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Abstract 
Alzeta Corporation has developed surface-stabilized fuel injectors for use with lean premixed 
combustors which provide extended turndown and ultra-low NOX emission performance. These 
injectors use a patented technique to form interacting radiant and blue-flame zones immediately 
above a selectively-perforated porous metal surface. This allows stable operation at low reaction 
temperatures. This technology is being commercialized under the product name nanoSTAR. 

Initial tests demonstrated low NOX emissions but, were limited by flashback failure of the injectors. 
The weld seams required to form cylindrical injectors from flat sheet material were identified as the 
cause of the failures.  

The approach for this project was to first develop new fabrication methods to produce injectors 
without weld seams, verify similar emissions performance to the original flat sheet material and then 
develop products for microturbines and small gas turbines along parallel development paths.  

A 37 month project was completed to develop and test a surface stabilized combustion system for gas 
turbine applications. New fabrication techniques developed removed a technological barrier to the 
success of the product by elimination of conductive weld seams from the injector surface. The 
injectors demonstrated ultra low emissions in rig tests conducted under gas turbine operating 
conditions. The ability for injectors to share a common combustion chamber allowing for deployment 
in annular combustion liner was also demonstrated. Some further development is required to resolve 
integration issues related to specific engine constraints, but the nanoSTAR technology has clearly 
demonstrated its low emissions potential.  

The overall project conclusions can be summarized: 
• A wet-laid casting method successfully eliminated weld seams from the injector surface 

without degrading performance. 
• Gas turbine cycle analysis identified several injector designs and control schemes to start and 

load engines using nanoSTAR technology. A mechanically simple single zone injector can be 
used in Solar Turbine’s Taurus 60 engine. 

• Rig testing of single monolithic injectors demonstrated sub 3 ppmv NOX and sub 10 ppmv 
CO and UHC emissions (all corrected to 15% O2) at Taurus 60 full-load pressure and 
combustion air inlet temperature. 

• Testing of two nanoSTAR injectors in Solar Turbine’s sector rig demonstrated the ability for 
injectors to survive when fired in close proximity at Taurus 60 full load pressure and 
combustion air inlet temperature. 

• Sector rig tests demonstrated emissions performance and range of operability consistent with 
single injector rig tests. 

Alzeta has committed to the commercialization of nanoSTAR injectors and has sufficient production 
capability to conclude development and meet initial demand. 
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Executive Summary 

Introduction 
Alzeta Corporation has developed surface-stabilized fuel injectors for use with lean premixed 
combustors which provide extended turndown and ultra-low NOX emission performance. These 
injectors use a patented technique to form interacting radiant and blue-flame zones immediately 
above a selectively-perforated porous metal surface. This allows stable operation at low reaction 
temperatures. This technology is being commercialized under the product name nanoSTAR.  

The ability of surface stabilized combustion to realize low emission has been well established in a 
range of products sold by Alzeta. These products operate close to atmospheric pressure and range in 
size from 500,000 Btu/hr to 200 million Btu/hr and typically are provided to the new and retrofit 
boiler market. Consistently these burners operate to meet strict emission limits, and in some instances 
are the only products that are commercially available to achieve these limits. With the support of the 
California Energy Commission and the Department of Energy, Alzeta has been able to demonstrate 
that this technology can be effectively scaled to the high pressures associated with gas turbine 
combustion systems. 

The initial results have also led to increasing interest in the technology by gas turbine manufacturers, 
particularly those with a California base of operation. Proof of concept tests have been performed at 
both Solar Turbines and Honeywell. While these tests demonstrated low NOX emissions, testing was 
limited by flashback failure of the injectors. The weld seams required to form cylindrical injectors 
from flat sheet material were identified as the cause of the failures. Alzeta’s experience with cast 
ceramic burners suggested as means of producing injectors without weld seams by wet-laid casting of 
metal fibers on to 3-dimensional support screens. 

To address the flashback issue and further development of a surface stabilized combustion system for 
gas turbine applications this project was proposed to the Commission with support of the US 
Department of Energy, Solar Turbines, Honeywell and UC Irvine. 

 Problem Statement 
Control of pollutant emissions from electricity generating systems has become a matter of great 
concern as California’s demand for electric power has grown beyond historically available clean 
sources of supply. New capacity is needed to meet annual demand growth at rates averaging more 
than five percent per year. To meet this demand the most modern, very large, natural gas fired 
generation systems rely on expensive exhaust clean-up technologies to reduce emissions of NOX, a 
precursor to photo chemical smog. Unfortunately, exhaust emissions reduction technologies do not 
scale economically when applied to gas turbines in sizes that are desirable for distributed generation 
applications and have severely limited their implementation. As a result of these adverse economics, 
gas turbines under 10 megawatt in generating capacity have rarely been built in California in the last 
fifteen years. In order to make beneficial use of gas turbines in the under 10 megawatt size range in 
distributed generation applications, an innovative approach to cost-effective NOX emissions control is 
needed. 

