (Pt-Al) bond coat with thermal 
barrier coating (TBC). Development of 
advanced turbine coating technologies was 
also a major focus of the Rolls-Royce ATS 
program and will be discussed in detail later 
in this report.  

The second-stage HP turbine blade design 
selected for the 701-K engine configuration 
consisted of CMSX-4 blade material and 
CM188LC similar to the first stage. Some 
research into ceramic vane technology was 
also considered early in the engine design 
phase, which resulted in demonstration of 
monolithic ceramic first-stage turbine vanes 
with an integral mounting arrangement for a 
501-KB5S series industrial gas turbine at a 
U.S. end user site. This will be discussed in 
detail later in the report.  

The LP turbine or third-stage blade and 
vane arrangement featured Mar-M247 
directionally solidified materials with Pt-Al 
coatings and a Waspaloy disk. 

The two-stage free power turbine design 
selected for the ATS 701-K industrial engine 
was designed for an RIT of 777ºC (1430°F) 
with an efficiency of over 91% with a 
maximum rotational speed of 9150 rpm. 
Materials selection for blades, vanes, and the 
disk consisted of Inconel based materials.  

Significant work was also completed on 
the mechanical design (including shafting, 
seals, and bearing sump arrangements) for the 
701-K ATS engine but will not be discussed 
in detail. 

Another major effort completed under the 
ATS 701-K design effort consisted of 
advanced engine controls development. A 
digital engine controller was selected for the 

engine demonstration effort. This effort 
included the identification of critical engine 
sensors and the establishment of control 
warning and shutdown limits during engine 
operation.  

Other efforts that were a part of the 
preliminary design effort included parts 
drawing and detailing effort, initial engine 
assembly sequencing and build instructions, 
safety analysis, and development hardware 
procurement efforts.  

1.3  ATS 701-K Design to Cost Study 

Since one of the goals for the DOE ATS 
program included a 10% reduction in 
operating plant costs, Rolls-Royce 
Corporation completed various design-to-cost 
studies on the 701-K ATS industrial engine. 
The engine target cost selected for the 701-K 
configuration based on current market 
information was approximately $100/hp, 
which equaled a total engine unit cost of  
$1.3 million. Analysis of manufactured and 
purchased parts based on a preliminary parts 
list and module definition was accomplished. 
This trade study helped to identify areas for 
cost improvement initiatives as the engine 
development effort progressed.  

1.4  ATS 701-K Program Strategy 
Change 

In the third quarter of 1998, Rolls-Royce 
concluded that the development and 
commercialization efforts to date with the 
ATS 701-K industrial gas turbine engine 
would be terminated partly due to the 
elimination of the aircraft engine variant 
(AE 3012) based on the 701-K design that 
was a dependent part of the program. Without 
the required engine volumes achieved with 
the AE 3012 and 701-K common parts, the 
overall business case for this 
commercialization effort was deemed as high 
risk to the company. Based on a 
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reexamination of the market environment for 
this class of industrial gas turbine, it was 
concluded that the company investment 
required to fund the commercialization effort 
would not achieve an acceptable break-even 
period to overcome the negative cumulative 
cash position.  

An alternative strategy for the remainder 
of the ATS Phase 3 contract was successfully 
negotiated with DOE in which Rolls-Royce 
focused on integrating advanced technologies 
into its existing fleet of industrial gas turbine 

engines, which included the Model 501-K and 
Model 601-K series of engines. It was 
believed this program strategy change would 
result in a more cost effective and faster 
commercialization effort that could be applied 
to a large fleet of existing industrial engines 
while still achieving most of the original ATS 
program goals. This technology focus was 
redirected in the areas denoted in Table 1. 
Each of these technology focus areas will be 
addressed in subsequent sections of the 
report. 

Table 1. ATS program strategy change—major technology focus areas. 

Rolls-Royce ATS Program Initiative Description 
Low emissions combustion technology 
development and integration 

• Development of two-stage low emission (9 ppm NOx) LPM 
combustion technologies focused for the 601-K gas turbine 

• 501-K engine low emissions combustion technology integration 
• Dual fuel combustion technology research and development 
• Catalytic combustion technology development—CCSI 
• Evaluation of alternative combustion technologies—radial Inflow  

Advanced material/coating technology 
and applications 

• Advanced coating development for HP turbine vanes and blades 
• Advanced Mar-M247 DS HP turbine vane development  
• Powder metal U720 turbine disk manufacturing trade study 

Ceramic turbine vane component 
development and demonstration 

• Demonstration of monolithic ceramic first-stage turbine vane at a 
501-K field site location 

Mechanical system design integration 
and alternative engine growth studies  
 

• Analysis for developing a growth plan on the 601-K engine using 
the 701-K advanced turbine hot section  

• Integration of enhanced mechanical systems—supercritical 
engine shafting 
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2. ATS Low Emissions Combustion Technology Development
2.1 Background 

A shift in the ATS demonstrator engine 
configuration from the Model 701-K to the 
Model 601-K series gas turbine redirected the 
low emissions combustion technology effort. 
Stringent single-digit NOx emissions were 
still mandatory; however, the overall 
operating temperature of the engine was 
significantly lower. Table 2 shows the 
operating conditions of the 601-K engine as 
well as emission requirements. 

Given the reduced operating temperature 
of the 601-K engine, a staged, catalytic 
combustion system was not needed to meet 
emission requirements. Rather, a combustor 
operating in an LPM combustion mode would 
be a better choice. The single-digit NOx 
requirement imposes a functional requirement 
of good fuel/air preparation within the 
premixing chambers prior to combustion. 
Maintaining low NOx and CO emissions over 
a wide range of engine powers necessitates a 
staged combustion chamber where 
combustion staging is implemented without 
reaction quenching that would lead to 
excessive CO production.  

The 601-K engine combustion 
architecture selected for the two-stage LPM 
system was a silo arrangement (Figure 15). 

Table 2. ATS low emissions combustion 
technology application. 

Operating condition 
Engine airflow 26.90 kg/s (59.31 lb/sec) 
Compressor discharge 
pressure 

1971 kPa (285.9 psia) 

Compressor discharge 
temperature 

459ºC (859°F) 

Combustor F/A 0.0194 
Combustor discharge 
temperature 

1193ºC (2180°F) 

Emission requirements 
NOx emissions 9 ppm (natural gas fuel) 
CO emissions 50 ppm (natural gas fuel) 
Operating range 50-100% load optimum 

75-100% load acceptable 
 

Axial combustion staging was selected as 
the approach to follow to achieve emission 
and operability requirements. Two 
configurations of this approach were 
investigated. One configuration utilized the 
501-K LE4 premixer as the first stage, or 
primary zone, premixer. This configuration is 
shown in Figure 16.  

The second configuration used a radial 
inflow premixer to prepare the fuel and air 
mixture. The radial inflow combustion 
concept is shown in Figure 17.  

 
Figure 15. Model 601-K engine concept with silo combustion arrangement. 
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Figure 16. ATS LE4 two-stage LPM combustion configuration. 

 
Figure 17. Advanced radial inflow combustion technology. 

To assess the performance attributes of 
these combustors, a rig test spool was 
constructed. In earlier ATS efforts, a test rig 
was designed, fabricated, and installed into a 
Rolls-Royce test cell to evaluate the 
performance of a catalytic combustor for a 
high temperature ATS engine configuration. 
This basic test rig was constructed in 
segments. The catalytic combustor spool 

segment was removed and replaced with a 
combustor test spool to mimic the 601-K 
engine, the application for which the staged 
combustor was intended.  

In addition to combustion systems for low 
emissions with gaseous fuels, many Rolls-
Royce customers have expressed the need to 
have a liquid fuel backup capability. In 
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general, the operator wanted a backup fuel 
capability. The emission targets did not have 
to be particularly aggressive, as this backup 
fuel would only be used sparingly. The 
general approach was to partially prepare the 
liquid fuel prior to injection into the 
combustion chamber. This so-called “lean 
direct” injection approach was adopted to 
provide reasonable emissions with reasonable 
costs. The ATS program provided a means to 
explore these dual fuel options. Three distinct 
dual fuel premixer configurations were 
considered and evaluated. 

The following technical sections of this 
report describe the design approaches for the 
various combustion system elements and 
provide data on their performance.  

2.2  Two-Stage Dry Low Emissions 
Combustion System: LE4 Based 
Primary Module 

2.2.1  General System Approach 

Several options were initially proposed as 
a means of achieving the requirements for the 
ATS/601-K combustion system. The initial 
assumptions used for these design concepts 
included: a pressure drop of 3.0%, a primary 
zone temperature near 1566°C (2850°F) to 
achieve 9 ppm NOx and 20 ppm CO, and a 
required turndown from 100% power on a 
standard day 15°C (59°F) down to 50% 
power on a cold day -40°C (-40°F). The 
combustor was also to be developed for a 
601-K dry low emissions (DLE) engine, 
which necessitated the encapsulation of the 
combustors in three separate silos. A short 
description of these options follows. 

2.2.1.1 Parallel Staging 

Each of the three combustor pots is fitted 
with multiple injectors at a single plane. 
Seven radial swirler premixing nozzle 
(RSPN) sized premixers would be required 
for each combustor pot. Rig experience 

indicated that once one of the seven modules 
becomes unfueled, CO emissions rise rapidly. 
Therefore, separation is desired to avoid CO 
quenching, yet interaction is desired for light 
off and improved NOx performance. Liquid 
purge issues are also significant with 21 main 
liquid circuits. 

2.2.1.2  Series Staging 

This option provides a number of different 
possibilities given the various approaches for 
both the primary and secondary zones: 

! LE4 Primary. This approach uses the 
current production LE4 combustor, which 
is fully developed and exhibits low noise, 
with a secondary zone added for 
turndown. Rig testing has shown the LE4 
exhibits no flashback tendency and is 
capable of low NOx emissions at  
601-KB11 conditions with no 
modifications. However, the LE4 may be 
undersized for optimizing unburned 
reactant in the secondary. 

! Generic Primary. This approach opens up 
the options for the primary stage allowing 
optimization for the engine cycle. Primary 
premixer options considered included a 
scaled LE4 or other axial premixer, radial 
inflow premixer, or a reverse flow 
premixer.  

! Several options are available for creating 
a secondary zone: 
♦ Self-Stabilized Secondary. This option 

enhances the stability of the secondary 
zone and provides additional options 
for a system turndown, since the 
secondary could stay alight with a 
blown out primary.  
! Discrete swirl stabilized jets 
! A sheltered secondary could be 

considered that would only mix 
with the primary efflux only after 
significant secondary combustion. 
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♦ Secondary Jets Fed from Discrete 
Tubes. This approach uses individual 
tubes to feed premixed fuel and air 
into the secondary combustion zone. 
A side igniter for the primary could 
easily be placed between secondary 
tubes. Adaptation to alternate engine 
application could also be achieved by 
simply changing the number of premix 
tubes. 

♦ Secondary Jets Fed from an Annulus. 
This approach makes use of an 
annular premix chamber that is then 
divided into discrete jets before the 
flow is introduced into the combustion 
volume. This has the advantage of 
using a single annular injector. Good 
circumferential mixing should be 
achievable; however, the annular 
premixer may block the primary 
igniter access and may not easily scale 
to alternate engine flow requirements. 

! Single-Stage Combustor with Variable 
Airflow. This option has the advantages of 
a reduced number of premixers and fewer 
liquid circuits, which ease the liquid-
specific issues of purge, coking, 
gumming, and circuit cooling. A pilot 
could provide stability for low power 
operation, while low emissions turndown 
would be achieved by varying airflow in 
one of the following ways: 
♦ Overboard Bleed. Dumping air from 

the compressor or diffuser reduces the 
airflow to the combustor and allows 
combustor temperature to remain in 
the optimum range for low emissions. 
Mass flow to the turbine decreases at 
low power, but burner outlet 
temperature (BOT) stays relatively 
constant. This option probably 
provides the cheapest approach to 
wide low-emissions turndown, but 
hurts cycle efficiency. 

♦ Variable Dilution Area. By increasing 
the dilution area at low power, flow 
can be diverted from the primary zone, 
allowing combustion zone 
temperatures to remain constant over a 
wide operating range. The turbine gets 
the same airflow and average 
temperature as a standard cycle; 
however, at some conditions a large 
dilution area will create a dangerous 
LP drop across the premixer exit. 

♦ Variable Premixer Exit Area. By 
restricting the exit area at low power, 
flow can be forced to go through the 
dilution zone to achieve the correct 
zonal temperatures and keep high 
premixer exit velocity. However, 
pressure drop levels increase and the 
engine efficiency drops.  

♦ Variable Premixer and Dilution Area. 
By combining variable dilution area 
with variable premixer exit area, the 
system pressure drop and premixer 
pressure drop can both be maintained 
within acceptable limits. In addition, 
zonal temperatures can be maintained 
for good emissions; however, the 
complexity of having two variable 
areas increases the risks substantially. 

2.2.2  Rationale 

The above options all have their 
advantages and disadvantages; however, the 
list was shortened by taking time and risk 
constraints into consideration. 

The most appealing solutions are the 
single-stage variable airflow solutions. These 
provide a simple solution to the thermal 
difficulties involved in turndown. However, 
the complexity of creating a variable 
geometry creates too much risk for the time 
available. The single-stage bleed with 
compressor bleed is the most simple and 
robust, as it requires no variable geometry. 
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However, the loss of cycle efficiency and 
large range over which the bleed would be 
necessary eliminate this as a primary 
candidate. 

The parallel staging solution is 
advantageous as it provides flexibility for 
different engine cycles. However, numerous 
issues involving flame stabilization and 
staging practice need to be resolved. In 
addition, the complexity involved with the 
large number of premixers makes liquid fuel 
solutions difficult. 

The two-stage solutions are both 
promising since they allow turndown without 
loss of engine efficiency, while maintaining a 
stable flame. The air and fuel split required to 
achieve cycle conditions while maintaining 
the emissions limits would need to be 
determined. Thus, a general primary 
premixing scheme, which could be varied to 
optimize the split, would be desirable. Using 
a radial inflow primary premix design would 
provide a cheap, simple, and compact design. 
However, the design would need to be 
developed from scratch and this would 
require time. 

The other option was to use the LE4 as the 
primary zone premixer. This premixer has 
been fully developed and has extensive 
engine running time free of combustion noise. 
The split imposed by the LE4 flow area and 
the required pressure drop was such that low 
emissions could be achieved over the full 
range by adding a secondary zone. Thus, this 
primary option was chosen for the low risk, 
short development time. 

The secondary premixer options were 
reduced to simple discrete jets. This option 
provides a simple development effort as a 
single premix tube could be tested rather than 
a full annulus. Self-stabilized jets were also 
deemed to be too development intensive. 

Three different options were considered for 
injection direction:  

! Perpendicular to swirl 
! Counterswirl 
! Coswirl 

2.2.3  Method of Operation 

A two-stage system has the three fuel 
circuits of pilot, primary, and secondary. The 
fueling strategy for these three circuits must 
be determined as the engine load increases. 
The low power conditions require pilot fuel to 
stabilize and an optimum distribution between 
pilot and swirler. Experience with LE4 
operation supplied a good starting point. 
Optimum NOx emissions will be achieved 
with equal zonal temperatures and no pilot; 
thus full load will be run in this manner. The 
low power and full load fueling strategies are 
determined by these boundaries; however, the 
operating procedure for points between must 
be determined. 

Four turndown options were investigated: 

! Option 1: Primary Zone Temperature 
(Tpz) Remains Equal to Secondary Zone 
Temperature (Tsz). The zonal 
temperatures referred to here are the 
adiabatic flame temperature dependent on 
the air and fuel supplied to the zonal 
regions. The primary zone will consist of 
the primary premix air and fuel and 
cooling air upstream of the secondary 
inlet, while secondary zone will consist of 
all the premix air and fuel and all of the 
cooling air. Keeping Tpz = Tsz provides 
optimum NOx emissions; however, as the 
temperatures are reduced, stability is lost. 
As stability is lost, pilot fuel will be 
required. Using this method provides no 
more range than a single-stage combustor. 

! Option 2: Constant Tpz. This scenario 
keeps a constant primary zone 
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temperature for stability and reduces Tsz, 
as less power is required. This method 
maintains stability and achieves low 
emissions. A low Tsz will eventually 
result in CO created from secondary fuel 
not being burned out. 

! Option 3: Constant Tsp. This scenario 
keeps a constant secondary premix 
temperature. The premix temperature 
referred to includes only the premix air 
and fuel from the secondary tubes. This 
method requires that Tpz be lowered for 
turndown. This will eventually result in 
loss of the flame stability. 

! Option 4: Constant Tpz and Discretely 
Staged Secondary. The discrete secondary 
tubes are fuel separately so individual 
tube premix temperatures can remain 
high, while Tpz is reduced. This is 
essentially a combination of staged and 
parallel staging and therefore has the 
drawbacks of both. 

The fourth option was quickly eliminated 
as it was deemed to be high risk. Option 3 
was also eliminated since stability would 
quickly be lost without self-stabilizing 
secondary jets. A combination of Options 1 
and 2 was determined to be optimum. Full 
load would be achieved by keeping Tpz equal 
to Tsz, and then turndown would be achieved 
by reducing each zonal temperature equally. 
Then, when the combustor begins to approach 
an unstable point where pilot would be 
required in a single-stage system, fueling 
Option 2 would be employed. Tpz would be 
maintained or slightly increased for stability 

and Tsz would be reduced. Eventually 
secondary fuel would be eliminated and a 
lower Tpz would be required for lower power 
points. For this condition, pilot fuel would be 
required. 

2.2.4  Layout and Key Dimensions 

The layout of the combustor, shown in 
Figure 18, consisted of an LE4 combustor 
primary section, ten discrete secondary 
premix injectors, and a transition liner from 
the cylindrical combustor to a 120-degree 
annulus. The engine used three combustors 
placed in three different silos. Air was fed 
from the compressor diffuser through a 
reverse flow annular space between the liners 
and the combustor case and into the 
premixers. 

Figure 19 shows the key dimensions of 
the combustor. The primary section is simply 
an LE4 with the same diameter combustion 
liner and nearly the same length. The 
combustor expands downstream of this to a 
flow area that is 50% greater. The primary 
and secondary liner volumes are nearly equal; 
however, the volume downstream of the 
secondary inlet is quite large when including 
the transition liner. Many of these dimensions 
were fixed by the choice of combustor design 
and engine configuration. The primary section 
was fixed simply by choosing an existing LE4 
design as the basis. This dictated the diameter 
of the primary liner, while the length was kept 
the same to achieve similar CO burnout. The 
secondary liner diameter was dictated by the 
existing transition liner design. 
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Figure 18. General layout of the LE4 based two-stage ATS combustor. 

 

Figure 19. Key dimensions of the LE4 based two-stage ATS combustor. 
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2.2.5  Airflow Distribution 

The airflow distribution was similarly 
dictated by existing hardware and engine 
cycle. Three major airflow paths exist in the 
two-stage combustor:  

! Primary 
! Secondary 
! Dilution 

The primary flow area was set by 
choosing the LE4. The overall flow area was 
set by the required pressure drop across the 
liner. This leaves only the distribution of the 
air between the secondary flow circuit and the 
dilution. This distribution was set by 
designing to zonal temperatures in the 
primary and secondary of 1593ºC (2900°F) at 
full load. A detailed breakdown of the airflow 
distribution is outlined in Figure 20. 

2.2.6  Major Components 

The combustor was made up of ten major 
components. These include:  

! Primary premixer 
! Primary liner 
! Secondary premixers 
! Secondary dome 
! Secondary liner 
! Transition liner 

Two different primary premixers of 
varying lengths, three different secondary 
premixing schemes, two different secondary 
domes, and two different transition liner 
dilution schemes were combined in various 
configurations and tested. 

The two primary premixers used consisted 
of a production LE4 premixer and an 
elongated version. The elongated version was 
a production LE4 modified, so the premixing 
length was increased by 25.4 mm (1 in.), 
producing an increased mixing time. 

The three secondary premixer concepts 
consisted of an axial swirler premixer, an 
axial swirler with twirler, and a slotted vortex 
premixer (SVP). The axial swirler premixer 

 

Figure 20. Airflow distribution of the LE4 based two-stage ATS combustor. 
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consisted of axial swirler with fuel injection 
bars downstream of the swirler, shown in a) 
of Figure 21. A twist mixer or twirler was 
sometimes used in conjunction with the axial 
swirler. This is simply a flat band of metal, 
twisted 180 degrees, placed downstream of 
the fuel injection, shown in b) of Figure 21. 
Finally, an SVP was used to premix the fuel 
and air. This concept used offset slotted walls 
of an annulus to induce mixing, shown in c) 
of Figure 21. All of these concepts will be 
described in more detail in later sections. 

The secondary domes mentioned here 
refer to the piece connecting the primary and 
secondary liners and containing the injection 
points for the secondary mixture. The two 
different concepts tested for this were 

injection perpendicular to the swirl and 
counter to the swirl (Figure 22). A third 
option, never tested, was to inject the 
secondary in the same direction as the swirl. 

Finally, two different versions of 
transition liner were used. The liner design 
was created for use with the RB211 
combustor on the 601-K engines. This basic 
design was used for ATS with added dilution 
flow. The first ATS design incorporated 
several small dilution holes at the center of 
the exit annulus arc to cool the likely central 
hot streak. The second ATS design utilized 
two large, opposed dilution holes near the 
upstream-most region of the transition liner. 
This was also an attempt to cool any central 
hot streak. 

 

Figure 21. Secondary premixer concepts for LE4 based two-stage ATS combustor. 
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Figure 22. Secondary dome concepts for LE4 based two-stage ATS combustor. 

2.2.7  System Test and Development 

The testing and development of the LE4 
based two-stage ATS combustor involved the 
development of component technology as 
well as system integration. This work was 
accomplished at both Energy Research 
Consultants (ERC) and Rolls-Royce 
Corporation facilities. Component 
development of the secondary premixers, 
primary liner, and secondary dome were 
included. System integration included several 
combinations of different premixers, 
secondary dome, primary premixer 
alterations, and transition liners. 

2.2.8  Component Development 

2.2.8.1  Secondary Premixers 

The most extensive component 
development work centered on the secondary 
premixers. The initial concept of the 
combustor incorporated ten secondary premix 
tubes. These tubes were required to deliver 
mixing with a maximum of less than 5% over 
the average.  

The first design to address this issue was 
modular, consisting of six-vane swirlers, a 

fuel manifold, a centerbody, and two different 
mixing tubes. The design was kept simple and 
most of the pressure drop was taken across 
the machined exit. This was to ensure the 
flow area of the premixer could be kept 
within tolerance from tube to tube. 

Table 3 shows the initial test schedule 
used for the mixing tests. ERC combined the 
various swirlers, manifolds, tubes, and 
centerbodies to create several configurations. 
The swirlers used consisted of 4 to 6 vane 
swirlers of 30 through 15 degrees swirler, as 
shown in Table 3.  

The fuel manifolds included four fuel bars 
placed downstream of the swirler, as shown in 
a) of Figure 21. Four different fuel hole 
patterns were used in these manifolds. 
Manifold A, as shown in Table 3, used two 
holes per tube to disperse the fuel. These 
holes were placed at radius 1 and radius 2 so 
that equal cross-sectional areas were being 
fed by the injection point. Manifold B used a 
slightly larger single hole per tube to disperse 
the fuel. This hole was place so equal cross 
sectional area existed outward and inward 
from the hole. Both of these manifolds inject 
the fuel in the downstream direction of the  
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Table 3. Mixing results for the axial swirler secondary premixer. 
Setup # Setup A Setup B

Swlr Mix. Fuel C'body Mixing Results Swlr Mix Fuel C'body Mixing Results
Tube Man. Min Max std/avg Tube Man. Min Max std/avg

<receive and setup hardware>
9-Jul 1 30 1 A A 0.93 1.06 3.7% 25 1 B A 0.76 1.09 7.9%
12-Jul 2 30 1 A B 0.93 1.04 2.5% 20 1 B A 0.83 1.09 7.1%
13-Jul 3 30 1 A none 0.95 1.06 3.3% 15 1 B A 0.70 1.14 9.8%
14-Jul 4 30 1 B A 0.71 1.05 7.1% 25 1 A A 0.90 1.08 3.8%
15-Jul 5 30 1 C A 0.89 1.15 8.5% 20 1 A A 0.88 1.06 4.0%
16-Jul 6 30 1 D A 0.56 1.09 10.6% 15 1 A A 0.90 1.07 4.6%
19-Jul 7 30 2 A B 0.91 1.04 3.9% 25 2 C A 0.91 1.10 6.1%

repeat 0.89 1.07 5.1%
20-Jul 8 30 2 D B 0.51 1.08 11.5% 20 2 C A 0.88 1.07 4.5%
21-Jul 9 30 2 D none 0.59 1.11 9.1% 15 2 C A 0.90 1.07 4.6%
22-Jul 10 30 2 C B 0.84 1.18 10.7% 25 2 D A 0.67 1.16 11.8%
23-Jul 11 30 2 C none 0.85 1.15 8.7% 20 2 D A 0.86 1.08 5.8%
26-Jul 12 30 2 B B 0.85 1.09 4.5% 15 2 D A 0.82 1.19 9.6%
27-Jul 13 30 2 B none 0.89 1.03 2.8% 25 2 A B 0.94 1.04 2.8%
28-Jul 14 20 2 A B 0.88 1.05 4.2% 15 2 B B 0.85 1.12 7.7%
29-Jul 15 20 2 B B 0.87 1.10 6.1% 15 2 C B 0.91 1.07 4.3%
30-Jul 16 20 2 C B 0.88 1.10 6.4% 15 2 D B 0.87 1.14 7.2%
2-Aug 17 20 2 D B 0.82 1.17 8.6% 15 2 A B 0.88 1.06 4.4%
3-Aug 18 20 2 A none 0.83 1.08 6.5% 25 2 B B 0.90 1.07 3.7%
4-Aug 19 20 2 B none 0.78 1.10 7.8% 25 2 C B 0.90 1.08 5.0%
5-Aug 20 20 2 C none 0.88 1.08 5.9% 25 2 D B 0.80 1.17 8.1%
6-Aug 21 20 2 D none 0.86 1.08 5.9% 25 2 A none 0.84 1.06 4.7%
9-Aug 22 15 2 A none 0.91 1.03 3.4% 25 2 B none 0.79 1.15 7.7%
10-Aug 23 15 2 B none 0.81 1.13 8.1% 25 2 C none 0.89 1.10 6.5%
11-Aug 24 15 2 C none 0.92 1.05 3.6% 25 2 D none 0.77 1.17 7.8%
12-Aug 25 15 2 D none 0.90 1.07 4.4%

Rapid Prototype Swirlers Manifolds
angle (deg) vanes swirler length overall Part # r1 r2 hole dia angle

inner outer A EX177102 0.400 0.550 0.040 0
1 30 6 0.507 1.126 2.126 B EX177103 0.450 n/a 0.056 0
2 25 6 0.627 1.394 2.394 C EX177104 0.400 0.550 0.040 90
3 20 8 0.615 1.367 2.367 D EX177105 0.450 n/a 0.056 90
4 15 8 0.835 1.857 2.857

Centerbodies
Mixing "Tubes" Part # Length

Part # Di Do L straight L A EX177102-2 0.875
#1 EX177101 1.298 0.918 0 8.4 B EX177103-2 0.438
#2 EX176983 1.298 0.934 3.58 7.727 none n/a 0  

mixing tube. Manifolds C and D coincide 
with A and B; however, the fuel bar is rotated 
90 degrees so fuel is injected in the direction 
of the swirl. 

The centerbodies are two cone shapes that 
screwed onto the downstream face of the 
main fuel tube. Two different sizes were used, 
with one cone twice the length of the other. In 
addition, the centerbody could be removed to 
leave a flat face. These are all listed in  
Table 3. 

Two different mixing tubes were also 
used. The first tube had a gradual necking 
from the top to the bottom. This was used on 
some of the initial configurations. In 

subsequent testing, a tube that necked down 
over the second half was utilized. This second 
tube better mimicked the actual design. 

The premixer version with no centerbody 
gave sporadic results compared to the 
different configurations and was eliminated as 
an option. Figure 23 shows the mixedness 
produced by each configuration. This 
mixedness value is defined by the standard 
deviation of fuel-to-air (F/A) ratio divided by 
the calculated F/A. Both plots show that 
Manifold A obviously provides a consistently 
better mixedness. Both plots also show that 
for Manifold A an improvement in mixedness 
is shown as swirl is increased. Finally, when 
using a 30-degree swirler and Manifold A, the 
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best mixedness is produced when using the 
short centerbody. Thus, the premixer chosen 
for the initial combustion system tests used 
this configuration or setup 7A from Table 3. 

The previous results were run with F/A 
ratios that matched the F/A momentum ratio 
at the point of injection; however, the 
secondary premixers are required to run over 
a wide range of local F/A ratios for different 
levels of turndown. The chosen axial swirler 
premixer was run at 50% of baseload fuel, 
baseload fuel, and 18% over baseload fuel. 
The mixing contour for these three different 
F/A ratios is shown in Figure 24. It is obvious 
that mixing is impaired by lower fuel flows. 

This may not be detrimental, as the overall 
flame temperature will be low at lower 
secondary fuel flow; however improvement in 
mixing was desired. 

Another secondary premixer design was 
pursued given the poor mixing at low fuel 
flow exhibited by the axial swirler concept. 
The most successful design that addressed 
this issue was the SVP. This design used a 
cone-in-cylinder design to create a diverging 
annular space. Four slots were cut axially 
through both the cone and the cylinder for a 
total of eight slots. The cone and cylinder 
were clocked 45 degrees so the slots were 
offset from each other. 

 

Figure 23. Axial swirler secondary premixer mixedness results. 
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Figure 24. Axial swirler secondary premixer mixedness results for varying F/A. 
 

Figure 25 shows CFD results from one 
SVP concept tested. The slice shown here is a 
quarter sector of the diverging annulus at an 
axial distance; therefore both outer and inner 
slots are modeled. The velocity vectors are 
made up of the radial and azimuthal 
velocities, while the axial velocity is 
represented by the flood contour. This clearly 
shows that a series of eight different vortices 
around the circumference of the annulus will 

be created by the slots. These slots create 
considerable turbulence and mixing. 

Table 4 shows the test matrix carried out 
at ERC. The normalized F/A ratio measured 
at grid pattern of 30 points found, and a 
minimum, maximum, and standard deviation 
per average is found for each configuration. 
The configurations consist of five different 
fuel manifold options and five different slot 
arrangements. 

 

Figure 25. Computational fluid dynamics of SVP secondary premixer design concept. 
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Table 4. Mixing results for the SVP secondary premixer. 

 

No. of  
holes 

SVP Mix. Fuel F/A Ratio Mixing Results 
Setup # Tube Man. Min Max std/avg 

13-Oct 11A 1.1 2 A 0.028 0.975 1.044 1.66%
18-Oct 11B 1.1 2 B 0.028 0.979 1.035 1.43%
19-Oct 12A 1.2 2 A 0.028 0.980 1.025 0.87%
20-Oct 12B 1.2 2 B 0.028 0.975 1.021 1.32%
22-Oct 13A 1.3 2 A 0.028 0.971 1.067 2.04%
25-Oct 13B 1.3 2 B 0.028 0.964 1.091 3.08%
26-Oct 14A 1.4 2 A 0.028 0.969 1.042 2.18%
27-Oct 14B 1.4 2 B 0.028 0.989 1.013 0.73%
28-Oct 11C 1.1 2 C 0.028 1.000 1.000 0.00%
29-Oct 11D 1.1 2 D 0.028 1.000 1.000 0.00%
1-Nov 11E 1.1 2 E 0.028 1.000 1.000 0.00%
2-Nov 12C 1.2 2 C 0.028 0.985 1.015 0.81%
3-Nov 12D 1.2 2 D 0.028 0.977 1.023 1.08%
4-Nov 12E 1.2 2 E 0.028 0.977 1.022 0.93%
5-Nov 13C 1.3 2 C 0.028 1.000 1.000 0.00%
8-Nov 13D 1.3 2 D 0.028 1.000 1.000 0.00%
9-Nov 13E 1.3 2 E 0.028 1.000 1.000 0.00%
10-Nov 14C 1.4 2 C 0.028 0.975 1.024 1.43%
11-Nov 14D 1.4 2 D 0.028 0.978 1.037 1.55%
15-Nov 14E 1.4 2 E 0.028 0.984 1.016 0.83%
10-Nov 15C 1.5 2 C 0.028 0.985 1.019 1.03%
11-Nov 15D 1.5 2 D 0.028 0.975 1.018 1.28%
15-Nov 15E 1.5 2 E 0.028 0.993 1.006 0.39%

SVP MIXING 

Manifolds Rapid Prototype SVP 
Part No. Hole dia, mm (in.) Slot Slot width 

A EX177249 8 1.016 (0.040) configuration mm (in.)
B EX177249 8 1.016 (0.040) SVP1.1 Straight 2.03 (0.08) 
C EX177250 4 1.422 (0.056) SVP1.2 Helical 1.78 (0.07) 
D EX177250 4 1.422 (0.056) SVP1.3 Counter-Heli 1.78 (0.07) 
E EX177250 4 1.422 (0.056) SVP1.4 Offset Slots 2.03 (0.08) 

SVP1.5 Helical 2.39 (0.094)

not w/slots 
w/inner slots 

Alignment 
w/slots 

not w/slots 
w/outer slots 

SVP Mix. Fuel F/A Ratio Mixing Results 
Setup # Tube Man. Min Max Std/avg 

13-Oct 11A 1.1 2 A 0.028 0.975 1.044 1.66%
18-Oct 11B 1.1 2 B 0.028 0.979 1.035 1.43%
19-Oct 12A 1.2 2 A 0.028 0.980 1.025 0.87%
20-Oct 12B 1.2 2 B 0.028 0.975 1.021 1.32%
22-Oct 13A 1.3 2 A 0.028 0.971 1.067 2.04%
25-Oct 13B 1.3 2 B 0.028 0.964 1.091 3.08%
26-Oct 14A 1.4 2 A 0.028 0.969 1.042 2.18%
27-Oct 14B 1.4 2 B 0.028 0.989 1.013 0.73%
28-Oct 11C 1.1 2 C 0.028 1.000 1.000 0.00%
29-Oct 11D 1.1 2 D 0.028 1.000 1.000 0.00%
1-Nov 11E 1.1 2 E 0.028 1.000 1.000 0.00%
2-Nov 12C 1.2 2 C 0.028 0.985 1.015 0.81%
3-Nov 12D 1.2 2 D 0.028 0.977 1.023 1.08%
4-Nov 12E 1.2 2 E 0.028 0.977 1.022 0.93%
5-Nov 13C 1.3 2 C 0.028 1.000 1.000 0.00%
8-Nov 13D 1.3 2 D 0.028 1.000 1.000 0.00%
9-Nov 13E 1.3 2 E 0.028 1.000 1.000 0.00%
10-Nov 14C 1.4 2 C 0.028 0.975 1.024 1.43%
11-Nov 14D 1.4 2 D 0.028 0.978 1.037 1.55%
15-Nov 14E 1.4 2 E 0.028 0.984 1.016 0.83%
10-Nov 15C 1.5 2 C 0.028 0.985 1.019 1.03%
11-Nov 15D 1.5 2 D 0.028 0.975 1.018 1.28%
15-Nov 15E 1.5 2 E 0.028 0.993 1.006 0.39%

SVP MIXING 

 

There are actually two different pieces of 
manifold hardware that are arranged 
differently to create the five options. Both 
manifolds inject fuel at the most upstream and 
narrow point of the diverging annulus. 
Manifold options A and B have eight equally 
spaced injection points. When these are 
rotated 22.5 degrees, they produce different 
fueling options, i.e., aligned with the slots for 
A and aligned between the slots for B. 
Manifold options C, D, and E have four 
equally spaced injection points. This provides 
three different options when rotated by 22.5 
degrees, i.e., aligned with the outer slots, 

aligned between the slots, and aligned with 
the inner slots. 

There are a total of five different SVP 
premixer modules with different slot 
configurations. The first has straight slots 
aligned with the premixer axis, as shown in 
Figure 25. The second option has helical 
slots, as shown in Figure 26. The third option 
has helical slots on the outer cylindrical piece, 
but has counter-helical slots on the inner cone 
piece. The fourth option uses the same 
straight slots as in Option 1 for the upstream 
most half and then both outer and inner  
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Figure 26. SVP1.2 secondary premixer mixedness results for varying F/A. 

 
Figure 27. SVP secondary premixer mixedness results. 

slots are clocked 45 degrees for the lower 
half. Finally, the fifth option is identical to 
Option 2, except the slots are slightly wider. 
Key dimensions of all of these options are 
given in Table 4. 

Figure 27 shows the standard deviation 
per average concentration results for each of 

the configurations. The initial testing used an 
eight-injection point manifold in conjunction 
with the first four SVP options. This testing 
showed that SVP1.2 with either Manifold A 
or B and SVP1.4 with Manifold B performed 
well. No more testing with SVP1.1 and 
SVP1.3 was required. SVP1.2 and SVP1.4 
were tested with Manifolds C, D, and E. It 
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was determined the fuel injection position 
was critical with SVP1.4, while the effect was 
negligible with SVP1.2. Thus, SVP1.2 with 
helical slots was chosen as the most robust 
design, while a four-point injection manifold 
was selected for ease of manufacturing. 
Development of the combustion premixer for 
production required the width of the slots to 
be increased slightly. This design was tested 
as SVP1.5 and similar performance results 
were obtained. 

Just as with the axial swirler premixer, the 
previous results were run with F/A ratios 
matching the F/A momentum ratio at the 
point of injection. However, again, the 
secondary premixers were required to run 
over a wide range of local F/A ratios for 
different levels of turndown. The SVP 
premixer was run at the same F/A ratios as the 
axial swirler premixer, to determine if the 
new design was an improvement. Figure 26 
shows that better mixing was achieved and 
that very little variation in mixedness 
occurred as fuel mass flow was varied. 

2.2.8.2  LE4 Primary Premixer  

The LE4 premixer is a well-developed 
production premixer used on numerous 501-K 
DLE engines; however, the engine 
configuration and combustor geometry are 
both quite different from the 501-K. Some 
development work on the LE4 was needed to 
address some of these differences. 

One of the initial concerns involved the 
fact that the air feed to the LE4 was now a 
reverse flow rather than direct flow. In other 
words, the air feeding the premixer flowed 
through an annular space, then turned 180 
degrees before entering the premixer rather 
than feeding directly from the diffuser to the 
premixer. Because of this, there was a 
concern about how much space was required 
to eliminate any effect from the flow turning. 

A rig was set up at ERC that used a 
cylinder to force the flow along the sides of 
the LE4 and then to reverse it to enter the 
premixer. The cylinder had a cap to simulate 
the effect of the combustor being at varying 
distances from the premixer inlet. Figure 28 
shows the mixing results as the cap was set at 
varying heights. This study showed that lower 
cap heights actually resulted in better mixing, 
however little variation was shown overall. It 
was felt that since the 501-K configuration 
was best represented by a higher cap height, 
then the cap height could be eliminated as a 
concern. 

Testing of the LE4 at ERC resulted in the 
observation that the combustor could run in 
two different flame modes. These modes 
involved the corner recirculation zone (CRZ) 
created by the expanding flow exiting the 
premixer. This CRZ is useful in the ignition 
of the LE4 as the pilot fuel is injected directly 
into the CRZ, however it is problematic at 
completely premixed condition. Figure 29 
shows the LE4 operating at nearly scaled 
baseload conditions where the CRZ is not 
reacting. Increasing the fuel flow causes the 
CRZ to ignite and the combustor enters a 
noise mode. 

It was felt the reaction could be 
eliminated by diluting the CRZ. The simplest 
method of accomplishing this dilution was to 
inject air through the pilot circuit. This would 
inject air uniformly and directly into the CRZ.  

Table 5 shows a study of what amount of 
air was required to be injected to eliminate the 
CRZ reaction. The study was conducted by 
increasing the overall fuel until the CRZ 
became reacting. Then air was injected 
through the pilot circuit until the CRZ was 
extinguished. The airflow was then reduced 
until the CRZ reignited. Most cases showed  
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Figure 28. Study of effect of cap height on LE4 mixing. 

 

Figure 29. Corner recirculation zone reaction. 
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Table 5. Study of CRZ air addition to extinguish reaction. 
 Airflow, 

kg/s 
(lb/sec) 

Fuel pri., 
kg/s 

(lb/sec) 

Air pilot, 
kg/s 

(lb/sec) 

 
Overall 

F/A 

 
% air 

increase 

 
P. plenum 

T 
plenum, 
ºC (ºF) 

 
DP/P, 

% 

 
CRZ 

description 
1 0.166 

(0.365) 
0.0083 

(0.0183) 
0 
 

0.050 0.0 14.96 34 (93.2) 2.80 Present 

2 0.165 
(0.364) 

0.0083 
(0.0183) 

0.0072 
(0.0158 

0.048 4.3 14.96 34 (93.2) 2.80 Extinguished 

3 0.165 
(0.364) 

0.0083 
(0.0183) 

0.0028 
(0.0061) 

0.049 1.7 14.96 34 (93.2) 2.80 Extinguished 

4 0.165 
(0.364) 

0.0083 
(0.0183) 

0.0032 
(0.0071) 

0.049 2.0 14.96 34 (93.2) 2.80 Extinguished 

5 0.165 
(0.363) 

0.0084 
(0.0185) 

0 0.051 0.0 14.96 35 (95) 2.80 Present 

6 0.165 
(0.363) 

0.0084 
(0.0185) 

0.0076 
(0.0167) 

0.049 4.6 14.96 35 (95) 2.80 Extinguished 

7 0.165 
(0.363) 

0.0084 
(0.0185) 

0.0055 
(0.0122) 

0.049 3.4 14.96 35 (95) 2.80 Extinguished 

8 0.165 
(0.363) 

0.0084 
(0.0185) 

0.0043 
(0.0095) 

0.050 2.6 14.96 35 (95) 2.80 Extinguished 

9 0.164 
(0.362) 

0.0085 
(0.0188) 

0 0.052 0.0 14.96 35 (95) 2.80 Present 

10 0.163 
(0.36) 

0.0085 
(0.0188) 

0.0080 
(0.0177) 

0.050 4.9 14.96 35 (95) 2.80 Extinguished 

11 0.163 
(0.36) 

0.0085 
(0.0188) 

0.0062 
(0.0137) 

0.050 3.8 14.96 35 (95) 2.80 Extinguished 

12 0.163 
(0.36) 

0.0085 
(0.0188) 

0.0064 
(0.014) 

0.050 3.9 14.96 35 (95) 2.80 Extinguished 

13 0.162 
(0.358) 

0.0087 
(0.0191) 

0 0.053 0.0 14.96 35 (95) 2.80 Present 

14 0.186 
(0.409 

0.0087 
(0.0191) 

0.0005 
(0.0776) 

0.039 19.0 14.93 35 (95) 2.60 Extinguished 
(vortex) 

15 0.162 
(0.358) 

0.0086 
(0.019) 

0.0084 
(0.0182) 

0.051 5.1 14.96 36 (96.8) 2.80 Extinguished 

16 0.162 
(0.358) 

0.0086 
(0.019) 

0.0084 
(0.0182) 

0.051 5.1 14.96 36 (96.8) 2.80 Extinguished 

17 0.161 
(0.356) 

0.0088 
(0.0194) 

0 0.054 0.0 14.95 37 (98.6) 2.80 Present 

18 0.186 
(0.411) 

0.0088 
(0.0194 

0.0380 
(0.0827) 

0.039 20.1 14.92 36 (96.8) 2.60 Extinguished 
(vortex) 

 

that much more air was required to extinguish 
the CRZ than to keep it from igniting. These 
data were used to develop a design that 
introduced air into the CRZ through the liner 
wall to inhibit noise. 

Another option used to eliminate the 
reacting CRZ mode was to fill the zone with 
metal. A diverging nozzle was used to create 
a quarl-stabilized flame. This eliminated the 
possibility of a reacting CRZ by eliminating 
the CRZ. Figure 30 shows a schematic of the 
quarl installed in the LE4. This design 
significantly reduced the stability of the 
flame, making the primary section much more 
prone to flameout. It was anticipated that, at 
the much higher inlet temperature and 
pressure, the reaction rate would increase and 
make the flame stable. 

2.2.8.3  Secondary Dome 

The secondary dome referred to is the 
piece that transitions from the smaller 
diameter LE4 liner to the larger secondary 
liner. This piece also contains the inlet 
nozzles of the discrete secondary tubes. Three 
initial designs were considered for the 
secondary dome. All of the designs injected 
the secondary flow at 60 degrees to the 
combustor axis. The first design injected flow 
directly along the radius of the liner, while the 
second and third designs were at a 30-degree 
angle to the radius, counter, and coswirler. 
These were all modeled in CFD, and the 
coswirling secondary created a secondary 
recirculation zone. This was not the original 
concept of the secondary and was deemed a 
risky design characteristic. The other two 
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concepts were cast and sent to ERC for 
testing. 

ERC used a two-stage atmospheric rig 
(Figure 31) to run reacting tests on the 
combustor design. Both of the secondary 
dome designs were run on this rig and 
temperature measurements were taken at 

planes of Z=0, where the primary liner 
diameter ends, through Z=8. 

Figure 32 shows the temperature contours 
at the various planes for transition piece 
(secondary dome) 1, which has the radially 
injected secondary. Figure 33 shows the same 
plot for transition piece (secondary dome) 2, 
which has the tangentially injected secondary. 

 
Figure 30. Quarl installed in LE4 combustor. 

 
Figure 31. Atmospheric two-stage rig at ERC. 
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Figure 32. Plots of temperature planes from the two-stage atmospheric rig with radially  
injected secondary (dome 1). 
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Figure 33. Plots of temperature planes from the two-stage atmospheric rig with counterswirl 
tangentially injected secondary (dome 2). 

 
Comparing these two figures shows 

roughly identical temperature contours at 
Z=0, while Z=1 appears to be slightly 
smoothed out for secondary dome 2. Planes 
Z=2 and Z=4 show the separate injection 
points as separate temperature contours for 

secondary dome 1 (Figure 32), while 
secondary dome 2 (Figure 33) does not. 
Finally at planes Z=6 and Z=8, it becomes 
obvious that the secondary flow has mixed 
with the primary flow to a much greater 
degree when secondary dome 2 is used. This 
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is readily evident from the much smoother 
temperature contour shown at these planes in 
Figure 33 than in Figure 32. 

Figure 34 shows a comparison between 
transitions (secondary domes) 1 and 2 of the 
hydrocarbon emissions produced at plane 
Z=3. The figure shows separate jets for 
secondary dome 1, while dome 2 is smoothed, 
similar to Figures 32 and 33. Figure 34 also 
shows that secondary dome 2 has a definite 
mixing layer between the primary core and 
the outer secondary layer. Given this better 
mixing between primary and secondary 
exhibited by secondary dome 2, it was 
anticipated that a more complete burn could 
be expected. 

2.2.8.4  Transition Liner 

The initial design of the transition liner 
was developed at Rolls-Royce Ansty for the 
junction of the 601-K engine and the RB211 
combustor. This liner’s function was to take 
the flow from the cylindrical combustor and 
transition it into a one-third annular piece. 
Considerable aerothermal and mechanical 
design went into this arrangement and there 
was no need to repeat it; however, the 
combustor designated to be fitted to it was 
quite different. Because of this difference, 
some modifications were needed. 

The initial design kept the transition liner 
exactly the same with added dilution holes at 
the center of the annulus. Initial testing of the 
combustor in Rolls-Royce Corporation Test 

 

Figure 34. Hydrocarbon emissions at plane Z=3 for secondary domes 1 and 2. 
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Cell 823 (TC 823) shows a hot streak at the 
core of the combustor, indicated by the burner 
outlet temperature (BOT) thermocouples. 
Figure 35 shows this hot streak in the BOT 

plots for the first three configurations. This 
figure clearly shows the dilution air is not 
sufficiently mixing to provide an even 
temperature distribution. 

.  
Figure 35. Burner outlet temperature thermocouple readings for the first series of configurations 

at 75% power. 
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The second transition liner design 
eliminated dilution from the exit of the liner 
and added two large (46.7-mm [1.84-in.] 
diameter) dilution holes near the upstream 
end of the liner. The two dilution holes were 
placed so opposing jets would create a central 
blockage and split the hot streak at the core of 
the combustor. Two different configurations 
were run with this transition liner.  

Figure 36 shows the BOT plots for 
configurations 2C, 2B-2, and 2C-2. 
Configuration 2C used the original transition 
liner, while 2B-2 and 2C-2 used the second 
transition liner design. Several BOT 
thermocouples were lost during the testing, 
making it difficult to determine the exact 
effect of the design change. However, the  

 
Figure 36. Burner outlet temperature thermocouple readings for the final series of configurations 

at 75% power. 
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remaining thermocouples read lower at the 
center of the arc and higher at the ends with 
the 2B-2 configurations. An improvement in 
exit pattern is thus realized with the new 
design. 

2.2.9  System Development 

Testing of the LE4 based two-stage 
combustor concept was extensive. Given that 
roughly four different concepts for the 

primary zone, two different secondary 
premixer types, two different secondary dome 
designs, two different transition liner designs, 
and varying fuel biasing schemes were 
available, an impossible to test number of the 
configurations were conceivable. Hardware 
availability, however, limited the number of 
configurations to only 13. These 
configurations are listed in Table 6. 

Table 6. Tested design configurations with component descriptions. 
 

Configurations LE4 Ext. LE4 Radial Tangential Axial SVP First Second 
#1A √ √ √ √
#1B √ −  Screen √ √ −  Twirler √
#1C √ √ √ -Fuel Bias 1 & Twirler √

#1C-2 √ √ √ -Fuel Bias 2 & Twirler √
#1D √ √ −  Anchor √ −  Twirler √
#1E √ √−Bored Out √ √
#3A √ √ √ √
#3B √ √ √ √
#2A √− Quarl √ √ √
#2B √− CRZ Dil √ √ √
#2C √ √ √ √

#2B-2 √− CRZ Dil √ √ √ 
#2C-2 √ √ √ √ 

Primary 
Screen - Diffuser screen upstream of primary premixer
Ext. LE4 - Production LE4 premixer with mixing length extended by 25.4 mm (1 in.)
Quarl - Contoured nozzle at exit of LE4 
CRZ Dilution - Small holes used to dilute the Corner Recirculation Zone just downstream of LE4 Exit 

Secondary 
Radial - Exit ports oriented radially inward and 30 deg. downstream 
Tangential - Exit ports oriented 30 deg. tangentially counter to LE4 swirl and 30 deg. downstream 
Bored Out - Exit ports bored out from 23.72 mm (0.934 in.) to 25.4 mm (1.00 in.) 
Anchor – 4.76 mm (3/16 in.) rod placed across exit of 

d
Sec. Premixer 
Axial - Axial Swirlers with 4 fuel bars downstream of swirler 
SVP - Slotted Vortex Premixer 
Twirler - Swirler downstream of fuel bars to enhance mixing
Fuel Bias 1 - +/-10% Fuel Bias spread evenly through ten premixers 
Fuel Bias 2 - +/-10% Fuel Bias from side to side
Staged - Alternating axial premixers extended to vary mixing time 

Transition Liner 
First - Dilution holes spread along central 63 deg. arc at transition exit 
Second - 2 large dilution holes only, upstream of exit and opposite each other 

Primary Secondary Sec. Premixer Transition Liner
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The system testing for this was essentially 
broken into two different categories. The first 
category consisted of those measurements that 
could be taken at the test stand. These data 
consisted of run conditions, emissions 
measurements, and the dynamic noise 
amplitude filtered over a specific range. The 
second category consisted of acoustic traces, 
which needed to be extracted from magnetic 
tape and post-processed.  

A representative arrangement of the 
hardware used in the test program is shown in 
Figures 37 and 38. 

 

Figure 37. ATS LE4 gas DLE liner module 
components. 

 

Figure 38. Forward and aft views of fully 
assembled ATS LE4 liner assembly. 

Emissions data from each of the tests 
included hydrocarbons, CO, NOx, and 
oxygen. CO and NOx were dry corrected to 
15% oxygen. The “noise” is actually the 0 to 
peak acoustic dynamic amplitude filtered over 
the frequency range of 0 to 2 kHz or 2 to 10 
kHz. All of the power points are based on a 
601-KB9 power cycle. The discussions here 
will cover the configurations run and the 
reasons those configurations were chosen. 

2.2.9.1  Series 1 

Configuration 1 or 1A was the first 
configuration tested. This was made up of a 
production LE4 premixer, axial swirler 
secondary premixers, radially injected 
secondary, and transition liner 1. Since this 
was the first configuration, much of the 
testing was to isolate the correct operating 
procedure. Several points were taken to 
define the correct pilot/primary fuel split as 
well as primary/secondary split.  

Figure 39 shows the effect of Tpz on 
dynamic pressure and emissions when the  
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Figure 39. Effect of primary zone temperature with unfueled secondary zone. 

 
secondary zone is not fueled. All of the points 
are run at 100% power conditions with no 
pilot fuel. The figure shows that the primary 
zone must be kept higher than 1427ºC 
(2600°F) to eliminate it from being a source 
of CO and hydrocarbons. Figure 39 also 
shows that the primary will become a source 
of excessive NOx above 1482ºC (2700°F). 
Unfortunately, this is a very small range for 
keeping a stable flame with low emissions. 
Dynamic pressure is also shown to be higher 
at high primary zone temperatures. 

Figure 40 shows the effect of Tpz on 
dynamic pressure and emissions when the 
secondary zone was fueled. The secondary 
fuel was varied so that a constant Tsz was 
maintained for varying Tpz. Again, all of the 
points were run at 100% power conditions 
with no pilot fuel; however, the Tsz was 
maintained at 1332ºC (2430°F). Figure 40 
shows the NOx emissions were lower, but 
emissions respond in much the same manner 
as with no secondary fuel. The noise 
amplitude, however, rose considerably as if 
the secondary fuel were amplifying the noise. 

To investigate the effect of secondary fuel 
on emissions and noise, Tpz was kept 
constant while secondary zone fuel was 
increased. Figure 41 shows the effect of 
adding secondary fuel to the combustor while 
at constant conditions. The addition of 
secondary fuel is represented by Tsz. The 
lowest Tsz point has no secondary fuel added 
and a high degree of burnout appears. 
However, as the initial fuel is added, CO and 
hydrocarbon emissions are very high. As 
more fuel is added and Tsz increases, better 
reaction occurs and CO and hydrocarbons are 
burned out. NOx emissions also reduce as 
secondary fuel is added to the system. 
Unfortunately, as Tsz approaches 
temperatures at which complete burnout can 
be expected, the dynamic pressure amplitude 
increases radically. 

Figure 41 shows emissions can likely be 
met by the present system; however, the noise 
becomes too high at these conditions.  
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Figure 40. Effect of primary zone temperature with fueled secondary zone. 

 

Figure 41. Effect of secondary fuel addition to a system with constant Tpz and  
inlet conditions. 
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One method used to dampen noise is to 
introduce a small pilot diffusion flame to 
stabilize the burn. Figure 42 shows an 
investigation into determining the percentage 
of main fuel required in the pilot to dampen 
the acoustics. NOx, CO, and hydrocarbons 
emissions are shown to reduce as the fuel 
schedule goes from 100% pilot to zero. The 
dynamic pressure stays roughly at 4.14 kPa 
(0.6 psi) for high pilot flow; however, as pilot 
fuel reduces to the 25% level, dynamic 
pressure increases dramatically. Once pilot 
fuel is eliminated, the dynamic pressure 
reduces to reasonable levels, but not as low as 
with high pilot flow. Thus, pilot fuel will 
dampen acoustics noise, but NOx is too high 
at these fueling levels. Lower pilot flow may 
achieve acceptable NOx, but then noise is 
actually created by the pilot flow in the 
primary. 

Testing of the first configuration showed 
that several combustor characteristics needed 
to be addressed. First, the primary must be 

run at a very restrictive operating range to 
achieve emissions and prevent blowout. 
Second, the addition of secondary fuel will 
have little effect at low Tsz. Increasing the 
secondary fuel will eventually reduce the 
emissions to acceptable levels, however noise 
levels will increase dramatically. Finally, 
adding pilot fuel will dampen the noise but 
will increase NOx to unacceptable levels. In 
addition, high noise amplitude will occur at 
roughly 25% pilot. 

One of the biggest problems encountered 
was the fact that when emissions levels were 
met, noise became much louder. In an effort 
to understand this phenomenon, the taped 
acoustic data were processed. Figures 43 and 
44 are contour plots of acoustic spectra versus 
various operating conditions. Each of the 
spectra data points is a peak hold plot 
represented by a dark horizontal line over the 
contour plot. A maximum of 6.89 kPa (1 psi) 
dynamic pressure is plotted as a contour, 
however higher amplitudes are reached. 

 

Figure 42. Effect of percent pilot fuel in main fuel circuit on a constant fuel system. 
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Figure 43. Dynamic pressure contour plots for Configuration 1A at varying fuel schedules. 

Plot a) of Figure 43 shows acoustic 
spectra plotted against primary zone 
temperature with no secondary fuel. The 
figure coincides with operating conditions 
plotted in Figure 39. This shows that at low 
Tpz, a frequency of 300 Hz was present as 
well as a harmonic at 600 Hz. As the Tpz 
increased, this dominant frequency increased 
to roughly 500 to 550 Hz. Since only the 
primary zone was being run at this point, 
running characteristics similar to a production 
LE4 were expected. Instead, high noise at 
varying frequencies was seen, while none 
occured at similar conditions with an LE4. 

Plot b) of Figure 43 shows the acoustic 
spectra plotted against BOT as Tpz is kept 
constant while secondary fuel was added. 
This coincides with operating conditions 
plotted in Figure 41. Plot b) of Figure 43 
shows a dominant frequency of 300 Hz and 
the harmonic of 600 Hz over the full range of 
BOT. This shows that the bimodal acoustics 
seen in Plot a) of Figure 43 are dependent 
upon Tpz rather than Tsz. 

Plot c) of Figure 43 shows the acoustic 
spectra plotted against percentage pilot fuel as 
plotted in Figure 42. This shows that  
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Figure 44. Dynamic pressure contour plots for Configuration 1A at constant BOT and varying 
primary/secondary fuel split. 

when high pilot fuel was used, the acoustics 
were not only dampened, but the frequency 
was reduced to 150 Hz. Then, as lower pilot 
fuel was used, the dominant frequency of 300 
Hz appeared to be amplified by the pilot fuel. 

Figure 44 investigates the acoustic 
response of Configuration 1A to varying the 
fuel schedule between the primary and 
secondary zone. This investigation was much 
like that shown in Plot a) of Figure 43. In this 
case, however, the secondary zone was also 
fueled. The total fuel flow was kept the same, 
but the split between the primary and 
secondary zone was varied so the primary 
zone changed. Plot a) of Figure 44 shows an 
almost identical frequency response as in Plot 
a) of Figure 43. Thus, the dominant frequency 
again appears to be bimodal and dependent on 
the primary zone temperature. The dynamic 
pressure is amplified in this case by the 
secondary fuel. 

Plot b) of Figure 44 shows spectra of the 
same test points as shown in Plot a) of the 
figure, however the frequency range is from 0 
to 10 kHz. This plot shows that in addition to 
the 300 and 550 Hz frequencies, a broadband 
high frequency noise existed from roughly 7 
to 9 kHz. The amplitude of these frequencies 
was roughly 13.79 kPa (2 psi). Acoustics at 
this amplitude and high frequency were 
detrimental to the combustor hardware. 

It becomes obvious that there are a 
number of different difficulties with both 
emissions and acoustics that need to be 
addressed. In an effort to address these 
difficulties, roughly six different series one 
configurations were tested. The first of these, 
Configuration 1(A), has been discussed in 
detail and the rest of these configurations will 
be discussed in summary form in the 
following paragraphs. 
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Configuration 1B tested the effect of 
adding a perforated plate and secondary 
twirlers to the combustor. It was felt that a 
pressure wave feedback mechanism could be 
dampened by putting some means of pressure 
drop inline with the premixer. Testing shows 
the emissions were unaffected by these 
additions, but the dynamic pressure 
amplitudes were slightly increased. 

Configurations 1C and 1C-2 both used 
biasing of the secondary fuel flow to the 
discrete tubes. The biasing used is shown in 
Figure 45. Configuration 1C used an 
asymmetrical biasing, while 1C-2 used side-
to-side biasing. Both Configurations 1C and 
1C-2 showed appreciable noise dampening as 
BOT increased, however 1C did not appear to 
affect NOx as much as 1C-2. 

Further noise dampening was also 
achieved by varying inlet conditions to 
increase the premixer residence times. This 
was accomplished by reducing the airflow 
and corresponding fuel flow as well as 
increasing the rig pressure but keeping the 
mass flows the same. Both of these methods 
reduced the pressure drop across the 
premixers. The success of this testing 
prompted a primary configuration with a 
longer premixer section. 

Configuration 1D incorporated metal 
tubing as flame anchors at the exit of the 
secondary premixer exits. It was felt that a 
more stable mechanism for secondary flame 
anchoring might reduce the dynamic 
amplitude. However, this was ineffective and 
increased pressure drop. 

Configuration 1E had the secondary exit 
nozzles bored out so more of the air flowed 
through the secondary and less through the 
primary. This appeared to be an effective 
means of reducing noise, however, CO 
emissions were increased. Thus, the lower 
noise was simply due to poor combustion 
efficiency. 

Comparing all of the configurations 
becomes rather difficult due to the varying 
flow areas and fueling schedules. To 
accomplish this comparison, a plot of noise 
versus NOx was created. The biggest problem 
with the combustor is that as NOx gets lower, 
noise invariably increases. Figure 46 shows 
the NOx/noise trade-off curve comparison for 
the Series 1 configurations. This comparison 
is done at 75% KB9 power because most 
configurations became too noisy above these 
conditions. Notice that most of these curves 
lie almost directly on top of each other,  

 

Figure 45. Fuel biasing used in secondary tubes for Configurations 1C and 1C-2. 
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Figure 46. Series 1 NOx/noise trade-off plot at 75% KB9 power. 

indicating that very little was changed by the 
modifications made. One exception to this 
was configuration 1B, which showed higher 
dynamic amplitude. The other exception was 
1E, which showed low NOx and noise; 
however, Figure 47 shows this is associated 
with poor CO performance. 

The Series 3 configurations were tested 
next. These configurations incorporated 
secondary premixer exit nozzles with a 30-
degree tangential component counter to the 
swirl of the primary section. Component 
testing showed this to enhance mixing 
between the two zones. 

 

Figure 47. Series 1 NOx/CO trade-off plot at 75% KB9 power. 
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Configuration 3A used the SVP premixer 
in place of previously used axial swirler 
premixers. This configuration developed high 
frequency noise at roughly 50% power. This 
type of high frequency noise was also seen in 
Configuration 1A, however this was at an off-
power point. None of the configurations 
tested exhibited the high frequency noise at 
an engine power point. 

Configuration 3B attempted to determine 
whether the high frequency noise was due to 
the counterswirl injection of the secondary 
jets or the use of the SVP premixers. Thus, 
the SVPs were replaced with axial swirler 
premixers. To address the problem with low 
frequency noise, the axial swirlers were 
staged so the premixers had alternating short 
and standard premix times. However, the high 
frequency noise remained and the low 
frequency noise appeared to be unaffected by 
the staged secondary premix times. 

The high frequency is likely to be a 
product of the tangential secondary inlet 

rather than the SVP premixer. Figure 48 also 
shows the NOx/noise trade-off curves. The 
figure shows that slightly better NOx may be 
possible with the SVP premixer than with the 
axial swirler premixers, but an abrupt increase 
in noise is still seen as single digit NOx is 
approached. 

2.2.9.2 Series 2 

The Series 2 configurations were tested 
next. These consisted of a secondary dome 
with radially injected jets that accepted the 
SVP premixer. The Series 1 secondary domes 
were only compatible with the axial swirler 
premixers, while the Series 2 premixer 
accepted both types. 

The first configuration tested was 
Configuration 2A. This configuration 
incorporated a primary dome quarl as shown 
in Figure 30. The configuration was 
extremely hard to light from the side and very 
difficult to get a flame stabilized in the 
primary section. No points were taken with 
this configuration. 

 

Figure 48. Series 3 NOx/noise trade-off plot at 75% KB9 power. 
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Configuration 2B used the screw holes in 
the combustion liner for holding the quarl 
from Configuration 2A in place to allow 
discrete jets of air to mix with the corner 
recirculation zone. The screw holes had been 
sized so the minimum amount of air required 
to prevent the CRZ from igniting was 
injected. This configuration showed much 
better noise characteristics for higher powers, 
but CO was produced at higher powers than 
previous configurations. This configuration in 
effect created a larger primary zone flow area 
by introducing air into the CRZ. 

Configuration 2C replaced the premixer 
and liner from Configuration 2B with a 
primary premixer that had been extended by  
25.4 mm (1 in.) and created longer premix 
times. This configuration did not provide any 
improvements, but it did provide some 
insight. Figure 49 shows the spectral contours 
at constant BOT and varying Tpz. While all 
of the other configurations showed roughly 
the same dominant low frequencies around 
300 Hz, Configuration 2C displayed a 
dominant frequency at roughly 250 Hz, which 
increased slightly as engine power increased. 
Plot c) of Figure 49 shows a dominant 
frequency of 250 Hz, but slight amplitude at 
300 Hz is also shown. Since these are peak 
hold plots, this does not mean that both 
frequencies existed at the same time. Both of 
these frequencies must be able to exist 
independently from each other; therefore, 
even though the combustor may have been 
detuned by increasing the primary premix 
time, a new dominant frequency was readily 
available. 

Previous testing showed that increasing 
the premix times helped with the noise 
amplitude. The amplitudes in Configuration 
2C, however, are just as large as previous 
configurations. Therefore, it is likely the side 
effect from previous methods of decreased 

pressure drop was largely responsible for the 
reduced amplitudes. 

Configuration 2B-2 was identical to 
Configuration 2B, but the transition liner was 
the second design, as described in the 
component development section. This 
configuration had a similar improvement in 
noise as shown in Configuration 2B. In 
addition, the transition liner produced a better 
pattern factor. 

Configuration 2C-2 was the final 
configuration tested. This configuration was 
identical to Configuration 2C with the new 
transition liner. This configuration behaved 
similarly to Configuration 2C, without the 
improved noise characteristics seen in 
Configurations 2B and 2B-2. This showed 
that the CRZ dilution jets were the main 
factor in improving the noise characteristics. 
An improvement in exit pattern factor was 
still evident, showing that the new design 
worked much better. 

Figure 50 shows the NOx/noise trade-off 
plot at 75% KB9 power for all of the Series 2 
configurations. Configurations 2B and 2B-2 
are clearly able to achieve lower NOx; 
however, Figure 51 shows that they are also 
prone to high CO, although not to the same 
degree as Configuration 1E. This may be due 
to the jets of air lying on the wall of the 
combustor and creating CO. Figure 51 also 
shows the second transition may also be more 
prone to high CO than the previous design. 
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Figure 49. Dynamic pressure contour plots for Configuration 2C at constant BOTs. 
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Figure 50. Series 2 NOx/noise trade-off plot at 75% KB9 power. 

 

Figure 51. Series 2 NOx/CO trade-off plot at 75% KB9 power. 

2.3  ATS High Temperature, High 
Pressure Facility Rig for Staged LPM 
Testing  

To support the ATS combustion system 
development, a full-scale, HP sector 
combustion rig was developed for 
incorporation into TS 823 at the Rolls-Royce 
combustion laboratory facility. Since the ATS 

combustor was being designed for 
demonstration and installation into the 601-K 
industrial engine, the 601-K DLE architecture 
was used as the basis for the rig design. 
Another design goal was to use much of the 
existing combustor rig hardware previously 
developed for the ATS/701-K engine program 
in an effort to reduce costs and shorten 
development schedules. 
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The ATS combustor sector rig was 
designed using the existing ATS rig inlet and 
exhaust spools that integrated to the facility 
air and discharge systems. This required 
developing new diffuser, combustion casings, 
and combustor exit flow-path hardware. The 
test cell fuel systems had to be modified to 
incorporate an additional fuel leg and to add a 
liquid fuel system. Figure 52 represents a 
cross-sectional sketch of the ATS rig adapted 
to TS 823. 

A set of 601-K DLE inner diffuser and 
outer diffuser castings were acquired and used 
to develop the sector rig center casings. The 
inner diffuser casting only required minor 
modifications to allow for adapting to the rig 
system inlet spool, to add baffles to isolate the 
combustor sectors, and to allow for static 
pressure measurements. Figure 53 shows the 
modified inlet diffuser. The outer diffuser was 
modified to join to the existing inlet spool and 
was modified to allow for an additional ring 
segment to be added to join to the test cell 
exit spool. Figure 54 shows the modified 
outer diffuser with the exit ring segment 
installed. The outer diffuser maintained its 
configuration for three exterior silo type 
combustors. When the outer diffuser was 
welded to the inner diffuser, the inner diffuser 
baffles created flow-path isolation that 
allowed for installing a single combustion 
system. Blank-off plates were installed to 

block off the two unused sectors of the outer 
diffuser. 

The test rig featured an inlet adapter 
installed upstream of the diffuser assembly to 
simulate the compressor exit flow area and to 
obtain combustion system inlet temperatures 
and pressures. The adapter was made using a 
bell-shaped formed flange to decrease the 
flow area. A 240-degree sector was blocked, 
allowing only a single 120-degree sector of 
air to enter the diffuser. 

The ring segment joining the diffuser 
assembly to the exit spool required several 
features. This ring segment adapter contained 
the combustor exit flow path, BOT probes, 
exhaust gas emission probes, water spray 
cooling probes, and instrumentation egress 
ports. Figure 55 details the cross-sectional 
design of the diffuser assemblies with these 
components installed. 

The combustor exit flow-path component 
was manufactured from a casting. This 
casting simulated a 120-degree section of the 
first-stage turbine vane ring inlet geometry 
and mated directly to the combustor discharge 
nozzle. The casting also incorporated features 
that allowed for installation of 20 BOT probe 
assemblies and 5 emission probe assemblies 
and cooling features that increased its 
durability. 

 

Figure 52. ATS full-scale combustor sector rig cross section. 
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Figure 53. ATS combustor sector rig inner 
diffuser assembly. 

 

Figure 54. ATS combustor sector rig outer 
diffuser assembly. 

The BOT probes were developed to obtain 
an extensive BOT survey. The probes were 
equally spaced along the 120-degree exit 
sector. Two BOT probe configurations were 
design and manufactured, and both styles 
were designed using platinum rhodium leads. 
The main configuration incorporated 3 
thermocouples radially spaced for a total of 
60 temperature measurements. An optional 
configuration incorporated 5 thermocouples 
radially spaced for allowing 100 total 
temperature measurements. 

The emissions probes were developed to 
obtain five equally spaced combustion exit 
gas samples. Each probe had 3 gas ports for a 
total of 15 gas samples. These samples were 
collected through a manifold and sent to the 
emissions gas analyzer. 

A water cooling system was designed and 
incorporated to cool the combustor exit gases 
prior to entering the exhaust spool and facility 
exhaust stack. Since only one sector was 
used, a total of seven water nozzles were 
employed. The water spray was directed at 
the back of the diffuser to cool not only the 
exhaust gases but also the rig hardware. The 
water system was also plumbed to the 
emission probes and instrumentation tubes to 
provide cooling. Another facility water spray  

 
Figure 55. Diffuser systems detail.  
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system was used in the facility exhaust spool 
to further decrease the exhaust gas 
temperatures. Figure 56 shows the rig water 
cooling delivery systems. 

The sector rig was designed to allow the 
use of the existing 601-K DLE combustor 
transition casing, discharge nozzle, combustor 
support assembly, and colander plate. The 
transition case was only modified to add static 
pressure and temperature measurements. The 
flow path and geometry of the discharge 
nozzle were not changed, but the 
configurations of the effusion cooling and 
dilution were modified to adjust the burner 
exit temperature profile. These systems are 
shown in Figure 55. Figure 57 shows the 
completed sector rig fully instrumented 

 

Figure 56. ATS rig water delivery system. 

 

Figure 57. Completed sector rig with 
combustor test article. 

with a combustor test article installed. Figure 
58 shows the completed rig integrated into the 
test cell facility. 

The test cell facility fuel system was 
modified to add capability. The natural gas 
system was modified to add a fourth fuel leg 
to have main fuel, primary fuel, secondary 
fuel, and pilot fuel capabilities. A four-leg 
liquid fuel system was developed and 
installed to have the same features as the 
natural gas. This also required the addition of 
a nitrogen purge system. Figure 59 shows the 
modified natural gas facility fuel delivery 
system. 

The ATS rig can flow up to 22.68 kg/s (50 
lb/sec) air at temperatures up to 538ºC 
(1000°F). The natural gas fuel system allowed 
fuel feed  

 

Figure 58. ATS test rig installed in test cell. 
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Figure 59. Natural gas fuel  
delivery system. 

pressures up to a maximum of 4137 kPa (600 
psi). The liquid fuel system has a maximum 
fuel feed pressure of 6895 kPa (1000 psi). The 
water cooling system is limited to 2930 kPa 
(425 psi). Flow rates of these systems are 
limited by the various orifices installed for 
specific applications. 

The ATS DLE full-scale combustor sector 
rig configuration is defined by Rolls-Royce 
drawing T848125. 

2.4  ATS Dual Fuel Premixer 
Development 

Industrial gas turbines have long been 
subject to legislation controlling levels of 
pollutants they can emit to the atmosphere. Over 
time, regulations have become increasingly 
stringent with each technology improvement 
driving down the permitted levels. 

Most gas turbine manufacturers, including 
Rolls-Royce, offer DLE technology for their 
products to meet these levels on gaseous 
fueled engines. This is achieved using lean 
premix combustion with some arrangement of 
fuel and/or air staging; however, 
manufacturers are now offering DLE 
technology for both gaseous and liquid fuels. 

DLE designs for gaseous and liquid fuels 
have different problem sets, so developing a 
fuel preparation module to operate on both is 

a difficult task. Although the technologies 
used for gaseous fuels have been in the field 
for a number of years, there are well 
documented problems with combustion 
instabilities (noise), especially with the drive 
to ultra-low emissions levels. Complex 
control and fuel supply systems may also be 
required. Liquid fuel technology is less well 
developed since liquid fuel is typically used 
as a backup. Designing a liquid fueled LPM 
combustor is more difficult since the fuel has 
to be atomized, vaporized, and mixed with air 
within time scales that prevent autoignition. 
This difficulty is compounded by the fact that 
autoignition delay times are shorter than with 
natural gas. 

2.4.1  Emissions Goals 

The 601-KB11 engine performance cycle 
is the baseline for the ATS liquid fuel DLE 
effort. Dual fuel emissions goals are taken 
from the dual fuel DLE combustion system 
requirements for this engine. Liquid fuel 
operation is not required below 50% load and 
compressor bleed is permitted below 90% 
load to meet emissions requirements. 
Emissions compliance is required over an 
ambient temperature range of –18 to 38ºC (0 
to 100°F). Emissions goals (ppm dry, 
corrected to 15% O2) are shown in Table 7. 

2.4.2  Program Objectives 

Within Rolls-Royce, the direction of the 
ATS program was changed from an engine 
development program to a combustion 
technology program in March 1999. In July 
1999, a meeting of combustion specialists 
from various Rolls-Royce sites was convened 
to determine the direction of the ATS 
combustion effort. The dual fuel DLE portion 
of the program was defined to be an 
emissions technology acquisition effort 
applicable to natural gas and DF-2 fuels at 
engine pressure ratios up to 20:1. Due to time 
constraints 
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Table 7. Target emissions goals for dual fuel DLE combustion system. 

 50% load 90-100% load 
 Natural gas Liquid DF-2 Natural gas Liquid DF-2 
Emission levels     

NOx < 25 ppmv < 65 ppmv < 25 ppmv < 65 ppmv 
CO < 50 ppmv < 100 ppmv < 5 ppmv < 100 ppmv 
UHC =< 5 ppmv < 20 ppmv < 2 ppmv < 20 ppmv 

Smoke  < SAE 20  < SAE 20 
Compressor Bleed Acceptable Acceptable No bleed No bleed 

 

(18 months) and applied labor constraints, 
certain tasks were considered outside the 
scope of the ATS dual fuel effort. These 
included investigation of combustion 
instability, system integration for operability, 
and liquid fuel thermal protection and 
purging. Rather, the dual fuel effort was to be 
a first-level screening of candidate premixing 
combustor concepts. Further development, 
including engine integration, would need to 
be continued under subsequent programs. 

2.4.3  Dual Fuel Combustor Concepts 

Three combustor concepts were selected 
for ATS dual fuel development: the LE4 
premixer, the Ansty Phase 7 premixer, and the 
concentric staged premixer. The LE4 was a 
production gaseous fuel only DLE combustor 
used in the 501-K industrial engine, whereas 
the other two concepts were based on liquid 
fuel premixers in development. The challenge 
in each case was to take an existing single 
fuel DLE design and adapt it for use on the 
other fuel type. 

Two of the dual fuel premixing concepts, 
the concentric staged and LE4 premixers, 
were rig tested during this program. The 
concentric staged premixer demonstrated 
slightly lower emissions on liquid fuel, but 
the LE4, being an existing gaseous fueled 
production burner, is more readily adaptable 
for engine integration. Both concepts showed 
sufficient promise in terms of emissions and 
operational reliability to be candidates for 

further dual fuel DLE development. The third 
concept, the Phase 7, was also designed and 
fabricated, but was never rig tested due to 
early termination of the dual fuel effort. 
Further development of the concentric staged 
or LE4 premixers, including emissions 
reduction and engine integration, would need 
to be continued under subsequent programs. 

2.4.4  LE4 Module Development 

2.4.4.1  LE4 Module Description 

The LE4 was developed to provide a DLE 
combustion option for the 501-K industrial 
engine to satisfy customers and regulators, 
who were demanding environmentally sound 
power sources. Their desire to control NOx 
emissions directly impacted the gas turbine 
engine’s internal combustion process, where 
much of the NOx pollutants are formed.  

This problem was solved by thoroughly 
premixing the reactants to control the 
combustion flame temperature, as shown in 
Figure 60. The figure shows that the forward 
portion of the combustor consists of a large 
premixer assembly. Air is ingested into the 
premixer and passes through an axial swirler. 
Fuel passages are imbedded into the swirler 
and injected into the air through small holes 
drilled through the airfoils. Fuel is dispersed 
throughout the air and mixed uniformly 
before being injected into the combustion 
chamber. The reactants enter the combustion 
chamber with a swirling motion that induces a 
vortex breakdown and creates a large  
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Figure 60. Cross-sectional view of the LE4 combustion chamber showing general arrangement 

and internal flow patterns. 

central recirculating flow. This recirculating 
flow provides a stability mechanism to anchor 
the flame front, which propagates into the 
balance of the reactant mixture. A smaller, 
torroidal shaped recirculating flow is formed 
in the corner of the liner also. This provides 
another flame anchoring position and a region 
that can be fueled directly to augment flame 
stability at low power operating conditions. 
Fuel is apportioned between the pilot and 
premixed fuel circuits to create the optimum 
combustion conditions. At ignition and low 
power, all the fuel is directed to the pilot fuel 
circuit. As engine power is increased, a 
portion of the fuel is diverted to the premixed 
fuel circuit. Both fuel circuits are active until 
the engine reaches high power when all the 
fuel is delivered to the premixed fuel circuit. 
This schedule limits NOx to less than 25 ppm 
while keeping CO emissions low. 

2.4.4.2  LE4 Module Design 

LE4 dual fuel premixer configurations 
tested during the ATS program are 
summarized in Table 8. Two configurations 
were tested prior to ATS, so the numbering 
system begins with Configuration 3. Table 8 
briefly describes each configuration tested, 
the purpose of the test, and significant test 
results. 

Configuration 3 (Figure 61) had the 
standard conical shaped centerbody used in 
gaseous fueled LE4 combustors. Three liquid 
fuel injection circuits were incorporated to 
investigate the effect of axial placement of the 
fuel on emissions and autoignition. Fuel was 
injected through discrete holes drilled normal 
to the centerbody surface. 

Configuration 4 (Figure 62) had a single 
row of fuel injection orifices that were 
recessed in the centerbody and drilled to 
impart a tangential component to the fuel 
injection direction, providing counterswirling 
motion with respect to the airflow direction. 

Configuration 5 (Figure 61) combined 
features from Configurations 3 and 4. It used 
the same centerbody as Configuration 3 with 
three planes of fuel injection; however, the 
tangential fuel injection of Configuration 4 
was added. 

Configuration 4A, shown in Figure 63, 
used the same fuel injector as Configuration 
4, but with a new centerbody contour 
designed to improve premixer aerodynamics 
by eliminating recirculation within the 
premixer. 
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Table 8. LE4 dual fuel configuration summary. 

Configuration 
number 

 
Configuration description 

 
Purpose 

 
Results 

3 Three axial planes of radial 
fuel injection 

Investigate trade between 
low emissions and 
autoignition 

Emissions do not meet ATS 
goals. 
Autoignition when igniting 
from upstream plane 

4 Fuel counterswirls wrt to air Improve mixing and reduce 
emissions 

Met ATS emissions goals at 
601-KB11 conditions, but 
autoignition before reaching 
full power. 

5 Adds fuel counterswirl to 
Configuration 3 

Combine features of 
Configurations 3 and 4 
Find injection plane where 
emissions are low without 
autoignition 

Emissions do not meet ATS 
goals. 
Autoignition when injecting 
from upstream plane 

4A Adds contoured centerbody 
to Configuration 4 

Eliminate recirculation in 
premixer to avoid 
autoignition 

Same low emissions results 
as Configuration 4, but did 
not eliminate autoignition 

6F Spraybar with plain orifice 
injectors 
Revised contoured 
centerbody 

Improve mixing, keep fuel 
away from walls, and 
eliminate autoignition 

Met ATS emissions goals at 
601-KB11 conditions, very 
close at 501-KB7 conditions 
Autoignition at 601-KB11 
100% power only 

6G Spraybar with pressure 
atomizers aimed 30-degrees 
downstream 
Revised contoured 
centerbody 

Improve atomization and 
mixing and eliminate 
autoignition 

Emissions not as low as with 
plain orifice atomizers 
No autoignition 

6H Same as 6G except 
atomizers aimed further 
outward radially 

Move fuel radially outward in 
premixer for more uniform 
F/A distribution 

Emission improved with 
respect to 6G, but not as low 
as 6F with plain orifice 
injectors 

6I Same as 6F except orifices 
moved outward radially and 
aimed 30-degrees 
downstream 

Move fuel radially outward in 
premixer for more uniform 
F/A distribution 
Eliminate autoignition 

Best combination of results 
Emissions not quite as low 
as 6F, but no autoignition, 
good pattern, low smoke 
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Figure 61. LE4 Configuration 3 with radial fuel injection and Configuration 5 with counterswirling 

fuel injection, both with conical centerbody. Fuel injection was from  
planes A, B, or C. 

 

Figure 62. LE4 Configuration 4 with radial fuel injection and conical centerbody. 
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Figure 63. LE4 Configuration 4A with counterswirling fuel injection and contoured centerbody. 

Configuration 6 refers to a series of liquid 
fuel injector designs with spraybars that 
protrude into the cross-flowing air stream in 
the LE4 premixer. Previous ATS program 
dual fuel concepts had liquid fuel injected 
through plain jet orifices located on, or 
recessed slightly below, the surface of the 
LE4 centerbody. The spraybar designs were 
considered less susceptible to autoignition 
because they were more likely to place liquid 
fuel into the core air stream and less likely to 
introduce fuel onto the centerbody surface. 

Configurations 6A through 6E were 
evaluated analytically only. Four spraybar 
designs, 6F through 6I, were rig tested in LE4 
combustors. Configuration 6F (Figure 64) had 
six tubes protruding radially from the 
centerbody, and each tube had a single plain 
orifice injector aimed circumferentially. 
Results from this initial spraybar test were 
encouraging; program emissions goals were 
met over a narrow range of F/A ratios and 
autoignition was only encountered at the 601-
KB11 100% power condition. 

The next two configurations, 6G and 6H 
(Figure 65), used very small pressure-swirl 
atomizers in place of the plain orifice 
injectors. It was believed smaller drop sizes 
would yield more rapid evaporation and, 
therefore, lower emissions. However, 
emissions were actually higher than with 
plain orifices, indicating that cross-stream 
spray penetration and mixing were adversely 
affected by the smaller drop sizes. 

Since two tests with pressure atomizing 
injectors failed to produce emissions as low 
as those obtained with plain orifice injectors, 
a return to plain orifice injectors was selected 
for the final liquid fuel DLE test, 
Configuration 6I (Figure 64). Two changes 
were made with respect to the previous plain 
orifice design. The orifices were moved 
outboard slightly with respect to 
Configuration 6F to improve on a slightly 
center peaked BOT profile. Also, the orifices 
were aimed 30-degrees downstream from 
circumferential to avoid autoignition by 
reducing fuel residence time in the premixer 
and by having the direction of fuel injection 
less opposed to the airflow direction. 
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Figure 64. LE4 Configurations 6F and 6I with plain orifice injectors on stalks and with revised 
contoured centerbody. Configuration 6F orifices are aimed circumferentially and opposed to 

airflow. Configuration 6I orifices are aimed 30-degrees downstream. 

 

Figure 65. LE4 Configurations 6G and 6H with pressure atomizers on stalks and with revised 
contoured centerbody. Both are aimed 30-degrees downstream with 6H being aimed further 

outward radially. 
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2.4.4.3  LE4 Module Test and Development 

This section presents and discusses the 
significant results from the LE4 premixer test 
series. This includes flow visualization tests 
to determine the direction of flow on the 
centerbody surface, atmospheric fuel spray 
tests, and combustor rig tests. 

2.4.4.3.1  Flow Visualization Tests 

An objective of Configuration 4A was to 
eliminate autoignition experienced previously 
with Configuration 4 by changing the contour of 
the LE4 centerbody to eliminate a region of 
recirculating airflow as identified by CFD 
analysis. However, the contoured centerbody of 
Configuration 4A did not change autoignition 
characteristics, indicating that regions of low 
velocity or flow recirculation persisted. 

When the contoured centerbody was 
removed following combustor rig test, three 
circumferential stripes of soft carbon were 
observed on its surface. One stripe about 19 
mm (0.75-in.) wide was centered on the fuel 
injection plane, a second stripe about 19.5 
mm (0.75-in.) wide was centered in the 
cylindrical region of the centerbody, and a 
third stripe about 6.35 mm (0.25-in.) wide 
was located at the downstream end of the 
centerbody. The first two stripes were 
indicative of regions of recirculating or 
slowly moving flow where residence time 
was sufficient for carboning. The downstream 
stripe was located in a region where the 
residence time was surely low, but 
temperatures were much higher. 

To obtain a clearer picture of the direction 
of flow on the centerbody surface, flow 
visualization tests were performed with the 
conical centerbody of Configuration 5 and the 
contoured centerbody of Configuration 4A. 

A matrix of dots of green fluorescent dye 
was applied to the surface with an 
approximate 6.35 mm (0.25-in.) grid spacing. 

The centerbodies were carefully installed in 
the combustor, which was in turn installed in 
the combustor rig. Room temperature air was 
flowed through the rig for a period of 10 
minutes to streak the dye. Inlet pressure was 
414 kPa (60 psia), rig airflow was 1.27 kg/s 
(2.79 lb/sec), and bleed airflow was 0.14 kg/s 
(0.31 lb/sec) yielding the same corrected flow 
as the 601-KB11 maximum power condition. 

A photograph comparing the flow 
visualization results of the conical and 
contoured centerbodies appears in Figure 66. 
The direction of airflow in the picture is from 
top to bottom. The conical centerbody clearly 
shows a region of low velocity and 
recirculation at its upstream end, in agreement 
with CFD (Figure 67). There is a region about 
two-thirds of the way down the cone where the 
flow is nearly circumferential at the surface. 
This is followed by a region at the downstream 
end where the flow is rapidly accelerating 
axially before leaving the premixer. 

The contoured centerbody on the right in 
Figure 66 shows that the tendency for flow 
reversal has largely been eliminated, also in 
agreement with CFD (Figure 68). However, a 
region where the flow is predominantly 
circumferential still exists on the cylindrical 
portion of the centerbody surface. This would 
be sufficient to induce autoignition if fuel 
entered this region.  