 Technology 
The nanoSTAR injectors are constructed of small metal fibers which are compressed and sintered, 
resulting in an all-metal structure. This porous pad is perforated to produce a proprietary arrangement 
of perforation zones. The perforated metal fiber pads have a very low pressure drop but excellent flow 
uniformity. 
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The laminar blue flame combustion zones created by the surface stabilization contribute to lower 
NOX emissions in three ways. The dominant mechanism is the expected benefit from using fully 
premixed fuel and oxidizer, resulting in a uniform temperature across the reaction zone, and lean 
burning, resulting in reaction temperatures below the 3000 °F limit for thermal NOX formation. The 
second is the much lower residence time in the hot combustion zone. The peak temperatures are 
realized in the combustion front formed by each laminar flamelet which, like that of a Bunsen burner 
flame, is very thin. So the residence time in the peak flame temperature zone for a nanoSTAR injector 
is a fraction of that of a typical aerodynamically-stabilized injector. The third mechanism is a more 
rapid post-flame cooling of each blue-flame zone via the gas phase radiation mechanism. By 
spreading the flame over a larger surface, the gas layer thickness at any specific location on the 
injector is thin (relative to that of a conventional injector) and can more rapidly transfer energy as a 
result. These mechanisms combine in a nanoSTAR injector to produce lower NOX emissions than a 
typical lean premixed aerodynamically-stabilized injector.  

In addition to lower emissions with a wide turndown window, nanoSTAR injectors can be designed 
to fit within existing combustor liners and fitted to existing fuel/air mixers without extensive 
modification to the combustion equipment or pressure case. Furthermore, they require no 
extraordinary control schemes or equipment beyond that which would be required for an 
aerodynamically-stabilized lean-premixed injector. 

 Project Approach 

The project approach was to first develop new fabrication methods to produce injectors without weld 
seams, verify similar emissions performance to the original flat sheet material and then develop 
products for microturbines and small gas turbines along parallel development paths. The following 
technical tasks were identified: 

Task 2.1 Metal Fiber Casting and Production Development 

Task 2.2 Monolithic Injector Development 

Task 2.3 Industrial Turbine Injector Development at Solar Turbines 

Task 2.4 Microturbine Combustor Product Qualification at Honeywell 

Task 2.5 Microturbine Combustor Verification at UC Irvine. 

The first two tasks, 2.1 and 2.2, addressed generic fabrication and injector development applicable to 
both micro- and small industrial gas turbines. Subsequent tasks 2.3 and 2.4 were to tailor the 
technology to specific applications. In task 2.5 a life cycle data and independent emissions 
verification were to be done using the microturbine product. 

The target microturbine engine, Honeywell’s Parallon 75, was withdrawn from the market as the 
microturbine tasks were being initiated. This combined with continued weakness in microturbine 
market penetration resulted in halting work on the microturbine tasks. The majority of the project 
budget associated with these tasks, $318,516, remains unspent at project end. 

 Project Goals 

The overall technical goal of this project is to bring to market readiness gas turbine monolithic 
injector utilizing surface stabilized combustion technology. The monolithic injector will be 
commercialized under the trade name, nanoSTAR. 

The specific, technical objectives upon which this project’s success will be evaluated are: 

• Successful casting of monolithic injectors, which removes all solid-metal parts from the 
combustor. 
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• Successful development and product demonstration of monolithic injectors for microturbine 
generators manufactured by Honeywell. 

• Successful development of monolithic injectors for industrial engines manufactured by Solar 
Turbines. 

• On-engine emissions performance of: 

o < 5 ppmv NOX (15% O2) 

o < 10 ppmv CO (15% O2) 

The overall economic/cost goal of this project is to produce a commercial product which is cost 
competitive with existing dry low NOX combustors and superior to selective catalytic reduction 
(SCR) while providing emissions performance superior to both.  

The specific, economic/cost objectives upon which project’s success will be evaluated are to: 

• Eliminate $100/kW cost of additional emissions control equipment currently required for 
NOX mitigation on industrial-scale engines. 

• Provide superior NOX performance at costs on a par with the best available dry low NOX 
combustors for micro-scale gas turbine engines. 

Approach 

 Metal Fiber Casting 
Originally, perforated flat sheets of metal fiber mat were rolled and welded for cylindrical burner 
applications. In gas turbine environments, weld seams create a conductive heat path that can lead to 
premature ignition of premixed fuel and air resulting in burner failure. Wet-laid casting of metal 
fibers directly on to a 3-dimensional, dome-capped cylinder is a means of eliminating weld seams. 

The process needed to cast the metal fiber burners can be broken down into four basic operations: 

• fiber separation 

• dispersal in suspending agent 

• casting 

• sintering. 

Subject to revision as experience and expertise grows, elements for production of metal fiber 
monolithic burners are in place. The ability to manufacture wet-laid metal fiber burners for gas 
turbine applications at Alzeta allows control of the final product properties through selection of fiber 
length as well as casting pressure. 