Following flow visualization tests, the 
centerbody shape was further modified for 
Configuration 6 to eliminate this cylindrical 
region. This was accomplished by 
transitioning from the downstream end of the 
contoured region directly to a cone running to 
the end of the centerbody. The cross-sectional 
area in the premixer was then continuously 
decreasing downstream of the air swirler. In 
addition, four rows of effusion cooling holes 
were added to the centerbody surface to help 
keep the boundary layer energized. 
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Figure 66. Flow visualization results on surface of conical (left) and contoured  
(right) centerbodies. 

 

Figure 67. Predicted axial velocity in LE4 premixer conical centerbody. 

 

Figure 68. Predicted axial velocity in LE4 premixer contoured centerbody. 
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2.4.4.3.2  Atmospheric Spray Tests 

A Plexiglas® (trademark of Rohm and 
Haas Company) fixture simulating the shape 
of the LE4 premixer outer flow path was 
designed and fabricated for atmospheric spray 
testing of liquid fueled centerbodies. This 
fixture was comprised of an upstream flow 
straightening section, metal LE4 swirl vanes, 
and a Plexiglas outer shell through which the 
liquid spray could be observed and 
photographed. The fixture was used to 
observe spray from Configuration 5, 4A, 6F, 
and 6G centerbodies. 

Tests were conducted with the pressure 
loss through the premixer set at 3% to match 
the Mach number at full pressure conditions. 
The limited air supply, however, precluded 
maintaining the same momentum flux ratio 
between fuel and air as occurs at full pressure 
without having the fuel barely dribbling out 
of the injectors. Therefore, these tests were 
valuable qualitative visualizations of the fuel 
spray. Air density was greatly reduced with 
respect to engine operating conditions and 
there was no evaporation of fuel. This 
increased the tendency for the fuel to strike 
the outer wall in the atmospheric tests. 

In the spraybar design with plain jet 
orifices (Configuration 6F), the fuel was 
fanned out in the direction of the opposing 
airflow. Atomization appeared reasonably 
good while the spray was airborne, but when 
fuel from an individual orifice struck the outer 
wall of the premixer, it was swept 
downstream along an air streamline, 
coalescing the fuel into a single streak at the 
exit of the premixer. Also, a small amount of 
fuel would get swept behind the injector tubes 
and "wick" to the surface of the centerbody. 
These observations were of concern so the 
Configuration 4A centerbody (injection from 
centerbody surface) was tested next for 
comparison, since reasonably good emissions 
had been obtained during hot test of 4A. 

Fuel jet penetration was dependent on fuel 
flow rate with Configuration 4A. At low fuel 
flow (low velocity), all fuel attached to the 
centerbody. At high fuel flow (Figure 69), 
most fuel struck the outer wall. At all fuel 
flows, a significant amount of fuel attached to 
the surface of the centerbody, far more than 
with Configuration 6F. 

 

Figure 69. Configuration 4A on atmospheric spray stand showing fuel striking outer wall and 
streaks exiting premixer. 



 

60 

Configuration 5, with three axial planes of 
injection from the centerbody surface, showed 
the same dependence on fuel flow as did 
Configuration 4A. It was evident that any fuel 
injection scheme depending on cross-stream 
penetration from the centerbody will only 
work well over a narrow range of fuel flows. 
Circumferential mixing did appear better in 
Configuration 5 since it had more points of 
injection. The air recirculation region was 
evident with this conical centerbody as fuel 
from the injection plane farthest upstream was 
first swept backwards before turning 
downstream. 

Configuration 6G, spraybar with fuel 
nozzles, looked very good on the atmospheric 
spray stand. Fuel exiting the premixer was 
well atomized and uniformly mixed (Figure 
70). There were no fuel streaks. Following 
this result, expectations were high for the hot 
test; however, emissions with this 
configuration turned out to be worse than 
those obtained with Configurations 4A or 6F. 

Based on BOT profiles, it appeared that 
droplets from the Configuration 6G nozzles 
were too small to penetrate across the 
premixer annulus at full pressure conditions. 

Comparing Figures 69 and 70, and 
considering emissions results from the 
respective configurations, there was no 
correlation between appearance on the 
atmospheric spray stand and emissions 
performance at full pressure conditions. The 
atmospheric spray tests were inexpensive to 
set up and run, but a better method for 
evaluating the performance of liquid fuel 
injection concepts was needed. At this point, 
discussions were initiated with ERC to 
perform liquid fuel injection screening tests at 
reduced conditions. ERC had better facilities 
for these tests and was already under contract 
to perform natural gas mixing studies for the 
ATS program. This effort was initiated; 
however, a meaningful contribution by ERC 
was precluded due to early termination of the 
ATS program within Rolls-Royce. 

 

Figure 70. Configuration 6G on atmospheric spray stand showing well atomized, well mixed 
spray exiting premixer. 
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2.4.4.3.3  Combustor Rig Tests 

Configuration 6F had the lowest 
emissions of any dual fuel configuration 
tested during the ATS program. Emissions 
very close to the program goals of 65 parts 
per million dc (ppmdc) NOx and 100 ppmdc 
CO were measured at 501-KB7 burner inlet 
conditions when primary zone flame 
temperature was maintained between 2600 
and 2700°F (Figure 71). At 601-KB11 
conditions, with higher burner inlet pressure 
and temperature, emissions were lower, 50 to 
60 ppmdc NOx with <60 ppmdc CO (Figure 
72). Emissions did meet program goals at 
primary zone flame temperatures between 
1427ºC (2600 and 2700°F). The group of 
higher NOx data in Figure 72, obtained at 
reduced air flows simulating compressor 
bleed, had higher residence times in the 
primary zone. The CO data displayed no 
similar separation. 

Emissions with Configuration 6I were 
slightly higher than those obtained with 
Configuration 6F. Figure 73 is a plot of CO 
versus NOx for Configuration 6I showing that 
emissions just missed the acceptance region. 
Emissions were lower at the higher burner 
inlet temperatures of the 601-KB11 and 
RB211 cycles as compared to the 601-KB7. 
However, at no test points did CO and NOx 
meet program goals simultaneously. 

Two trends were observed in the NOx 
data (Figure 74) when plotted against primary 
zone flame temperature (designated as 
TPZEQ). First, at any given flame 
temperature, NOx decreased as burner inlet 
temperature increased. At 501-KB7 inlet 
conditions with lower burner inlet 
temperature, NOx did not meet the program 
goal of 65 ppm until primary zone flame 
temperature was reduced lower than 1260ºC 
(2300°F). However, at 601-KB11 and RB211 

 
Figure 71. NOx and CO emissions for 501-KB7 main fuel only points. 
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Figure 72. NOx and CO emissions for 601-KB11 main fuel only points. 

 

Figure 73. CO and NOX emissions for Configuration 6I. 
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Figure 74. NOx and CO emissions for Configuration 6I main fuel only points. 

inlet conditions with higher burner inlet 
temperature, NOx met the goal at primary zone 
temperatures lower than 1371ºC (2500°F) and 
1427ºC (2600°F), respectively. Second, NOx 
increased with primary zone residence time. 
Some test points were run with reduced airflow 
to simulate compressor bleed, and a 
consequence of reduced airflow is increased 
residence time. These points are indicated on 
Figure 72 and had higher NOx than points run 
with normal airflow. This behavior was also 
evident with Configuration 6F. ATS concentric 
staged modules, however, did not show NOx 
dependency with residence time. 

CO emissions (Figure 75) were not 
dependent on burner inlet temperature as were 
NOx emissions. Primary zone temperature 
had to be higher than 1427ºC (2600°F) for 
CO to meet the program goal of 100 ppm; 
therefore, there was no overlap in the 
temperature ranges over which NOx and CO 
met their respective program goals. CO 

emissions decreased with increased residence 
time, as shown in Figure 73, where the lowest 
CO was obtained at test points with reduced 
airflow. This behavior was not evident in 
Configuration 6F, but was in the ATS 
concentric staged modules. 

As with CO, unburned hydrocarbon 
emissions met the program goal of 20 ppm at 
primary zone flame temperatures higher than 
1427ºC (2600°F). 

SAE smoke numbers read zero at every 
test point. This result was suspect, especially 
with diesel fuel, but it does appear correct 
after checking the sampling arrangement. Gas 
samples are driven to the smoke meter using 
the elevated pressure of the rig. Pumps are not 
used to draw a sample through the smoke 
patch. The flow totalizer is located 
downstream of the smoke patch. If, for 
example, a line were disconnected, the 
totalizer would not have registered flow. A  
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Figure 75. NOx and CO emissions for Configuration 6I. 

positive indication on the totalizer is evidence 
that at least as much flow passed through the 
patch. Given that all smoke patches were 
clear, the data suggest that Configuration 6I 
operated smoke-free. 

Pattern factor remained low throughout 
the test. Except for a few outlying points, 
pattern factor ranged from 0.1 to 0.2 as 
compared to 0.2 to 0.27 for Configuration 6F. 
This reduction in pattern factor indicates that 
moving the fuel injection orifices outward 
resulted in better initial placement of fuel 
within the premixer. BOT profiles for the two 
configurations were further evidence that 
moving the fuel orifices outward did improve 
fuel placement. 

Other data showed the same trends 
evident in previous liquid fuel tests. Chemical 
efficiency approached 100% when primary 
zone temperature exceeded 1427ºC (2600°F). 
Maximum liner temperature was on a trend to 
exceed 982ºC (1800°F) as primary zone 
temperature exceeded 1649ºC (3000°F). As 

was expected, liner wall temperatures were 
higher during test points when airflow was 
reduced. Liner flow area remained constant 
throughout the test, indicating no damage to 
the liner. 

No autoignition or flashback was 
encountered at any time during the test. This 
includes test points at 601-KB11 100% power 
(1889 kPa, 462ºC [274 psia, 863°F]), 601-
KB11 hot day 100% power (1413 kPa, 490ºC 
[205 psia, 914°F]), and RB211 100% power 
(2075 kPa, 473ºC [301 psia, 884°F]). Angling 
the fuel injection orifices 30-degrees 
downstream with respect to circumferential 
was successful in eliminating autoignition 
that had occurred with Configuration 6F at 
601-KB11 100% power.  

Dynamic pressures were measured in the 
combustor case at two locations, outboard of 
the premixer and close to the plane of the 
dilution holes. Integrated spectrum root mean 
square (rms) pressure remained below the 
program goal of 6.89 kPa (1.0 psi) (0.4% 
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burner inlet pressure) for all 501-KB7 and 
601-KB11 test points with lower values 
tending to occur at low air flow conditions 
(points simulating compressor bleed). At 
RB211 100% power, dynamic pressure did 
reach as high as 12.69 kPa (1.84 psi) (0.6% 
burner inlet pressure). Dynamic pressure was 
always higher outboard of the premixer than 
near the dilution holes. 

2.4.5  Phase 7 Module Development 

2.4.5.1  Phase 7 Module Description 

The Phase 7 lean premix prevaporized 
(LPP) module was developed under an earlier 
9-year program aimed at an ultralow 
emissions single annular combustor for a 
Hyper/Supersonic Transport (HSST) 
propulsion system. The emission target was 5 
NOx emissions index (EINOX) at cruise 
conditions (8 atmospheres, 734ºC [1354°F] 
inlet temperature, 1719ºC [3126°F] flame 
temperature). The concept developed was a 
coaxial piloted premixer module. The LPP 
duct used a prefilming type injector with fuel 
jets impinging onto a surface and two 
counterrotating air streams providing a high 
energy shear layer to atomize and mix the fuel 
with the air. This had given very good results, 
achieving NOx levels as low as half of the 
target. 

When a liquid DLE program aimed at 
industrial and marine engines was begun in 
late 1994, the Phase 7 technology was chosen. 
A Phase 7 module was run on diesel and very 
low emissions (<20 volumetric parts per 
million [vppm] NOx and <10 vppm CO) 
obtained at 10 atmospheres, 507ºC (944°F) 
inlet temperature, and 1697ºC (3086°F) flame 
temperature. The program was stopped before 
any further hot rig testing was completed. 

A Phase 7 “kit of parts” used in the earlier 
programs for development rig testing was 
made available for the ATS program to 
substantially decrease the lead time for design 

and fabrication. A schematic of the Phase 7 
module is shown in Figure 76. 

2.4.5.2  Phase 7 Module Design 

The design intent was to take the “kit of 
parts” module, modify it slightly to improve 
on its known problems, and then modify the 
module further to accommodate gaseous fuel. 

2.4.5.3  Known Problems with Earlier 
Phase 7 Modules 

2.4.5.3.1  Emissions 

The Phase 7 module showed very good 
emissions on kerosene, but at high inlet 
pressure (above 15 atm), the emissions 
degraded considerably. This was thought to 
be due to the fact that plain orifice injection 
was used and this injection method could not 
maintain proper fuel placement over a wide 
range of conditions. 

2.4.5.3.2  Flashback 

The Phase 7 module had numerous 
flashback problems that were designed out. 
Based on the information and reports 
available, however, it was difficult to 
conclude whether the hardware received was 
of a flashback-resistant variety or not. 

2.4.5.3.3  Noise 

The Phase 7 module managed to inflict 
extensive damage on its test rig due to 
excessive levels of combustion noise. This 
mainly occurred as the module was only 
being monitored for combustion rumble <400 
Hz and the premix noise encountered was 
>400 Hz. A second test showed levels of 
~13.8 kPa (~2 psi) peak-to-peak, so testing 
was curtailed. This, however, is not an 
exceptional level for a DLE combustor. It was 
thought that the noise levels could be 
managed on the first test, as there was not 
sufficient information on the nature of the 
problem to give any confidence in design 
changes to improve it. 
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Figure 76. Phase 7 module general arrangement. 

2.4.5.4  Liquid Fuel Injector Redesign 

At the design point for ATS, 20 
atmosphere inlet pressure, the Phase 7 module 
did not have acceptable emissions 
performance. To improve emissions by 
maintaining constant fuel placement, a true 
prefilming injector concept was selected. The 
air splitter was thickened to enable liquid fuel 
injection passages to be formed. The original 
idea was to use an airblast-type channel 
spilling onto the prefilming surface, but this 
was very complex to machine and did not 
readily fit into the width of the prefilmer. It 
was decided to use plain orifice injection 
placed tangentially to the prefilmer surface 
and to the direction of airflow (see Figure 77). 
Diesel fuel will wet the surface at these 
temperatures, so it was expected a film would 
form on the surface of the prefilmer. 

2.4.5.4.1  Swirler Design 

To improve flame stability, it was decided 
to increase the residual swirl from the 
module. The Phase 7 had used ±50 degrees 
and then reduced to ±40 degrees to improve 
flashback resistance. For this design, angles at 
the prefilmer lip of 45 degrees for the inner 
passage and 60 degrees for the outer passage 
were chosen. A simple straight wall slot radial 
swirler design was selected. 

The swirlers from previous Phase 7 
programs had been designed just to provide 
the correct angle to the flow and so were 
aerodynamically poor. The desire to introduce 
gaseous fuel using fuel bars meant the 
swirlers would have to be aerodynamically 
clean to minimize the risk of separations and 
recirculations where fuel and air could be 
trapped. The constraints on the redesign were  
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Figure 77. ATS Phase 7 prefilming liquid fuel injector. 

that the swirlers were to have thin trailing 
edges. Also, the number of vane passages in 
the inner and outer swirlers would both be 
multiples of the number of fuels bars. The 
desired angles could be achieved with 36 and 
24 slots respectively; i.e., 12 fuel bars could 
be used. 

2.4.5.4.2  Gas Fuel Injector Design 

The gaseous fuel injectors had to be 
integrated to fit within existing parts. It was 
decided to introduce gaseous fuel through fuel 
bars. The fuel injection points were equally 
spaced across the duct and angled at 90 
degrees relative to the airflow in each 

passage, with a graduation in hole sizes across 
the passage. For autoignition resistance the 
fuel bars were located downstream of the 
swirl vanes. The area available was small and 
the fuel bars had to be located closer to the 
swirler exit than desired. To simplify the 
build, the top plate (AHD003 in Figure 78) 
was modified to include the fuel gallery and 
fuel bars. Figure 78 shows the finished fuel 
injector and detail of fuel bars. 

2.4.5.5  Overall Module Design 

The redesigned Phase 7 module is shown 
in Figure 79 along with a parts identification 
list as detailed in Table 9. It should be noted 



 

68 

 

Figure 78. ATS Phase 7 gas fuel injector and 
fuel bars. 

that the general assembly shows the gas fuel 
bars, whereas in a true cross section they 
would not be in this plane. This design was to 
test the concept of using a prefilming injector. 
It contained a short mixing duct, prefilming 
liquid fuel injector, gaseous fuel bars, 
counterrotating air streams with -45-degree 
inner passage and +60-degree outer passage 
swirl angles at the plane of the prefilmer exit 
lip. The hardware build is shown in Figure 80. 

Table 9. Parts list for Phase 7 module. 

Part no. Description 
AHD008 Center threaded bar 
AHD003 End plate and gas fuel injector 
AHD005 Center for end plate 
CMS 14129/F Inner 45-deg swirler (36 slots) 
CMS 14129/E Outer 60-deg swirler (24 slots) 
AHD001 Prefilming fuel injector 
AHD002 Outer wall of swirler passage 
CMS 14148 Dummy central fuel injector 
CMS 14149 Lower inner injector sleeve 
CMS 14117 Sealing ring (2 off) 
CMS 14118 V-clamp rings (4 off) 
CMS 14119 Outer parallel wall (12 mm) 
AHD004 Inner parallel wall (13 mm) 
CMS 14154 Conical ‘star’ for centerbody 
CMS 14155 ‘Star’ for centerbody 
CMS 14160 Pilot injector assembly 
CMS 14116 Pilot swirler cover 
CMS 14106 Pilot swirler, high swirl 
CMS 14108 Pilot swirler, low swirl 
CMS 14099 Pilot prefilmer 
CMS 14163 Long centerbody end 
CMS 14098 Outer curved wall 
AHD007 Seal to form liner dome 
AHD006 Mounting studs (12 off) 
AS 22413 Bolt (.190-32 UNJF 13/406.4 mm 

[16-in.] long) joins V clamps (CMS 
14118) (4 off) 

AS 20230 Bolt (.190-32 UNJF 30/406.4 mm 
[16-in.] long) joins end plate 
(AHD003) to outer wall (AHD002) 
(8 off) 

MS9676-06 Bolt (0.190-32 UNF 12.7 mm [1/2-
in.] long) joins conical star (CMS 
14154) to long centerbody end 
(CMS 14163) (6 off) 

AS 20624 Nut to fit 0.1900 – 32 UNJF thread 
bolts (12 off) 

MS21043-6 Nut to fit 3/203.2 mm [8-in.] UNF 
bar (AHD008) 
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Figure 79. General assembly of ATS Phase 7 module. 
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Figure 80. Photograph of assembled Phase 7 premixing module. 
 

2.4.5.6  Phase 7 Module Test and 
Development 

Due to a change in ATS program strategy, 
funding was not available to support 
combustion rig testing of the Phase 7 module. 
However, results of flow tests performed on 
module components are presented. 

2.4.5.6.1  Liquid Fuel Injector Flow Tests 

The prefilming injector was mounted 
vertically with the prefilmer lip pointing 
downward. There was no airflow over the fuel 
injector. The intention was to flow the 
injector to calculate the flow number (FN) 
and do a patternation test. Results are given in 
Table 10.  

2.4.5.6.2 Flow Number 

The design flow number of the injector 
was 40. This was larger than other nozzles 
being developed for this size of module as the 
final injection orifices were only required to 
put fuel onto the prefilming surface and did 
not require high velocities for atomization. 
The flow testing showed the injector had FN 

~20. This is thought to be mainly due to 
additional restrictions upstream of the 
injection holes. In this case, the exit velocity 
will still be close to design. 

2.4.5.6.3  Patternation 

At low flows (~0.02 kg/s [~0.05 lb/sec]), 
the fuel distribution from the prefilmer lip 
was uneven. The jets spread out to form a 
film, but did not form a uniform angle when 
leaving the lip. Most of the fuel jets were 
attached to the prefilmer surface as desired, 
but a few were not. It also appeared there was 
an area of low fuel flow that would explain 
the gap in the fuel film leaving the lip. 

At high fuel flows (~0.07 kg/s [~0.15 
lb/sec]), the distribution from the prefilmer lip 
was far more even. The spray, as it left the 
filmer lip, was finer and departed at a higher 
angle. However, at these high fuel flows, the 
jets were impinging on the surface and each 
other with enough velocity to cause some of 
the flow to reverse and flow out of the top of 
the injector onto the mounting plate. This fuel 
was then flowing back down the module and  
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Table 10. Liquid prefilming injector flow test results. 

Mass flow 
rate, kg/h 
(pph) 

 
∆p, kPa 
(psi) 

FN, 

psi
pph  

Angle flow at lip, degrees 
(to vertical in plane of 
prefilming surface) 

 
 
Comments 

82.55 (182) 676 (98) 18 45 Seems slightly one-sided with ‘hole’ in 
film. Cannot pick out 12 ‘jets’. 

 
163.29 (360) 

 
2455 (356) 

 
19 

 
70 

Appears uneven. Flow has started to 
collect on top of injector and mounting 
and run down in streams. This adds to 
the uneven appearance 

245.85 (542) 5143 (746) 20 85 Lots of reverse flow and ‘streams’ have 
made it difficult to assess the spray 
from the lip. Film is complete and 
spray quite fine. No sign of 12 jets. 
View from top does not show obvious 
influence of inlet on jets. 

81.65 (180) 579 (85) 20 45 Again, ‘hole’ in one side of film 
appears. May be linked to low flowing 
area but visual assessment only. 

The patternation test could not be completed due to the reverse flow on the injector surface. 

RETEST 
 

98.43 (217) 
 

579 (85) 
 

24 
 

— 
Flow looks more even without the 
‘hole’ in the film. 

 
295.74 (652) 

 
5137 (745) 

 
24 

 
— 

Reverse flow made it difficult to assess 
spray from lip. 

 

mounting fixture in streams that rendered any 
patternation results meaningless. 

After the initial flow test had been 
completed, the injector was returned to the 
machine shop and an attempt was made to 
adjust the jets that were not exactly tangential 
to the surface. It was found that there were 
some deposits in the fuel injection holes, so 
all of the fuel injection holes were cleaned. 
The injector was then reflowed. This showed 
that the jets had been improved, with the 
liquid flowing smoothly onto the surface as 
shown in Figure 81. The flow number had 
also increased to ~24. 

2.4.5.6.4  Module Airflow Check—Effective 
Flow Area Results 

Effective flow areas of the module and 
individual components were calibrated on a 
carburetor type downflow test bench. A steam 
ejector was used to draw a vacuum on the 

downstream side of the test hardware, 
drawing airflow through the test article. A 
summary of results is given in Table 11. 

 

Figure 81. Retest of liquid prefilming fuel 
injector: top view at flow rate =98.43 kg/h 

(217 pph). 
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Table 11. Module effective area flow  
test results. 

Flow area (sq. in.) at 
dP/P 

Feature 

2% 3% 4% 
Whole module 3.215 3.236 3.254 
Pilot 0.475 0.479 0.481 
Outer swirler 1.001 1.000 1.010 
Inner swirler 1.487 1.487 1.513 

Second test—no leak check 
Both swirlers 2.642 2.650 2.659 
Whole module 3.241 3.254 3.273 

Flow angle test—outer duct wall removed 
Whole module — 3.260 — 
Both swirlers — 2.764 — 
Outer swirler — 1.149 — 
Inner swirler — 1.535 — 

 

The overall module effective area (Ae) was 
larger than the value in previous Phase 7 
programs (0.00210 m2 [3.25 in.2] compared to 
0.00177 m2 [2.75 in.2]). This was partly due to 
the pilot circuit flow being high and also could 
have been increased by changing the swirler 
design. The pilot Ae was approximately twice 
as large as required. This was thought to be 
due to the use of two large pilot swirlers, 
rather than one large and one small. 

Premixer effective flow area was 
controlled by the swirler, which was not 
entirely expected. It was thought that the 
controlling area of the original design was the 
premix duct exit and that, as the number of 
slots in each swirler was increased, this would 
still be the controlling area. However, looking 
at the geometric areas, it is clear that the 
swirlers must always have been the 
controlling area. In the flow angle test, the 
outer wall of the premix duct was removed 
and the Ae of each passage was remeasured. 
This confirmed the swirlers were the 
controlling areas as it made little difference to 
the flow areas. 

In the initial calculations, with an 
approximated Cd, the Ae of the swirlers was 
similar to that of the passage at the prefilmer 
lip. As the design was changed, however, the 
geometric area of the swirlers became 
smaller. The reduction in geometric area was 
then compounded by the actual Cd being 
smaller than the approximation (0.6 to 0.7), 
making the swirler the controlling area. Each 
swirler Ae was proportional to the number of 
slots, so the inner passage Ae was 50% larger. 

The swirl angles at the prefilmer lip are a 
function of the Ae relationship between the 
swirlers and prefilmer lip; therefore the 
smaller Cd for the swirlers would be expected 
to increase the swirl angles. 

The main effect of this result was to alter 
the mass flow split so that it was not per the 
original design intent, creating a slight 
mismatch in gaseous fuel placement. Given 
program termination, mixing tests were not 
conducted to determine the fuel/air 
distribution at the module exit; therefore, it is 
not known whether the gas fuel placement 
should be modified to account for the 
different airflow splits. 

Also, most of the module pressure drop is 
taken to produce swirl as opposed to 
producing acceleration of the flow in the 
premix duct. Since combustion tests were not 
performed, the sensitivity of this pressure and 
velocity distribution to flashback and 
autoignition are unknown. 

2.4.5.6.5  Flow Angles 

Flow angles at the prefilmer lip were 
measured using a cobra probe. The results, 
shown in Figure 82, indicate the flow angles 
are less than the design intent in both 
passages, but the relationship between the 
angles was as intended (inner 40 degrees 
against design intent of 45 degrees and outer 
55 degrees against 60 degrees). 
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Figure 82. Measured swirl angles at prefilmer. 

2.4.6  Concentric Staged Module 
Development 

2.4.6.1  System Description 

Two concentric staged modules were 
tested during the ATS program. These were 
identified as DF-3 (subscale with about 
0.00081 m2 [1.25-in.2] flow area) and DF-2 
(full scale with about 0.00177 m2 [2.75-in.2] 
flow area). The DF-2 module designation 
should not be confused with DF-2 fuel. 
Various modifications of these two modules 
were made during the course of the program; 
however, both modules retained the same 
basic features identified in Figure 83. 

A portion of the combustion air was 
introduced through an axial swirler at the 
upstream face of the module. The remaining 

combustion air entered radially through a 
multitude of holes in the premixer sidewall. 
This nonswirling air served a dual function of 
keeping fuel off the premixer walls and 
reducing the swirl number at the premixer 
exit. 

Gaseous and liquid fuels each have a pilot 
and a main circuit. Main fuel is injected 
radially inward through plain orifice injectors 
mounted at the premixer sidewalls just 
downstream of the swirler. Openings around 
each injector site admit air that helps carry the 
fuel into the premixer. In one modification, 
the gaseous main injectors were replaced with 
spraybar tubes mounted at the swirler 
downstream face; however, this approach 
yielded poorer mixing than the orifices at the 
sidewall. 
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Figure 83. DF-3/DF-2 module key features. 

Pilot injectors are located on the module 
axis to introduce fuel into the central region. 
Main fuel is not intended to penetrate to the 
centerline from the outer wall; the pilot 
injector continues to operate to fill in along 
the centerline and create the desired F/A 
distribution. The gaseous fuel pilot is 
comprised of plain orifice injectors, whereas 
the liquid pilot is a pressure swirl atomizer. 
Emissions can be optimized by adjusting the 
split between pilot and main fuel with a 
typical proportion being 30% pilot fuel. 

A feature developed during the ATS 
program is a direct injection gaseous fuel 
circuit. A manifold on the premixer mounting 
flange was used to inject fuel directly into the 
combustion region through a ring of plain jet 
orifices. This fuel burns in a diffusion flame 
mode for starting or to provide flame stability 
at low power operating conditions. There was 
no similar direct injection circuit for liquid 
fuel; however, the ATS program had no liquid 
fuel starting requirement. Various gaseous 
fuel direct injection configurations were 
evaluated during atmospheric tests, some with 
uniform 360-degree orifice rings and others 
with localized fuel injection on a small arc 

centered on the igniter. The localized 
injection scheme was found to be superior. 

The concentric staged modules are bolted 
to cylindrical combustion liners for test. The 
double walled liners are cooled via a 
combination of impingement, convection, and 
effusion cooling. Coolant flows were low, but 
liner temperatures still ran very low. This 
occured because the cooling scheme was very 
effective and because the relatively low swirl 
number exiting the premixer tended to keep 
flame away from the liner wall. Two different 
diameter liners were used during ATS testing. 
The subscale DF-3 module was tested with a 
147.32 mm (5.8-in.) diameter liner and the 
full-scale DF-2 module was tested with 
147.32 mm (5.8 in.) and 200.66 mm (7.9-in.) 
diameter liners to determine residence time 
effects. 

Certain concentric staged modules tested 
in other programs contained centerbodies that 
allowed air to be injected radially outward 
within the premixer, provided centerline 
flashback protection, and permitted fuel to be 
injected directly into the reaction zone on the 
burner centerline. The DF-3 and DF-2 
modules tested during the ATS program did 
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not have centerbodies, nor were centerbodies 
found to be necessary. 

The 601-KB11 engine cycle runs to a 
constant burner outlet temperature at 100% 
load over the ambient temperature operating 
range. Given a constant burner airflow split, 
the maximum primary zone temperature 
within the required emissions compliance 
range occurs at -18ºC (0°F) ambient 
temperature and 100% load. The minimum 
primary zone temperature occurs at -18ºC 
(0°F) and 50% load if not relying on 
compressor bleed to adjust airflow. Therefore, 
the fuel/air turndown ratio required over the 
entire emissions compliance range is 
determined at -18ºC (0°F) ambient 
temperature. This fuel/air turndown ratio is 
1.37 from 100% load down to 50% load if not 
relying on compressor bleed. If compressor 
bleed is employed, the turndown requirement 
drops to 1.12. A premixing combustor must 
meet emissions requirements over this 
turndown range. 

2.4.6.2  Test Results 

2.4.6.2.1  Subscale DF-3 Module 

Emissions results for the subscale DF-3 
module with 147.32 mm (5.8-in.) diameter 
liner on natural gas fuel at 601-KB11 100% 
load burner inlet conditions are shown in 
Figure 84. NOx emissions met the 100% load 
goal of 25 ppm up to a fuel/air ratio (F/A) of 
0.01925. CO emissions met the 50% load goal 
of 50 ppm down to a F/A of 0.01618. 
Unburned hydrocarbon (UHC) emissions are 
not shown on this plot, but these emissions 
met goals down to the same F/A as CO 
emissions. The F/A turndown ratio for 
meeting emissions was 1.19. This is not 
sufficient to span the entire operating range 
without employing compressor bleed or direct 
fuel injection. The acceptable range would be 
even narrower if margin was allowed and the 
engine was not run all the way to the 
emissions limits. However, this is a good 
result for initial attempts to add gaseous fuel 
capability to a liquid fuel module.  

 

Figure 84. Emissions results for subscale DF-3 module testing—natural gas fuel. 
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Emissions results for the subscale DF-3 
module with 147.32 mm (5.8-in.) diameter 
liner on DF-2 fuel at 601-KB11 100% load 
burner inlet conditions are shown in Figure 
85. NOx emissions met the 65 ppm goal up to 
a F/A of 0.02138 and CO emissions met the 
100 ppm goal down to a F/A of 0.0195. UHC 
emissions met the 20 ppm goal at all test 
points. The F/A turndown ratio for meeting 
emissions was 1.10. Again, this is not 
sufficient to span the entire operating range 
without employing compressor bleed or direct 
fuel injection. 

Liner wall temperatures for the subscale 
DF-3 module with 147.32 mm (5.8-in.) 
diameter liner at 601-KB11 100% load burner 
inlet conditions are shown in Figure 86. These 
temperatures were measured at an axial 
position 2.5-in. downstream of the premixer 
exit, where the highest liner metal 
temperatures tend to occur. Results are 
presented as a temperature rise above burner 
inlet temperature. The liner wall was very 

cool, running only slightly higher than burner 
inlet temperature on both natural gas and DF-
2 fuels over a wide range of equivalence 
ratios. Liner coolant flux could be reduced to 
allow higher metal temperatures and, thereby, 
achieve further emissions reductions. 

2.4.6.2.2  Full-Scale DF-2 Module 

Emissions results for the full-scale DF-2 
module with 147.32 mm (5.8-in.) diameter 
liner on natural gas fuel are shown in Figure 
87. This test was run at 601-KB11 100% load 
hot day conditions rather than ISO day 
conditions because the air supply from the 
powerhouse was insufficient. CO and UHC 
emissions were acceptable, but NOx remained 
high, about 80 ppm, throughout the F/A range 
tested. Emissions goals were not met in this 
initial attempt to scale up the natural gas fuel 
injection design. Further efforts to reduce 
NOx were stopped when the ATS program 
goals were redirected. The combination of  

 

Figure 85. Emissions results for subscale DF-3 module testing—liquid DF-2 fuel. 



 

77 

 

Figure 86. Liner wall temperatures for subscale DF-3 module testing. 

 
Figure 87. Emissions results for full-scale DF-2 module testing—natural gas fuel. 
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the full-scale DF-2 module with the large 
200.66 mm (7.9-in.) diameter liner was not 
tested on natural gas fuel. 

Emissions results for three module/liner 
combinations on DF-2 fuel at 601-KB11 
100% load burner inlet conditions are shown 
in Figure 88. In this case, emissions are 
plotted against module F/A rather than overall 
F/A because the cooling and bypass air 
fractions were different for the two modules. 
Pressure loss was the same in all cases, so 
airflow was higher with the full-scale module. 
The three module/liner combinations tested 
and their respective hot residence times in the 
reaction zone were as follows: 

! Full-scale DF-2 module/200.66 mm (7.9-
in.) diameter liner—15.3 msec 

! Full-scale DF-2 module/147.32 mm (5.8-
in.) diameter liner—6.3 msec 

! Subscale DF-3 module/147.32 mm (5.8-
in.) diameter liner—11.1 msec 

NOx emissions for all three module/liner 
combinations fell on the same line; residence 
time had no effect on NOx. This indicates that 
NOx was being formed in the flame front 
rather than in the post flame gases. The NOx 
goal of 65 ppm was met at module F/As 
below 0.032. 

CO emissions were clearly affected by 
residence time. The full-scale module coupled 
with the small liner had the shortest residence 
time and the highest CO. Module F/A had to 
be above 0.03726 to meet the 100 ppm 
program goal; therefore, NOx and CO goals 
could not be met simultaneously. With the 
subscale module and small liner, CO met the 
program goal at F/As above 0.03, yielding a 
narrow F/A range over which both NOx and 
CO met program goals. The full-scale module 
coupled with the large liner had the longest 
residence time and the lowest CO emissions.  

 

Figure 88. Emissions results for various dual fuel modular combinations—liquid DF-2 fuel. 
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CO met the program goal at F/As above 
0.0272, yielding a range from 0.0272 to 0.032 
module F/A over which both NOx and CO 
met program goals. This is a turndown ratio 
of 1.18, which is sufficient to operate in the 
90 to 100% load range where compressor 
bleed is disallowed. A turndown ratio of 1.18, 
however, is not sufficient to go all the way 
down to 50% load without the use of 
compressor bleed or direct fuel injection. 

From the standpoint of fitting within an 
engine, the small liner is preferred. The LE4 
premixer and the RB211 DLE primary 
premixer each have flow areas roughly equal 
to the full-scale concentric staged module and 
their liners are 139.7 mm (5.5 in.) and 133.4 
mm (5.25-in.) in diameter, respectively. Even 
the small concentric staged liner at 147.32 
mm (5.8 in.) is slightly larger than the other 
two, and the 200.66 mm (7.9-in.) concentric 
staged liner is much larger. If concentric 
staged module development is pursued in the 
future, ways of improving emissions 

performance using the small liner should be 
investigated. These would include reductions 
in liner cooling air, and if feasible, increasing 
liner length. 

Dynamic pressure amplitude (rms) 
measured during test of the full-scale DF-2 
module with large 200.66 mm (7.9-in.) 
diameter liner is plotted in Figure 89. The fuel 
was DF-2 and the measurements were made 
at the instrumentation plane downstream of 
the liner. Dynamic pressure correlated with 
F/A, and levels were about 6.89 kPa (1 psi) at 
the low end of the F/A range, increased to 
nearly 20.68 kPa (3 psi) in the middle of the 
range, and then returned to 6.89 kPa (1 psi) at 
the high end of the F/A range. Peak 
frequencies increased from 225 to 250 Hz 
over the same F/A range corresponding to the 
0.25 wavelength organ pipe frequency of the 
liner. Amplitudes were above the 6.89 kPa (1 
psi) (rms) program goal, but were not 
destructive. 

 

Figure 89. Dynamic pressure measurements for full-scale DF-2—liquid DF-2 fuel. 
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2.4.6.3  Operating Range 

Figures 90 (natural gas) and 91 (DF-2) 
illustrate the portion of the 601-KB11 engine 
operating range over which the concentric 
staged modules met ATS program emissions 
goals. 

Figure 90 shows the emissions compliant 
range for the subscale DF-3 module with 
147.32 mm (5.8-in.) diameter liner on natural 
gas fuel. There are three F/A curves as 
functions of engine power on this plot. The 
squares and triangles indicate F/As at which 
NOx equals 25 ppm and CO equals 50 ppm, 
respectively. Emissions goals are met in the 
region between these two curves. The upward 
sloping curve indicated by diamonds is the 
engine operating F/A. The plot in Figure 90 
assumes that combustor airflow distribution 
remains constant, but has been selected so 
NOx just meets the program goal at 100% 
power. Moving down from 100% power, the 
engine operating F/A drops out of the 

emissions compliant range at 70% power. 
Below 70% power, application of compressor 
bleed or direct fuel injection would be 
necessary to keep CO emissions below 50 
ppm. 

Figure 91 is the same type of plot as 
Figure 90, except for two different 
module/liner combinations and DF-2 fuel. 
The squares indicate a common NOx 
compliant curve (65 ppm) for both the 
subscale DF-3 and full-scale DF-2 modules. 
Recall from Figure 88 that NOx emissions 
from both modules fell on the same curve. 
Open triangles indicate F/As at which CO 
equals 100 ppm for the DF-3 module with 
147.32 mm (5.8-in.) diameter liner. Solid 
triangles indicate F/As at which CO equals 
100 ppm for the DF-2 module with 200.66 
mm (7.9-in.) diameter liner. As before, the 
upward sloping curve indicated by diamonds 
is the engine operating F/A. The subscale DF-
3 module with 147.32 mm (5.8-in.) diameter 

 
Figure 90. Operating range for successful emission goal compliance with concentric staged dual 

fuel modules—natural gas fuel. 
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Figure 91. Operating range for successful emission goal compliance with concentric staged dual 
fuel modules—liquid DF-2 fuel. 

liner meets emissions goals on DF-2 fuel 
down 87% power. The full-scale DF-2 
module with 200.66 mm (7.9-in.) diameter 
liner meets emissions goals on DF-2 fuel 
down 77% power. At lower power, 
application of compressor bleed or direct fuel 
injection would be necessary to keep CO 
emissions below 100 ppm. 

Compliance of the ATS concentric staged 
modules with program emissions goals is 
summarized in Table 12, expressed as a 
portion of the 601-KB11 engine load range. 

Table 12. ATS concentric staged module 
emissions compliance summary. 

 Natural gas fuel 
NOx < 25 ppm, 
CO < 50 ppm 

Diesel fuel 
NOx < 65 ppm, 
CO < 100 ppm 

Subscale DF-3 
module, 147.32 
mm (5.8-in.) 
diameter liner 

 
70 to 100% load 

 
87 to 100% load

Full-scale DF-2 
module, 147.32 
mm (5.8-in.) 
diameter liner 

 
Not compliant 

 
Not compliant 

Full-scale DF-2 
module, 200.66 
mm (7.9-in.) 
diameter liner 

 
Not tested 

 
77 to 100% load
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2.5  Product Improvements for 501-K 
Industrial Engine Low Emissions 
Combustor System 

2.5.1  System Description and 
Modifications 

The LE4 combustor meets the emissions 
requirements of 25 ppm NOx and 50 ppm CO 
(corrected to 15% oxygen dry) in the 4 to 5 
MW class 501-K gas turbine engine; 
however, liner life in some cases has fallen 
short of the design goal. The liner walls have 
shown oxidation, cracking, and distortion 
characteristics of excessive temperature. 
Engine thermal paint test results illustrate the 
problem (Figures 92 and 93). Hot spots have 
been observed in the wake zone downstream 
of the igniter boss and between the crossover 
ferrules. 

At the flame temperatures characteristic of 
low NOx premixed combustion systems, the 
relatively slow reaction rates of CO may 

result in excessive CO concentration at the 
burner outlet. Flame temperature and 
combustor volume must be selected so CO is 
burned out to an acceptable level. One must 
also avoid entrapment of cooling air, which 
can result in locally high concentrations of 
CO. Effusion cooling employed in the LE4 is 
highly optimized to control for this effect. 
Interaction between cooling air and 
combustion products is minimized through 
the use of swirl-oriented effusion cooling. 
Any changes to liner wall cooling must take 
into account the probable effect on CO 
emissions. 

Accretions of solid carbon have been 
observed on some LE4 combustor walls near 
the pilot fuel injection holes. Such carbon 
formations can spall off and erode turbine 
components. Carbon deposition may occur 
when the pilot circuit is on (<90% power), 
since soot typically forms only when the 

 

Figure 92. Thermal painted standard LE4 combustion liners for a 501-K series engine. 
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Figure 93. Cold side wall temperatures of standard LE4 liners. 

local equivalence ratio is greater than 2. 
Carbon formation is an elusive phenomenon 
and has not been observed in developmental 
rig tests of the LE4 system. To address this 
problem, it would be necessary to have a test 
that would produce carbon in the current LE4 
so the effectiveness of deposition control 
features could be accessed. 

A problem common to lean premixed 
combustor designs is flashback, where the 
flame propagates forward into the premixer. 
Since this area is uncooled, a flame stabilized 
in the premixer will quickly destroy it. While 
the LE4 has been shown to be highly resistant 
to flashback on the test stand, a more robust 
system with respect to flashback is desirable. 

Between the combustor and the first-stage 
turbine vanes, there is a transition section, a 
sheet metal fabrication that guides the flow 
from the circular cross-section combustor to 
the one-sixth arc segment turbine inlet. The 
design of the transition section used with LE4 
is identical to that used with conventional 
diffusion-flame combustors. The temperature 
profile of the LE4, however, is much different 

from that of the earlier design and the 
locations of highest thermal load have moved. 
Thus, transition section cooling features are 
not in appropriate locations when installed 
with LE4 and need to be improved.  

2.5.2 Design Concepts 

One way to address the liner wall 
temperature problem in the LE4 is to improve 
the effectiveness of the effusion-cooling 
scheme. For the same cooling flux, it is 
possible to improve effusion cooling through 
geometric alterations. Smaller holes increase 
surface area, increasing the temperature rise 
experienced by cooling air as it flows through 
the wall, and thus increasing cooling 
effectiveness. However, hole size in the LE4 
has already been set to a practical minimum 
of 0.43 mm (0.017-in.) diameter. Cooling 
effectiveness can also be improved by drilling 
holes at a shallower angle relative to the wall, 
thus lengthening the hole. In this case too, 
LE4 angles are at a practical minimum—as 
little as 14 degrees.  

The most straightforward way of attacking 
the excessive wall temperature problem is to 
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increase the cooling air flux through the wall. 
Heat transfer analysis of the LE4 liner shows 
that a 25% increase in cooling air flux will 
decrease wall temperature by about 38ºC 
(100°F) (Figure 94). The chief concern is 
excessive CO. Based on LE4 development 
experience and testing of the LE4 based axial-
staged premixed combustor, a 29% increase 
in the area density of wall cooling holes was 
judged to be necessary to achieve the liner life 
goals with acceptable CO levels. 

Another concept explored in this study 
was to increase backside convective heat 
transfer. To this end, a shell was designed to 
fit over the LE4 barrel down to the first row 
of three dilution holes (Figure 95). Roughly 
half the dilution air is forced through this 
narrow 5.08 mm (0.20-in.) high annulus. An 
analysis of the effect of higher backside air 
velocities is shown in Figure 96. Air enters 
the annulus via 2.82 mm (0.111) and 1.98 mm 

(0.078-in.) diameter holes in the upstream 
half of the shell. This impingement cooling is 
targeted at the areas of the combustor wall in 
the pilot flame zone with highest heat loads.  

Carbon deposition on combustor walls is a 
complex phenomenon dependent on the 
chemistry of soot formation, the 
aerodynamics to transport soot to the 
combustor wall, and the wall temperature 
required for soot to stick to the wall. This 
problem is addressed via aerodynamics and 
wall temperature. At the front end of the liner, 
2 rows of 39 effusion holes were added in the 
area where carbon deposits have been seen. 
There are two benefits from the holes:  

! The additional effusion air cools the wall 
so soot will be frozen on contact and will 
not stick. 

! A film of cooling air protects the wall 
from soot-laden combustion products. 

 

Figure 94. Heat transfer analysis of the effect of effusion-cooling flux. 
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Figure 95. Double walled design for enhance backside cooling. 

 

Figure 96. One-dimensional heat transfer analysis of the effect of higher backside velocities on 
combustor wall temperature. 

The current transition section is film 
cooled. The design leaves significant portions 
of the wall essentially uncooled and creates 
very high thermal gradients in certain areas. 
Our approach to this problem is to eliminate 
the film-cooling features and to replace them 
with effusion cooling over the entire surface 

of the liner. Compound hole angles similar to 
those used in the LE4 were specified. Such 
hole orientations increase hole length and 
surface area and enhance the film-cooling 
effect by reducing relative velocity between 
the cooling film and hot gases. It would be 
desirable to increase wall thickness from what 
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is now 0.040 in. to increase hole surface area 
and improve cooling effectiveness. An 
analysis of the effect of thicker walls is shown 
in Figure 97.  

A 66ºC (150°F) decrease in wall 
temperature is possible by increasing wall 
thickness from 0.040 in. to the 0.080-in. 
thickness of the LE4 liner. Weight is not an 
issue, and the thicker wall would be stronger 
and more durable even without consideration 
of temperature. However, since the transitions 
are fabricated from stamped parts, it is not 
practical to have special dies made for a one-
off experimental part. Test results of a 0.040-
in. thick effusion-cooled transition section 
should validate the hole pattern and 
effectiveness of the concept, but the final 

design would be expected to have the thicker 
wall and cooler metal temperatures as well. 

As part of the dual fuel combustor 
development work, a bell-shaped centerbody 
design was found to have much higher 
autoignition/flashback resistance than the 
standard conical unit. Details and 
development of this premixer design are 
described in detail in Section 2.4. Because 
testing showed that this reshaped centerbody 
was effective and had little effect on 
aerodynamics of the flame zone, it was 
decided to incorporate the feature in all of the 
experimental LE4 liners. 

A summary of the experimental liner 
hardware used in the development program 
effort is shown in Table 13. 

 
Figure 97. One-dimensional heat transfer analysis of the effect of wall thickness on effusion-

cooling effectiveness. 
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Table 13. Part numbers used in ATS product improvement testing. 

Part Number Description 
EX178359 Liner with 29% more barrel effusion-cooling holes, 78 carbon deposition control holes, 

reshaped centerbody compared to LE4 
EX178358 Liner with standard LE4 effusion cooling, 78 additional holes to control carbon 

deposition, reshaped centerbody, intended for use with shell 
EX178335/EX178336 Upper and lower halves of shell used for enhanced backside cooling 
EX178350 Modification of EX178358 liner with flattened oval holes replacing the upstream row of 

round dilution holes 
EX178751 Modification of EX178359 liner with smaller upstream dilution holes 
EX178940 Liner with increased effusion hole density as compared to standard LE4 between the 

crossover ferrules and downstream of the igniter. Also, reshaped centerbody and 78 
carbon deposition control holes 

 

2.5.3  System Test and Development 

Carbon deposition tests were conducted 
using liner EX178358 without the double-
wall feature. The only difference, therefore, 
between this liner and the standard LE4 was 
the centerbody shape and the two additional 
rows of effusion holes in the pilot zone for 
carbon deposition control. Idle, 20%, 50%, 
and 90% conditions were judged to be 
representative of the range of conditions over 
which carbon deposition was likely to occur. 
Pilot fuel was on at all these conditions, as 
required to establish the locally fuel rich 
environment necessary for gas-phase soot 
formation. Tests were performed in a single-
can combustor rig at conditions shown in 
Table 14. At these part-power conditions, 
501-K engines rarely run for extended 

periods, so a 1-hr test period simulated the 
engine conditions suspected of producing 
significant carbon deposits.  

Initially, a standard LE4 liner was tested 
to see if carbon deposits could be formed at 
conditions specified in a combustor rig. No 
visible carbon deposits were formed at idle or 
90% power; however, a hard deposit was 
formed at 20% and 50% power. This deposit 
could be scraped off with a metal tool, 
creating hard fragments of anywhere up to 
2.54 mm (0.1-in.) across. The deposits formed 
in rig tests were not as extensive as has been 
observed in some service liners (Figure 98). It 
was believed that deposits form at a higher 
rate in engine service, although the conditions 
that caused this could not be determined.  

Table 14. Conditions of carbon deposition test. 

 
Inlet 
temperature 
~CIT, ºC (°F) 

 
Percent 
of full 
load 

 
 
 
Cycle 

 
Inlet 
flow, 
kg/s 
(lb/sec)

 
Bleed 
flow, 
kg/s 
(lb/sec)

 
CDT, 
ºC 
(°F) 

 
CDP 
total, 
kPa 
(psia) 

 
BOT 
F/A, 
Cº (°F)

Main 
fuel 
flow, 
kg/s 
(lb/hr) 

Pilot 
fuel 
flow, 
kg/s 
(lb/hr) 

Pilot 
fuel 
fraction, 
% 

Output 
shaft 
speed, 
rpm 

15 (59) Idle KB7S 3.497 
(7.71) 

0.24 
(0.54) 

373
(704)

1173 
(170.2)

638 
(1180)

0.0 75.07 
(165.5) 

100 14,600

15 (59) 20 KB7S 3.497 
(7.71) 

0.24 
(0.54) 

378
(713)

1227 
(178.0)

729 
(1345)

0.0 101.38 
(223.5) 

100 14,600

1173 (15 (59) 50 KB7S 3.493 
(7.70) 

0.24 
(0.54) 

658
(724)

1293 
(187.5)

847 
(1556)

61.28 
(135.1) 

74.89 
(165.1) 

55 14,600

15 (59) 90 KB7S 3.484 
(7.68) 

0.24 
(0.54) 

668
(743)

1394 
(202.2)

1038 
(1901)

170.0 
(376.1) 

25.49 
(56.2) 

13 14,600



 

88 

 

Figure 98. Carbon deposits from LE4 
combustor in commercial service (top) and 
from 1-hour rig test at 20% power (bottom). 

The experimental liner with additional 
effusion holes did not show visible carbon 
deposits at any of the conditions tested. This 
does not guarantee there will be no deposition 
using this modification, but it was a 
promising result. 

One concern is that the 78 additional 
effusion-cooling holes could increase CO 
emissions. Emissions produced by EX178358 
were measured with these holes opened in one 
test and blocked in another, with results as 
shown in Figure 99. Clearly, the additional 
holes made no discernible difference to the 
combustor emissions characteristics.  

Emissions were typically evaluated with 
main (premixed) stage only and with 
conditions simulating 501-K high power over 
a range of ambient temperatures. This 
required that burner inlet temperature vary, 
affecting CO emissions in that cooling air 
temperature (= burner inlet temperature) will 
dictate the severity of the quenching effect, 
which is an important contributor to CO. The 
magnitude of this effect is illustrated in 
Figure 100. A correction factor for the inlet 
temperature effect based on the data presented 

 

Figure 99. Effect on carbon deposition control feature on NOx and CO emissions. 
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Figure 100. Sensitivity of CO emissions to burner inlet temperature. 

in Figure 100 was applied to all CO 
concentrations reported in this section. This 
permitted comparison of emissions data taken 
at different inlet temperatures. 

With its deposition control holes blocked, 
EX178358 was identical to a standard LE4 

liner except for the centerbody shape and the 
size of the dilution holes. Emissions (main 
fuel only) of this liner compared with the 
standard LE4 are shown in Figure 101. The 
CO-NOx curve is shifted for the EX liner, 
indicating poorer emissions performance. The 

 
Figure 101. Effect of centerbody shape on emissions. 



 

90 

shift is small enough that variations in the 
experimental liners could explain it. The 
centerbody design could be having an effect, 
although CFD analysis has shown there is no 
aerodynamic effect in the flame zone. 
Dilution zone design is known to have an 
important effect on CO, which could also 
explain this shift. 

A shell was attached to the wall of 
EX178358 to create the double wall cooling 
design shown in Figure 95. All the air 
entering the combustor through the first row 
of three dilution holes was routed through this 
annulus. This change alone would have 
increased the pressure loss across the outer 
wall, reducing the flow through the dilution 
holes. To compensate, the diameter of these 
holes was increased 7.5% compared to the 
downstream holes. 

NOx and CO emissions were unaffected 
by the double wall cooling scheme; however, 
the peak gas temperature at the burner exit 
was substantially increased. Peak temperature 

data expressed as pattern factor are shown in 
Figure 102. Peak temperature largely sets the 
life of turbine vanes, so it is desirable that the 
peak temperature be as close as possible to 
the average gas temperature. The maximum 
temperature was measured near the center of 
the combustor exit, suggesting that dilution 
jets were not penetrating far enough to mix 
out the central core of hot gases coming out of 
the primary zone. The penetration of these 
jets depends on three parameters:  

! The momentum flux ratio between the jet 
hot gas stream and the bulk liner flow 

! The jet diameter 
! The initial jet angle 

The double wall cooling design produced 
a higher annulus velocity, increasing the 
downstream component of velocity of the 
dilution jet. Thus, the jet penetration in the 
direction of the combustor centerline was 
reduced.  

 

Figure 102. Burner outlet gas temperature pattern for all liners. 
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In an effort to improve pattern factor, the 
round upstream holes were reworked to 
flattened oval holes of the same area, as 
shown in Figure 103. The major axis of these 
holes was aligned with the direction of flow 
within the combustor. In this way, the jet 
penetration was conditioned by the minor axis 
of the hole. While the oval holes did have 
some effect on pattern factor (Figure 102), it 
was still excessive.  

Part number EX178359 represented the 
first attempt to limit wall temperature by 

increasing cooling flux. It had 29% more 
effusion cooling holes than a standard LE4, 
retaining the swirl-oriented pattern. In 
addition, the reshaped centerbody and carbon 
deposition control holes were included. The 
chief concern with this design was the impact 
of these changes on CO emissions. Two liners 
were made to this design and both had 
unacceptably poorer emission characteristics 
than the standard LE4 (Figure 104).  

 
Figure 103. EX178750 combustion liner with outer wall removed showing flattened  

oval dilution holes. 

 
Figure 104. Emissions of higher cooling flux liners compared to standard LE4 liner. 
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In the course of the development of the 
LE4 combustor, it was discovered that, as 
dilution holes were moved downstream, CO 
decreased and pattern factor increased. The 
existing design with two rows of holes was a 
compromise between these parameters. 
EX178359 had considerably larger upstream 
dilution holes than the standard liner (1.051 
versus 0.940-in. diameter). The poorer 
emissions measured on this liner could be due 
to these larger dilution holes. To test this 
theory, dilution hole diameter in the upstream 
row of EX178359 was decreased to 0.80 in. to 
create part number EX178951. In testing at 
higher NOx levels, CO was reduced to match 
the performance of the standard liner, but CO 

remained high at lower NOx levels (Figure 
104).  

The next step was to target the increased 
cooling flux to only the hottest areas of the 
combustor as revealed by thermal paint 
results from engine testing (Figures 92 and 
93). EX178940 added 30 effusion holes to 
areas downstream of the igniter boss and 
between the crossover ferrules, where wall 
temperatures were 38ºC (100°F) hotter than 
the rest of the liner. This resulted in a 33% 
increase in cooling flux in those areas. 
Thermal paint results of this configuration are 
compared with those from a standard LE4 
liner in Figure 105. The effect on emissions is  

 

Figure 105. Rig thermal paint test of EX178940 (LE5) and standard LE4 liner showing 
effectiveness of increased cooling flux. 
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shown in Figure 104, and the results are 
essentially indistinguishable from EX178359, 
where cooling flux was increased over the 
entire wall. The high CO shown at low NOx 
levels cannot, therefore, be due to wall 
cooling. EX178359, EX178751, and 
EX178940 each had different dilution hole 
sizes, but CO emissions are the same at low 
NOx. The only feature that could reasonably 
account for high CO at low NOx compared to 
the standard liner was the centerbody.  

Thermal paint test results of an effusion 
cooled transition section are compared with 
that of the current film cooled design in 
Figure 106. The effusion cooled transition 
was tested in a combustion rig, and the 
standard transition was tested in an engine. 
Because of the different exposure times and 
test conditions, the paint bands were not 
directly comparable. Nevertheless, it can be 
seen that the severe thermal gradients of the 
film cooled design have been ameliorated 
with effusion cooling. The peak temperature 

of the effusion cooled transition was about 
871ºC (1600°F), based on thermocouple and 
thermal paint measurements. This is above the 
design limit of 843ºC (1550°F), but an 
increase in wall thickness from 1.016 mm 
(0.040 in.) as tested to the 2.032 mm (0.080 
in.) planned for the final design should reduce 
temperatures by at least another 38ºC (100°F). 

2.5.4 Engine Testing 

Based of the results of rig testing and 
analysis, a new DLE combustor design, 
designated LE5, was developed and rig tested. 
Unique features of the LE5 combustion 
system include: 

! The same cast dome premixer as has 
proved successful in the enhanced LE4 
system 

! Two additional rows of effusion cooling 
holes for carbon deposition control (as in 
EX178358) 

 
Figure 106. Rig thermal paint test results of effusion-cooled (rig test) and film-cooled (engine 

test) transition sections. 
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! Improved effusion cooling hole pattern 
with targeted cooling air flux increases (as 
in EX178940) 

! Liner wall thickness increased from 2.032 
mm (0.080 in.) in LE4 to 3.175 mm 
(0.125 in.) to enhance the heat transfer 
effectiveness of effusion cooling 

! An improved crossover ferrule design. 
The crossover ferrule has proved the life-
limiting feature of the LE4 in many cases. 
The weakness of the LE4 design stems 
from a weld joint located in an area of 
high thermal gradient. The LE5 design 
moves the weld joint away from this 
critical area and incorporates a stronger 
weld joint. 

! A 3.175 mm (0.125-in.) thick effusion-
cooled transition section replacing the 
standard film-cooled design. The effusion-
cooled design uses the same quantity of 
cooling air as the older design. 

! Turbine inlet temperature thermocouple 
grommet attachments in the transition 
section strengthened 

It was not thought practical to measure the 
effectiveness of the carbon deposition control 
feature of the LE5 combustor in a short-term 
engine test. It was decided to add this feature 
alone to a standard LE4 design combustion 
liner and install it in an engine that had 
experienced carbon erosion of the turbine. 
Three standard LE4 liners and three with 
carbon deposition control were installed in a 
501-KB7S DLE engine in July 2002. This 
particular engine had experienced severe 
carbon erosion because it ran for long periods 
at low part-power conditions.  

A series of borescopic examinations 
showed that while accretions of carbon were 
plainly visible on the standard LE4 liners, the 
liners with carbon deposition control effusion 
holes had essentially none. These very 

promising results led to the installation of the 
modified LE4 liner on five DLE engines that 
have been particularly prone to turbine 
erosion.  

The LE5 engine test program began with a 
liner thermal paint test. As in the rig test, a 
temperature-indicating paint was applied to 
the exterior of a set of six liners. This set 
consisted of three LE5 liners and three LE4 
combustion liners. This procedure ensured a 
direct comparison could be made of both 
designs subjected to identical conditions. 
Tests were performed on a 501-KB7S DLE 
engine at two conditions:  

! 90% power (pilot and main fuel on) 
! 100% power (fully premixed) 

The engine utilized for thermal paint 
validation testing is shown in Figure 107. 

Figures 108 and 109 show the results of 
the thermal paint test. Measured temperatures 
are shown along a longitudinal line through 
the hottest spot on each side of the 
combustion. Peak liner temperature of the 
LE5 is at least 71ºC (160°F) cooler than the 
LE4. In cases where liner life is limited by 
oxidation, this could be expected to more than 
double liner life. The wall temperatures are 
significantly hotter than those measured in the 
rig. The engine tests were performed with a 
combustor case that did not have baffles 
installed. These baffles fill in much of the 
stagnant area between combustor cans, and 
the effect is to increase air velocity along the 
back side of the liners, enhancing cooling. 
The omission of these baffles may have 
increased liner temperature by as much as 
93ºC (200°F). Despite this, the comparison 
between LE4 and LE5 is still believed to be 
valid.  
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Figure 107. 501-KB7 DLE engine utilized for LE5 liner thermal paint testing. 

 

Figure 108. Engine thermal paint test results—igniter side. 
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Figure 109. Engine thermal paint test results—crossover side. 

The thermal paint tests have gathered 
strong evidence that crossover life will be 
much improved in the LE5 liner. Cracks have 
occurred at the joint between the ferrule and 
the liner wall. As shown in Figure 110, 
surface metal temperatures have been reduced 
by as much as 204ºC (400°F) in this area, and 
thermal gradients are also much lower.  

Figure 111 clearly shows the benefit of 
applying advanced cooling technology to the 
transition section. LE4 transition sections are 
subject to thermal gradients as well as high 
wall peak temperatures. Thermal gradients on 
the effusion-cooled LE5 transition section are 
quite mild and wall temperatures are at least 
93ºC (200°F) cooler than LE4. These results 
give us confidence that this part will exceed 
the design lifetime justifying its higher cost. 

An important test required to qualify the 
LE5 combustion system for production is a 
BOT survey. For this test, a special gas 
turbine engine module configured with 60 
platinum thermocouples located in the exit 
plane of the combustor to measure burner exit 
gas temperature is used (Figure 112). This 
module is designated as power section 444 
(PS-444). Another test necessary to qualify 
the LE5 for production is a BOT survey. 
These thermocouples are located at four 
different points each to develop a 240-point 
gas temperature contour. The peak 
temperature at the burner outlet affects the 
life of stationary turbine components (vanes), 
and the radial profile affects rotating 
components (blades). Turbine life in 501-K 
DLE engines has proven adequate and there 
was no intention to improve burner pattern 
factor or radial profile with the LE5 design. 
The point of the BOT survey was to show that 
this aspect of combustor performance was not 
degraded. 



 

97 

 

Figure 110. Engine thermal paint test showing cooler temperatures and lower thermal gradients 
of LE5 crossover design (temperatures in ºC [°F]). 
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Figure 111. Engine thermal paint test showing transition sections (temperatures in ºC [°F]). 
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Figure 112. PS-444 installed at engine test facility for BOT evaluation. 

Our initial BOT survey with a full set of 
six LE5 liners showed an improvement over 
the baseline LE4 in pattern factor. The results, 
however, were compromised by the omission 
of combustor case baffles.  

LE5 liners are currently installed in two 
commercial 501-K engines for field service 
evaluation. A minimum of 4000 hours must 
be accumulated to qualify this design for 
production. This goal should be achieved in 
the second quarter of 2004, whereupon the 
LE5 system is expected to replace the LE4 
liner as the production standard on all 501-K 
DLE engines. 

2.6  Two-Stage Radial Inflow 
Combustion Technology 

2.6.1  Introduction 

A two-stage, radial inflow combustion 
system was developed as a “clean-sheet” 
approach for low emissions combustion 

technology development for the following 
reasons: 

! Compatibility with silo engine 
configuration 

! Cost reduction potential 
! Performance improvement potential 

In silo engines, the required airflow 
turning is less for radial inflow swirlers than 
for axial swirlers. The radial swirler premixer 
is also inherently short and requires no axial 
clearance for airflow, as do axial swirlers. 
These factors reduce the required silo length 
for radial swirlers.  

The radial swirler can also be fabricated at 
lower cost because the swirl can be generated 
by simple passages and because the radial 
swirler is more easily fueled than its axial 
counterpart. Improved performance was 
anticipated because the “clean sheet” design 
could be optimized for the program goals, 
whereas the LE4 approach was limited by the 
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existing LE4 primary stage that predates the 
ATS project.  

The radial inflow approach required the 
development of a new radial inflow premixer, 
and the associated aerodynamics for a 
successful DLE burning stage. The radial 
inflow burner also required all-new 
construction, as there were no production 
parts.  

2.6.2  General Approach 

DLE combustors employ lean premixed 
combustion for NOx control. This combustion 
process tends to be acoustically unstable 
because this heat release process readily 
interacts with acoustical modes of the burner 
system. Resonant interactions can result in 
intolerable combustion noise. The problem is 
not very amenable to analysis. Control efforts, 
including fuel biasing (deliberate mixture 
distortions) and fuel scheduling to several 
burning stages, have not been entirely 
successful, leaving the combustion instability 
problem relatively intractable. More complex 
control methods such as active “anti-noise” 
controls, tunable resonators, and complex 
mufflers are being investigated. Clearly, 
combustion instability is the critical design 
problem for DLE combustors. The other 
requirements such as premixing, cooling, etc., 
can be met by conventional engineering 
methods.  

The general approach was to develop an 
acoustically stable burning process. The burn 
zone flow patterns were altered to provide 
more intense and complex flows with the goal 
of controlling the progress of the burn with 
the aerodynamics rather than the acoustical 
modes of the system. Sound combustion 
fundamentals were employed in the burning 
stages to increase the burning rates relative to 
standard DLE practice, which have 
unconventional aerodynamics and slow 
burning rates. The burning rates of various 

design approaches can be compared by noting 
the flame lengths of the different burner 
designs or by comparing their CO emissions.  

The radial inflow burner was built as a 
very flexible, modular system so that large 
changes could be easily made if required for 
combustion noise. It was also decided to 
develop the burner in the Indianapolis 
Combustion Research Laboratory. The testing 
facility is ideal for burner development 
because it minimizes testing cost and permits 
burning zone visual inspection at HP. This 
provides combustion insight difficult to gain 
in any other way. The facility also provides 
access to both ends of the burner so modest 
modifications can be made in situ. The 
facility has limited pressure at high burner 
flows, and the engine flow path is not 
duplicated.  

2.6.3  System Description 

The initial radial inflow burner (No. 1) 
design is shown in Figure 113. Primary and 
secondary burning stages are arranged in 
series in accordance with the standard  
Rolls-Royce DLE burner design practice for 
extended operating range. The primary stage 
has a conventional recirculation zone for 
initial flame stabilization. Additional 
premixed fuel and air are provided to the 
secondary burning stage located downstream 
of the primary stage. Because of the high 
temperature provided by the primary stage, 
secondary stage combustion does not require 
conventional flame stabilization and can 
proceed in the plug flow mode. 

A large radial inflow swirler/premixer was 
employed in the primary stage for initial 
flame stabilization. Three premixed primary 
jets were also provided in the primary stage in 
accordance with the technical approach. The 
secondary stage was fueled by nine premixed 
jets. The initial design had a short primary 
stage, and long secondary for maximum CO  
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Figure 113. Two-stage radial inflow burner No. 1. 

burnout. Combustion was completed in a 
straight cylindrical liner with no cross-
sectional changes. 

The primary swirler was relatively large 
with 12 swirl passages. Fuel was injected 
across the airflow from fuel bars centered in 
the swirler passages near the flow entrance. 
Premixing was completed in a short premixer 
downstream of the swirler. The core of the 
swirler flow was blocked with a conventional 
and adjustable centerbody. The swirl flow 
entered the burner at the annular throat 
formed by the premixer and the centerbody. 
Counterswirl as commonly used in DLE 
burners was not used so there was no intense 
shear layer mixing and combustion initiation 
as reported for counterswirl burners.  

Tubular premixers provided the rest of the 
premixed fuel. The tubular configuration was 
chosen to provide rapid and complete mixing, 
fueling flexibility, and other benefits. As 
shown in Figure 113, the fuel was added 
shortly after the rounded inlets. “Twist” mixer 

details in the tubular premixers provided 
improved fuel/air mixing. The mixture is 
injected into the burner through a nozzle. The 
tubular premixers were separate assemblies 
that could be installed into liner bosses 
located at several locations. The straight liner 
had three stations for receiving the tubular 
premixers so that various burning patterns 
could be tested. The upstream station had 6 
tube bosses, and the downstream stations had 
12 tube bosses each. The unused locations 
were closed with cooled plugs. The premixers 
were supported by the headplate and pipe 
hangers in chemical plant style. As shown in 
Figure 113, the tubular premixers were fueled 
by three welded gas manifolds. These 
supplied 3, 3, and 6 premix tubes so that 
stages of 3, 6, 9, or 12 premixers could be 
tested.  

The burner assembly was modular with 
the following main parts: 

! Swirler fuel injector 
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! Tubular fuel injectors (three separate units 
supplying three, three, and six tubular 
premixers) 

! Headplate 
! Centerbody 
! Swirler 
! Swirl premixer 
! Dome 
! Liner 
! Tubular premixer, 12 units, 2 lengths 

The main parts were grooved for 
concentricity. The burner was assembled with 
a single set of bolts and by tube hangers 
supporting the tubular premixers. The dome 
and liner were effusion cooled.  

2.6.4  System Design 

2.6.4.1  Design Requirements 

The initial combustion design 
requirements and operating conditions were 
established for the 601-K engine. The 
emission goals were 9 ppm NOx and 50 ppm 
CO (dry and corrected to 15% oxygen).  

2.6.4.2  Burner Design and Airflow Splits 

To meet the stringent NOx goal, the 
premixers were sized for 1566ºC (2850°F) 
burning temperature. The corresponding 
premixer flow requirement was 60% of the 
burner air, leaving sufficient air for 
conventional effusion cooling and dilution. 
The burner was sized for 3% pressure drop, 
and the swirler and tubular premixers were 
sized for the same flow. The burner liner size 
and length were made the same as the RB211 
DLE shakedown burner for the 601-K engine 
so the burner would fit the shakedown burner 
case. No dilution air was employed for the 
research testing to maximize the attainable 
testing pressure. The Burner 1 design airflows 
are summarized in Table 15. The liner flow 
includes effusion cooling, flexible seal  

Table 15. Radial inflow Burner 1  
design airflows. 

Parameter Ideal flow areas, mm2 (in.2) 
Swirler 2581 (4.00) 
Primary jets 645 (1.00) 
Total primary premix 3226 (5.00) 
Secondary jets 1935 (3.00) 
Total premix 5161 (8.00) 
Other  1271 (1.97*) 
Total burner  6432 (9.97) 
*Includes liner effusion, centerbody effusion, seal leakage, 
liner film, liner impingement, and instrumentation hole 
leakage. 

 

leakage, film and impingement cooling 
airflows provided to cool the liner section 
downstream of the liner seal, and 
instrumentation hole leakage. 

2.6.4.3  Layout and Key Dimensions 

The Burner 1 layout is shown in Figure 
113. The principal dimensions are 
summarized in Table 16. 

Table 16. Radial inflow system  
key dimensions. 

Description Dimension, mm (in.) 
System dimensions 
Headplate outer diameter (OD) 317.5 (12.5) 
Liner OD 176.9 (6.965) 
Headplate to inst. plane length 485.1 (19.1) 
Radial inflow swirl premixer 
Swirler OD 203.2 (8.0) 
Blade height  25.4 (1.00) 
No. of passages 304.8 (12) 
Centerbody OD 44.5 (1.75) 
Premixer height  25.4 (1.00) 
Premixer exit ID 95.3 (3.75) 
Tubular premixers 
Pitch diameter  266.7 (10.5) 
Tube OD  25.4 (1.00) 
Exit nozzle ID  18.5 (0.730) 
Number 304.8 (12) 
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2.6.5  System Test and Development 

2.6.5.1  Premixer Development 

New swirl and tubular premixers were 
developed. Nearly complete mixing was 
required to achieve low NOx emissions. 
Rapid mixing and one-dimensional flows 
were required for low residence times and 
robust autoignition and flashback resistance. 
The designs were guided by CFD analysis. 
Mixing performance was measured by fueling 
the premixer and measuring the premixer exit 
hydrocarbon concentration. A versatile 
mixing rig was designed and built for this 
purpose. The rig was essentially a cylindrical 
tank, flanged at one end to receive the 
experimental premixers. The swirl premixer 
test section is illustrated in Figure 114. The 
experimental swirler, centerbody, flow 
fairing, and premixer were bolted to the 
headplate. Fuel was provided by a wide 
groove in the headplate covered with a gas 
orifice plate and sealed with O-rings. Fuel 
was injected from the orifice plate in various 
ways.  

Initial fueling was from axial holes in the 
fuel orifice plate. This simple design did not 

provide sufficiently good mixing. Fuel bars 
were next installed in the orifice plate to 
improve the mixing. These were centrally 
located in the swirler air passages near the 
swirler inlet. The swirler was fueled by 
several holes along the swirler height. Several 
designs were tested and the included angle 
between the fuel holes was systematically 
varied. The best results were obtained with an 
included angle of about 135 degrees 
providing essentially cross-flow injection. 
Figure 115 shows typical mixture results at 
the premixer exit. 

The mixing quality was determined 
statistically from the data. The analysis is 
illustrated in Figure 116, which provides a 
plot of the gas concentration versus the 
cumulative number of points. The plot is 
scaled so a normal distribution is indicated by 
a straight line. The performance of each 
premix configuration was rated at common 2 
standard deviations, a practical maximum that 
includes 98% of the mixture. On this basis, 
the swirl premixer mixture deviation at the 
premixer exit was about 10%. 

 

Figure 114. Mixing rig test section with swirl premixer installed. 
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Figure 115. Typical swirl premixer exit normalized mixing results. 

The tubular premixers were tested on the 
same rig, and designs were guided by CFD 
analysis. Fuel was injected from the walls 
through several holes as required for 
symmetrical fueling. Several fuel hole designs 
were tested, and the radial, tangential, and 
axial velocity components were optimized for 
mixing. Good mixtures of about 6% deviation 
were readily produced in the available mixing 
length.  

Several turbulators to improve mixing 
were also tested, including swirl vanes from 
the tube wall and a single detail “twist” 
mixer. The “twist” improved the mixture 
deviation to about 3% with a slight pressure 
loss increase. The mixing improvements stem 
from secondary flows induced by twist. Gross 
flow recirculations that could affect 
autoignition performance are not produced.  

2.6.6.2  Test Rig Description and Hardware 

Development testing was done in the 
Combustion Research Laboratory on an 
existing “green thumb” plenum combustion 
rig with straight through flow. The air facility 
pressure limit at the required burner flow was 
about 1034 kPa (150 psi), significantly less 
than the 601-KB11 baseload pressure of 
approximately 1889 kPa (274 psi). Figure 117 
shows the burner installation in the rig. 
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Figure 116. Typical swirl premixer statistical analysis results. 
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Figure 117. Radial inflow burner installation 
in the Combustion Research Laboratory 

“green thumb” rig. 

Primary and secondary stage fuel flows 
were independently regulated and measured. 
Stage temperatures were calculated from the 
measured fuel and air flows and the burner 
airflow distribution. Gas analysis was done 
at the nominal dilution plane 432 mm (17 
in.) from the dome. The gas was sampled 
with four water-cooled sample probes with 
four sample holes centered on equal areas. 
The temperature at this plane was measured 
with four closed-tip single-element platinum 
thermocouples. 

Combustion noise was generally 
measured at three locations. The annulus gas 
noise was measured 178 mm (7 in.) and 356 
mm (14 in.) downstream of the burner 
headplate, 19.05 mm (0.75 in.) from the 
liner wall. The combustion gas noise was 
measured at the gas analysis plane with the 

listening tube monitoring the combustion 
gas. All noise lines terminated in 30.48 m 
(100-ft) coiled wave guides for noise fidelity 
at low frequencies.  

The rig has work doors and other access 
so minor burner changes such as the 
centerbody can be made with the burner 
installed. The burn could be observed and 
recorded at HP conditions through a rig 
periscope. The facility is ideal for burner 
development. 

A typical representation of the radial 
inflow burner hardware used for test 
evaluation is shown in Figure 118. 

 

Figure 118. Radial inflow  
combustion hardware. 
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2.6.5.3  Testing Summary 

Three main burner configurations were 
tested. Burner 1 had a short primary/long 
secondary stage for maximum CO oxidation. 
Burner 2 had a longer primary/shorter 
secondary configuration, an altered dome 
shape, and other changes to improve the 
primary stage performance. Burner 3 had a 
new dome to eliminate an air leak, and to 
restore the concentricity of all the parts. The 
burner configurations were obtained by 
rearranging the original modular parts. The 
Burner 3 dome was the only major new part 

required. Many minor modifications were 
also tested. The test program is summarized 
in Tables 17 and 18. These tables define the 
configuration, date tested, number of data 
points obtained, type of test, inlet 
conditions, and typical emission and noise 
results. The airflow distributions of all the 
configurations are listed in Table 19. The 
Burner 1 flow areas were measured by cold 
flow testing, wherein the various flow 
features were sequentially sealed. The other 
flow areas were estimated from the changes 
made. 

Table 17. Test matrix summary for initial radial inflow burner configurations. 

Burner 
configuration 

 
Description 

 
Conditions 

Emissions/ 
noise data 

 
Comments 

Burner 1 12 passage swirler 
3.80 flow trip 
44.45-mm (1.75-in.) centerbody 
diameter 
140-degree conical dome 
Short primary stage with 3 jets 
Long primary stage with 9 jets 

393 kPa (57 
psi)/277ºC (530°F) 

5 NOx/15 CO & 1.03 
kPa (0.15 psi)/500 

Hz 
 

Excessive NOx at 
higher pressure 

Burner 2 
 

8 passage swirler 
3.80 flow trip 
65.33-mm (2.572-in.) 
centerbody diameter 
Refractory quarl dome 
Short primary stage with 6 jet 
vanes 
Long primary stage with 6 jet 
vanes 

Light-off  
 
 

Swirler burned on 
ignition 

Burner 2 
Mod 1  
Test 1 

Same as Burner 2 except 
centerbody enlarged to 71.30-
mm (2.807-in.) diameter and 
uncooled conical dome 

359 kPa (52 
psi)/252ºC (485°F) 

7 NOx/12 CO &  
21 kPa (3 psi)/340 

Hz 

 

Burner 2 
Mod 1  
Test 2 

Same as above 393 kPa (57 
psi)/268ºC (515°F) 

2 NOx/30 CO Low noise 

Burner 2 
Mod 1 
Test 3  

Same as above 379 kPa (55 
psi)/260ºC (500°F) 
586 kPa (85 psi) 

4 NOx/7 CO &  
2.76 kPa (0.4 
psi)/290 Hz 

NOx > 10 ppm 

 
 

Burner 2 
Mod 2  

Same as above except 
removed 3 sets of primary jet 
vanes 

338 kPa (49 
psi)/266ºC (510°F) 

 

10 NOx/30 CO & 
3.45 kPa (0.5 
psi)/340 Hz 
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Table 17 (cont) 

 

Burner 
configuration 

 
Description 

 
Conditions 

Emissions/ 
noise data 

 
Comments 

Burner 2 
Mod 3  

Same as above except primary 
jet vanes restored, 2/3 of dome 
effusion holes opened. 
Centerbody enlarged to 76.2 
mm (3.00-in.) diameter and 
152.4 mm (6-in.) acoustical 
extension added. 

345 kPa (50 
psi)/266ºC (510°F) 

8 NOx/7 CO &  
2.76 (0.4 psi)/330 Hz 

 
 

Burner 2 
Mod 4  

Same as above high blockage 
centerbody (93.98 mm x 71.12 
mm x 96.52 mm [3.70 in. x 2.80 
in. x 3.8-in. diameter]) 

345 kPa (50 
psi)/266ºC (510°F) 

 

14 NOx/7 CO & 7.58 
kPa (1.1 psi)/305 Hz 

 
 

Burner 2 
Mod 5 
Test 1 

Same as above except enlarge 
swirl premixer exit to 191,5 mm 
(4.00 in.) Installed metal quarl 
insert 

1034 kPa (150 
psi)/427ºC (800°F) 

4 NOx/7 CO & 1.03 
kPa (0.15 psi)/360 

Hz 

 
 

Burner 2 
Mod 5 
Test 2 

Same as above 379 kPa (55 
psi)/260ºC (500°F) 

4 NOx/42 CO & 0.62 
kPa (0.09 psi)/330 

Hz 

 

Burner 2 
Mod 5 
Test 3 

Same as above 448 kPa (65 
psi)/493ºC (920°F) 

3 NOx/11 CO & 0.34 
kPa (0.05 psi)/264 

Hz 

 

Burner 2 
Mod 5 
Test 4 

Same as above 1034 kPa (150 
psi)/427ºC (800°F) 

5 NOx/7 CO &  
0.14 kPa (0.2 
psi)/260 Hz 

 

Burner 2 
Mod 6 
Test 1 

Same as above except 
removed 6 in. acoustical 
extension 

379 kPa (55 
psi)/260ºC (500°F) 

5 NOx/16 CO & 0.48 
kPa (0.07 psi)/360 

Hz 

 

Burner 2 
Mod 6 
Test 2 

Same as above except 
removed 6 in. acoustical 
extension 

345 kPa (50 
psi)/260ºC (500°F) 

5 NOx/16 CO & 0.48 
kPa (0.07 psi)/350 

Hz 

Flashback 
occurred at 1034 
kPa (150 
psi)/260°C (500°F) 
No Flashback at 
0.2% burner dP 

Burner 2 
Mod 7 
Test 1 

Restored 12 passage swirler 379 kPa (55 
psi)/260ºC (500°F) 

4 NOx/15 CO & 0.41 
kPa (0.06 psi)/340 

Hz 

Flashback 
occurred at 1103 
kPa (160 
psi)/260°C (500°F) 
No flashback at 
0.2% burner dP 
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Table 18. Test matrix summary for initial radial inflow burner configurations. 

Burner 
configuration 

 
Description 

 
Conditions 

Emissions 
(ppm)/ 

noise data 

 
Comments 

Burner 3 8 passage swirler, wake pins 
2.80-in. diameter straight 
centerbody w/fairing 
New dome 
Long primary with 6 vaned jets 
Short secondary with 6 vaned  
jets 

448 kPa (65 
psi)/427ºC (800°F) 

621 kPa (90 
psi)/427ºC (800°F) 

414 kPa (60 
psi)/550°F 

483 kPa (70 
psi)/427ºC (800°F) 

896 kPa (130 
psi)/427ºC (800°F) 

931 kPa (135 
psi)/427ºC (800°F) 

4 NOx/3 CO & 
0.28 kPa (0.04 

psi)/244 Hz 
4 NOx/3 CO & 
0.34 kPa (0.05 

psi)/244 Hz 
3 NOx/1 CO & 
0.14 kPa (0.02 

psi)/274 Hz 

Single digit NOx/CO 
range of 393ºC (740°F) 
Primary parametric test 
Single digit NOx/CO 
range of 449ºC (840°F) 
Flashback at 1931 kPa 
(280 psi)/427ºC (800°F) 

Burner 2 
Mod 1 

Same as above except remove 
secondary stage 

689 kPa (100 
psi)/427ºC (800°F) 

 Primary parametric test 
High flow performance 

Burner 2 
Mod 2 

Same as above except extend 
centerbody 0.4 in. 

621 kPa (90 
psi)/427ºC (800°F) 

 Primary parametric test 

Burner 2 
Mod 3 

Same as above except extend 
centerbody 0.9 in. 

621 kPa (90 
psi)/427ºC (800°F) 

3 NOx/3 CO & 
0.103 kPa 

(0.015 psi)/406 
Hz 

 

 

Table 19. Flow distributions for the radial inflow burner configurations. 

Burner No.  1 2 2 2 2 2 2 2 3 3 

Burner Mod No.   1 2 3 4 5/6 7  1/2/3 

Flow area, mm2 (in.2)           
Swirler 2581 

(4.00) 
1742
(2.70) 

1658 
(2.57) 

1658 
(2.57) 

1555
(2.41) 

1645
(2.55) 

1974
(3.06) 

2516 
(3.90) 

1961 
(3.04) 

1961 
(3.04) 

Primary jets 645 
(1.00) 

1161
(1.80) 

1161 
(1.80) 

1226 
(1.90) 

1161
(1.80) 

1161
(1.80) 

1161
(1.80) 

1161 
(1.80) 

1161 
(1.80) 

1161 
(1.80) 

Total primary 3226 
(5.00) 

2903
(4.50) 

2819 
(4.37) 

2884 
(4.47) 

2716
(4.21) 

2806
(4.35) 

3135
(4.86) 

3677 
(5.70) 

3123 
(4.84) 

3123 
(4.84) 

Secondary jets  1935
(3.00) 

1161 
(1.80) 

1161 
(1.80) 

1161
(1.80) 

1161
(1.80) 

1161
(1.80) 

1161 
(1.80) 

1161 
(1.80) 

1161 
(1.80) 

Total premix 5161 
(8.00) 

4065
(6.30) 

3981 
(6.17) 

4045 
(6.27) 

3877
(6.01) 

3968
(6.15) 

4297
(6.66) 

4839 
(7.50) 

4284 
(6.64) 

4413 
(6.84) 

Other 1271 
(1.97) 

1258
(1.95) 

1258 
(1.95) 

1258 
(1.95) 

1277
(1.98) 

1277
(1.98) 

1277
(1.98) 

1277 
(1.98) 

1316 
(2.04) 

1316 
(2.04) 

Total burner 6432 
(9.97) 

5323
(8.25) 

5239 
(8.12) 

5303 
(8.22) 

5155
(7.99) 

5226
(8.10) 

5574
(8.64) 

6116 
(9.48) 

5600 
(8.68) 

5729 
(8.88) 
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The following sections provide the 
results obtained with the three main burners. 
Since the burners did not have dilution, and 
since the facility could not provide full 
pressure, results are provided parametrically 
rather than for particular power conditions.  

2.6.5.4  Burner Configuration 1 Results 

The Burner 1 emission and noise results 
at inlet conditions of 393 kPa (57 psi), and 
277ºC (530°F) are shown in Figure 119.  

Single-digit NOx emissions were 
obtained to a secondary stage temperature of 
about 1704ºC (3100°F), which suggested 
effective premixing. The CO increased at 
temperatures higher than 1649ºC (3000°F) 
due to the CO2 dissociation reaction. This 
reaction would be suppressed at higher 
pressures. The secondary temperature 
operating range over which the emissions 
goal of 9 ppm NOx and 50 ppm CO was met 
was a fairly large 500°F. Significant 
combustion noise of about 2.69 kPa (0.3 psi) 
was generated over the operating range. The 
typical noise spectrum with both stages 
fueled is shown in Figure 120. The primary 
stage lean blowout temperature was a 
relatively high 1482ºC (2700ºF) to 1593ºC 
(2900°F). 

The NOx goal could not be met at higher 
pressures. At increased conditions, intense 
combustion occurred near the dome with 
increased noise, NOx, and wall heating 
rates.  

2.6.5.5  Burner Configuration 2 Results  

The burner primary stage was 
extensively modified to eliminate the noisy 
burning mode and improve the lean 
blowout. The dome shape was changed from 
conical to a curved quarl shape to maintain 
flow attachment and to strengthen the 
central recirculation. The swirler flow was 
reduced by blocking 4 of the 12 air passages 
and their associated fuel bars. The 
centerbody was enlarged with a “sleeve” to 
increase the swirler exit axial velocity.  

The primary stage was lengthened and 
reconfigured by providing six primary jets at 
the central station. Flow turning vanes were 
fitted to the tubular premixers to provide the 
desired swirl flow to jet flow interaction. 
The six secondary jets were moved to the 
downstream station. 

The Burner 2 design is shown in Figure 
121. The revised dome was built from 
castable refractory secured to the dome with 
anchors. 
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Figure 119. Burner 1 emission and noise results at 393 kPa (57 psi) and 277ºC (530°F). 
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Figure 120. Burner 1 typical noise spectrum, 1563ºC (2846°F) secondary temperature. 
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Figure 121. Radial inflow Burner 2. 

2.6.5.5.1  Centerbody Effects 

As shown in Table 17, the refractory quarl 
failed at once. Several tests were completed 
with the original conical dome. At LP, the 
NOx was low and the CO improved. The 
NOx still increased at HP.  

The centerbody size was increased in 
several steps to increase the swirler exit axial 
velocity. As shown in Table 18, the NOx and 
noise increased with centerbody size.  

2.6.5.5.2  Quarl Dome and General Noise 
Results 

A metal quarl ring was installed to replace 
the refractory. Performance improved and low 
NOx, CO, and noise were obtained to the 
facility pressure limit of 1034 kPa (150 psi). 
The noise improvement attributable to the 
quarl dome is shown in Figure 122.  

The noise reduction was about 60%. The 
remaining noise appeared to come from the 
primary stage only; secondary fueling 
generally reduced the noise.  

Figure 123 shows the noise spectrum with 
the quarl installed and the burner operating 
with significant noise. Open and closed pipe 
modes appear to be present simultaneously as 
indicated by the 2X and 3X harmonics of the 
first two peaks, respectively.  

The 275-Hz first peak fits an “open pipe,” 
half wave mode with a 1.22 mm (4-ft) 
fundamental length (burner dome to rig exit) 
and average temperature including the water-
cooled portion of the rig. The 325-Hz second 
peak fits a “closed pipe” mode with a 610 mm 
(24-in.) fundamental length (burner dome to 
the end of the liner extension). These modes 
were generally present in the Burner 2 tests, 
but not necessarily excited as in Figure 123. 
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Figure 122. Combustion noise with conical and quarl domes. 

 
Figure 123. Burner 2 noise spectrum with quarl installed, high-noise point 36,  

August 10, 2000. 
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Figure 123 also shows the combustion gas 
noise was about four times higher than the 
annulus gas noise. This was always the case. 
This report generally presents the higher 
combustion gas noise, whereas most DLE 
work presents the annulus gas noise.  

2.6.5.5.3  Performance and Flashback,  
1034 kPa (150 psi)/427ºC (800°F) 

Burner 2 performance at the 1034 kPa 
(150 psi) facility limit is shown in Figure 124.  

The primary stage temperature was 
maintained at 1538ºC (2800°F) as the 
secondary stage temperature was varied. The 
primary fuel distribution was slightly biased 
to favor the primary jets. Single-digit CO and 
NOx emissions were obtained over a 
secondary stage temperature range of 163ºC 
(325°F), corresponding to an engine power 

turndown of about 30%. Power reduction of 
about 70% was demonstrated with the 
primary stage operating alone, premixed. The 
CO level was less than 100 ppm over this 
power range. The CO results indicate high 
burning rates for the design. 

The combustion gas noise was low, 
generally less than 0.14 kPa (0.2 psi). Figure 
125 shows the typical noise spectrum with 
both stages burning. The noise modes 
previously discussed are present but at low 
amplitude indicating a stabilized burn. 

The flashback resistance of the premixers 
was determined through reducing the flow 
factor by raising the pressure at fixed airflow 
and inlet temperature with both stages 
running at fixed temperature of about 1538ºC 
(2800°F). No flashbacks or autoignition were  

 

Figure 124. Burner 2 emission and noise results at 1034 kPa (150 psi) and 427ºC (800°F). 
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Figure 125. Burner 2 typical noise spectrum, 1567ºC (2853°F) secondary temperature. 

found in either burning stage with 70% flow 
reduction. The burner pressure loss was 0.2%, 
and the pressure was 1034 kPa (150 psi). 
These results indicate robust flashback 
resistance in spite of the swirler flow blocks.  

2.6.5.5.4  Performance and Flashback, 12-
Slot Swirler, 345 kPa (50 psi)/427ºC (800°F) 

The swirler was restored to full flow by 
removing the air and fuel blocks. The test was 
done at the facility pressure limit for the day 
with the primary stage fuel modestly biased as 
before. Figure 126 shows performance over 
the secondary temperature range with the 
primary stage maintained at 1593ºC (2900°F). 
NOx performance was very good with single-
digit results to 1704ºC (3100°F) secondary 
temperature. The CO approached single-digit 

values indicating good performance given the 
low operating pressure. Combustion noise 
was less than 0.69 kPa (0.1 psi), over the 
operating range. Figure 127 shows the noise 
spectrum with both stages running. The 
acoustical modes are very subdued.  

Flashback resistance was tested as before. 
Maximum flow reduction without flashback 
was 69%. Further reduction yielded flashback 
into the swirl premixer. No flashback was 
found in the tubular premixers.  

The Burner 2 results were much improved 
and met the project goals for NOx and CO 
over a significant operating range. The noise 
and operating range results surpassed known 
Rolls-Royce DLE burner results. The low 
noise results validated the technical approach  
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Figure 126. Burner 2 emission and noise results at 352 kPa (51 psi) and 260ºC (500°F), swirler 

restored to 12 slots. 

 
Figure 127. Burner 2 typical noise spectrum, 1628ºC (2962°F) secondary temperature,  

12-slot swirler. 
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of stabilizing the burn. The flashback results 
indicated good performance in this area. 

A significant air leak was found at the 
premixer-dome joint. The leak resulted from 
dome distortions. This part operated hot and 
stressed on some of the tests. The distortions 
also impaired the concentricity of the various 
parts. The leakage appeared sufficiently large 
to affect the CO performance and primary 
stage stability. 

2.6.5.6  Burner Configuration 3 Results  

The distorted dome and quarl insert were 
replaced with a new one-piece dome to 
eliminate the leak and restore concentricity. 
The new dome was uncooled except for 
modest impingement cooling at the trailing 
edge. The burner was built up in the 8-slot 
swirler configuration with a 71.12 mm (2.80-
in.) centerbody. The tubular premixers were 
unchanged. Burner 3 is shown in Figure 128. 

The performance of Burner 3 improved 
over that of Burner 2. Tests were run at 
various conditions, primary stage 

performance was mapped, the effect of minor 
flame structure modifications were 
investigated, and flashback resistance was 
checked.  

2.6.5.6.1  Performance at 621 kPa (90 
psi)/427ºC (800ºF) 

The single-digit operating range for CO 
and NOx increased to 393ºC (740°F) (Figure 
129). The operating range was established by 
CO emission at the hot and cold ends of the 
operating range. Increased pressure would 
increase the operating range by improving CO 
consumption at low temperatures and by 
suppressing the CO2 dissociation at high 
temperature. Combustion noise was generally 
less than 0.69 kPa (0.1 psi) and lower than 
with Burner 2. Lowest noise was obtained at 
high power conditions. Figure 130 shows the 
typical noise spectrum at 1590ºC (2894°F) 
secondary temperature. The results were 
obtained without accurate control of the 
primary stage fuel split due to instrumentation 
problems. 

 
Figure 128. Radial inflow Burner 3. 
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Figure 129. Burner 3 emissions and noise results at 621 kPa (90 psi) and 427ºC (800°F). 

2.6.5.6.2  Performance and Flashback at 
896 kPa (130 psi)/427ºC (800°F) 

This test was at the facility pressure limit 
at the high burner flow. The primary fueling 
split instrumentation was available for this 
test. As shown in Figure 131, the single-digit 
operating range improved to 460ºC (860°F) as 
a result of the increased operating pressure 
and improved control of the primary stage 
fueling. At low temperatures the primary 
stage fuel split was adjusted to favor the 
swirler; and at high temperatures the primary 
stage temperature was increased to obtain a 
homogeneous mixture.  

Combustion noise was generally well 
below 0.69 kPa (0.1 psi) with a slight increase 
at the low power end. The typical high-power 
noise spectrum at 1590ºC (2894°F) secondary 
temperature is shown in Figure 132. The 
acoustical resonances are essentially gone. 

A flashback test was run with both stages 
running at 1593ºC (2900°F). The pressure 
was raised at constant air and fuel flows, 
reducing the flow factor and the burner 
pressure drop. No autoignition or flashback 
occurred at 1931 kPa (280 psi) with 0.1% 
burner pressure drop and 427ºC (800°F) inlet 
temperature. 
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Figure 130. Burner 3 typical noise spectrum, 1593ºC (2900°F) secondary temperature. 

 
Figure 131. Burner 3 emission and noise results at 896 kPa (130 psi) and 427ºC (800°F). 
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Figure 132. Burner 3 typical noise spectrum, 1590ºC (2894°F) secondary temperature. 

2.6.5.6.3  Primary Stage Performance 

The primary stage performance was 
mapped at 689 kPa (100 psi)/427ºC (800°F). 
The primary stage temperature and the 
swirler/primary jet fuel split were 
systematically varied. The fuel split was 
varied by adjusting the fuel pressures to the 
swirler and primary jet fuel lines. This 
method of control was used since separate 
fuel controls and flowmeters were not 
available for the two primary legs. The CO, 
NOx, and noise results are shown in Figures 
133, 134, and 135, respectively. The CO 
results show that the low power operating 
range may be extended by several hundred 
degrees by diverting fuel from the primary 
jets to the swirler. This represents three stages 
of fuel control. The NOx and noise increase 
modestly with this fueling method as shown 
in Figures 134 and 135.  

2.6.5.6.4  Performance at 621 kPa (90 
psi)/427ºC (800°F) with Modulated Fueling 

This final performance test was run with 
the centerbody extended further into the 
primary stage and with the primary stage fuel 
split adjusted at the lowest temperatures 
according to the stage mapping results. As 
shown in Figure 136, the low end operating 
range improved significantly. CO increased 
slightly at the start of secondary fueling. 
Single-digit CO might have been maintained 
in this area with a slight increase in primary 
stage temperature or with a pressure increase 
according to the engine cycle. The results 
suggest that a 482ºC (900°F) single-digit 
operating range that would cover most of the 
power range of industrial engines is possible.  

Combustion noise was further reduced to 
less than 0.14 kPa (0.02 psi) at all power 
points with a slight increase at low power. 
Figure 137 shows the typical noise spectrum 
at 1591ºC (2896°F) secondary temperature. 
The burn is completely stable with no 
resonances at all. 
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Figure 133. Burner 3 primary stage CO at 689 kPa (100 psi) and 427ºC (800°F) (effect of 
primary stage temperature, and swirler/jet fuel pressure drop). 
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Figure 134. Burner 3 primary stage NOx at 689 kPa (100 psi) and 427ºC (800°F) (effect of 
primary stage temperature and swirler/jet fuel pressure drop). 

 

Figure 135. Burner 3 primary stage noise at 689 kPa (100 psi) and 427ºC (800°F) (effect of 
primary stage temperature and swirler/jet fuel pressure drop). 
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Figure 136. Burner 3 emission and noise results with improved fuel schedule at 621 kPa (90 psi) 
and 427ºC (800°F). 

2.6.5.6.5  Ambient Ignition Test 

Spark ignition tests were done at 0.45 kg/s 
(1 lb/sec) rig airflow, atmospheric pressure, 
and 71ºC (160°F) residual inlet temperature. 
Ignition used primary stage premix fuel since 
no diffusion pilot was available. Ignition was 
obtained at 13.15 kg/s (29 lb/hr) gas flow 
with uniform primary stage fueling and at 
9.52 kg/s (21 lb/hr) gas flow with fueling split 
adjusted to favor the swirler. This ignition 
performance was far better than expected. 

2.6.5.6.6  Discussion 

As a result of the swirler flow reductions 
made to improve the performance, the final 
Burner 3 performance tests were done with 
the premixers flowing about 83% of the flow 
required on the 601-KB11 engine. Work was 
initiated to demonstrate performance at full 
pressure and flow conditions in the Rolls-
Royce Test Department 601-K engine burner 
rig. The work was not completed due to the 
termination of the combustion development 
phase of the project.  
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Figure 137. Burner 3 typical noise spectrum, 1591ºC (2896°F) secondary temperature. 

2.6.6  Evolution of the Staged, Radial 
Inflow Combustion System 

2.6.6.1  Background 

In May 2001, the Indianapolis Low 
Emissions Combustion team was directed to 
develop a DLE combustor concept for the 
Rolls-Royce Industrial Trent gas turbine 
engine. The ATS-3 combustor was used as 
the basis for this design and was developed 
into the “Indy Burner.” This development 
process concentrated on scaling the 
combustor to the Industrial Trent 
configuration. 

The Indy Burner/Trent configuration was 
modified from the radial inflow Burner 3 
configuration. The radial inflow premixer 
employed a 12-vane swirler with a height of 
18.8 mm (0.74 in.) and a centerbody with a 
76.2 mm (3.0-in.) diameter. Larger flow 
capacity premix tubes were also used. This 
configuration also included the CD circuit 
igniter. 

2.6.6.2  General Combustion Rig Hardware  

The general hardware configuration 
representing the Indy Burner combustion 
concept is shown in Figure 138. 
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Figure 138. Indy Burner radial inflow 
combustion concept. 

2.6.6.3  Indy Burner Ignition Performance 

All builds previous to this had a side 
igniter positioned so that it protruded through 
the downstream edge of the quarl. The 
combustor was very difficult to light this way 
and ignition was always explosive. The CD 
was placed flush and centered on the face of 
the centerbody. Ignition was always very 
simple and occurred at minimal fuel flows 
without any sudden airflow disturbances. 
Details of the pilot/igniter development are 
shown in Figure 139. 

2.6.6.4  Initial Rig Test Results  

Testing of the Indy Burner showed that 
NOx and CO emissions could be kept to 
single-digit levels over a smaller range of  

secondary zone temperatures than was 
possible with the Burner 3 configuration. 
However, a range of roughly 204ºC (400°F) 
was still available, as shown in Figure 140. 
This loss of range was attributed to a less 
stable primary zone, due to increased flow in 
the combustor. 

In addition to low gaseous emissions, the 
Indy Burner also produced very low noise 
levels. This is also shown in Figure 139 as an 
amplitude, and in Figure 141 as a noise 
spectrum. Noise levels remained below a 
level of 0.4 psi 0-to-peak and produced no 
definable tones or harmonics. 

The liner wall temperature also remained 
very low. The thermocouple readings, 
provided in Figure 142, show the typical low 
wall temperature upstream of the primary 
tubes, which is only slightly higher than the 
inlet temperature of the air. The liner 
temperature increases slightly downstream of 
the primary tubes, but remains well below 
critical temperature limits. This low liner wall 
temperature is possible because of a layer of 
unreacted flow from the swirler. 

During the development effort, a total of 
19 different configurations of the Indy Burner 
were tested. In total, 188 hours of hot running 
was logged over a 4-month development 
effort (23 May 2001 to 19 September 2001). 
In summary, the development testing in the 
19 combustor rig builds identified a 
combustor configuration that met the 
Industrial Trent performance requirements. 
This selection enabled fabrication of a new 
Indy Burner to be tested in the Derby 3-Rig at 
actual Trent pressure conditions. 
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Figure 139. Central diffusion igniter design and ignition limits. 

 
Figure 140. Typical emissions and noise levels over the full range of the Indy  

Burner combustor. 
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Figure 141. Acoustic spectrum of typical Indy Burner operation. 

 
Figure 142. Typical wall temperature measurements of Indy Burner operation. 
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2.6.6.5  Derby UK 3-Rig Test Results 

Testing in the 3-Rig was initiated at 20 
atmospheres to baseline the Indy Burner in 
the Rolls-Royce Derby 3-Rig Test Facility. 
This facility permitted combustion operation 
at 30 atmospheres, which simulated operating 
conditions for the Industrial Trent engine. 
Results showed that the flame was not 
positioned properly in the combustor, causing 
higher noise and emissions than recorded 
routinely in Indianapolis. Testing was halted 
and the Indy Burner was not evaluated at 
higher pressure as had been intended.  

One of the most notable observations 
from the Derby testing was the change in 
position of the flame when noise occurred. 
Figure 143 shows the combustor liner wall 
temperatures in the Derby 3-Rig at a low 
noise condition. This looks similar to Figure 
142; however, when noise occurs, a marked 
increase in the liner wall and quarl 
temperatures occur, as shown in Figure 144. 

This indicates the flame has moved upstream 
and reaction is occurring near the wall. 

A post-test inspection revealed that two 
different swirler vane passages showed 
indications a flame had anchored at the exit of 
the passages (Figure 145). Both of the 
passages lay exactly opposite the compressor 
inlet. Given the location of these passages, it 
is likely they were starved of air due to poor 
velocity distribution in the plenum, giving 
rise to a high local F/A with low local exit 
velocity making flashback or autoignition 
possible.  

A flame appears to have anchored in the 
premixer, partially melted the centerbody, and 
produced a jagged structure on the 
centerbody, as shown in Figure 146. This 
damage could have affected the performance 
of the combustor by creating a flow trip and 
allowing flame to stabilize near the exit of the 
swirler premixer. 

 
Figure 143. Wall temperatures at a low noise point in the Derby 3-Rig. 
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Figure 144. Wall temperatures at a high noise point in the Derby 3-Rig. 

 
Figure 145. Location of the heat marked passages with respect to the rig hardware. 
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Figure 146. Damaged centerbody attached to swirler and manifold. 

Data show that the first sign of a flame in 
the premixer occurred early in the first day of 
testing. This coincided with the first noise 
response. The combustor then remained at 
this point for roughly two minutes and was 
eventually shut down. The damage to the 
centerbody is likely to have happened during 
this time, so subsequent testing may have 
been tainted by a damaged centerbody. 

2.6.6.6  Sensitivity Testing 

The HP assessment was never attempted 
in the 3-Rig because the results at 20 
atmospheres of pressure did not match 
Indianapolis results. This dichotomy of results 
initiated an investigative effort. The post-test 
inspection revealed heat markings that 
indicated a flow distortion into the combustor 
had caused hardware failure. A plan was 
devised to examine the performance 
sensitivity of the Indy Burner to various 
distortions. 

This study used a perforated sheet to 
partially block several of the inlets to the 
combustor. The sheet used had 20% open 
area. Three cases were run with the sheet 
placed over two adjacent swirler inlets, the 
lower half of this sheet fully blocked, and the 
sheet placed over adjacent swirler inlets and a 
primary tube inlet. The NOx results from 
these configurations, shown in Figure 147. 
indicate that the NOx level increased with 
each increased level of blockage; however, no 
noise or damage was incurred by the 
hardware from this blockage. 

2.6.6.7  Analytical Analysis of Rig Plenum 
Flow 

An analytical analysis of the rig plenum 
flow was also conducted in concert with the 
distortion sensitivity testing. This was used to 
determine possible reasons for the distortion 
and a method of elimination. 
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Figure 147. NOx sensitivity to premixer inlet blockage. 

Figure 148 shows a vector plot of the 
symmetry plane of the Derby 3-Rig plenum. 
As the figure shows, the flow leaves the 
prediffuser at high speed, and then impinges 
on the discharge nozzle. The flow then 
spreads toward the colander plate and in 
toward the engine centerline. The flow also 
spreads around the sides of the discharge 
nozzle. This creates a number of different 
flow features.  

The three main flow features in the 
plenum are labeled as A, B, and C. Flow 
feature A is a vortex trapped between the 
prediffuser and inner wall of the plenum and 
is created by the flow exiting the prediffuser. 
Flow feature B is a vortex trapped by the 

colander plate, the wall of the plenum, and the 
prediffuser. Flow feature B is created by the 
flow along the outer wall of the discharge 
nozzle. Flow feature C is a vortex centered on 
a radius from the engine. This vortex is 
parallel with the symmetry plane and is thus 
mirrored in the half not modeled. 

Figure 149 shows an axial velocity plot at 
various axial positions through the rig case. 
This shows that a high magnitude jet just 
downstream of vortex C exists in the case 
near the swirler inlet. The jet is also on the 
turbine side of the combustor, where the heat 
markings were found after the initial Derby 3-
Rig test. This is a likely cause of a flow 
distortion into the swirler. 
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Figure 148. Model and vector plot of original Derby geometry. 

Figure 150 shows the same axial velocity 
contour plot as Figure 147 for the TC 823 rig. 
Figure 150 shows that that flow was much 
more uniform through the case and did not 
have a high velocity jet near the combustor. 
The most pronounced difference between the 
rigs was the constriction at the downstream 
end of the TC 823 casing. The flow exited the 
TC 823 plenum through a much smaller area 
annulus. 

Following this observation, the colander 
plate between the plenum and casing used in 
the 3-Rig was modified in the model to 
emulate the TC 823 rig. This produced the 
results shown in Figure 151. Here, the flow 
through the case was uniform at the 
downstream end of the case. This became less 
uniform as the flow propagated through the 
case, but the jet, shown in Figure 151, was 
eliminated. 
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Figure 149. Axial velocity contour slices of the case from the original Derby configuration. 

 
Figure 150. Axial velocity contour slices of the case from the TC 823 rig configuration. 
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Figure 151. Axial velocity contour slices of the case from the suggested Derby configuration. 

2.6.6.8 Second Derby 3-Rig Test 

The colander plate in the Derby 3-Rig was 
modified to mimic the blockage used in the 
analytical flow models previously mentioned, 
and the combustor was returned to Derby 
largely unchanged from the previous testing. 
A wide variety of points were tested. Testing 
in the 3-Rig was initiated at 20 atmospheres 
and run for a brief time at 30 atmospheres. 
During this Derby 3-rig testing, record low 
NOx emissions were recorded (1.5 ppmdc) 
for the Indy Burner. Operation at 30 
atmospheres pressure did not create any 
anomalies. NOx emissions duplicated those 
measured in the TC 823 facility at 20 
atmospheres pressure, as shown in Figure 
152. 

Noise, however, did occur at high fueling 
rates. The frequency of oscillation was very 
low and it is very likely this frequency 
corresponded to the unique 3-Rig geometry. 
Even at low levels of noise, a specific tone of 
roughly 160 Hz was produced in the 3-Rig. 
This is not the case in TC 823, where no 

specific tone is observed at low levels and a 
tone of 325 Hz is produced when high levels 
of noise are observed. Figure 153 shows the 
configuration of the rig for Indy Burner 
testing in TC 823. This shows that the exit of 
the combustor was immediately followed by 
water quench. Assuming this water quench 
acted as an acoustic barrier, a first 
longitudinal wave frequency of 325 Hz was 
calculated at the Industrial Trent ISO-day 
conditions. This matched very well with the 
frequency observed in this rig when the 
swirler premixer was fueled to very high 
flame temperature. 

Figure 154 shows the configuration of the 
Derby 3-Rig. The figure shows that the exit of 
the combustor was immediately followed by a 
large dump plenum, and then a water quench. 
Using water quench as the acoustic barrier in 
this configuration, a first longitudinal wave 
frequency of 140 Hz was calculated at the 
Industrial Trent ISO-day conditions. This also 
matched well with the frequency observed in 
this rig. 
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Figure 152. NOx emissions comparison between rigs for temperature calculation validation. 

 

Figure 153. TC 823 rig configuration. 
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Figure 154. Derby 3-Rig configuration sketch. 

Given that low frequency noise only 
occurs in TC 823 when the swirler is highly 
fueled, it is believed that noise is produced 
when a majority of the reaction occurs at the 
upstream end of the combustor and acts as a 
noise driver. When the reaction is distributed 
along the length of the acoustic cavity, the 
driver is also distributed and no wave can 
occur. The Derby 3-Rig, however, has a large 
plenum downstream of the combustor that 
acts as additional acoustic volume. Thus, the 
combustor resides at one end of this volume 
and is much more prone to act as an acoustic 
driver. 

As mentioned earlier, the combustor was 
also run at 30 atmospheres for a brief time. 
Figure 155 shows a wall temperature plot run 
at this HP with fully fueled swirler and 
primary tube circuits. This shows similar low 
wall temperature as observed in the 20 
atmospheres runs. The pilot thermocouple 
was reading high because the diffusion pilot 
was being fueled at this point. Figure 156 
shows a contour plot of the wall temperature 
near the primary tube premixer inlet for better 
definition. 

2.7  ATS Catalytic Combustion 
Technology Evaluation 

2.7.1  Introduction 

As part of the DOE ATS program, 
Catalytic Combustion Systems Incorporated 
has worked with Solar Turbines (ST) to 
develop and implement catalytic combustion 
into its ATS gas turbine engine. Several 
subscale tests were performed at ST’s HP test 
facility to demonstrate the feasibility of a 
catalytic combustion system under simulated 
ATS conditions. The success of the subscale 
tests led the way to several successful full-
scale, full pressure single combustor tests in 
the ST HP facility.  

In a parallel DOE ATS program, CCSI 
and Rolls-Royce combined their efforts to 
employ catalytic combustion into the Rolls-
Royce 701-K engine. The approach combined 
catalytic combustion with LPM combustion 
modules in what effectively turned out to be a 
catalytic piloted combustion system. Limited 
full pressure rig testing was performed. 
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Figure 155. Thermocouple plot at axial stations for point P104 (22 August 2002). 

 

Figure 156. Thermocouple map of liner wall for point P104 (22 August 2002). 
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During these development programs, both 
ST and Rolls-Royce required that several 
generic catalyst issues be addressed. Instead 
of addressing the issues separately in each 
program, the generic catalyst and catalyst 
module issues were addressed in a joint 
development effort among CCSI, ST, and 
Rolls-Royce as part of a cooperative 
agreement with the DOE. The resulting six-
task program evaluated: 

! Dynamics testing of catalyst modules 
! Catalyst high temperature thermal 

stability 
! Fuel composition effects on catalyst 

performance 
! Fuel contaminants effects on catalyst 

durability 
! Durability testing 
! Catalyst container mechanical testing 

During the course of the program, 
summary reports were issued as each task was 
completed.  

2.7.2  Dynamics Testing of Catalyst 
Modules 

The durability of two catalyst modules 
subjected to mechanical vibration was 
investigated. Modal finite element analyses 
were employed to predetermine the response 
to dynamic loading. Accelerometer locations 
were then arranged to detect these expected 
responses. Dynamic frequency surveys were 
conducted on shaker tables to search for 
resonant frequencies. Dwell frequencies were 
selected with concurrence from Rolls-Royce 
and ST based on the accelerometer responses 
and locations summarized in Table 20. Dwell 
testing at these resonant conditions was 
completed and is summarized in Tables 21 
and 22. Finally, the catalyst modules were 
disassembled and inspected. No signs of 
distress, wear, or fatigue were observed. 
Further metallographic examination was 
considered unnecessary. 

Table 20. Summary of frequency, response, and location for dwell test. 

 Axial Lateral 
 Freq (Hz) Measured G Acc No. Freq (Hz) Measured G Acc No. 

264 18 24 455 22 15 
809 7 19 698 9 29 
980 22 5 778 20 15 

Xonon—421.6 mm 
(16.6-in.) outside 
diameter  

1,288 24 19 998 15 15 
240 6 4 549 14 8 
600 15 3 586 15 3 
657 32 1 1,094 13 1 

Solar—223.5 mm 
(8.8-in.) outside 
diameter 

899 6 3 1,895 10 2 
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Table 21. Xonon dwell test results. 

 
Axis 

Frequency, 
Hz 

Response 
G’s 

 
Cycles 

264 23.9 475,200 
809 12.4 1,456,200 
980 32.4 1,764,000 

Axial 

1,288 13.3 2,318,400 
455 37.8 819,000 
698 24.8 1,256,400 
779 51.8 1,402,200 

Radial 

998 25.9 1,796,400 
Total cycles = 11,287,800 

Table 22. Solar dwell test results. 

 
Axis 

Frequency, 
Hz 

Response 
G’s 

 
Cycles 

240 14 432,000  
600 21 1,080,000 
657 14 1,182,600 

Axial 

899 5 1,618,200 
549 20.3 988,200 
586 28.5 1,054,800 

1,094 17.4 1,969,200 

Radial 

1,895 4.6 3,411,000 
Total cycles = 11,736,000 

 

2.7.3  Catalyst High Temperature 
Thermal Stability 

The long-term thermal stability of CCSI’s 
proprietary catalysts was examined under the 
Solar Turbines/Rolls-Royce Corporation Joint 
Combustion Development Program. The 
studies were performed under simulated 
combustion conditions with typical and 
elevated operating temperatures. The typical 
operating temperatures were examined to 
model and predict the life cycle of a typical 
catalyst system. The elevated temperatures 
were examined to address the effect of high 
temperature excursions (from design 
conditions) during load transients on catalyst 
activity. Tests were conducted both under 

high flow rates and adiabatic conditions in a 
high pressure rig (HPR) and under quasistatic 
isothermal conditions with simulated 
combustion gas in a high pressure aging 
reactor (HPAR). A single batch of CCSI 
formulated catalysts composed of an active 
component dispersed within a porous 
refractory oxide on metal supports foils was 
used in both tests. Thermal stability in the 
HPAR tests was determined by two surface 
analytical measurements.  

The thermal stability of the dispersing 
refractory oxide was significantly reduced at 
higher temperatures. The results show that 
only a few hours of excursion at an elevated 
temperature were comparable to several 
thousand hours at conditions more 
representative of normal conditions during 
full power operation. The thermal stability of 
the dispersing oxide in the HPR flow tests 
was significantly less than in the more static 
HPAR tests. This difference is unknown but 
may include errors in temperature 
measurements with the strong influence of 
temperature on coarsening rates. 

The stability of the specific surface area of 
the active component is also sensitive to 
catalyst temperature, although not to the 
degree of the burner exit temperature (BET) 
area. The results show that excursion to 
higher temperatures was less harmful to 
active component stability than the catalyst as 
a whole.  

The implications of the results of this 
investigation of thermal stability of CCSI’s 
catalytic materials are twofold. First, the 
catalyst must be designed so a significant loss 
in the surface area of the active component 
does not affect performance over a catalyst 
lifetime of 8000 hours. There are many ways 
to approach this, and CCSI can design 
catalysts with current materials that have 
8000-hour lifetimes. Second, short excursions 
(tens of accumulated hours) to temperatures 
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38ºC (100) to 149ºC (300°F) above normal 
maximal catalyst temperatures seem to have a 
small, tolerable effect on catalyst 
performance.  

2.7.4  Fuel Composition Effects on 
Catalyst Performance 

Fuel composition testing was performed 
to evaluate the performance of the catalyst in 
the presence of higher hydrocarbon fuels and 
with low Wobbe Index fuels. Testing 
involved operating a typical catalyst design at 
typical gas turbine conditions in the CCSI 
catalyst test facility (specifically the low 
pressure rig [LPR]). The catalyst operating 
windows were measured for the baseline 
pipeline natural gas fuel and the natural gas 
with doping of ethane, propane, dodecane, 
and carbon dioxide at set percentages. Results 
showed that: 

! Doping with ethane, propane, and 
dodecane shifted the upper (durability) 
limit of the catalyst operating window 
downward.  

! Doping with heavier hydrocarbons also 
shifted the lower (emissions) limit of the 
operating window downward. 

! The degree of the downward shifts 
increased with increasing heat content and 
ignitability of the dopant. 

! The downward shift of the emissions limit 
line halted at an absolute lower limit of 
inlet stage blowout. 

! Doping with carbon dioxide up to 55 vol 
% to reduce the Wobbe Index down to 
365 had a negligible effect on the 
operating window.  

2.7.5  Fuel Contaminants Effects on 
Catalyst Durability  

The short- and long-term effects of 
several fuel contaminants (sulfur, chlorine, 
vanadium, and lead) on CCSI’s proprietary 

catalysts were examined. The studies were 
performed under simulated combustion 
conditions with generic operating 
temperatures and pressures. Tests were 
conducted under generic flow rates and 
adiabatic conditions in an LPR. A single 
batch of CCSI formulated catalysts, 
composed of an active component dispersed 
within a porous refractory oxide on metal 
supports foils, was used in all tests. Catalyst 
activity in the LPR tests was determined by 
catalyst light-off measurements. 

Test results indicated catalyst activity was 
unaffected by acute exposure to sulfur up to 
100 ppm by weight of sulfur in the fuel. 
Chronic exposure to high levels of chlorine, 
however, appeared to accelerate the catalyst 
aging process, similar to the high temperature 
excursions effects described in Section 2.7.6. 
Tests performed with the catalyst exposed to 
lower levels of chlorine demonstrated the 
catalyst’s ability to withstand a threshold 
level of chlorine contamination. 

Several tests at various vanadium levels 
have determined that catalyst activity is 
unaffected by vapor phase vanadium. 
However, solid phase vanadium can deposit 
on the catalyst surface and deactivate the 
catalyst. 

Tests performed with acute and chronic 
exposure to lead contaminants in the fuel 
suggest that both the vapor and solid phase of 
lead will deactivate the catalyst. Additional 
testing was required to positively establish if 
any lead deposited on the catalyst could be 
removed through vaporization. The test 
results indicate that after 70 hours of 
operation under baseline conditions, lead did 
not vaporize off of the catalyst surface. 

2.7.6  Durability Testing  

In this task, catalyst durability tests were 
performed in the HPR to generate aged 
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catalyst samples to qualify the HPAR at  
25 atmospheres. Two subscale catalyst 
systems were aged at 25 atmospheres and 
899ºC (1650°F) wall temperature for 50 and 
200 hours, respectively. Samples from these 
two catalysts were analyzed and compared to 
corresponding samples obtained from the 
HPAR during a 500-hour aging study for the 
catalyst high temperature thermal stability 
task.  

2.7.7  Catalyst Container Mechanical 
Testing 

In this task, the materials properties of 
Haynes 214 foil were gathered in preparation 
for using finite element modeling (FEM) to 
evaluate the mechanical durability of the 
catalyst container’s outlet bonded metal 
monolith (BMM). Strain versus time curves 
for up to 4000 hours were obtained at 0.5 and 
1.0 ksi for 10-mil (0.01 in.) thick Haynes 214 
foil specimens at 870ºC (1598ºF), 925ºC 
(1697ºF), and 980°C (1796ºF). Due to time 
constraints, the FEM was not performed and 
eliminated from the task statement. 

2.7.8  Materials Testing  

In preparing to use FEM to evaluate the 
mechanical durability of the catalyst 
container’s outlet BMM, material properties 
for the Haynes 214 were gathered. Strain 
versus time curves were obtained at 0.5 and 
1.0 ksi for 10-mil (0.01 in.) thick Haynes 214 
foil specimens at 870ºC (1598ºF), 925ºC 
(1697ºF), and 980°C (1796ºF). Due to time 
constraints, the FEM was eliminated from the 
task statement. 

2.7.8.1  Test Procedure 

Specimens with two different geometries 
were tested, as shown in Figure 157. Note that 
the specimens were pin-loaded and squares 
were spot-welded at the ends to minimize 
stress concentrations at the loading point. 

The specimens tested at 925 and 980°C 
and stresses of 0.5 ksi and 1.0 ksi had a gage 
length of 1 in. (25.4 mm) (Figure 158), and 
were evaluated using systems schematically 
shown in Figure 159. The system depicted in  

 

Figure 157. Two types of specimen geometry and slotted rods used to pin-load  
the specimens. 
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Figure 158. Detailed dimensions of 
specimens tested at 925ºC (1697ºF) and 

980°C (1796ºF). 

 

Figure 159. Schematic of the testing machine 
used for the creep evaluation of foils. 

Figure 159 had a microstepping 
electromechanical actuator with an integral 
encoder. The continuous operation of the 
actuator was controlled using an algorithm 
operated by a personal computer running a 
LabView™ program. The computer was also 
responsible for data acquisition. Data were 
collected at various rates, fast at the start of a 
creep test when the rate of deformation was 
largest and at a slower rate later on. Loads 
were measured using a 11.33 kg (25-lb) 
capacity load cell. The specimen's strain was 
calculated from the cross-head displacement 
(the contribution of the sections of the 
specimen outside of the gage section should 
be small during loading and negligible 
thereafter, i.e., changes in load train 
compliance after reaching the test load should 
reflect the deformation of the specimen in the 
gage section).  

The specimens tested at 870°C and 
stresses of 0.5 ksi and 1.0 ksi have a gage 
length of 50.8 mm (2 in.) (Figure 160), and 
were evaluated using the system 
schematically shown in Figure 161. In this  

 

Figure 160. Detailed dimensions of 
specimens tested at 870°C (1598ºF). 
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Figure 161. Schematic of frame used for 
dead weight loading. 

test system, the specimens were stressed using 
a “dead weight,” i.e., tubes filled with 
tungsten powders. With this system, specimen 
extension was measured using the core of a 
linear variable displacement transducer 
(LVDT) connected to the end of the load 
train, and a computer was responsible for the 
continuous record generated by the 
transducers. 

2.7.9  Materials Testing Results 

Figures 162 and 163 show creep curves 
for specimens tested at 980°C and stresses of 
0.5 ksi and 1.0 ksi. The discontinuity in the 
0.5 ksi at 980°C data in Figure 162 resulted 
from stopping/restarting the test. Figures 164 
and 165 show creep curves for specimens 
tested at 925°C and stresses of 0.5 ksi and  
1.0 ksi. The discontinuity in the 0.5 ksi at 
925°C data resulted from an interruption to 
the test. Figure 166 shows creep curves for 
specimens tested at 870°C and stresses of  
0.5 ksi and 1.0 ksi. 

 

Figure 162. Creep curve for 10-mil (0.01 in.) Haynes 214 at 980°C (1796°F) and  
3.45 MPa (0.5 ksi). 
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Figure 163. Creep curve for 10-mil (0.01 in.) Haynes 214 at 980°C (1796°F ) and 6.89 MPa (1.0 
ksi). 

 

Figure 164. Creep curve for 10-mil (0.01 in.) Haynes 214 at 925°C (1697°F) and 3.45 MPa (0.5 ksi). 
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Figure 165. Creep curve for 10-mil (0.01 in.) Haynes 214 at 925°C (1697ºF) and 6.89 MPa (1.0 
ksi). 

 

Figure 166. Creep curve for 10-mil (0.01 in.) Haynes 214 at 870°C (1598ºC), 3.45 MPa (0.5 ksi) 
and 6.89 MPa (1.0 ksi). 
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3  ATS Advanced Materials and Coatings Technology Development 
3.1  General Overview 

As part of the ATS program strategy 
change following the preliminary design of 
the ATS 701-K industrial engine 
demonstrator, Rolls-Royce Corporation 
focused on commercialization efforts and 
technology demonstration of advanced 
material systems. Three areas were identified 
under this work breakdown structure of the 
redefined ATS program at Rolls-Royce. 

! Mar-M247 material HP turbine vane and 
coatings integration 

! Monolithic ceramic first-stage turbine 
vane development 

! Advanced powder metal (Udimet 720) 
technology for turbine disks 

The first materials development effort 
under the ATS contract was initiated to 
develop and demonstrate improvements to the 
first-stage HP turbine vane used in the 501-K 
family of Rolls-Royce industrial gas turbine 
engines. In certain applications, these 
components showed premature distress, 
requiring removal and replacement of the 
components. This program was initially 
launched as an internal effort, and was 
subsequently conducted under the auspices of 
the ATS program. A range of material 
systems, including both base alloys and 
coating systems, was considered in this study. 
The effort was carried out in a manner to 
provide the most benefit at the least cost to 
develop and demonstrate the improved 
system. 

The program plan for this effort included 
the design and fabrication of a defined 
quantity of turbine vane doublets in the 
improved material system. After additional 
studies to verify their improved life relative to 
the current production vanes, the components 
were installed in field engines at end-user 

sites. This effort also focused on in-situ 
inspections at planned intervals convenient to 
the operators. Finally, nondestructive and 
destructive evaluation of some of the vanes 
(removed from customer engines) was also 
planned. 

The second major effort under this section 
involved the integration and demonstration of 
ceramic materials in a gas turbine engine 
operating environment to investigate the 
durability and feasibility of ceramic 
components. In addition, uncooled ceramic 
vanes allowed elimination of the cooling air 
required for metal vanes, resulting in 
improved performance (i.e., efficiency) of a 
gas turbine engine. As such, ceramic vane 
technology can result in higher efficiency 
engines.  

The first-stage turbine vane was also 
selected for redesign using the best available 
ceramic materials technologies from gas 
turbine original equipment manufacturers 
(OEMs) and suppliers. The program was a 
cooperative effort involving the DOE, Oak 
Ridge National Laboratories, suppliers of 
ceramic components and coatings, and  
Rolls-Royce Corporation.  

In addition to a candidate selection of 
monolithic ceramic materials, the second 
phase of the program also focused on 
environmental barrier coatings (EBCs) to 
further improve erosion degradation observed 
with ceramic components.  

The last effort associated with this 
program section involved a continuation 
effort associated with the 701-K industrial 
engine design in which powder metal 
technologies were selected for certain turbine 
components. Research and analysis of Udimet 
720 material as a forged turbine disk 
component were conducted. In addition to 
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improved material properties of the U720 
design, the material system also offered a cost 
reduction advantage over conventional gas 
turbine forged disk components.  

3.2  Mar-M247 Material High Pressure 
Turbine Vane and Coatings Integration  

3.2.1  Background 

The current material system used for 501-
K first-stage turbine is vanes comprised of a 
cobalt alloy, Stellite 31, as the base alloy and 
a three-component coating system that 
includes a TBC on the airfoils. Based on early 
assessments of alternative material systems, 
several combinations of base alloy and 
coating systems were identified as having the 
potential to significantly increase the service 
life of vanes operated in these engines. 
Selected material systems were chosen for 
further investigation. A combination of 
screening studies of both uncoated and coated 
materials was performed to provide a basis for 
comparison. The material system identified 
for development under the ATS program 
comprised a nickel alloy, Mar-M247, and a 
two-component coating system consisting of a 
Pt-Al base coat plus a TBC on the vane 
airfoils. 

3.2.2  Selection of Material System 

The selection of the base alloy and of the 
coating system was based on prior work 
carried out internally and on data available 
within the industry. The methodology applied 
in the selection of the two material systems 
was predicated upon demonstrating enhanced 
durability of the candidate materials in 
oxidizing atmospheres representative of the 
gas turbine engine environment. Operating 
conditions considered included both long-
term and cyclic thermal exposure to these 
environmental conditions. A requirement was 
imposed that, to be selected for further 
consideration, any candidate material system 

must demonstrate a substantial improvement 
in overall durability when compared with the 
present system. 

Several candidate material systems were 
investigated prior to selecting the subject 
material system. The initial studies considered 
several alloys used in a range of current 
production parts. Specifically, three candidate 
base alloys were investigated in the uncoated 
condition to establish their relative oxidation 
resistance. The results of a dynamic oxidation 
study are shown in Figure 167. The dynamic 
oxidation testing subjects the specimens to 
thermal cycling from room temperature to an 
elevated temperature, with hold time at 
temperature. The cycle provides for an 
accelerated assessment of material or material 
system durability. Based on these results and 
on other characteristics, the Mar-M247 base 
alloy was selected for further study. 

A screening study was defined to 
determine the efficacy of different coatings on 
the subject base alloys. Specimens were 
produced in each of the three candidate 
material systems, including the current 
production material system. The two coating 
systems selected for further study consisted of 
Pt-Al bond coats with a TBC applied over the 
bond coat. Two different Pt-Al processes 
applied to Mar-M247 base alloy test buttons 
were studied. The existing coating system 
consists of a metallic overlay coating, an 
aluminide coating, and a TBC applied to 

 
Figure 167. Comparison of dynamic oxidation 

results for three alloys. 
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Stellite 31 base alloy. In all cases, the TBC is 
applied via an electron-beam-assisted 
physical vapor deposition process. Specimens 
prepared for thermal cycling testing are 
shown in Figure 168.  

The coated specimens were tested in a 
cyclic furnace facility in which the specimens 
were subjected to 1-hour thermal cycles. Each 
cycle consisted of 50 minutes at 1135°C 
(2075°F) and 10 minutes of fan cooling to 
ambient temperature. This test was designed 
to provide a consistent means of comparing 
candidate material systems under a simulated, 
but accelerated, engine operating cycle. The 
testing was carried out in air and at ambient 
pressure. A view of the specimens after 50 
thermal cycles is shown in Figure 169. The 
specimens in the current production system 
had failed by this point, but specimens in the 
proposed material systems were intact, with 
no significant degradation of the coating or 

 

Figure 168. Coated specimens prior to 
initiation of thermal cycling testing. 

 

Figure 169. Coated specimens after 50 
thermal cycles. 

base alloy. The testing was continued to 
failure of all specimens. Results of these tests 
are shown in Figure 170. Scatter bars are 
shown for each material system. 

Although some scatter was present in the 
results for tested specimens, the two 
candidate replacement material systems 
consistently demonstrated substantially 
improved durability when compared with the 
current system. Based on these results, the 
Mar-M247 material with a Pt-Al plus TBC  

 
Figure 170. Number of cycles to failure for 

candidate material systems. 
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system (identified as No. 2) was selected for 
the engine demonstration phase. This coating 
system is a standard product of, and is 
provided by, an industry supplier. 

3.2.3  Coating Process Development 

The selected coating system is applied to 
the vane doublet in steps, starting with 
application of the bond coat. The Pt-Al bond 
coat is applied to the vane exterior surfaces, 
followed by application of a ceramic TBC to 
the airfoils. The TBC provides thermal 
protection to the airfoils, which are subject to 
gas temperatures in excess of 1371°C 
(2500°F). The bond coat is applied essentially 
uniformly to the vane doublet.  

The TBC is applied via an electron-beam-
enhanced physical vapor deposition process. 
As such, the coating characteristics and 
thickness distributions are subject to the 
geometry of the component. To effect proper 
deposition of the TBC, the access angle to the 
surface being coated must allow for a near-
perpendicular view. If the angle is 
substantially off-axis, the coating structure 
will not be optimal.  

In the initial coating work, the airfoil 
coating was required to have the highest 
quality coating that could be applied. The 

coatings on the platform surfaces were 
deemed to be secondary to the airfoils. Thus, 
the TBC applied to the platform surfaces was 
deposited at a shallow angle, resulting in a 
less than optimal epitaxy.  

Because of budget and schedule 
constraints, only limited modifications to the 
deposition process were attempted. As a 
result, the deposition process was not 
optimized to provide a high quality coating to 
both the airfoils and platforms. Additional 
development work to provide high quality 
coatings to both the airfoils and platforms 
simultaneously is being carried out in the 
production development program. 

The coatings applied to the initial sets of 
demonstration vane doublets were evaluated 
using both nondestructive and destructive 
methods. One vane was selected for cutup and 
detailed inspection. Another was selected for 
evaluation using an experimental 
nondestructive inspection technique. 

A view of a nonideal deposition of the 
TBC, typical of the platform coating, is 
shown in Figure 171. The nonparallel growth 
results in reduced durability of the coating. A 
proper deposition is shown in Figure 172, 
wherein the structure is fully columnar, 
characteristic of a durable coating. 

 

Figure 171. Nonideal deposition of TBC. 
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Figure 172. Correct deposition of TBC. 

Additional verification of the selected 
material system was carried out on fully 
coated doublets. A back-to-back comparison 
was conducted by subjecting a production 
doublet and a doublet produced in the 
selected material system to thermal cyclic 
testing. The doublets were tested using the 
same thermal cycle to which the specimens 
were subjected, with a maximum temperature 
of 1135°C (2075°F).  

Comparisons of the two systems after 39 
thermal cycles are shown in Figures 173 and 

174. The production system had evidenced 
spallation of the TBC by 12 cycles; however, 
the thermal cyclic testing was carried out to 
39 cycles to better quantify the durability of 
the proposed material system. At the 
conclusion of the thermal cycling test, the 
proposed material system had not developed 
any spallation or other evident distress. The 
doublet was removed at that time to permit 
sectioning of the vanes to examine the 
through-the-thickness characteristics of the 
coatings. 

 

Figure 173. View of two material systems after thermal cycles (pressure surface). 



 

152 

 

Figure 174. View of two material systems after thermal cycles (suction surface). 

The improved material system after 39 
thermal cycles is shown in cross section in 
Figure 175. The view shows no significant 
oxidation of the coating or interfaces, and 
there is no evidence of any debonding of the 
coating layers. This is compared with the 
existing material system, wherein extensive 
spallation of the TBC is evident. 

The thickness distributions for the TBC 
were also verified in this examination. The 

thicknesses were measured at locations 
around the airfoils for the midspan section as 
shown in Figure 176. Results of the thickness 
measurements are shown in Figure 177. Note 
that measurements for both airfoils of the 
doublet are shown and are compared with the 
drawing requirements. The coating thickness 
distributions were consistent between the two 
airfoils and were within the drawing 
requirements. 

 

Figure 175. Pt-Al plus TBC on Mar-M247 vane after 39 thermal cycles. 
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Figure 176. Locations of thickness measurements. 

 

Figure 177. TBC thickness distribution at midspan. 

3.2.4  Design Verification of Vane 
Doublets 

The vane doublets in the two material 
systems were reviewed from a design 
standpoint to ensure no modifications to 
associated hardware would be required and to 
verify the thermal and stress fields present in 
either material system. The material and 
geometry changes were required not to 
degrade component lives or otherwise 
adversely affect the durability of the 
component. No changes to component 
geometry were allowed, excepting minor 
changes that could be shown to result in 
improved efficiency of manufacturing and 
that would not result in any degradation of 
component durability. 

A heat transfer analysis of the Mar-M247 
material system was carried out to determine 
the temperature field. The temperature 
distribution, when compared with the 
analytical results for the current material 
system, differed by a maximum of 4°C 
(39°F). Based on the similarity of the thermal 
field for the two material systems, no 
additional analyses were deemed necessary. 

3.2.5  Engine Demonstration 
Components 

Two engine sets of castings were 
produced in Mar-M247. To minimize the cost 
of, and delivery time for, the vane castings, 
existing production casting tooling without 
modifications was used to produce these 
parts. At the same time, a study was launched 
to define the coating parameters for the parts. 



 

154 

Some of the vane castings received were not 
acceptable due to casting defects since no 
additional development work was carried out 
at that time to more precisely define the 
casting parameters. However, a sufficient 
quantity of Mar-M247 castings having 
acceptable material characteristics was 
produced to permit the manufacture of 
approximately two engine sets of hardware. 

A mix of Stellite 31 and Mar-M247 parts 
were machined for use in the coating 
development work. The coating tooling was 
developed based on the machined parts and 
was procured by the coating supplier in 
preparation for the coating development trials. 
Some of the physical characteristics of the 
coating process were developed and verified 
using the Stellite 31 parts. The Mar-M247 
parts were then used for verification of the 
base alloy and coating interactions and final 
coating system verification. Some coated 
doublets were evaluated at this point to verify 
compliance with the coating requirements and 
the efficacy of the material system, including 
coating characteristics and adherence. 

The remainder of the Mar-M247 parts was 
processed through coating and final 
machining. The coated and finish machined 
Mar-M247 vanes were received in mid 2000. 

While some vanes were not acceptable due to 
machining errors or other unacceptable 
features, a total of 53 vanes acceptable for 
engine operation were produced under the 
program. After final inspections, the vanes 
were submitted for installation in field 
engines for operational verification. A typical 
as-produced vane doublet as received from 
the coating supplier is shown in Figure 178. 

An array of finished vane doublets 
showing the different configurations is shown 
in Figure 179. The upper array is viewed aft 
looking forward; the three doublets in the 
lower part of the picture are viewed forward 
looking aft. Four vane configurations are 
produced for the engine. The first three vane 
types differ primarily in the geometry 
accommodations for thermocouples. Two 
configurations have cutouts in different 
locations to accommodate turbine inlet 
temperature thermocouples used for engine 
trim checks. The third configuration has 
modifications to the cooling circuit to reduce 
the airfoil temperatures as this configuration 
is located in a higher temperature region. The 
fourth configuration is designed to mount a 
flow deflector shroud redirecting flow around 
the six bearing housing support struts that 
penetrate the gas path. 

 

Figure 178. As-coated first-stage turbine vane doublet. 
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Figure 179. Sampling of assorted finished vanes. 

3.2.6  Coating Residual Stress 
Investigation 

In addition to the nondestructive and 
destructive inspections described, a further 
assessment of the coating system was carried 
out on coated vane doublets using a laser 
fluorescence technique developed by the 
University of Connecticut. This method 
provides a means whereby the residual 
stresses in the coating can be nondestructively 
determined. These stresses are intended to be 
used to assess the expected durability of the 
coating, based on comparisons of stresses in 
as-coated with those in as-run coatings 
viewed at various time intervals. Additional 
experimental verification is required to more 
fully demonstrate the efficacy of the method. 

A representative as-coated doublet was 
submitted for examination via this technique. 
Measurements on the doublet coating were 
taken at 27 locations, as shown in Figure 180, 
and the results converted to residual stresses.  

After assessment of the coating on the as-
coated vane doublet, the part was then 
subjected to a high temperature thermal 
treatment to develop residual stresses in the 
coating, typical of initial operation in an 
engine. The applied thermal cycle consisted 
of a 10-minute heat up to 1121°C (2050°F), a 
40-minute hold, and a 10-minute cool down. 
Following this thermal cycle, the vane was 
again examined and the coating residual 
stresses calculated from the acquired spectra. 

 

Figure 180. Measurement locations on coated vane. 
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The photoluminescence spectra recorded 
for the vane doublet in each condition are 
shown in Figure 181. In the as-coated 
condition, the intensity on the pressure side 
was not adequate to provide a useful value of 
residual stress. The intensity on the suction 
side showed stresses from below the signal 

threshold up to 1.0 GPa in some locations. 
After the thermal cycle had been applied, the 
calculated thermal stresses in the coating had 
increased to as high as 3.02 GPa. These 
results for the vane are summarized in Tables 
23 and 24. 

 

Figure 181. Photoluminescence spectra for vane doublet. 

Table 23. Residual stresses on pressure and 
suction sides of airfoils in the  

as-coated condition. 

 
Measurement 
location 

Stress (R1) 
pressure 
side, GPa 

Stress (R2) 
suction 

side, GPa 
1 N/A N/A 
2 N/A N/A 
3 N/A 1.53 
4 N/A N/A 
5 N/A N/A 
6 N/A 1.11 
7 N/A N/A 
8 N/A N/A 
9 N/A N/A 
10 N/A 1.33 
11 N/A 0.96 
12 N/A 0.91 
13  1.37 
14  1.37 
15  1.26 
Maximum N/A 1.53 
Minimum N/A 0.91 
Average N/A 1.23 
Standard 
deviation 

N/A 0.22 

 

Table 24. Residual stresses on pressure and 
suction sides of airfoils after  

thermal treatment. 

 
Measurement 
location 

Stress (R1) 
pressure 
side, GPa 

Stress (R2) 
suction 

side, GPa 
1 2.94 2.80 
2 2.90 2.77 
3 2.97 3.05 
4 2.97 2.81 
5 2.85 2.96 
6 3.09 2.54 
7 3.05 2.99 
8 3.08 3.02 
9 3.03 2.96 
10 3.04 2.50 
11 3.11 2.46 
12 3.23 2.55 
13  1.93 
14  1.96 
15  1.79 
Maximum 3.23 3.05 
Minimum 2.85 1.79 
Average 3.02 2.61 
Standard 
deviation 

0.10 0.42 
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3.2.7  Engine Testing 

3.2.7.1  Description 

The parts produced as described in 
Section 3.2.5 were used to prepare two engine 
sets of hardware, with standard parts used to 
complete the second set. An engine set 
consists of a combination of four styles of 
vanes, each having specific geometric 
features appropriate to their respective 
locations within the engine. 

The 501-K engine combustion system 
consists of six can-style combustion liners, 
giving rise to six symmetrical assemblies. The 
numbers of each vane type are summarized in 
Table 25. The vanes are assembled into a 
support structure before installation into the 
engine. 

Table 25. Vane summary. 

Vane Quantity 
1 12 
2 6 
3 6 
4 6 

 

The 501-K engine is highly modularized, 
allowing easy access to most components, 
including the vane ring in which the first-
stage vanes are located. The vane ring 
assembly is comprised of the vanes, a vane 
support, the turbine inlet vane case, and 
hardware items. The vane assembly is built up 
separately from the engine and installed 
forward of the turbine module. Access ports 
permit viewing of the vanes via a borescope 
when the engine is shut down for routine 
maintenance or inspections. 

3.2.7.2  Engine Operation 

The two lots of parts were installed into 
two customer field engines. One engine was 
typically operated at maximum power for 

extended periods, and the second engine was 
typically operated to maximum power 
conditions but in short cycles. The two 
engines thus represented a range of typical 
operating conditions to which the vanes are 
exposed. The operators agreed to provide 
limited access to the engines for borescope 
inspections to document the condition of the 
vanes over time. Both engines were 
disassembled in mid 2001 for normal 
inspections of the engines, at which time the 
improved vanes were also inspected. Selected 
parts were removed for detailed study. 
Testing under this program was limited 
because of the number of parts available and 
the limited funding that could be applied to 
the program. 

The two sets of vanes were installed into 
the engines in late 2000 and were 
subsequently placed into service. The 
installed vane ring is shown in the turbine 
module view of engine 1 in Figure 182. The 
assembled engine prepared for return to 
operation is shown in Figure 183.  

The operators were requested to inspect 
the vanes at convenient intervals to provide a 
time history of any degradation that might 
occur. Because of the requirement by the 
operators to maintain the engines in service,  

 

Figure 182. View of engine 1 turbine module 
showing installed vanes. 
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Figure 183. Engine 1 assembled for test. 

few inspections were performed; however, 
results of two inspections are presented in 
Section 3.2.8. 

In mid 2001, both engines were removed 
from service for routine inspections and 
maintenance. At that time, a quantity of vanes 
was removed from each engine and returned 
to Rolls-Royce for study. One engine had 
accumulated 7439 hours of continuous high 
power operation and the other engine had 
accumulated 1779 hours of high power 
operation with 224 start-stop cycles. 

3.2.8  Vane Inspections 

Two inspection intervals were available 
for viewing the vanes. Engine 1 was 

examined by borescope to verify the 
condition of the vanes. Representative vanes 
are shown in Figure 184. Note the excellent 
condition of the vanes. Some loss of the TBC 
occurred on some vane platforms; however, 
this was expected because of the limited 
amount of coating process development that 
could be carried out for this program. As 
discussed earlier, the TBC on the vane 
platforms was less than optimal due to off-
axis deposition. The primary intent in this 
phase of the program had been to ensure the 
TBC on the airfoils was the best that could be 
provided, and the platform coating could be 
of lesser quality as the platform temperatures 
are substantially lower than the airfoil 
temperatures. There was also some minimal 
cooling of the platforms. The platforms were 
fully coated with the oxidation protection 
coating; therefore, there was little risk 
associated with a lesser quality TBC on the 
platforms. 

The second engine was removed during 
the second quarter of 2001 at 750 hours total 
time for inspection of other components. At 
that time, the vanes were removed, examined, 
and photographed. The vanes were in 
excellent condition, as illustrated in Figures 
185 and 186. 

 

Figure 184. Vane condition at 2590 hours total running time (engine 1). 
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Figure 185. Vanes from engine 2 at 750 
hours total running time (aft looking forward). 

 

Figure 186. Vanes from engine 2 at 750 
hours total running time (forward looking aft). 

In the first removal of engine 1 in late 
May 2001, the engine was disassembled for 
routine inspections and maintenance. At that 
time, six vanes were removed from the engine 
and returned to Rolls-Royce for detailed 
study. The total run time on the vanes was 
7439 hours. In May 2001, engine 2 was also 
removed for routine inspections and 
maintenance. The total run time on the vanes 
from this engine at that time was 1779 hours 
and 224 cycles. Eight vanes were removed 
from this engine and returned to Rolls-Royce 
for detailed study. After the engines were 
disassembled, the vanes were examined 
visually and determined to be in excellent 
condition. Photographs of the vanes from 
engine as removed are shown in Figures 187 
and 188. Note that the discoloration is normal 
staining and/or light deposits of material and 
does not indicate any loss of coating quality. 

The as-run vanes removed from engine 1 
were submitted to the University of 
Connecticut for inspection using their laser 
fluorescence inspection method. Results of 
this study were compared with the results 
obtained in the as-coated condition noted 
earlier. Both the airfoils and platforms were 
examined for each vane doublet. From the 
acquired spectra, the thermally grown oxide 
stress at each measurement location was 
calculated. Views of the locations at which 
measurements were taken are shown in 
Figures 189 and 190. The measurements 
converted to stresses are summarized in 
Tables 26 and 27. 
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Figure 187. As-removed condition of vanes from engine 1 (forward looking aft and aft  
looking forward). 

 

Figure 188. View of typical vane removed from engine 1 (forward looking aft and aft  
looking forward). 

 

Figure 189. Measurement locations—suction side of vanes. 
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Figure 190. Measurement locations—
pressure side of vanes. 

Table 26. Coating residual stresses on 
pressure and suction sides of airfoils after 

engine running (engine 1). 

Pressure side Suction side  
Vane 
identification 

Avg, 
GPa 

St dev, 
GPa 

Avg, 
GPa 

St dev, 
GPa 

KD30 Pos 10 1.02 0.19 1.03 0.23 
KD32 Pos 30 1.04 0.12 1.33 0.27 
KD38 Pos 6 0.95 0.13 1.44 0.28 
KD48 Pos 20 1.09 0.15 1.23 0.22 
KD57 Pos 26 1.00 0.24 1.75 0.39 
KD63 Pos 16 1.01 0.22 1.35 0.26 

 

Table 27. Coating residual stress on 
platforms after engine running (engine 1). 

Platform  
Vane 
identification 

Average, 
GPa 

Standard 
deviation, GPa 

KD30 Pos 10 0.94 0.04 
KD32 Pos 30 1.02 0.29 
KD38 Pos 6 1.30 0.05 
KD48 Pos 20 1.08 0.06 
KD57 Pos 26 0.91 0.25 
KD63 Pos 16 0.94 0.07 

 

The residual stresses measured for the as-
run vanes from engine 1 are summarized in 
Figures 191 through 195, wherein the 
chordwise stress distributions in the vanes are 
shown for both airfoils and for all doublets.  

The results of the residual stress study 
showed that the coating stress distributions in 
the vanes were essentially similar. Four of the 
vanes were returned to Rolls-Royce for 
additional examination. All vanes were 
inspected visually and had little or no 
significant distress to the coatings on the 
airfoils. As noted earlier, the coating applied 
to the platforms was not optimized, and some 
of the vanes evidenced loss of at least a 
portion of the TBC on the platforms. The 
most extensive such loss on a vane doublet is 
shown in Figure 196.  

As the vanes were quite similar in 
appearance and had limited indications of 
coating damage, one vane (see Figure 197) 
was selected as representative for destructive 
evaluation. The section shown in Figure 198 
was taken at midspan, the location at which 
maximum heating occurs. This view 
illustrates the typical condition of the coating 
as observed at all radial sections. 

The maximum degree of oxidative attack 
is illustrated in Figure 199, in which a section 
of the airfoil leading edge at midspan is 
shown. Some localized oxidation is evident, 
but with limited extension into the base alloy. 
Elsewhere, only limited intrusion of oxidation 
into the bond coat was observed. Essentially 
no change in the TBC thickness distribution 
was noted. 
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Figure 191. Stress profile along pressure side from airfoil leading edge to trailing edge above 
inner platform. 

 

Figure 192. Stress profile along pressure side from airfoil leading edge to trailing  
edge at midspan. 

 

Figure 193. Stress profile along suction side from airfoil leading edge to trailing edge inside  
outer platform. 
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Figure 194. Stress profile along suction side from airfoil leading edge to trailing  
edge at midspan. 

 

Figure 195. Stress profile along suction side from airfoil leading edge to trailing edge inside 
outer platform. 

 

Figure 196. Stress profile along suction side from airfoil leading edge to trailing  
edge at midspan. 
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Figure 197. Typical erosion of TBC on platform after 7439 hours of engine operation. 

 

Figure 198. Typical condition of coating in as-run airfoil after 7439 hours of engine operation. 

 

Figure 199. Localized oxidative attack at airfoil leading edge. 
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3.3  Monolithic Ceramic First-Stage 
Turbine Vane Development 

3.3.1  Background 

The ATS ceramic vane development 
program was ultimately accomplished under 
two phases.  

Phase I of the ceramic vane demonstration 
program was directed toward an initial 
determination of the effects of a gas turbine 
engine environment on HP turbine vanes 
produced in silicon nitride. In this phase, the 
design and procurement of the ceramic vanes 
and metallic support hardware were 
conducted. This phase was carried out using 
uncoated ceramic vanes that were produced 
by Honeywell Ceramic Components in their 
modified AS800 silicon nitride material 
system. Specimen tests were conducted to 
establish material properties and 
characteristics, and an engine proof test was 
carried out to verify operational 
characteristics of the ceramic vanes. After the 
proof test of the complete assembly and 
subsequent inspection of the components, the 
vanes were reinstalled in the subject engine. 
The engine was then installed at the customer 
site and operated normally to gain field 
experience in the effects of a gas turbine 
engine environment on ceramic vanes. 

In Phase II, vanes were procured from 
both Honeywell Ceramic Components and 
Kyocera Ceramic Components in their AS800 
and SN282 modified silicon nitride materials, 
respectively. An environmental barrier 
coating (EBC) developed by Honeywell was 
applied to all of the Honeywell vanes, except 
for five vanes that were coated by Oak Ridge 
National Laboratories (ORNL). The 
Honeywell EBC was applied via a plasma 
spray process. The ORNL coatings were 
either mullite only or mullite plus alumina 
applied via a chemical vapor deposition 
(CVD) process. Prior work by ORNL had 

shown that the dense structure of CVD 
mullite coatings afforded good protection of 
the substrate against oxidation; however, the 
thin CVD coatings were not expected to be 
sufficiently durable under the erosive 
conditions present in an engine to provide 
oxidation protection for extended periods of 
time. To better evaluate these coating systems 
in an engine environment, an additional five 
Honeywell vanes were first coated by ORNL, 
after which they were overcoated with the 
Honeywell EBC. The EBC overcoat was 
intended primarily as an erosion barrier 
coating to afford the thin mullite coating 
enhanced durability. 

3.3.2  Design 

The strain-to-failure and coefficient of 
thermal expansion for ceramics are 
substantially lower than for typical metal 
alloys. As such, the design of the ceramic 
vanes and attachment hardware was 
predicated on providing strain isolation to 
accommodate the high degree of thermal 
expansion mismatch between the metal and 
ceramic constituents. Likewise, external 
loadings imposed on the vanes were 
minimized through careful design of the 
attachment hardware.  

The vanes were further isolated thermally 
and mechanically by using woven ceramic 
fiber pads between the vanes and the metallic 
attachments. Individual vanes, rather than the 
doublet configuration used in the standard 
engine, were used because of fabrication and 
strain considerations. To reduce the thermally 
induced stresses, particularly during an 
emergency shutdown, the ceramic vane was 
designed with a thinner airfoil than that of the 
standard metal vane design. The ceramic vane 
was also designed using more advanced 
aerodynamic analysis methods than were 
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available for the original metal vane design. 
The ceramic vane mounting arrangement is 
shown in Figure 200. 

3.3.3  As-Received Ceramic Vane 
Components 

Lacking a timely successful development 
of a viable coating system, the majority of the 
Kyocera vanes were uncoated. Late in the 
Phase II engine test program, United 
Technologies Research Center (UTRC) 
delivered several Honeywell and Kyocera 
vanes coated using the UTRC plasma-sprayed 
triple layer EBC. Subsequent to installation of 
these coated vanes in the engine, it was 
determined from testing of coated specimens 
that the resulting mechanical properties were 
reduced by as much as 80% from the as-
received condition. 

The as-received uncoated vanes generally 
had good surface finishes, although some 
grinding marks were typically evident on the 
SN282 airfoils (Figure 201). The as-coated 
condition of the AS800 vanes is shown in 
Figure 202. The surface roughness arising 
from the plasma spray deposition of the EBC 
on these vanes is apparent in the magnified 
view. A typical Honeywell vane coated by 
Honeywell using its single-constituent EBC is 
shown in Figure 202. The vanes having the 

Honeywell EBC were deemed to have 
excessive surface roughness in the as-coated 
condition. Because of the potential for some 
loss of stage efficiency due to the surface 
condition, the parts were resubmitted to 
Honeywell for surface modification. The 
vanes so modified had greatly improved 
surface finish. 

The Honeywell vanes coated by ORNL 
are shown in Figure 203. These vanes were 
coated either with mullite or with a multilayer 
coating of mullite and alumina. 

The mechanical properties of the ceramic 
materials were measured for use in the design 
of the vanes. A summary of the mechanical 
properties is given in Table 28. Thermal and 
stress analyses of the vanes were conducted to 
define the maximum stresses present in the 
parts during engine operation. For the worst 
case of an emergency shutdown, the 
maximum stress in the vane was 207 MPa 
(30.0 ksi) at the trailing edge midspan 
location. The maximum steady-state stress 
was 192 MPa (27.9 ksi). Based on the 
computed stresses and the measured 
allowable stresses, the design was deemed 
acceptable. 

 

Figure 200. Ceramic vane mounting arrangement. 
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Figure 201. View of uncoated SN282 vane and magnified view of surface condition. 

 

Figure 202. View of coated AS800 vane and magnified view of surface condition. 

 

Figure 203. Honeywell vanes coated by ORNL (mullite or mullite plus alumina). 
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Table 28. Mechanical properties for AS800 and SN282 silicon nitride ceramics. 

Flexure strength (MPa/ksi)  
 

Material 
25oC 

as-sintered 
25oC 

machined 
1260oC 

machined 

Fracture 
toughness 
(MPa√m) 

 
Weibull 
modulus 

AS800 660/95.7 760/110.2 625/90.7 8.5 20-35 
SN282 745/108.1 729/105.7 705/102.3 4.5 10-30 

 

3.3.4  Qualification of Components 

The ceramic vanes, upon receipt, were 
inspected to verify basic geometric features 
were correct according to the governing 
engineering drawing requirements and no 
visual distress was evident. The structural 
integrity of each vane was then verified by 
subjecting it to a 1-hour high temperature 
thermal cycle in a burner rig thermal shock 
facility. All vanes passed this test without 
evidence of distress. This was done as a proof 
test of each vane to minimize the risk of 
thermally induced structural failure during 
engine operation. The proof test was carried 
out for both coated and uncoated parts. After 
the exposure, all parts were reinspected to 
verify no damage or distress had arisen as a 
result of the thermal shock. Because of the 
schedule requirements for installing the vanes 
coated by UTRC in the engine, the thermal 
shockproof test could not be carried out at 
Rolls-Royce. It was subsequently learned that 
the as-coated vanes were subjected by UTRC 
to a different thermal cycle, where the heating 
rates were substantially lower than in the 
thermal shockproof tests applied by  
Rolls-Royce. As such, these parts were 
subjected to a much less severe thermal cycle 
than were all other parts. 

3.3.5  Initial Vane Design Validation 

The potential issues present in the ceramic 
vane arrangement were external loading of 
the vanes by the metal support structure, 
temperatures of the metal support structure, 
and turbine power output. Many of these 

issues derived from the large mismatch of 
thermal expansion coefficients between the 
ceramic and metal components. The 
performance could have been adversely 
affected by larger than standard gaps, 
clearances, and by vane position differences. 
Excessive temperatures in the metal mounting 
structure could have adversely affected 
turbine durability. 

The design was validated by a baseline 
comparison of the production turbine 
configuration and the ceramic vane 
configuration, followed by a 22-hour design 
validation run. The temperatures of the metal 
attachments were also measured during the 
design validation runs.  

The standard day power output for the 
turbine with the ceramic vane assembly was 
measured as 1.7% higher than for the standard 
metal vane assembly. Some of the 
improvement was attributed to the thinner 
ceramic airfoil and to the advanced 
aerodynamic design methodology applied to 
the ceramic vane airfoil. 

The measured temperatures of the metal 
support structures showed the structures were 
well within acceptable operating limits. 

After the design validation testing, the 
ceramic vane assembly was disassembled and 
all components were thoroughly inspected, 
both visually and by using fluorescent 
penetrant inspections. No distress was found 
in any of the vanes other than localized 
chipping in the platforms of two vanes. When 
taken in the context of subsequent inspections 



 

169 

after extended operation of the ceramic vanes, 
it was determined that such limited chipping, 
when present, typically occurred during 
installation and no cracks in the vanes 
developed as a result of this localized 
chipping. The strain isolation provided by the 
metal mounting structure precluded the 
development in, or transfer of, excessive 
loading to the ceramic vanes. 

The ceramic vane assembly was 
reinstalled in the engine, which was then 
shipped to the customer site for operational 
running. A view of the engine installed at the 
customer site is shown in Figure 204. 

3.3.6  Ceramic Vane Endurance 
Testing Program 

For both the Phase I and Phase II 
programs, the Rolls-Royce family of power 
generation gas turbines was used because of 
the high degree of reliability and durability 
provided by these engines, thereby affording a 
reliable platform on which to test the ceramic 

vanes. Because of the high degree of 
modularity in the engine and the easy access 
to components, the installation or removal of 
the vane ring assembly and vanes could be 
expediently carried out in a field setting. The 
Phase I testing of uncoated ceramic vanes was 
conducted using a Rolls-Royce 501-KB5 gas 
turbine engine located at a customer site. The 
engine was installed in a standard skid and 
was used by the customer for power 
generation to meet site requirements. As such, 
it was necessary to minimize any engine 
downtime that could adversely affect the 
continued generation of power for the site. 
This dictated, in most instances, on-site 
removal and examination of the ceramic 
vanes, followed by reinstallation of the vanes 
and return of the unit to service with minimal 
downtime of the engine. Selected vanes were 
removed at these intervals to permit detailed 
evaluations, and new vanes were substituted 
for the removed articles. 

 

Figure 204. Rolls-Royce 501-KB5 installed at ExxonMobil customer site in  
Mobile, Alabama. 
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Prior to initiating the Phase I testing, the 
ceramic vane assembly was subjected to a 
proof test in an engine, after which the vane 
assembly was removed and inspected. The 
turbine was reassembled and shipped to the 
customer site, where it was installed for the 
initiation of field demonstration testing.  

In the Phase I testing, the engine was 
subjected to periodic power water washes, 
typical for engines operated on the customer 
site to minimize build-up of ingested 
materials on engine components in the gas 
path. Although no adverse effects were found 
arising from power washing the engine and 
ceramic vane assembly in the Phase I testing, 
no power water washes were allowed during 
the Phase II testing.  

In both the Phase I and Phase II testing, 
the engine was subjected to several externally 
induced emergency shutdowns. These were 
typically due to load shedding arising from 
weather conditions that led to voltage 
overloads in the power grid. At no time was 
the engine shut down for cause due to the 
ceramic vanes, except for the periodic 
inspections. 

3.3.6.1  Initial Vane Assembly and 
Baseline Measurements 

Prior to the initial assembly, the physical 
characteristics and selected dimensions were 
noted and recorded for each vane. The 
position of each vane, including part numbers 
and serial numbers, was noted and recorded. 
Once this was accomplished, the vanes were 
installed into the vane ring assembly at  
Rolls-Royce. New insulation was installed 
and other new parts were installed as 
required. The vane ring assembly was then 
transported to the customer site, where it was 
installed into the engine. A representation of 
the Phase I uncoated vane ring assembly is 
shown in Figure 205. 

 

Figure 205. Initial ceramic vane assembly—
Phase I (forward looking aft). 

The Phase II initial assembly (Figure 206) 
comprised a mix of Honeywell produced 
vanes coated with the Honeywell EBC, the 
ORNL CVD coating, or both, and uncoated 
Kyocera vanes. The different vanes are 
distinguishable by the light or dark colors, 
where the dark color vanes are those 
produced by Kyocera. The light colored vanes 
are those coated by Honeywell and/or ORNL. 

 

Figure 206. Initial ceramic vane assembly—
Phase II (forward looking aft). 
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The view shown in Figure 206 is of the 
vane ring assembly from a forward looking 
aft perspective. Many of the assembly 
features are evident in the photograph, 
including the six-segmented saddle 
assemblies, the clips for retaining the 
individual vane subassemblies to the vane 
support, the vane support, and associated 
features. The view is oriented with top dead 
center (TDC) at the top of the picture. A 
listing of the parts used in the assembly is 
given in Table 29. 

Table 29. Parts listing for ceramic  
vane assembly. 

Part number Description 
EX174316 Ceramic first vane assembly 
EX176240 Support and seal—turbine guide 

vane 
EX175450 Support, turbine guide vane, and 

seal 
EX174315 Ring segment, inner support, first-

stage vane 
EX174318 Insulation blanket, inner 
EX174317 Key, first-stage turbine vane—inner 
EX174310 Vane, ceramic first-stage turbine 

(Kyocera) 
EX174311 Vane, ceramic first-stage turbine 

(Honeywell) 
EX174856 Gasket, tadpole 
EX174314 Ring segment, outer support, first-

stage vane 
EX174857 Key, first-stage turbine vane—outer 
EX174313 Saddle, turbine—first-stage, 

assembly 
EX174858 Clip 
EX175180 Ring, transition support—first-stage 

turbine vane 
EX174855 Pin 
6844627 Ring, air seal first-stage turbine 
EX176134 Ceramic vane combustion transition 

assembly 

3.3.6.1.1  Vane Assembly Procedure 

The vane ring assembly was accessed at 
intervals for inspection. The first inspection 

was carried out after a relatively short period 
of engine operation to permit an early 
verification of vane durability and to provide 
for an early assessment of the rate of 
degradation of the vanes. Subsequent 
removals were done at longer intervals to 
allow more time, and hence more exposure 
induced effects, to accrue between removals.  

At each inspection interval, the vane ring 
assembly was removed and disassembled. 
Each vane was dimensionally inspected and 
was characterized as to general condition and 
any observable defects or distress. 
Dimensions and comments were recorded. 
Based on their respective general condition, 
vanes were selected for removal and for more 
detailed inspection. Some vanes having no 
significant degradation were also removed to 
provide a comparison with vanes evidencing 
some degree of material loss or other distress. 
The remaining vanes were then replaced in 
their original locations and new vanes were 
installed in place of removed vanes. 

To provide a definitive assessment of the 
local temperatures to which each vane was 
exposed, a turbine inlet thermocouple array 
located at a plane just upstream of the vanes 
was used to measure the temperature field of 
the heated gases entering the vane row. The 
thermocouples indicated the gas temperatures 
at the pitchline of the vanes and at 18 
circumferential locations. The temperature 
distribution recorded at normal operating 
conditions is shown in Figure 207. 

The initial Phase II assembly, shown in 
Figure 206, was ready for installation in 
February 2001. At that time, the intended test 
engine had been removed from the site for 
maintenance, precluding a timely start of 
engine testing of the ceramic vane assembly. 
The ceramic vane assembly was transported 
to the site to await return of the engine. Upon 
return of the engine to the site, the ceramic 
vane assembly was installed and testing was  
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Figure 207. Gas temperature distribution 
forward of vanes (midspan). 

initiated on 1 April 2001. The engine was 
returned to service and operated normally to 
the first inspection interval. 

3.3.6.2  Ceramic Vane Engine 
Demonstration and Endurance Testing 

The Phase I test program comprised a 22-
hour proof test of the ceramic vane assembly 
operated in an engine under normal operating 
conditions, followed by operation on the 
customer site for an additional 793 hours. The 
vane assembly was removed and inspected 
after concluding the proof test and at intervals 
during the demonstration testing. At the 
customer site, the assembly was removed and 
inspected at 222 hours, at 522 hours, and at 
815 hours at the conclusion of the running. 

The Phase II test program was directed 
toward demonstration of enhanced vane lives 
through the application of EBCs and to test a 

second material system. As in Phase I, the 
ceramic vane assembly was removed at 
intervals to permit detailed inspections of the 
assembly and of individual vanes. The chord 
and trailing edge thickness at each of three 
radial locations were recorded for each vane 
at each interval. Vanes were selected for 
removal during these inspections based on the 
measurements and on visual condition. Some 
additional vanes evidencing little or no 
degradation were also removed to provide 
additional reference components. Inspections 
were carried out at 197 hours, 624 hours, 
1148 hours, and 1818 hours. A planned 
inspection at 2500 hours was not carried out 
due to damage to the vane row. 

The inspection periods are illustrated 
graphically in Figures 208 and 209. Typically, 
the engine was shut down and removed from 
the engine skid. The vane assembly was 
removed and inspected, selected vanes were 
removed and replaced, and the vane assembly 
was reassembled, installed, and the engine 
returned to service within approximately two 
days. The interval after the first inspection 
resulted from returning the assembly to Rolls-
Royce for additional inspections of the 
attachment hardware and to review and 
improve the assembly procedures. The 
intervals between inspections were otherwise 
dictated by a combination of the extrapolated 

 

Figure 208. Ceramic vane assembly inspection interval history—Phase I. 
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Figure 209. Ceramic vane assembly inspection interval history—Phase II. 

condition of vanes and availability of the 
engine to minimize service disruption to the 
engine operator. 

3.3.7  Inspection of As-Removed Vane 
Assemblies 

The first removal of the assembly in the 
Phase II testing was at 197 hours total 
operating time. At this inspection, 12 vanes 
were removed for detailed study. The vane 
assembly as removed is shown in Figures 210 
and 211. 

 

Figure 210. Ceramic vane assembly as 
removed at 197 hours (forward  

looking aft). 

 

Figure 211. Ceramic vane assembly as 
removed at 197 hours (aft looking forward). 

Many of the SN282 vanes exhibited a thin 
surface layer of finely divided light colored 
material, as shown in Figure 212. The 
material could be easily removed by touch or 
by light wiping with a soft cloth. The surface 
layer composition was verified in later 
detailed examinations of the vanes. 

The second removal was 427 hours after 
the first inspection, or a total of 624 hours. At 
this inspection, 12 vanes were removed for 
study. Locations and serial numbers of the 
removed vanes are shown in Figure 213. 
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Figure 212. Closeup of SN282 vanes at  
197 hours. 

 

Figure 213. Ceramic vane assembly as 
removed at 624 hours (forward looking aft). 

A range of surface appearances was 
evident at this inspection. Figure 214 shows a 
sector containing both vane styles, where the 
view is aft looking forward. The surfaces 
visible are the suction sides of the vanes. The 
uncoated SN282 vanes showed light-colored 
deposits that were later identified as residue 
from the binder agents within the material. 
This resulted from slow oxidation of the 
material, which then left light deposits of the 
residue. The patterns were indicative of local 
flow conditions. The coated AS800 vanes did 
not evidence significant deposits; however, 
they did tend to show surface effects  

 

Figure 214. Closeup view of vanes at 624 
hours (aft looking forward). 

indicative of material removal. These surfaces 
were substantially rougher than were those of 
the SN282 vanes. 

The third removal was at 524 hours after 
the second inspection, or a total of 1148 
hours. At this inspection, nine vanes were 
removed for study. The assembly as removed 
is shown in Figure 215. The vane serial 
numbers and their respective locations are 
also identified in the figure. TDC is at the top 
of the photograph. 

 

Figure 215. Ceramic vane assembly as 
removed at 1148 hours (forward looking aft). 
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The fourth removal was 670 hours after 
the third inspection, or at a total of 1818 
hours. At this inspection, 19 vanes were 
removed for study. As with prior inspections, 
the vanes removed were identified according 
to location within the assembly. A view of the 
as-removed assembly is shown in Figure 216. 

3.3.8 Phase II Testing—Failure Event 

The planned fifth removal was scheduled 
to occur at approximately 700 hours after the 
fourth inspection, or at a total of 
approximately 2500 hours. Vane condition 
permitting, the final removal was to be at 
approximately 3000 hours, after which the  

 
Figure 216. Ceramic vane assembly as 

removed at 1818 hours (aft looking forward). 

testing was to be concluded and the vanes 
submitted for detailed analysis. However, a 
failure of a vane or vanes occurred at 2320 
hours. An electrical storm in the vicinity of 
the site resulted in a disconnect of the 
generator from the power grid. The engine 
continued to operate at normal speed, albeit 
with reduced load on the power section.  

When conditions permitted, the engine 
was reloaded and reconnected to the power 
grid. At approximately 1305 on 8 August 
2001, the test engine was brought back to full 
power. The loss of the vanes occurred almost 
immediately after returning to full power, as 
shown in Figure 217, a record of the engine 
power versus time for the period before and 
after the event. Note that other similar events 
had occurred previously, where the engine 
was unloaded and reloaded without undue 
distress in the engine or vanes.  

Although the power output of the engine 
was reduced as a result of the loss of all first-
stage vane airfoils, the operator did not take 
any action to shut down the engine. At the 
next scheduled inspection interval, and upon 
removal of the vane ring, it was found that no 
vanes or remnants remained. A review of the 
operating conditions since the last inspection 
revealed the event history. The event is shown 
in detail in Figure 217. 

 
Figure 217. Power output history before and after event and detail at event. 
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This was a rapid event and it resulted in 
only a small increase in one vibration signal, 
along with minimal changes in other engine 
parameters. As these did not fall outside of 
normal operating parameters, no action was 
taken by the operator to further investigate the 
condition. The engine continued to operate 
normally, excepting at a reduced power level, 
until the engine was shut down at 2560 hours 
for the next vane inspection. 

3.3.9  Ceramic Vane Component 
Analysis 

Physical measurements of the vanes were 
made at each inspection interval to assess the 
degree of material loss or degradation. 
Measurements included chord and trailing 
edge thickness at three radial locations. The 
trailing edge thicknesses were taken at a 
nominal 1.27 mm (0.050 in.) forward of the 
trailing edge. Typical conditions were 
recorded photographically, and any unusual 
conditions were characterized and recorded. 

Those vanes removed for study were 
submitted to ORNL for detailed study. At 
ORNL, the vanes were quantified as to the 
loss of material by measuring the profiles of 

the as-tested vanes and comparing these with 
the as-new profiles. The material 
characteristics were also studied to identify 
reaction zones, if any, material degradation, 
and other features. 

Representative vanes photographed for 
illustrative purposes are shown in Figures 218 
and 219. Figure 218 shows an SN282 vane 
removed after 1818 hours of operation. The 
vane showed the typical light-colored 
deposits of residual binder. The condition of 
the vane is characterized as having some 
evident loss of chord in the midspan region 
and by some local surface material removal. 
The surface of the airfoil, however, remained 
relatively smooth. 

In Figure 219, the condition of a coated 
AS800 vane is shown after removal at 1194 
hours of operation. This vane showed 
substantial loss of coating and of parent 
material, with some reduction in chord also 
evident. The surface of the airfoil was very 
rough, with extensive pitting of the airfoil 
surface present. 

 

Figure 218. SN282 vane removed at 1818-hour inspection (S/N 00042)—vane total time  
1818 hours. 
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Figure 219. AS800 vane (coated) removed at 1818-hour inspection (S/N 141)—vane total time 

1194 hours. 

3.3.9.1  Recession Characterization 

In the Phase I testing, an assessment of the 
oxidation versus vane position, e.g., a 
function of local temperatures and flow fields, 
was made based on trailing edge thickness 
measurements. In Figure 220, the loss of 
material after 815 hours of operation is shown 
for three radial stations and for selected vane 
positions. The top chart shows the total loss 
for vanes located in the saddle region. The 
saddle region is defined as that region 
downstream of the struts as shown in earlier 
views of the ceramic vane assembly. The 
bottom chart in Figure 220 shows the total 
loss for vanes located near the centers of the 
exit flow from each of the six combustor cans. 
Both charts illustrate that the highest rate of 
material loss occurred at the midspan location 
and near the center of each combustor can 
exit. These results demonstrate that the 
highest rates of material loss occurred at the 
locations of highest temperature and flow 
velocity.  

The rates of loss were also examined and 
are illustrated in Figure 221. The loss of 
material at the trailing edges of those vanes 
exposed to the most severe conditions of 

temperature and flow velocity is shown. 
Results for the midspan trailing edges near 
the center of the can exits show losses of from 
0.13 mm (0.005 in.) to 0.61 mm (0.024 in.). 
Percentage change in the trailing edge 
thicknesses ranged from 12 to 50%. In 
addition, the rate of loss of material appeared 
to be accelerating with time. 

The loss of material as a function of 
location around the airfoil was also examined. 
A comparison of the midspan as-received 
profile and the as-run profile for an airfoil is 
shown in Figure 222. The greatest loss was 
evident at the leading edge of the airfoil, e.g., 
the stagnation point; however, a relatively 
uniform loss of material was evident for the 
majority of the airfoil. This suggests gas 
velocity is a secondary effect and the primary 
cause of material loss is temperature 
dependency. 

The airfoil local recession characteristics 
are shown in more detail in Figure 223, in 
which the leading edge and trailing edge 
profiles are compared for differing lengths of 
operating time. The nose recession is 
characteristic of accelerated loss of material  
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Figure 220. Material loss as a function of radial and circumferential location after 815 hours—
Phase I. 

 

Figure 221. Midspan trailing edge thickness versus time—Phase I. 
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Figure 222. Midspan profile comparison for airfoil after 815 hours time of operation—Phase I. 

 

Figure 223. Comparison of leading and trailing edge midspan sections against time of 
operation—Phase I. 

in the vicinity of the stagnation region. The 
trailing edge recession is apparently more 
nearly a uniform loss of material, albeit with 
an increasing rate of material loss with time 
being suggested by the comparison. A NASA 
Glenn Research Center recession model was 
used to predict local recession rates at the 
trailing edge based on local conditions. The 
prediction results are shown in Figure 224 

compared with results measured for a vane 
removed from the engine. The comparison 
shows the predictions to be in reasonable 
agreement with test results. 

A microstructural assessment by ORNL of 
another AS800 vane after 815 hours of engine 
operation showed profile changes and the 
characteristics of oxidation intrusion into the  
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Figure 224. Comparison of prediction and measured recessions for AS800 vane at 790 hours—
Phase I. 

base material. The nose profile and local 
microstructural characteristics of the subject 
vane are shown in Figure 225. 

Vanes removed during the Phase II testing 
were similarly examined for physical changes 
and for microstructural characteristics 
resulting from extended operation in the 
engine. In Figure 226, the midspan profile of 
an SN282 vane after 197 hours of operation is 
compared with the as-received profile. 

Phase II testing continued past the 815 
hours achieved in Phase I. The highest time 
vanes retrieved in the Phase II testing had 
been operated for 1818 hours. A comparison 
of the leading edge recession characteristics 
for SN282 vanes at the midspan location is 
shown in Figure 227. A similar comparison is 
shown in Figure 228 for the trailing edge. 

 
Figure 225. Midspan region of uncoated AS800 vane after 815 hours of operation—Phase I. 
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Figure 226. Comparison of as-received vane 
profile with vane profile after 197 hours—

Phase II. 

The coated AS800 vanes evidenced 
extensive loss of coating, including some 
spallation of the coating. Blunting of the 
leading edges and overall loss of material 
from the airfoil profiles were similar to that 
observed for the uncoated SN282 vanes.  

3.3.9.2  Retained Strength 

The retained strengths of the AS800 and 
SN282 ceramic materials were evaluated by 
ORNL. The retained strengths were 
determined from vanes removed at intervals 
during both Phases I and II of the engine 
testing. The measurements of the uncoated 
AS800 during the Phase I testing were taken 
on 6 mm (0.24 in.) diameter by 0.6 mm 
(0.024 in.) thick disks cut from both the 
airfoils and platforms of the as-tested vanes. 
The Phase II data were obtained from 
specimens machined from airfoils. The 
airfoil specimens represented those locations 
subject to the highest temperatures and flow 
velocities, while the platform specimens 
represented locations subject to reduced 
temperatures. Results in Figure 229 show 
that there was a slight increase in strength 
for the uncoated AS800 in the initial running 
in the engine in Phase I, but the strength was 
relatively constant or decreased slightly over 
the duration of the testing. The lowest 
measured retained strength was 
approximately 350 MPa (50.8 ksi), or about 
1.7 times the maximum predicted operating 
stress of 207 MPa (30.0 ksi). 

 

Figure 227. Uncoated SN282 vane leading edge profiles at various inspection  
intervals—Phase II. 
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Figure 228. Uncoated SN282 vane trailing edge profiles at various inspection  
intervals—Phase II. 

 
Figure 229. Retained strength for uncoated 

AS800—Phase I. 

In the Phase II testing, the strength of the 
coated AS800 (Figure 230) increased 
substantially in the initial stages of operation, 
then decreased slowly with increasing time of 
operation. At 1818 hours, the measured 
strength was approximately 300 MPa  
(43.5 ksi), or about 1.5 times the maximum 
predicted operating stress of 207 MPa  
(30.0 ksi). 

The uncoated SN282 retained biaxial 
strength was relatively constant over the 
duration of the Phase II engine operation 
(Figure 231). The as-received strength was 
approximately 600 MPa (87.0 ksi), reducing 
to a mean of approximately 520 MPa (75.4 
ksi) after 1818 hours of engine exposure. 

 
Figure 230. Retained biaxial strength for 

coated AS800—Phase II. 

 
Figure 231. Retained biaxial strength for 

uncoated SN282—Phase II. 
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These data suggest the observed oxidation 
is essentially a surface phenomenon that does 
not result in significant degradation of the 
mechanical properties of the SN282 
subsurface material and an enhanced 
oxidation protection coating could result in 
substantial improvement in lifetimes of 
ceramic vanes. The AS800 coated material, 
however, did show significant loss of 
mechanical strength with increasing time. 
These data differ from the Phase I testing of 
uncoated AS800 material, in which little 
degradation in mechanical properties was 
evident after 815 hours. This phenomenon 
requires additional investigation to determine 
the contribution, if any, of the coating to the 
degradation in mechanical properties and the 
cause(s) of the differences in the properties 
between the original uncoated AS800 data 
from Phase I testing and the coated AS800 
data from Phase II testing.  

The remnants retrieved from the engine 
after the last inspection interval following loss 
of the vanes were examined for evidence of 
distress or changes in the material 
characteristics. Only three platform remnants 
were intact: one of an SN282 vane, one of a 
coated AS800 vane, and one AS800 vane 
with the UTRC coating. Because of the 
limited amount of material available, the 
results obtained were inconclusive as to any 
degradations in strength or other 
characteristics. However, if the previously 
noted 80% reduction in strength is applied to 
the vanes in the engine, the actual strength of 
either vane would have been reduced to 
approximately 120 MPa (17.4 ksi). Based on 
the predicted maximum stress in the vane of 
192 MPa (27.9 ksi), failure of a vane or vanes 
would have occurred as a result of an 
emergency shutdown. 

3.4  Advanced Powder Metal 
Technology for Turbine Disks  

3.4.1  Background 

During the initial ATS 701-K design and 
development phase, the gas generator turbine 
module arrangement (i.e., the first- and 
second-stage turbine disks) was configured to 
include advanced materials for higher 
temperature operation. The material selection 
for the HP turbine rotor disks was an 
advanced powder metal material system 
known as Udimet 720 (U720 PM). This 
material selection for the ATS 701-K 
demonstrator engine was chosen for the 
following reasons:  

! Better material properties at high 
temperatures than present materials 

! Ability to run hotter metal temperatures at 
fixed cooling flows 

! 33% estimated cost savings per unit price 
over conventional forgings  

During the early part of the program, 
some effort was accomplished in developing a 
manufacturing process to forge and machine 
the U720 material. Also, improved heat 
treatment techniques were developed to 
improve the material grain size and structure.  

Due to the program strategy change, only 
a limited amount of work was performed 
under this section of the Rolls-Royce ATS 
program.  

3.4.2  Program Objectives 

To better understand the U720 PM, 
metallurgical and machinability evaluations, 
as well as crack growth studies, were planned 
as a part of the program. Under the 
metallurgical evaluation effort, material 
characterization of various first- and second-
stage turbine disk forgings at different grain 
sizes was to be accomplished. In addition, the 
forging process for full-scale turbine disks 
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was to be optimized. Materials 
characterization included tensile strength, 
creep, low cycle fatigue, and fatigue crack 
growth life data. 

A second major objective of this program 
involved the manufacturing process for final 
machine of the turbine disks to reduce costs. 
This effort involved an analysis of the various 
machining operations conducted in-house on 
turbine disks (e.g., standard turning, grinding, 
and broaching of the root form). This effort 
would be compared against existing turbine 
disk hardware aircraft engines to assess the 
overall complexity of manufacturing.  

The last phase of the program involved 
validating the turbine disk design through 
spin pit testing to evaluate crack growth 
formation and confirmation of the design 
burst speed limit.  

Once completed, this technology could be 
integrated into other engine programs.  

3.4.3  Initial Forging Procurement 

In 1998, six forgings were ordered in 
three grain size ranges. The two forgings, out 
of the six, with the primary grain size of 
interest (ASTM 7-9) were made to an 
aggressive heat treatment. This heat treatment 
did not yield a consistent grain size. Data are 

summarized in Table 30. Forgings received as 
a part of the program are shown in Figure 
232. 

Table 30. Forging grain size targets. 

Forgings 
received 

ASTM 
12-14 

ASTM 
10-11 

ASTM 
7-9 

First-stage 
turbine forging 

1 1 1 

Second-stage 
turbine forging 

1 1 1 

 

3.4.4  Forging Strain Analysis 

A computer-generated strain plot was 
made by Ladish for the second-stage forging. 
The second stage was chosen as it had the 
longest forging draw due to the longer shaft 
section. The first-stage wheel had a shorter 
shaft section and the forging draw was less 
than the second-stage wheel; therefore, the 
strain levels were also less than the second-
stage wheel. 

The strain plot for the second-stage 
forging is shown in Figure 233. The highest 
level of strain was in the mid radial disk web 
area. This was expected as this area of the 
forging receives the most extensional change 
in length. Strain limits were found to be 
acceptable.  

 

Figure 232. U720 initial turbine disk procurement. 
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Figure 233. Computer-generated strain plot for U720 second turbine forging. 

3.4.5  Program Termination 

In July 1999, Rolls-Royce elected to 
discontinue further development of U720 PM 
materials under the ATS contract. Since the 
701-K application was no longer being 
pursued, it was believed that the effort was 
better applied toward industrial engine 
projects for the current fleet, which did not 
plan to integrate powder metal technologies 
for turbine rotor components.  
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4  ATS Mechanical System 
Integration and Advanced Engine 
Growth Studies 
4.1  General Overview 

The last major focus area on the  
Rolls-Royce ATS program following the 
change in program strategy concentrated on 
the technology integration of mechanical 
systems for the 601-K industrial gas turbine 
as well as engine growth concept trade 
studies.  

4.2  601-K Supercritical Shaft and 
Enhanced Sump Design Integration 

4.2.1  Background 

It was decided that a supercritical LP shaft 
would be desirable for the engine. A 
supercritical shaft operates in a speed range 
between the first and second bend frequency. 
This system operates with no intershaft 
bearing, which eliminates cross talk between 

the two rotors. Intershaft seals and an oil 
supply to an intershaft bearing are also not 
needed, which significantly simplifies the 
design and reduces cost. 

The supercritical shaft is shown in  
Figure 234. 

4.2.2  Design Features 

The center sump is based on the center 
sump used in the Model 601-KB9 engine, but 
it has a number of improvements based on the 
early running of the 601-K engine. Among 
these changes are the following: 

! Added insulation and heat shields to 
reduce sump temperature 

! Opened communication between the front 
and rear cavities to improve scavenging 
and venting of the sump 

! Increased open volume of sump  
! Increased the vent area by using oval 

tubes through two diffuser struts 

 

Figure 234. Finished machined supercritical shaft arrangement for 601-K industrial  
gas turbine. 
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! Supplied oil to HP rear bearing through a 
diffuser strut  

! Isolated oil carrying tubes from hottest 
parts of the sump 

! Increased oil supply to the sump 
! Provided potential for directed oil cooling 

of sump walls if needed 
! Reduced amount of metal in sump casting 

compared to two-piece sump housing 
! Changed to one-piece housing instead of 

two-piece housing 

Three 120-degree segments of foil-
wrapped insulation cover the outer diameter 
of the sump. These segments are retained at 
the rear by segmented heat shields that protect 
the rear face of the sump. 

Communication between the front and 
rear sump cavities is improved by maximizing 
the open area between the bearing outer race 
mount ring and the wall of the sump housing. 
The open volume of the sump was increased 
as much as possible considering the 
limitations of the casting technology. The 
sump vent tubes were made oval to increase 
the vent flow as much as possible, thereby 
reducing the sump internal pressure. 

The use of one main sump casting reduced 
the weight and mass of the sump and 

eliminated split lines, which could be sources 
of leakage. 

The elimination of the intershaft bearing 
necessitated a change in the circuit supplying 
oil to the rear HP rotor thrust bearing. An oil 
tube through a diffuser strut was incorporated. 
This tube feeds a passage in the sump 
supplying oil to two nozzles: one feeding the 
front of the bearing and one feeding the rear 
of the bearing. Additional oil is available if it 
is necessary to use oil to cool the sump walls.  

The cross-section arrangement of the shaft 
and sump design enhancements is shown in 
Figure 235. 

4.2.3  Shaft Assembly and Validation 
Testing 

The supercritical shaft was assembled into 
the 601-K engine LP turbine module prior to 
final engine assembly. The LP turbine module 
featuring that shaft technology is shown in 
Figure 236. 

Validation of sump design improvements 
and the supercritical shaft was accomplished 
in 2001 with successful completion of 
endurance testing as part of the 601-K engine 
development program. A 601-K11 series gas 
turbine was utilized for this shaft and sump 
technology demonstration. The engine used is 
shown in Figure 237. 

 

Figure 235. General layout of supercritical shaft and sump arrangement on 601-K industrial  
gas turbine. 
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Figure 236. LP turbine rotor and shaft assembly and 601- K engine build. 

4.2.4  Design-to-Cost Study and 
General Arrangement Complexity 

One of the last initiatives under this phase 
of the ATS program was to evaluate the cost 
reduction achieved by incorporating this 
improved sump and shafting technology into 
the 601-K production engine configuration.  

Design-to-cost studies performed on the 
new shaft and sump arrangement relative to 
the baseline engine configuration revealed a 
total engine cost savings of approximately 5 
to 10%. This mechanical shaft and sump 
arrangement also resulted in the elimination 
of two main shaft engine bearings.  
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Figure 237. Model 601-KB11 gas turbine with shaft and sump technology following completion 
of validation testing. 

4.3  Advanced Engine Alternatives 
Trade Study 

4.3.1  Background 

Following the discontinuation of the 
ATS 701-K industrial engine concept, Rolls-
Royce reviewed various turbomachinery 
options available as alternates for the 701-K 
engine design. Rolls-Royce worked not only 
within its own organization, but also 
solicited assistance from Rolls-Royce 
Deutschland (formerly BMW/Rolls-Royce) 
on technical input associated with the BR 
715 aero gas turbine engine. 

The selection of the right engine 
approach is a complex problem involving 
multiple disciplines. The effort included a 
review of the marketplace for the correct 
size and cost for a new engine. Not only was 
a market targeted with a $/hp target, but a 
significant effort was applied toward the 
resolution of two- versus three-shaft 
operation and hot versus cold end drive 
options. This report draws some conclusions 
about these issues, but due to the complexity 
of the problem, additional effort would be 

required to fully understand the 
marketplace. This study not only verified the 
need to identify market requirements 
correctly, but also showed a need for better 
cost estimation techniques. Although tools 
are available to do this job, they are not 
precise and significant variations can be 
found in the cost numbers. It is important 
that accurate cost targets be established 
early in the development process if the final 
engine design is to have a high probability 
of success in meeting market requirements 
for cost, durability, performance, etc. During 
the study of the BR 715, it became clear that 
the components as designed and quoted to 
Rolls-Royce Corporation were priced too 
high, in part due to the basic design 
approaches used in the design of the BR 715 
engine. More work is required in the early 
design stages to meet established cost 
targets. 

4.3.2  ATS Market Assessment and 
Justification 

The purpose of this section is to provide 
some market-driven guidance to the size and 
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selection of the ATS industrial engine. 
Three areas of interest were investigated 
under the market assessment:  

! Competitors 
! Requirements of the power generation 

market 
! Requirements of the oil and gas market 

4.3.2.1  Competitor Analysis 

This section reviews the competitors in 
this power class that have been in the market 
for some time and then reviews new 
turbomachinery products on the market. 
Figure 238 is a summary of engines in the 7 
to 20 MW market. 

4.3.2.2  Existing Competitors 

4.3.2.2.1  General Electric LM1600  

The LM1600 powered generator set sells 
for $500/kW in a $300 to $350/kW market. 
The 1994 GE Gas Turbine Users 
Association Conference identified numerous 
potentially serious problems with LM1600 
reliability, including acoustic resonance 
resulting in failures of the following: 

! LPC stage 3 disk cracking 
! LPC stage 3 vane damper wear 
! Numerous tube and electrical connector 

cracking 
! Several combustor related parts 
! LPC driveshaft separations 

Sales of the LM1600, as reported in the 
Power Data Group database, are shown in 
Table 31.  Except for 10 units sold into the 
marine market, most were sold as 
mechanical drive units. 

 

Figure 238. 701-K turbomachinery study—performance comparison. 
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Table 31. GE LM1600 sales history. 

Year Units sold 
90 14 
91 33 
92 26 
93 13 
94 12 
95 2 
96 7 
97 12 
Total 120 

 

4.3.2.2.2  MHI MF-111A, B, S 

The MHI MF-111A, B, S has a package 
cost of around $500/kW. The engine has 
unique high hydrogen fuel capability that is 
used for burning refinery flare gas. The unit 
is primarily used for power generation, not 
mechanical drive.  

4.3.2.2.3  Rolls-Royce Avon 

The Avon has been sold only for 
mechanical drive applications in recent 
years. All sales have been through Rolls-
Royce Energy Systems Incorporated 
(formerly Cooper Rolls). The engine is old, 
but has a solid reputation for reliable 
service. It does not have DLE capability, 
which severely limits opportunity in the 
power generation market. Sales have been 
slow recently, which could be a reflection of 
low gas prices. 

4.3.2.2.4  ABB GT35 

The ABB GT35 is sold due to its ability 
to burn poor quality liquid fuel. This engine 
is not considered a major competitor. 

4.3.2.2.5  Rolls-Royce Spey  

The Spey is generally considered too 
expensive for power generation and 
mechanical drive applications. Its most 
common use is in marine applications. 

4.3.2.2.6  Mitsui SB60 

No information is currently available on 
the product configuration. 

4.3.2.3  New Competitors 

4.3.2.3.1  Solar Titan 

Based on Mars 100, the first unit was 
built in 1998. Production units were 
available in 1999. The Titan should be 
competitive with average efficiency. It is 
expected to be a good machine with low 
NOx capability (SoLoNOx) at a reasonable 
price. It has the advantage of being the first 
truly competitive machine in its power class. 
The first unit will be mechanical drive, 
which is Solar’s strongest market. 

4.3.2.3.2  EGT Cyclone  

The EGT cyclone is a derivative of the 
Tempest with increased mass flow and firing 
temperature and twin-shaft configuration. It 
is designed for both power generation and 
mechanical drive applications. Again, it 
should be competitive with average 
efficiency. Delivery of the first package was 
scheduled for spring 1999. 

4.3.2.4  Power Generation Market 
Demand 

It is projected that growing worldwide 
demand for electricity will result in more 
than 1500 gigawatts in new and replacement 
generation capacity during the next 20 years. 
Global power generation needs can be 
characterized for both the economically 
developed and developing nations. The 
developed nations have large, well-
established markets for power generation 
using a diversity of technology and fuel 
choices. Large, well-established utilities 
effectively manage growth with a growing 
involvement by the private sector. In 
developing nations, there is significant 
opportunity but it requires capital, 
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technology, and operational management to 
support growth. The good news is that many 
of these countries have substantial 
indigenous fuel resources available for 
power generation, which will impact 
selection of prime movers. 

Economic and social factors can 
influence demand growth for electricity and 
the need for continuous duty on-site 
generator sets in the developing world. 
Privatization and deregulation are expanding 
exponentially, which will drive economic 
growth and the associated preferences for 
reliable heat and power. 

In the U.S. alone, the SEPRIL study 
identified 35 industries with sufficient 
electric demand per site to warrant the 
purchase of a 5 to 15 MW engine. 
Forecasted growth revealed nearly 300 new 
establishments would be formed by 2005 
with new electricity demand totaling 
between 12 and 18 trillion kW-hours. The 
SEPRIL study used cost and performance 
data to perform life cycle cost analyses on 
ATS cycle engines. In both the power 
generation and cogeneration mode, the ATS 
cycle is a clear winner relative to purchased 

electricity in a competitive power market. 
Obviously, the amount of savings is 
sensitive to various factors such as load 
factor, natural gas price, electricity market 
price, heat rate, and impositions of delivery 
charges.  

The markets in Europe, the Far East, and 
Asia are already active and have similar 
economies, indicating that a large 
opportunity could exist in those areas as 
well. 

4.3.2.5  Oil and Gas Market Demand 

Economic growth will steadily increase 
world demand for oil and natural gas 
through 2010. In the last 25 years, 
worldwide demand for crude oil increased 
just over 100%, while that for natural gas 
was up over 175%. By 2005, demand for 
crude oil is forecasted to increase by 25%, 
while demand for natural gas will increase 
by 22%. Table 32 summarizes the forecast 
for the market. 

The forecast predicted a strong growth 
in all frame sizes of gas turbines with a trend 
to larger horsepower/kW prime movers.  

 

Table 32. Historical and forecast demand for oil and gas applications. 

History Forecast MW 
ranges 

Drive 
application Units MW Units MW 

3 to 5 Generator drive 252 1,008 338 1,352 
3 to 5 Mechanical drive 487 1,948 616 2,464 
5 to 7.5 Generator drive 132 710 364 2,093 
5 to 7.5 Mechanical drive 126 730 761 4,412 
7.5 to 12 Generator drive 94 864 234 2,168 
7.5 to 12 Mechanical drive 269 2,618 635 6,160 
12 to 22 Generator drive 36 540 184 2,739 
12 to 22 Mechanical drive 129 1,881 676 9,941 
22 to 33 Generator drive 105 2,605 201 4,975 
22 to 33 Mechanical drive 407 10,175 738 18,450 
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There is a market for engines in the 
14,000 to 18,000 shp power class. The 
difficulty is that Solar already has the Mars 90 
at 13,000 shp and the Mars 100 at 15,000 shp. 
Both Solar and EGT have products at 18,000 
shp (the Titan and Cyclone). If Rolls-Royce 
were to introduce a comparable engine, the 
engine would be in a similar position as the 
501-K, which competes with the Centaur and 
Taurus. If the engine were significantly better 
than competitors’ products (i.e., more 
efficient, cheaper, lower emissions, etc), then 
it could be worthwhile. Even in this case, the 
engine should be a minimum of 18,000 shp 
with some growth potential as there is not a 
significant market for a lower horsepower 
engine, even though the Mars engine sold 85 
units in 1997. 

Rolls-Royce might have more interest in 
an engine with an initial rating of 22,000 shp 
and the potential to uprate to 26,000 shp. 
There are no competitors in this power class, 
there are projects available that currently 
require derated larger engines or multiple 
smaller horsepower engines, and the engine 
could compete down to 18,000 shp. But we 

recognize that not having an engine in the 
14,000 to 18,000 shp power range would 
preclude us from competing on some projects. 

If the engine were rated at 14,000 shp, 
Rolls-Royce would likely lose most bids to 
the Mars 100 due to lower power and being a 
new product. The minimum rating should be 
15,000+ shp so the available horsepower 
would be just above that of the Mars 100. The 
uprate capability should be close to 20,000 
shp so the rating would be higher than the 
Titan or Cyclone. Efficiency would need to be 
better than those competitors and at a 
comparable cost. A “me too” product would 
be a tough sell since it would be the third 
engine competing in the market.  

The market trends are shown in Figure 
239. The three market segments are further 
illustrated in Figures 240, 241, and 242. 

The salient points derived from the market 
assessment were that an engine in the 7 to 12 
MW size class was optimum. Efficiency is 
not the most important criterion, instead 
operating cost ($/hp) is most important. 

 

Figure 239. Market size and trends. 
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Figure 240. Power generation market trends. 

 
Figure 241. Oil and gas market trends. 
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Figure 242. Marine market trends. 

4.3.3  Turbomachinery Options 

4.3.3.1  Selection Criteria/Requirements 

Selection criteria used in the assessment 
were based on the following parameters: 

! Fulfill industrial market needs and 
requirements: 
♦ Power range of less than 12 MW or 

from 20 to 25 MW 
♦ Top 5 industry requirements: 
! Emissions 
! Reliability, availability, and 

maintainability (RAM) 
! Acquisition cost 
! System performance (availability) 
! Life cycle cost 

! Aligned with committed engine 
program(s) to derive benefits: 

♦ Manufacturing volume and learning 
♦ Lower development and sustaining 

engineering investments 
♦ Lower capital investment 
♦ Reduced demand on resources 

(money, manpower, priorities) 
♦ Manageable technical risk 

! Program accomplishments aligned with 
the DOE’s industrial ATS program 
completion: 
♦ Gas generator testing 
♦ Engine testing 
♦ Field demonstration(s) 

! Engine product and growth strategy to 
achieve high thermal efficiency (15% 
greater than the state of the art) 

Several options were studied. From the 
initial list, three basic approaches were 
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studied in more detail. Three of the three-
spool configurations are shown schematically 
in Figure 243. 

4.3.3.2  General Approach 

Multiple turbomachinery options were 
considered, as summarized in Table 33. Both 

two- and three-shaft configurations were 
reviewed, along with modifications to both 
arrangements. 

 
Figure 243. Schematic representation of configurations. 

 
Table 33. Options considered. 

Option LPC HPC Comb HPT LPT PT Comment 
1 New BR 715 DLE BR 715 - BR 715 mod 2-shaft, ced 
2 New BR 715  BR 715 New RRC 3s, hed 
3 --- BR 715  BR 715 --- BR 715 2s, unboosted 
4 --- 601  BR 715 --- BR 715 mod 2s, unboosted 
5 --- 601  BR 715 --- New 2s, unboosted 
6 --- 601  RRC --- 601 HT 2s, unboosted 
7 Zero-stage 601  BR 715 --- BR 715 mod Impractical 
8 Zero-stage 601  RRC --- 601 HT Impractical 
9 601 HF 601  BR 715 --- BR 715 mod 2s, hed  

10 601 HF 601  BR 715 New RRC 3s, hed 
11 New 601  BR 715 BR 715 3T RRC 3s, hed 
12 601 601  RRC --- 601 HT 2s, ced 
13 601HF 601  RRC New RRC 3s, hed 
14 601 601  601 HT --- 601 HT 2s, ced 
15 601 w/IC 601  601  --- 601 Intercooled 
16 601 w/IC 601 DLE RRC --- 601 HT Intercooled 

Other engines considered 
17 Lyulka       
18 Spey       
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The following summarize the results of 
the study of two-shaft versus three-shaft 
engines: 

! Two-shaft lapse reasonable 
! Operability key, but not easy to quantify 
! Cost savings using bleeds (compared to 

variable) not enough to offset power 
turbine 

! More study required by packagers 

The three-shaft arrangement appears to be 
superior for the best all-around approach. 
Comments pertinent to the reference engines 
include the following: 

! BR 715 
♦ BR 715 meets performance and 

efficiency 
♦ Costly, exceeds $/hp 

! 601-K/BR 715 
♦ Not optimum for aero, but would work 
♦ Cost must be lower to be realistic 

! 601-K/Rolls-Royce Corporation 
♦ Meets power  
♦ Close to efficiency 
♦ Two-shaft version meets $/hp goal 
♦ Three-shaft version just above $/hp 

goal 
A summary of the issues involved in the 

decision between retaining the existing 601-
KB11 configuration or electing to separate the 
power output stages into a free power turbine 
is provided in the following subsections. 

4.3.3.2.1  Electrical Power Generation 
Applications 

The GE CF6-80C2 (LM6000) gas turbine 
and the Rolls-Royce Industrial Trent already 
demonstrate the feasibility of having booster 
stages with pressure ratios (PRs) of about 1.7 
on the output shaft. The motivation is to 

reduce development and production cost by 
retaining all or most of the aero power 
turbine, which runs at appropriate 
synchronous speed (3000/3600 rpm). There is 
a potential adverse cost impact from the 
additional variables required to manage the 
consequences of having a synchronous speed 
booster. 

A lapse rate investigation indicates there 
is very little part power efficiency penalty for 
having a synchronous power turbine (1.5% 
thermal efficiency at 50% power for an 
engine with a PR 2.0 booster) and little 
impact on hot day performance. This 
configuration, therefore, has adequate part 
power performance for electrical generation. 

Since the CF-6 already incorporates a 
large flap valve booster exit bleed system, the 
only new system complication forced on the 
LM6000 by retention of the non-free power 
turbine is one row of variables vanes at 
booster inlet. The Trent aero engine did not 
have a corresponding bleed; thus, the 
industrial version had to pay for this system 
as well. 

Growth 601-K engines up to about 12 
MW can use the existing non-free power 
turbine with a minimum of adjustment. Above 
that power, a change is required to increase 
output. The choices are to add a fourth stage 
of unusual design (to cope with an AN2 in the 
region of 8 x 1010), or splitting off a separate 
power turbine, leaving a very underutilized 
LP turbine stage. The fourth stage may be a 
smaller development program and would 
provide better product continuity (all cold end 
drive), but the separate power turbine would 
permit deletion of variable vanes from the 
booster and the big booster exit bleed system. 

4.3.3.2.2  Mechanical Drive Applications 

It is notable that GE elected to develop a 
free power turbine version of the CF-6 for 
mechanical drive, the LM5000. However, it is 
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very expensive for its size range and very few 
have been sold. 

Comparisons of the 601-KB9 and 601-
KB11 have shown that the load flexibility of 
the KB11 is impaired. This arises from a self-
amplifying problem in which reduction in 
load rpm causes a reduction in booster 
pressure rise capacity and simultaneously 
drops its operating line. As an example, if the 
engine rotor inlet temperature is held at 
1180ºC (2156°F), and the power output speed 
is dropped from its design value of 11,500 
rpm to 10,500 rpm, the available power drops 
from 11,000 to 10,200 shp (a free power 
turbine would suffer no measurable loss). 
This speed adjustment is actually proposed 
for high-speed water-jet-driven craft to cope 
with overspeed when the water-jet 
momentarily exits the ocean. 

This limitation can be mitigated by 
extending the range of variability of the 
booster vanes to positions more open than 
design. Booster stages on the output shaft do 
not exclude the 601-KB11 configuration from 
mechanical drive application but do take an 
edge off its value and require the bleed and 
vane variables. 

4.3.3.3  Recommendation 

With the freedom to design a new engine 
from scratch, Rolls-Royce would probably 
choose a power turbine with the dual 
configuration capabilities of the 501-K for its 
cost-effective flexibility and reduced 
variables expense. It seems more likely that 
we would devise an incremental growth path 
for 601-K derivatives and that keeping to the 
existing two-shaft configuration would give 
us the best return on investment. 

4.3.4  Design Considerations 

The study was predicated upon meeting 
established criteria for durability using typical 
cycles for power generation and other 

industrial applications to define the 
environmental and mechanical conditions 
under which the engine components would be 
required to operate. This would include 
reassessment of components within the 
proposed engines, considering the effects of 
the differing operating cycles when compared 
with operation using the cycles for the 
original applications. 

4.3.4.1  Performance 

A comparison of the performance 
characteristics of a range of engines is shown 
in Figure 238. Shaft thermal efficiency and 
shaft power output are used for the 
comparison. 

4.3.5  Design Modification Options 

4.3.5.1  General Summary 

In reviewing various turbomachinery 
options, it is necessary to analyze available 
Rolls-Royce engine module designs that 
could be considered for an optimum 
configuration.  

In looking at the compressor section, two 
candidate compressors were considered for 
use in the ATS engine. The first compressor is 
based on the LP and HP compressors 
currently planned for the 601-K11 engine. 
The second compressor consists of a new LP 
compressor used in conjunction with the BR 
715 HP compressor. The 601-K11 
compressor proposed for the ATS engine has 
an overall compression ratio of 26.64:1, an LP 
compression ratio of 1.8:1, and an HP 
compression ratio of 14.8:1. 

4.3.5.2  601-K Compressor Components  

The 601-K11 is a front-drive engine, and 
therefore, has a radial inlet. It has a two-stage 
LP compressor with variable inlet guide vanes 
(IGVs), and stage 1 stators and the rotor on 
the output shaft. The HP compressor consists 
of an intermediate support with a radial 
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accessory drive and a 12-stage compressor 
with variable IGVs and stages 1 through 4 
stators along with a stage-8 bleed. It is felt 
that a number of design modifications can be 
made in this compressor to reduce cost and 
simplify its construction. These will be 
discussed in the following subsections. 

The aerodynamic design of the ATS (701-
K) LP compressor will not be common to the 
601-K11 because of the increased airflow of 
the 701-K. The ATS airflow is approximately 
38.55 (85 lb/sec) compared to approximately 
30.39 kg/s (67 lb/sec) for the 601-K11. 
Therefore, new airfoils will be required for 
both stages of the ATS engine.  

4.3.5.2.1  601-K Inlet Housing  

The inlet housing for the ATS engine can 
be an axial flow aluminum structure since 
there is no front output shaft on this engine. 
This structure will house the front sump and 
bearing for the LP compressor shaft, as well 
as the fixed-angle IGVs if they are required. It 
should be noted that the LP compressor 
stators can be fixed geometry vanes since the 
LP rotor is not on the output shaft. A trade 
study will be required to determine if the 
performance improvement attributable to the 
inlet vanes would justify their cost. 

4.3.5.2.2  601-K LP Compressor Case and 
Vane Assembly 

The LP compressor case and vanes can be 
simplified from those in the 601-K11 since 
the stage 1 stator need not be variable. Cost 
savings will result from this simplification 
through the elimination of the IGV and stator 
1 actuation system and the inherent lower cost 
of vane rings compared to individual vanes. 
The material for the case and vanes will 
remain 17-4PH. 

4.3.5.2.3  601-K LP Compressor Rotor 
Assembly 

The LP rotor assembly for the ATS engine 
will be similar in construction to the 601-K11 
although the front shaft will not have output 
drive features. This will be a straddle 
mounted rotor driven by a single-stage LP 
turbine. Since the LP compressor rotor is not 
a part of the output power shafting, it will be 
possible to incorporate a supercritical 
driveshaft thereby eliminating the intershaft 
bearing and its oil feed system. 

Since the LP compressor blades must be 
redesigned for the increased airflow of the 
ATS engine, it is likely that different 
compressor disks will be required for this 
engine. The materials for the rotor 
components will be Custom 450 for the disks 
and spacer, 17-4PH for the blades, and INCO 
718 for the shafts. 

4.3.5.2.4 601-K HP Compressor 

As stated previously the 601-K11 HP 
compressor is a 12-stage unit. The 601-K 
compressor aerodynamics have been modified 
in selected stages to achieve the originally 
predicted component efficiency. When 
completed, the modified aerodynamic design 
of the 601-K will be directly applicable to the 
ATS HP turbine. The following sections of 
this report describe the other features and 
changes that must be considered in using the 
601-K HP compressor in the ATS engine. 

4.3.5.2.5 601-K Intermediate Support 

The intermediate support contains the 
sump for the LP rear and HP front bearings as 
well as the gears and bearings for the radial 
driveshaft. This shaft is for the starter on 
engines without the optional accessory 
gearbox. The 601-K11 LP front bearing will 
be changed from a roller bearing to a ball 
bearing to handle the thrust load of the LP 
rotor of the ATS engine. This arrangement 
differs from the 601-K11, which uses a tilting 
pad fluid film thrust bearing in conjunction 
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with a roller bearing at the rear of the LP 
rotor.  

The intermediate support of the 601-K11 
also contains an intercompressor bleed. This 
bleed is required on the 601-K11 engine 
because the LP shaft is also the output shaft, 
and therefore is directly connected to the 
driven equipment. As a result, this bleed is 
necessary during the start cycle and low 
power or stalled rotor operation. Since the 
ATS version of this engine will have a free 
power turbine it is unlikely this bleed will be 
needed. The material used for the 
intermediate support will be AMS4218 
(A356-T61) cast aluminum. 

4.3.5.2.6 601-K HP Compressor Case and 
Vane Assembly 

The 601-K11 12-stage HP compressor has 
a variable IGV plus variable stage 1 through 4 
stators. It also has an eighth-stage bleed 
manifold and valves. According to 
preliminary discussions with the Compressor 
Aerodynamics group, the stage 1 through 4 
variable stators can be changed to less 
expensive fixed vanes if an additional 
modulating bleed is incorporated at the third 
or fourth stage. The eighth-stage bleed may 
also need to be a modulating bleed for this 
compressor. The aerodynamic shapes of these 
fixed vanes will be the same as the current 
variable vanes. It was also suggested that, 
with further study, the variable IGV might be 
able to be converted to a fixed vane.  

The current HP compressor case is made 
of 17-4PH stainless steel. Predicted ATS 
compressor discharge temperatures are about 
538ºC (1000°F) on a standard day, which 
indicates that it would be desirable to change 
the case material to INCO 718. The latter 
stage vanes, which are currently Custom 450 
material, will also need to be changed to 
INCO 718. 

The diffuser for the ATS engine will be 
discussed in the section of this report 
pertaining to the combustion system; 
however, it should be noted that for the 601-
K11 derived engine there is a center sump 
housing the HP rotor rear roller bearing 
mounted to the diffuser and located inside the 
combustion inner casing. 

4.3.5.2.7 601-K HP Compressor Rotor 
Assembly 

The 601-K11 HP compressor rotor 
consists of 12 axially dovetailed disks with 
integral spacers splined at the rims and 
clamped with a center tiebolt threaded into 
the rear stub shaft. Stages 1 through 9 disks 
are currently Custom 450, and stages 10 
through 12 are INCO 718. For the ATS 
engine, the INCO 718 material will probably 
be required in several additional stages. The 
blades, which are Custom 450 in stages 1 
through 4 and INCO 718 in stages 5 through 
12, will also require review. The tiebolt is 
made of 17-4PH, and the rear stub shaft is 
Incoloy 901 material. 

Preliminary performance analyses have 
indicated that the HP rotor speed may 
increase for the ATS engine. The increased 
pressure ratio of the ATS engine will also 
result in higher temperatures for the blades 
and wheels. As a result of these factors, the 
stresses and lives of the disks, and the blade 
stresses and tilts and leans, must be reassessed 
for ATS operation. Also, the axial spacing of 
the blades and vanes needs to be evaluated in 
light of the higher temperatures and the 
material changes discussed previously. 

4.3.5.3  BR 715 Compressor Module 
Components 

The BR 715 compressor proposed for the 
ATS engine has an overall compression ratio 
of 30.31:1. The LP compressor ratio is 
1.945:1, and the HP compressor ratio is 
15.58:1. 
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The compressor of the BR 715 turbofan 
aircraft engine has a fan plus two stages of 
intermediate pressure (IP) compressor on the 
LP rotor and a ten-stage HP compressor on 
the HP rotor. The HP compressor has variable 
IGVs and stators. There are also compressor 
bleeds at stages 5 and 8. The most practical 
way to make use of the BR 715 compressor is 
to make the minimum number of changes 
possible to this aircraft compressor. The 
changes required to meet the requirements of 
the ATS engine will be discussed in the 
following subsections. 

4.3.5.3.1 BR 715 LP Compressor 

The LP compressor for the ATS engine 
will be an all new design similar to the one 
for the 601-K11 unit. It will be a two-stage 
compressor with a pressure ratio of 1.945:1 
flowing at approximately 45.81 kg/s (101 
lb/sec). 

4.3.5.3.2  BR 715 Inlet Housing 

A new inlet housing will be required for 
the BR 715 based ATS engine. This inlet 
housing will be an axial flow aluminum 
structure that will house the front sump and 
bearing for the LP compressor shaft, as well 
as the fixed angle IGVs if they are required. It 
should be noted that the LP compressor 
stators can be fixed geometry vanes since the 
LP rotor is not on the output shaft. A trade 
study will be required to determine if the 
performance improvement attributable to the 
inlet vanes would justify their cost. 

4.3.5.3.3  BR 715 LP Compressor Case and 
Vane Assembly 

This engine will require a new LP 
compressor case and vanes similar to those 
described for the 601-K11 based engine. 
However, for this engine the aerodynamic 
design will be different to meet the required 
airflow of 45.81 kg/s (101 lb/sec) and the 

1.945:1 pressure ratio. The material for the 
case and vanes will remain 17-4PH. 

4.3.5.3.4 BR 715 LP Compressor Rotor 
Assembly 

The new LP compressor rotor assembly 
for the BR7815 ATS engine also will be 
similar in construction to the one described 
for the 601 derived engine. This will be a 
straddle mounted rotor driven by a single-
stage LP turbine. It will be driven by a 
supercritical shaft, thereby eliminating the 
need for an intershaft bearing and the 
associated oil feed system. The materials for 
the rotor components will be Custom 450 for 
the disks and spacer, 17-4PH for the blades 
and INCO 718 for the shafts. 

4.3.5.3.5  BR 715 HP Compressor 

For this engine the intent is to use as 
much of the existing ten-stage 15.58:1 
pressure ratio BR 715 HP compressor as 
possible. The primary differences will be in 
the intermediate support and the diffuser. As 
with the 601-K11 derived engine, the diffuser 
is considered to be part of the combustion 
system and will be discussed in that section of 
this document. It should be noted that the 
design of the BR 715 HP rotor eliminates the 
need for the center sump (i.e., the sump 
located inside the inner combustion case). 

4.3.5.3.6  BR 715 Intermediate Support 

A new intermediate support will be 
required for the BR 715 derived ATS engine 
This intermediate support contains the sump 
for the LP rear and HP front bearings, as well 
as the gears and bearings for a new radial 
driveshaft for the starter. In its initial version 
this engine does not require an accessory 
gearbox. The main shaft bearing in this 
support will have to be assessed to determine 
suitability for use in the ATS engine. The 
material used for the intermediate support will 
be AMS4218 (A356-T61) cast aluminum. 
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4.3.5.3.7 BR 715 HP Compressor Case and 
Vane Assembly 

The BR 715 HP case and vane assembly 
should require no changes to be used in the 
ATS engine. The forward HP compressor 
case and outer rear HP compressor cases are 
made of stainless steel. The rear case has 
handling bleed provisions at the fifth and 
eighth stages. The individual inner cases for 
stages 4 through 9 are INCO 718. The IGVs 
and stators 1 through 3 are variable. The IGV 
through stage 3 vanes are stainless steel, 
while stages 4 through 10 are INCO 718. It 
should be noted that the HP compressor outlet 
guide vane (OGV) of the BR 715 appears to 
be integral with the diffuser. For the ATS 
engine either a separate OGV ring will be 
required similar to that of the 601-K11 or it 
will have to be incorporated into the diffuser. 

4.3.5.3.8 BR 715 HP Compressor Rotor 
Assembly 

The HP compressor rotor of the BR 715 is 
a three-piece ten-stage unit consisting of a 
front stubshaft front, a six-stage forward 
welded drum section, and a four-stage welded 
drum rear section with an integral aft shaft. 
The aft shaft incorporates a curvic coupling 
bolted to the first-stage HP turbine disk. The 
forward drum, which is titanium, has axial 
dovetails in stages 1 through 3 and 
circumferential dovetails in stages 4 through 
6. The rear drum, which is INCO 718, has 
circumferential dovetails in all four stages. 
There is a rotor inbleed for cooling air at 
stage 6. The stage 1 through 6 blades are 
titanium, and the stage 7 through 10 blades 
are INCO 718. For the ATS application, the 
rotor speed would be unchanged from its 
design speed for aircraft applications; 
therefore, it will not be necessary to perform 
an in-depth reassessment of the blade stresses.  

4.3.5.4 Combustion Module  

For the near term, the 701-K was required 
to have a dry low NOx combustion system 
capable of limiting NOx to less than 25 ppm. 
Given this market requirement and that a 601-
K derivative compressor was to be used for 
the 701-K, the general approach of integrating 
the RB211 DLE combustion system in a 
configuration similar to existing 601-K DLE 
system appeared appropriate for the 701-K.  

During the technical assessment of the 
marrying the RB211 to the 601-K engine 
cycle, the number of combustors was 
reconsidered. To match the exact RB211 
combustion system operating variables, the 
combustor would have to be scaled for the 
601K. This would be a costly development 
activity. It was thus decided to examine the 
ability to operate the RB211 combustor 
slightly off design and use the existing 
combustion system hardware. Configuration 
options revolved around a three-silo 
arrangement or a four-silo arrangement. From 
a cost prospective, a three-silo configuration 
was attractive. From a turbine inlet 
temperature and mass distribution 
prospective, a four-silo arrangement was 
preferred to provide better uniformity. Since 
the 601-K did not have aggressive burner 
outlet temperature objectives, the trade-off to 
a three-silo configuration was made to control 
cost.  

To achieve higher thermal efficiency, the 
701-K would operate at elevated turbine inlet 
temperatures compared with the 601-K. This 
higher temperature operation indicated that 
the 701-K may require four RB211 DLE 
combustors, rather than three as in the 601-K. 
Consequently, a new outer casing would have 
to be designed to interface with the turbine 
and accommodate a four-silo combustor 
configuration. The transition duct between the 
combustion liner and the turbine would also 
need to be unique for the 701-K.  



 

203 

4.3.5.5 Turbine Module 

Several turbomachinery options were 
considered as outlined in Section 4.3.3. The 
options include turbine configurations in 
which cold/hot end drive and two-shaft/three-
shaft configurations were considered. This 
section describes the aerodynamic and design 
considerations of the HP, LP, and power 
turbines. The three primary turbine options 
represented in this discussion are the current 
601-K, BR 715, and a new Rolls-Royce HP 
turbine. LP and power turbine work was not 
significantly studied in the short time frame, 
but some additional discussion is included on 
this subject. 

As noted earlier, one of the primary 
requirements was to make use of existing 
products in the Rolls-Royce family. Although 
several options were considered, the primary 

options were to use the 601-K since it is a 
committed product and the BR 715 engine 
since it is certified.  

4.3.5.5.1  High Pressure Turbine 

The basic parameters for the turbine are 
summarized in Table 34. Although any 
aerodynamic consideration will involve the 
entire flow path, this section will address only 
the HP turbine. 

4.3.5.5.2  Flow Path  

Figure 244 shows the 601-K engine flow 
path with modified LP compressor, a new HP 
turbine, and an enhanced LP turbine. Figure 
245 shows another option with improved 
turbines, including a power turbine, while 
Figure 246 shows a configuration with the BR 
715 turbine.  

Table 34. Turbine parameters. 

Engine 501-KB7S ATS 601-K BR 715 
Thermal efficiency 32.75%    
Flow     

Actual 19.93 kg/s 
(43.94 lb/sec) 

   

Exit AN2     
First-stage HPT  2.10E+10 1.72E+10 2.81E+10 
Last stage LPT 6.50E+10 3.71E+10 2.76E+10 4.92E+10 

Blade count     
First-stage 102 66  74 
Second-stage 89 78  82 
Third-stage 89 60   
Fourth-stage 69    

Vane count     
First-stage 60 38 36 40 
Second-stage 72 64  38 
Third-stage 66 46   
Fourth-stage 60    
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Figure 244. Model 601-K with hot end drive configuration. 

 
Figure 245. Model 601-K with hot end drive with new power turbine. 
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Figure 246. Model 601-K with hot end drive with BR 715 HP turbine and new power turbine. 

4.3.5.5.3  Aerodynamic Parameters 

The aerodynamic parameters were 
compared for the candidate engines. A review 
of the BR 715 turbine shows it to be a very 
lightly loaded turbine when used in the 601-K 
or 701-K applications. This results from the 
high diameter of the BR 715 turbine when 
used with the 601-K compressor. It is not 
entirely clear what requirements drove the BR 
715 to the high diameter that the current 
design represents, but when coupled to the 
601-K compressor, a very low 1.1 load 
coefficient exists in addition to positive exit 
swirl from the HP turbine. Rolls-Royce 
believes a turbine that is up to 4-in. smaller in 
diameter could be designed with no 
compromise in efficiency and/or reliability.  

4.3.5.5.4  New Two-Stage Turbine Design 

The 601-K turbine cannot be used because 
of limitations on speed, as determined in a 
review of the component stress analyses 
conducted for the candidate engines. Also, the 
BR 715 is not ideally suited to use in the 701-
K when using the 601-K compressor. Thus, a 
new design was studied. Initial work on the 
flow path shows that the hub of the 601-K 
flow path can be held with no penalty. The 

only change would be to open up the exit area 
of the second stage as shown in Figures 244 
and 245. This would have the effect of 
reducing the exit Mach number to ~0.4. It is 
noted that the current 601-KB11 as designed 
has an exit Mach number of 0.68. The penalty 
for being this high is duct losses into the 
power turbine. Such a two-stage design would 
be similar to the prior ATS version but would 
give improved efficiency by the resulting 
higher expansion ratio. 

The need to attain an engine cost target of 
$68/hp was previously discussed. One 
possible approach to meeting this target 
would be to go to a single-stage HP turbine. 
The following discussion outlines the work 
done in this study. 

A single-stage turbine would potentially 
result in lower cost due to lower part count, 
however, there are some serious mechanical 
design considerations. Aerodynamically, a 
single stage must be capable of doing the 
same work as the two-stage configuration. 
Consequently, if the 601-K compressor is 
used, the resulting equivalent work to be done 
is very high.  
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It is observed that if the current 601-K 
compressor is used along with a low boost 
ratio compressor, the equivalent work is 
extremely high and does not fall near the 
normal population on a Smith load chart. 
Consequently, it can be concluded that the 
core compressor should do less work (i.e., 
fewer stages) and let the boost compressor 
work harder. This would likely be a seven- or 
eight-stage HP turbine with a three- or four-
stage LP compressor. This would have the 
effect of reduced cost via lower part count 
while maintaining competitive efficiency. The 
downside to this arrangement is the 
requirement to design a new compressor since 
Rolls-Royce Corporation has historically used 
10- to 14-stage compressors. 

A natural extension of the single-stage HP 
turbine design is a vaneless counterrotating 
design. This design carries the part reduction 
one step further by removing the LP inlet 
vane. This approach simply takes the flow off 
the HP blade and impinges on the LP blading 
for a counterrotating design. Efficiency would 
be slightly lower than a two-stage turbine, but 
only by ~1 pt. This approach has the 
advantage of using less cooling air in the 
vanes, which would be a plus for the cycle. 
Although further work would have to be done 
to validate the system approach, it appears to 
have significant potential to advance 
technology and reduce cost. 

4.3.5.5.5  Design Considerations 

One design consideration that had to be 
accounted for when using the 601-K or BR 
715 components was flow-path size. The flow 
path of the BR 715 is at a larger diameter as 
compared to designs such as the 601-K. Due 
to the high diameter of the BR 715, the disks 
become significantly larger due to the stresses 
imposed by the blading. Coupled with the 
nominal design speed of 16,177 rpm, the 
stresses in the disks require a large disk. Since 

cost is a direct function of the size, the large 
U720 disk is likely to be costly. 

4.3.5.6  High Pressure Turbine Changes 

Since the BR 715 was designed for the 
cyclic life of an aircraft, some changes to the 
turbine will be required to meet the  
Rolls-Royce industrial and marine design 
criterion of 30,000 hours stress rupture life for 
blades. One proposed arrangement is shown 
in Figure 247. 

4.3.5.6.1  Vanes 

The first-stage turbine vane is film cooled 
and made from a high temperature nickel alloy 
for vanes. The vane is impingement cooled but 
does not currently have a TBC, although this is 
under development. In the industrial 
environment, it will be necessary to apply TBC 
to all gas-path surfaces. This would likely be a 
Pt-Al base coat with a standard yttria-stabilized 
zirconia TBC. 

The second-stage vane is fabricated from 
a cast nickel alloy. This would also require 
review to determine the life on a maximum 
continuous operation basis. Rolls-Royce is 
currently using a CM186 cast as a single 
crystal on flight engines. Industrial engines 
are using Mar-M247 for the second stage. No 
film cooling and/or TBC are expected to be 
needed for the 701-K. 

4.3.5.6.2  Blades 

The first-stage blade is a standard 
multipass film cooled blade made from a high 
temperature single crystal alloy and would 
require little modification. The blade, along 
with the other airfoils, would have to be 
reviewed for stress rupture life for maximum 
continuous operation. A further complication 
is the combustor outlet pattern, which 
typically peaks in the midspan region. 
Application of DLE systems will impose a 
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Figure 247. BR 715 HP turbine configuration. 

pattern that is much flatter and thus the blade 
will require a thorough review to determine 
whether the base and shroud have adequate 
creep rupture life. 

The second-stage blade is also fabricated 
from a high temperature single crystal alloy. 
The blade has only an aluminide coating. This 
would be insufficient for the industrial 
application and would require change to a Pt-
Al coating. The blade material should have 
excellent life, but the shroud would have to be 
checked for creep life. The use of a DLE 
system would also pose some risk for the 
blade. 

4.3.5.6.3  Disks 

U720 is commonly used for disks by 
Rolls-Royce. The high strength-to-weight 
ratio makes it a good choice, not only for the 
aircraft application, but also for industrial 
applications. The large disks do not represent 
a problem in industrial applications and thus 
could be retained as they are. Rolls-Royce is 
concerned about the first blade cooling slot in 

the disk and its effect on the LCF life of the 
part. This feature would have to be reviewed. 
Rolls-Royce is also interested in moving the 
U720 part to a powder metal process that 
would require additional study. The powder 
metal material is estimated to save 
approximately 30% per part. 

4.3.5.6.4  Part-Power and Growth 

The growth characteristics were 
considered for the configurations, where the 
effect of increased combustor outlet gas 
temperatures upon power and thermal 
efficiency is shown in Figure 248. Note that 
additional reviews of the component  
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Figure 248. Part-power and growth performance. durability characteristics in a higher 

temperature environment would be required, with possible attendant redesigns to meet 
component lives. 

4.3.5.6.5  LP Turbine 

Only limited effort was placed on the LP 
turbine during this study. The concept, as 
shown in Figures 245 and 246, would use a 
single-stage LP turbine such as that used on 
the previous ATS design. The vaneless 
counterrotating does represent a significant 
departure from past Rolls-Royce designs, but 
this approach has been tried before with 
success. 

4.3.6  Turbomachinery Cost 
Assessment 

As part of the growth engine selection 
process, a cost assessment was required to 
estimate the factory production costs 
associated with each engine configuration 
being evaluated. Each configuration’s 
estimated costs were used with its estimated 
power rating to obtain a cost per power 
relationship. The cost per power values were 

calculated to facilitate engine comparison. In 
addition, these values were plotted 
graphically to illustrate their relative position 
versus constant target factory costs and 
constant engine market prices. 

Several different sources of information 
were used to estimate the total engine 
production costs. Current manufacturing 
costs, manufacturing estimates, budget for 
proposal estimates, parametric modeling 
estimates, and Rolls-Royce Deutschland 
supplied cost quotes were used in this study. 
Since some of the information obtained was 
based on learned-out production costs and 
other information was based on initial or early 
production costs, a 95% learning curve was 
used to equate all costs to a learned-out value. 
For this evaluation, costs were assumed to be 
learned-out after the 250th unit of production. 
Other assumptions used in this study and a 
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detailed description of each cost assessment 
are provided in the following subsections.  

4.3.6.1  Cost Estimation Methodology 

The cost assessment was initiated by 
obtaining the current 601-K program factory 
costs for the major subassemblies of the KB9 
and KB11 configurations. Portions of these 
costs were then used as a basis to establish the 
remaining configuration cost estimates. To 
estimate the current 601-K costs, the current 
production costs along with current 
manufacturing estimates were acquired for the 
following subassemblies:  

1. High pressure compressor  
2. Combustion system (non-DLE) 
3. High pressure turbine 
4. Low pressure turbine 
5. Control systems 
6. Fuel and air systems 
7. Oil and vent systems 
8. Assembly and test operations 

The cost of each subassembly was 
calculated by assigning costs to each 
component identified in the assembly parts 
list and summing the total. For the purpose of 
this assessment, the costs of items 5 through 7 
were assumed to be independent of the engine 
configuration and the cost of item 8 varied 
slightly between the 601-K core engines and 
the BR 715 engine.  

Since actual production cost data were 
unavailable for the BR 715 core and the 701-
K designed HP turbine, additional 
methodologies were required to estimate their 
costs. One process, the PRICE cost estimation 
tool, was used to estimate the production 
costs of the BR 715 HP turbine, the 701-K HP 
turbine, and the BR 715 HP compressor. 
Rolls-Royce Deutschland provided a bill of 
materials of the major components that made 
up the BR 715 HP turbine and HP 

compressor. A bill of materials for the 701-K 
HP turbine, based on components similar to 
the BR715 HP turbine, was also assembled. 
These data sets were used as inputs into the 
PRICE model to generate a “should cost” for 
each of the assemblies. 

The PRICE tool uses the Rolls-Royce 
T406 engine production costs as an analogous 
system to baseline its resultant costs. The 
generated costs consist of only material and 
labor. No cost of money, general and 
administrative costs, fees, or profits are 
considered. The deviation from the T406 
costs for similar components is achieved by 
comparing the materials, the manufacturing 
processes, and the weights. The PRICE tool 
generates calibration factors based on the 
current T406 costs relative to other 
manufacturers within the same industry, the 
manufacturability of the component based on 
its material and complexity, and the weight 
relative to the T406 component. The 
manufacturing calibration factors were 
generated by assessing the materials, the 
manufacturing techniques (based on current 
Rolls-Royce practices), and the weights of 
each component. The comparison to industry 
cost calibration factor was generated by the 
tool based on a database compiled by the 
developer of the software. The PRICE tool 
used these calibration factors with the current 
T406 costs to generate the “should costs” for 
each component. The individual component 
costs were then summed to obtain a total 
estimated “should cost” for the 
subassemblies. 

Cost data collected from other sources 
were either the result of previous studies or 
were provided to Rolls-Royce for use in this 
evaluation. It was assumed that these data sets 
were assessed for their validity at the time the 
cost numbers were generated and no further 
investigation into their derivations was 
performed. Identification and descriptions of 
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these sources will be discussed in the 
following when applicable to certain 
assemblies.  

4.3.6.2  Total Engine Costs and Power 
Ratings 

As mentioned previously, the purpose of 
this assessment was to estimate the total 
production cost of each engine being 
evaluated. Each engine’s cost could then be 
used with its estimated output power to 
determine its cost per power ratio, or $/kW 
($/shp) ratio. Using the power values 
discussed in the performance section of this 
report, the cost per power ratios were 
calculated for each engine configuration.  

While specific cost data for the options 
are considered proprietary information, the 
analysis did support that a two-shaft growth 
601-K configuration that utilizes ATS 
technologies such as the 1316ºC (2400°F) HP 
turbine design could achieve a $/shp ratio that 
was competitive in the market and cost 
effective relative to factory cost requirements.  

4.3.7  Application of ATS 701-K 
Derived Technologies to 601-K  

Based on the analysis performed under 
this study, the optimum configuration was 
observed to be a growth 601-K11 
configuration featuring ATS 701-K 
technologies. In looking at specific 
performance gains associated with this 
arrangement when 701-K engine component 
technologies used on a 601-K11 series 
industrial gas turbine are applied, the results 
are displayed in Figures 249 and 250.  

4.3.8  Risk 

An initial risk assessment was carried out 
to define areas that may require additional 
attention in the preliminary design phase for 
the proposed growth 601-K11 engine. The 
risk list was not comprehensive, but rather 
was intended only as a guide to a more 
expansive risk study as additional studies 
were carried out in the early design phases 
(Table 35). 

 

Figure 249. Thermal efficiency improvements to 601-K11 with ATS technology. 
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Figure 250. SFC improvements to 601-K11 with ATS technology. 

 

Table 35. Preliminary risk assessment. 

Item Description Probability Consequence 

4 Compressor and Mechanical Sections   
4.1 Cost of LPC and HPC will exceed target cost. H M 
4.2 LPC blade changes will require additional changes. H M 
4.3 Part power ηth lower than desired using bleeds vs multistage CVG L M 

4.4 Operability will be compromised by elimination of variable bleeds. M M 
4.5 Fixes for 601-K9/K11 will not be developed in acceptable time for 

ATS program. 
M H 

4.6 Engine ηth will not meet DOE requirements. H M 

4.7 HPC in-bleed will be moved for ATS, affecting commonality. H L 
4.8 HPTR cooling, if done like previous ATS, will require center sump 

redesign. 
H H 

4.9 HPT cooling, if taken off bleed manifold ATS, may require manifold 
relocation. 

H M 

4.10 HPC case linings may need revision due to increased CDT for ATS. H L 
4.11 Axial inlet for LPC H L 
4.12 HPC η will not meet goals. M H 

4.13 Case materials inadequate for Rc 25 H H 
4.14 Disk creep life inadequate at 16,200 rpm, increased CDT H H 
4.15 Thrust balance on rotors may require resizing thrust bearing or 

modified balance pistons. 
H M-H 

4.16 Location of HP thrust bearing in intermediate support may lead to 
excessive turbine movement. 

H H 
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5  Conclusions and Recommendations 
Rolls-Royce Corporation submits the 

following conclusions and recommendations 
resulting from the U.S. DOE ATS Program 
Phases 3A and 3B contract. 

5.1  ATS Model 701-K Industrial Engine 
Preliminary Design 

A preliminary design of an ATS 
demonstrator engine concept to meet the 
stated program goals was completed at  
Rolls-Royce Corporation during Phase 3 of 
the contract. The engine was designated as the 
Model 701-K and was an aeroderivative gas 
turbine with advanced technologies that 
allowed for a thermodynamic efficiency of 
42% at 20,600 shp output. The 701-K 
included technologies such as: 

! A boost compression module and variable 
compressor geometry 

! An advanced scroll LPM combustion 
system that included catalytic reactors in 
the initial stage for single digit NOx and 
CO attainment 

! High work 1316ºC (2400°F) single-stage 
HP turbine that featured single crystal 
materials, multipass blade cooling, and 
U720 PM turbine disks  

! A free power turbine arrangement for 
better adaptability to the Energy, Oil & 
Gas, and Marine markets 

A design-to-cost study on this engine 
configuration was also completed and 
factored into the preliminary design phase. 

In addition to the 701-K engine 
preliminary design, test site and package 
layout and identification of key facility 
equipment for a pilot plant ATS configuration 
were also accomplished.  

In 1999, Rolls-Royce concluded that 
further development and manufacture of the 

ATS Model 701-K demonstrator concept was 
no longer achievable in terms of meeting 
projected return on investment (ROI) and 
payback. This was due in part to a change in 
corporate strategy with the elimination of an 
aero gas turbine engine variant, the AE 3012, 
that utilized 701-K common hardware (on 
which total 701-K unit demand was 
dependent) and the anticipated timescale to 
achieve the ATS program goals.  

Rolls-Royce Corporation and the DOE 
agreed on alternate program strategy for the 
balance of the Phases 3A and 3B contract that 
focused on the demonstration and 
modernization of component technologies for 
its existing fleet of industrial gas turbine 
engines (namely, the Model 501-K and 601-K 
series). This strategy would also help to 
advance research to evolve gas turbine 
technologies in future programs focused on 
alternative fuels. These specific focus areas 
are: 

! Low emissions combustion technology 
development and integration 

! Advanced material and coating 
technology and application 

! Ceramic turbine vane component 
development and demonstration 

! Mechanical system design integration and 
alternative engine growth studies 

5.2  Advanced Low Emissions 
Combustion Technology  

Following the reassessment of ATS 
program strategy with regard to the Model 
701-K engine demonstrator, Rolls-Royce 
redirected its focus on low emissions 
combustion development for the Model 601-
K series gas turbine. The basic engine 
arrangement and proposed combustion 
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architecture featured a canted silo 
configuration with staged LPM systems.  

Two basic LPM DLE combustion systems 
were evaluated for possible application:  

! A two-stage design based in part on the 
501-K series LE4 primary design 

! An alternative concept utilizing radial 
inflow mixing 

Rolls-Royce also focused a significant 
effort on dual fuel (natural gas and liquid DF-
2) low emissions combustion research in 
which several concepts were evaluated. 

5.2.1  Two-Stage Dry Low Emission 
Lean Premix LE4 System 

The proposed two-stage LPM combustion 
system architecture utilized LE4 (currently in 
production with the 501-K industrial gas 
turbine) DLE based combustor technology as 
the primary zone because experience had 
shown it to be a stable, quiet, low emissions 
combustor. The proposed two-stage system 
consisted of an LE4 combustor primary 
section, ten discrete secondary premix 
injectors, and a transition liner from the 
cylindrical combustor to a 120-degree 
annulus. The engine used three combustors 
placed in three different silos. Air was fed 
from the compressor diffuser through a 
reverse flow annular space between the liners 
and the combustor case and into the 
premixers. The second stage or secondary 
zone of the combustor utilized advanced 
mixing technology that included a slotted 
vortex mixer and staged injectors. 

The ATS goals of single-digit NOx and 
less than 20 ppm CO were achieved with low 
noise (<1 psi) at 90% power by diluting the 
corner recirculation zone in the primary. 
However, very little turndown could be 
achieved without producing CO above the 
ATS goal and an increase in power produced 
high noise levels. 

HP, high temperature test evaluation of 
the LE4 based primary stage design, when 
used in conjunction with another stage, 
resulted in significant combustion-driven 
acoustics that limited acceptable operation to 
simulated full power 601-K operating 
conditions. Efforts must be made to determine 
what differences exist between the LE4 
combustor and the LE4 based two-stage 
combustor that create an acoustic response in 
the two-stage combustor. One difference that 
is considered a possible cause of the noise is 
the lack of dilution holes in the primary liner. 

Increasing the length of the LE4 
premixing region did not dampen the low 
frequency noise. Instead, the dominant 
frequency changed slightly and the amplitude 
remained roughly the same. 

Lower pressure drop across the combustor 
appears to produce lower acoustic amplitude. 

The primary zone has only about a 38ºC 
(100°F) range between where single digit 
NOx is possible and lean blow out. Better 
mixing and more stability are needed to allow 
a larger primary zone temperature range. This 
small range is severely limiting to the low 
emissions operating range of the two-stage 
combustor. 

Component testing of the LE4 showed 
that at least two possible burning modes exist 
in the primary zone of reacting CRZ and 
nonreacting CRZ. Eliminating the reacting 
CRZ mode was accomplished both by 
blocking the corner with a quarl piece and by 
diluting the corner with discrete jets. The 
quarl made the primary zone difficult to light 
and unable to stabilize a flame, while the CRZ 
dilution created higher CO. The reacting CRZ 
mode must be removed; however, a method 
must be found for either stabilizing the 
primary when a quarl is used or reducing the 
CO when CRZ dilution is used. 
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System testing did not show any distinct 
evidence that SVP created less NOx than the 
axial swirler premixer; however, component 
testing clearly showed a marked improvement 
in secondary mixing when the SVP was used. 

Component testing showed that better 
mixing between the primary and secondary 
zones could be achieved with the counterswirl 
tangential secondary entry scheme. However, 
system testing showed a tendency to create 
high frequency noise when the tangential 
secondary dome was used. No emissions 
improvements were observed with the 
tangential secondary; therefore, the radially 
injected secondary should be used. 

Two transition liners with different 
dilution hole schemes were used. The first 
transition liner gave a poor exit pattern factor. 
The second transition liner improved the 
pattern factor immensely, but higher CO 
emissions were created. Since the pattern 
factor must be better than that created by the 
first transition liner, the second transition 
liner must be used. A method of improving 
the CO emissions with this liner will also be 
required. 

Several of the difficulties with this 
combustor seem to originate with the primary 
stage. 

The mixing is not very good, which 
produces high NOx and a low operating range 
of low NOx points. Thus, the mixing must be 
improved. 

The primary zone must only be allowed to 
operate in one burning mode, which is the 
nonreacting CRZ. This should be 
accomplished by using a quarl since this is the 
most certain method of it being eliminated. 

Some of the secondary zone premixer 
inlets should be moved upstream into the 
primary zone. This should be done for three 
reasons: 

! One of the distinct differences between 
the production LE4 and the primary stage 
is the lack of dilution holes. Thus, enough 
of the secondary inlets should be moved 
upstream to act as optionally fueled 
dilution holes. 

! Use of the quarl in the primary requires an 
additional stabilizing mechanism. 

! The flame appears to be able to adjust so a 
dominant frequency can be created that is 
coincident with the premix time. Jets will 
help lock the flame structure into one 
position. 

A modified secondary dome, which 
moves the needed secondary inlets upstream, 
should be based on the radial oriented 
secondary dome. 

The second transition liner with two large 
opposing dilution holes at the upstream end of 
the liner should be used. 

5.2.2 Low Emissions Dual Fuel 
Technology Research 

5.2.2.1 LE4 Based Dual Fuel Combustion 
System 

Configuration 6I was the last LE4 liquid 
fuel DLE configuration tested during the ATS 
program, and it performed best overall. 
Testing showed Configuration 6I emissions 
were not quite as low as those obtained with 
Configuration 6F; however, Configuration 6I 
showed superior performance with respect to 
smoke formation, pattern factor, and 
autoignition resistance. There was no 
autoignition or flashback at any time during 
the test including demanding test points such 
as simulations of 601-KB11 100% power, 
601-KB11 hot day 100% power, and RB211 
100% power. BOT profiles were very flat 
with pattern factors ranging from 0.1 to 0.2 
indicating good combustor exit temperature 
uniformity. Dynamic pressures were low, 
below the program goal of 1.0 psi rms at all 
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501-KB7 and 601-KB11 test points. Liner 
wall temperatures were low and smoke was 
undetectable. 

The improvement in BOT patterns with 
Configuration 6I provides evidence that 
moving the fuel injection orifices outward 
slightly was successful in improving radial 
fuel/air mixing within the premixer. In 
addition, angling the fuel injection orifices 30 
degrees downstream from circumferential was 
successful in eliminating autoignition. Fuel 
residence time in the premixer was reduced 
and the direction of fuel injection was less 
opposed to the airflow direction with this 
orifice orientation. 

Atmospheric spray visualization tests in 
the Rolls-Royce Research Laboratory were 
used during the ATS Program to screen LE4 
liquid fuel injector designs. These tests 
proved useful for this purpose, but could not 
fully simulate engine conditions. As such, it 
was not possible to maintain the same 
momentum flux ratio between fuel and air as 
occurs at full pressure. Pressure loss across 
the premixer was maintained at 3% ∆P/P to 
match Mach number and aerodynamic flow 
patterns at full pressure, but these tests could 
not simulate air density or fuel evaporation.  

These shortcomings increased the 
tendency for the fuel to strike the outer wall 
in the atmospheric tests. Spray quality as 
observed in the atmospheric spray tests did 
not necessarily correspond to emissions 
results from combustion rig tests. The 
atmospheric spray tests were very 
inexpensive to set up and run, but a more 
accurate method of evaluating the 
performance of liquid fuel injection concepts 
was needed. To address this shortcoming, 
ERC was contacted to perform liquid fuel 
injection screening tests at reduced 
conditions. ERC had better facilities for these 
tests and was already under contract to 
perform natural gas mixing studies for the 

ATS Program. Unfortunately, at the time 
ERC began this liquid spray work, the ATS 
Program within Rolls-Royce was redirected. 
It is recommended that the ERC effort be 
resumed as part of any future liquid fuel DLE 
combustor development program. The ability 
to evaluate full-pressure performance of 
injector designs with relatively inexpensive 
tests at reduced conditions would benefit any 
such development program. With regard to 
the LE4 premixer, atmospheric tests could be 
used to determine whether mixing needs 
improvement in the circumferential or radial 
direction. If improved circumferential mixing 
is needed, the number of fuel injection points 
should be increased. 

5.2.2.2  Phase 7 Combustion System 

Based on flow checks completed on the 
Phase 7 system, the following can be inferred 
about the performance of the module: 

! The high air flow passing through the 
pilot could compromise stability and 
emissions. 

! Module exit swirl will not be as large as 
intended due to the change in inner and 
outer flow splits. It is likely there will be 
little swirl at module exit. 

! Most of the module pressure drop is taken 
to produce swirl as opposed to producing 
acceleration of the flow in the premix 
duct. As combustion tests were not 
completed, the sensitivities of this 
pressure and velocity distribution to 
flashback and autoignition are unknown. 

! The prefilmer should give consistent 
liquid fuel placement within the 
premixing duct at all operating conditions; 
however, the radial dispersion may not be 
as good as other Derby modules with fuel 
jet cross-stream injection. 

! The design gas fuel placement may not be 
well matched to the respective swirler air 
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flows (2/3 : 1/3 air flow but 1/2 : 1/2 fuel 
flow) with the current hardware. This 
mismatch may affect emissions. Lean 
stability may also be compromised, as the 
inner swirler flow is weaker. 

If a test program is resumed and the Phase 
7 premixing module is to be hot tested, the 
following recommendations for 
improvements are made: 

! The outer wall of the mixing duct should 
be reprofiled to make the exit the control 
flow area and the pilot flow area should 
be reduced to ~8% of total. 

! The gas fuel injector should be modified 
to increase the fuel flow to the inner 
swirler flow. 

! In addition to the liquid fuel filmer, a 
radial jet fuel injection design should be 
tested for comparative purposes. 

! New swirlers should be designed to 
achieve the desired 50% airflow splits and 
increase the exit swirl. 

5.2.2.3 Concentric Staged Module Dual 
Fuel Design 

The concentric staged module had 
previous development history as a liquid fuel 
DLE premixer. The challenges during ATS 
were to add gaseous fuel capability to an 
existing liquid fuel design and to scale up to 
roughly double the existing flow area. 

Two concentric staged modules were rig 
tested, a subscale version designated DF-3 
with 806 mm2 (1.25 in.2) of flow area, and a 
full-scale version designated DF-2 with 1774 
mm2 (2.75 in.2) of flow area. The full-scale 
module had the same flow area as LE4 and 
Phase 7 premixers. 

The subscale DF-3 module in combination 
with a 147.32 mm (5.8-in.) diameter 
combustion liner met program emissions 
goals on natural gas fuel over a fuel/air ratio 

range corresponding to 601-KB11 engine 
100% power down to 70% power. Below 
70% power, application of compressor bleed 
or direct fuel injection would be necessary to 
keep CO emissions below 50 ppm. 

The subscale DF-3 module, in 
combination with a 147.32 mm (5.8-in.) 
diameter combustion liner, met program 
emissions goals on diesel fuel over a fuel/air 
ratio range corresponding to 601-KB11 
engine 100% power down to 87% power. 
Below 87% power, application of compressor 
bleed or direct fuel injection would be 
necessary to keep CO emissions below 100 
ppm. 

The full-scale DF-2 module in 
combination with a 200.66 mm (7.9-in.) 
diameter combustion liner met program 
emissions goals on diesel fuel over a fuel/air 
ratio range corresponding to 601-KB11 
engine 100% power down to 77% power. 
Below 77% power, application of compressor 
bleed or direct fuel injection would be 
necessary to keep CO emissions below 100 
ppm. 

Best emissions performance was obtained 
with the full-scale module in combination 
with the 200.66 mm (7.9-in.) diameter liner. 
For engine integration, however, a smaller 
diameter liner is preferred.  

A direct fuel injection feature similar to 
the LE4 pilot injector and consisting of a ring 
of natural gas orifices on the liner dome was 
added to the concentric staged modules 
during the ATS Program. Direct injection 
improved stability and reduced CO emissions 
at low fuel/air ratios. 

The concentric staged modules 
demonstrated low emissions, very low wall 
temperatures, and resistance to autoignition 
and flashback on gaseous and liquid fuels. 
Margin exists to reduce liner cooling and 
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realize further improvement in emissions 
performance. 

NOx emissions were not affected by liner 
residence time. This indicates that NOx was 
being formed in the flame front rather than in 
the post-flame gases. 

CO emissions were a function of liner 
residence time. 

Dynamic pressures ranged from 1 to 3 psi 
rms. These exceeded the program goal of 1 
psi, but were not destructive and did not cause 
autoignition or flashback. 

5.2.3  501-K ATS Combustion 
Technology Integration 

The design and testing activities 
conducted under the ATS program have 
produced features that are expected to be 
incorporated into the Roll-Royce 501-K DLE 
production engine combustion system to be 
known as LE5. These features address three 
issues:  

! LE4 liner wall temperatures 
! Transition section wall temperature and 

temperature gradients 
! Carbon deposition in the pilot zone of the 

LE4 combustor 

Rig and engine test results show the LE5 
design has successfully addressed the major 
factors limiting life of the DLE combustion 
liner. Reduced wall temperatures and lower 
thermal gradients in critical areas show 
promise of reaching the design life. Engine 
tests of additional effusion cooling to control 
carbon deposition have been positive and 
promising, leading Rolls-Royce to install 
liners with this feature in five engines through 
2002. 

A new combustor design based on 
technology developed under the ATS program 
is undergoing field service evaluation. If this 

evaluation is successful, the new LE5 
combustor will become the production 
standard by mid-2004.  

5.2.4  Low Emissions Radial Inflow 
System Combustion Development 

5.2.4.1  Initial Two-Stage System Radial 
Inflow Development 

LPM (DLE) combustion may be 
acoustically stabilized by a technical 
approach of increased burning rates, and 
altered burning zone aerodynamics relative to 
standard DLE burner practice.  

Very low NOx and stable combustion 
may be achieved simultaneously. 

Single-digit CO and NOx emissions are 
attainable over most of the power range of 
industrial engines.  

The technical approach leads to an 
uncomplicated burner mechanical design that 
may be fabricated from standard materials at 
low cost. 

The premixers have robust resistance to 
autoignition and flashback.  

Acoustically stable combustion and 
single-digit CO and NOx emissions were 
demonstrated over a temperature range of 
about 460ºC (860°F) with a two-stage burner 
at scaled 601 industrial engine conditions. 

The recommendations for further 
development of this technology are as 
follows: 

! Confirm the acoustical and emissions 
performance at the increased pressure 
levels of industrial engines 

! Apply the technology to a specific 
industrial engine to validate combustor 
performance in an engine environment 

! Perform additional development work to: 
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♦ Determine the critical factors in the 
stabilizing mechanism 

♦ Establish and maximize the 
stabilization 

♦ Investigate the feasibility of including 
liquid fuel capability 

♦ Include liner effusion, centerbody 
effusion, seal leakage, liner film, liner 
impingement, and instrumentation 
hole leakage 

5.2.4.2  Radial Inflow Technology—Derby 
3-Rig Facility Evaluation 

Testing in the Derby 3-Rig facility was 
initiated at 20 atmospheres and run for a brief 
time at 30 atmospheres pressure ratio. During 
this Derby 3-Rig testing, record low NOx 
emissions were recorded (1.5 ppmdc) for the 
Indy Burner radial combustion concept. 
Testing of the Indy Burner showed that NOx 
and CO emissions could be kept to single-
digit levels over a range of roughly 204ºC 
(400°F). 

Operation at 30 atmosphere pressure did 
not create any anomalies. NOx emissions 
duplicated those measured in the Indianapolis 
high pressure, high temperature (TC 823) 
facility at 20 atmosphere pressure. It was also 
noted that high fueling rates triggered 
combustion noise at all pressures. The 
frequency of oscillation was very low (160 
Hz), and it is very likely this frequency 
corresponds to the unique 3-Rig geometry.  

Ignition was always very simple and 
occurred at minimal fuel flows without any 
sudden airflow disturbances. 

Noise levels remained below a level of 0.4 
psi 0 to peak and produced no definable tones 
or harmonics when in the TC 823 rig. 

Combustor wall temperatures were only 
slightly higher than the inlet temperature of 
the air. 

Initial testing in the Derby 3-Rig produced 
heat markings that were most likely produced 
by passages starved of air due to poor velocity 
distribution in the plenum, giving rise to a 
high local F/A ratio with low local exit 
velocity making flashback or autoignition 
possible. 

Distortion testing showed that NOx levels 
increased with each increased level of inlet 
blockage, however no noise or damage was 
incurred by the hardware from this blockage. 

CFD showed that a high magnitude jet 
exists in the case near the swirler inlet near 
where the heat markings were found after that 
initial Derby 3-Rig test. 

Secondary Derby 3-rig testing, record low 
NOx emissions were recorded (1.5 ppmdc) 
for the Indy Burner and operation at 30 
atmospheres pressure. A specific tone of 
roughly 160 Hz was produced in the Derby 3-
Rig during the second test. The Derby 3-Rig 
configuration is believed to be susceptible to 
noise, due to a large plenum downstream of 
the combustor exit. 

The variation in the acoustic behavior of 
the two rigs is likely due to two factors: 

! The acoustic length of the Derby 3-Rig is 
double that of the TC 823 rig. 

! The reaction is located at one end of the 
Derby 3-Rig acoustic length, while the 
reaction is distributed along the acoustic 
length in the TC 823 rig. 

5.2.5  Catalytic Combustion 
Technology Evaluation 

As part of a joint program with CCSI, 
Rolls-Royce participated in an effort to 
evaluate the following characteristics 
associated with CCSI’s Xonon® catalyst 
system technology. This included an 
evaluation of the catalytic reactor bed in the 
following areas: 
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! Dynamics testing of catalyst modules 
! Catalyst high temperature thermal 

stability 
! Fuel composition effects on catalyst 

performance 
! Fuel contaminants effects on catalyst 

durability 
! Durability testing 
! Catalyst container mechanical testing 

Analysis of catalyst modules following 
dynamic testing at specified frequencies that 
simulated engine operating conditions 
revealed no signs of distress. 

The effects of high temperature stability at 
specified conditions that simulate combustor 
inlet conditions were evaluated and revealed 
the need for further optimization of the design 
to achieve an 8000-hr operating life.  

Fuel composition effects on the catalyst 
material have an impact on emissions 
performance. 

The effects of fuel contaminates such as 
chlorine (in heavy concentrations) accelerate 
catalyst aging. 

Mechanical testing and characterization 
was performed on catalysts specimens, which 
permitted the creation of creep stress curves 
at specific inlet air conditions.  

5.3  Mar-M247 High Pressure Turbine 
Vane and Coatings Technology 
Integration  

A turbine material system comprising 
Mar-M247 base alloy with a Pt-Al coating 
and TBC on the gas path surfaces was 
selected based on superior oxidation 
resistance and coating durability. The 
screening testing showed that under 
controlled laboratory conditions the life of 
this material system exceeded that of the 
current production system by more than a 

factor of 10. Because additional 
environmental factors can substantially 
adversely affect the life of a coated part 
operated in a gas turbine engine, this degree 
of improvement is unlikely to be achieved in 
service. Nevertheless, based on the service 
evaluation carried out in the two field engines 
and the comparative screening testing, a 
substantial improvement will be realized. The 
coated parts presently in the field engines will 
continue to be run and will be inspected at 
intervals convenient for the operators. As 
additional running time is accumulated, a 
more accurate assessment of the level of 
improvement will be established. As the 
production released parts enter the fleet, 
additional running time will be accumulated 
to further substantiate the improvements in 
durability afforded by the new material 
system. 

The residual stress measurement method 
for coatings being developed by the 
University of Connecticut is most promising 
in its ability to measure the stress field in a 
coating. The full verification and 
interpretation of the method and results 
obtained using the method require additional 
field data. The results obtained from the as-
coated, thermally treated, and as-run vanes 
showed the residual stress is increased 
substantially when the parts are subjected to 
an initial thermal treatment in an oxidizing 
atmosphere. In these tests, there was not a 
strong positional dependency of the residual 
stresses. In the later examinations, the 
residual stresses calculated for the vane 
coatings were determined to have decreased 
significantly from the as-coated condition to 
the as-run condition. While this reduction 
may be indicative of some loss of residual life 
in the coating, the degree of loss is yet to be 
established. Additional data are required to 
establish a rational relationship between the 
residual stresses and the remaining life of 
coated parts. 
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The vanes produced in the new material 
system will cost approximately 11% less than 
the current production vanes. The enhanced 
reliability of the vanes will also substantially 
reduce the warranty and policy costs, further 
reducing the cost of ownership. This program, 
though conducted at minimum cost, has 
succeeded in providing substantial 
improvements in the component durability, 
and with a decrease in the cost of operation of 
engines having these components. This 
technology was released into production in 
2002. 

5.4  ATS Ceramic First-Stage Turbine 
Vane Technology Development and 
Demonstration  

A two-phase program was conducted to 
investigate the effects of environmental 
conditions present within a typical industrial 
gas turbine engine upon ceramic components. 
A first-stage high pressure turbine ceramic 
vane and metal mounting system were 
designed, procured, and successfully 
demonstrated in extended operation in an 
engine. The Phase I effort encompassed the 
design effort and demonstration running of an 
uncoated ceramic vane design. Phase II of the 
program extended the effort to include two 
ceramic materials with a range of 
experimental environmental barrier coatings 
intended to enhance the durability of the 
ceramic vanes. The design successfully 
demonstrated the ability to operate ceramic 
vanes in a gas turbine engine environment for 
extended periods of time. However, the 
durability of even the coated vanes was not 
adequate to provide for an economically 
viable system for typical industrial 
applications. Additional improvements are 
necessary to extend the lifetimes of ceramic 
components to 20,000 hours, consistent with 
metallic parts. 

Uncoated AS800 vanes were operated in a 
customer engine for up to 815 hours (Phase I). 

Retained strength measurements showed the 
strength of the uncoated material did not 
degrade significantly by 815 hours. Profile 
comparisons of vanes operated for 815 hours 
showed relatively uniform recession around 
the airfoil. 

The rate of recession at the leading and 
trailing edges for all vanes increased with 
time of operation. 

The coating applied to the AS800 vanes 
showed a recession rate that was higher than 
for the base ceramic (Phase II). 

The coating applied to the AS800 vanes 
did not provide significant oxidation 
protection of the base ceramic. 

Retained strength measurements of coated 
AS800 vanes showed a reduction of 50% after 
1818 hours time of operation. 

Retained strength measurements of 
uncoated SN282 vane showed a reduction of 
14% after 1818 hours of operation. 

The UTRC coating applied to a limited 
number of vanes may have reduced the 
mechanical properties of the ceramic by up to 
80%. 

The probable cause of the ceramic vane 
row failure was loss of one or more vanes 
having reduced mechanical properties arising 
from application of an experimental coating. 

A cooperative effort involving DOE, 
ORNL, ceramic component suppliers, coating 
suppliers, other turbine engine companies, 
and Rolls-Royce Corporation resulted in the 
successful demonstration of ceramic vanes 
operated in a typical commercial gas turbine 
engine. While the durability of the vanes was 
less than is typically required for commercial 
operation, the data generated through the 
program afford the community a substantial 
and invaluable base upon which to continue 
the development of ceramics and coatings for 
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ceramics. Primary in the requirements for a 
commercially viable ceramic system is the 
development and demonstration of improved 
oxidation protection coatings for ceramics. 

5.5  Advanced Powder Metal 
Technology for Turbine Disks 

A limited research effort centered on the 
optimization of grain size and heat treatment 
processing of U720 PM turbine disk forgings 
for the 701-K series development effort was 
initiated; however, efforts to complete this 
research were discontinued before significant 
results were obtained.  

5.6  ATS Mechanical System 
Integration 

A supercritical shaft design and simplified 
center bearing sump arrangement for the 601-
K series gas turbine was successfully 
completed under the ATS program. This 
mechanical systems technology was 
implemented into production and resulted in 
an overall cost reduction of approximately 5 
to 8% relative to the original engine shaft and 
sump arrangement.  

5.7  ATS Alternative Engine Concepts 
and Growth Studies 

Following the redirection of ATS program 
strategy at Rolls-Royce from a Model 701-K 
industrial engine demonstrator, an 
investigation was performed on alternate 
turbomachinery options considered for a 
demonstrator engine concept. The survey 
considered two-shaft and three-shaft engine 
configurations. 

Analysis under this trade study task 
concluded a market demand for industrial gas 
turbine engines in the 14,000 to 18,000 shp 
power class. An optimum power rating for a 
gas turbine was identified at 15,000 shp with 
the potential to upgrade the engine power 
output to 20,000 shp. 

Based on the array of available  
Rolls-Royce industrial gas turbine designs 
considered, it was concluded that an 
incremental growth path for the 601-K two-
shaft configuration for Energy, Oil & Gas, 
and Marine applications was the best 
configuration for an alternate ATS engine 
application. Based on this conclusion, initial 
combustion technology development was 
focused on this application (specifically, the 
601-K11 gas turbine design).  

Integrating specific 701-K 
turbomachinery design features, such as the 
low pressure compressor design and the 
advanced 1316ºC (2400°F) high work high 
pressure turbine, into the 601-K11 gas turbine 
results in a growth engine configuration 
capable of achieving a 35.05% thermal 
efficiency and a power output of 16,848 shp.  

Design-to-cost studies performed on 
various turbomachinery options reveal the 
potential to achieve a cost per power ratio of 
under $1000/kW for a two-shaft 601-K11 
engine.  