 Combustion Characterization 
Tests were designed to determine combustion characteristics of the wet-laid metal fiber burner 
prototypes [3]. The characteristics of interest are unfired and fired pressure drop, uniformity of 
radiant surface combustion, and stability of radiant combustion. Further, the high temperature 
durability of wet-laid metal fiber mats is to be investigated. Specific test methods and procedures are 
detailed in reference [3].Several wet-laid 3-dimensional burner prototypes have been produced which 
differ in the mass of fiber applied to the support screen and whether or not densification of the metal 
fiber mat was performed. In addition to determining combustion characteristics of the prototypes, 
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their relative performance will be used to down select to a preferred configuration for further 
development.  

The objectives of the combustion characterization tests were to: 

• Determine the effects of mass of fibers applied and whether or not densification was 
performed on pressure drop 

• Determine the effect of radiant surface combustion on pressure drop 

• Compare the uniformity of radiant combustion for prototype burners 

• Compare the stability of radiant combustion for prototype burners 

• Determine the preferred configuration for further development 

• Evaluate durability of wet-laid metal fiber material. 

Combustion characterization tests produced the following significant results: 

• Pressure drop increases monotonically with increasing mass of fibers for mats without 
densification. 

• Densification has a greater effect than mass of fibers on pressure drop; densification 
dramatically increases pressure drop. 

• Radiant surface combustion approximately doubles pressure drop. 

• Visual observation of radiant operation allows immediate detection of gross defects such as 
low fiber density or poor mat adhesion. 

• Stability of radiant combustion is a quantitative performance measure that correlates with 
pressure drop and uniformity of radiant combustion. 

• Densification does not present significant performance benefits to justify the additional 
manufacturing step. 

• Review of the combustion characterization test results led to selection of prototype 3 as the 
most promising configuration for 3-dimensional wet-laid mats. For the initial injector 
development work, a metal fiber mat one-quarter inch thick with a bulk density of 0.9 
gm/cm3 was adopted and specified for fabrication of test articles. 

• High temperature cycling tests did not reveal any degradation of performance in 15,000 
cycles and 180 hours of operation. Surface oxidation did not impact pressure drop or 
radiation efficiency. The cycling results are sufficient to conclude that metal fiber mats have 
similar durability to CSB technology that has demonstrated greater than 30,000 hour life in 
boiler applications. The cycling tests demonstrate that the cycling expected to occur in 
injector developments should not degrade material performance. The tests, however, are 
insufficient to predict metal fiber mat lifetime in gas turbine service as the effects of pressure 
cycling and radiation from adjacent injectors have not been simulated. 

 Preliminary Controls Design 
ALZETA’s nanoSTAR gas turbine combustion technology relies on lean premixed combustion to 
reduce NOx formation. Maintaining the proper fuel/air ratio and surface firing rate of the injectors, 
while meeting the cycle requirements of a specific engine, requires an integrated injector design and 
control strategy.  
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Accurate nanoSTAR fuel/air ratio control is critical to achieve emissions targets. This accurate 
control of the fuel and air flows through individual injectors must be maintained over a broad range of 
overall engine fuel/air ratio. Additional control hardware beyond what is used in today’s “typical” 
engine may be required, but must be provided in a cost effective manner if the nanoSTAR is to be a 
commercial success. Methods of controlling or varying the amount of combustion air, and therefore 
the fuel/air ratio in the combustor, include: 

• Inlet guide vanes (IGVs) which act to reduce total engine air flow at specific load conditions 
with minimal effect on the flow split between combustion air and dilution air; 

• Compressor bleed, where a fraction of the compressed air bypasses the hot section and 
turbine reducing combustion and dilution air flow; and 

• Variable geometry, which refers to engine hardware that will alter the flow split between 
combustion and dilution air flow by varying the flow path (geometry) of the engine. 

While all of these methods of air flow control are considered to be feasible, the use of IGVs and 
compressor bleed are considered to be more standard, and therefore more acceptable, approaches. As 
an example, the current generation Taurus 60 is equipped with IGV and compressor bleed air flow 
control. In contrast, variable geometry is considered to be technically feasible, but is not used on any 
commercially available Taurus 60 systems at the present time. 

Approaches for achieving the required air flow targets include global control of air flow such as the 
use of IGVs, compressor bleed or variable geometry, as well as localized controls. Methods of locally 
controlling the split between combustion air and total turbine air flow include on-off cycling of 
targeted injectors in the turbine, or the use of “segmented” injectors that would operate with fuel flow 
though either a part of the injector, or the full injector, depending on engine load. The final control 
system implementation may include some combination of these global and local approaches and the 
best approach will ultimately be determined through sub-scale testing. 

The single zone injector was selected for the monolithic injector development work due to its 
mechanical simplicity. The design, as proposed, will require IGV air flow control, but will not require 
the use of variable geometry. The air flow control hardware would therefore be consistent with 
existing Solar Turbines designs. Fuel flow control would be complicated by the addition of on-off 
control valves on six of twelve injectors, but the impact of this on overall design complexity is 
considered to be minimal. Testing will establish operability limits such as: 

• lean blowout and blowoff limits 

• high and low limits on surface firing rate 

• emissions at simulated engine conditions 

• option specific issues (such as ignition at pressure) 

The single zone injector is suitable for resolving all but the option specific issues. 

 Monolithic Injector Testing 
Unperforated wet-laid monolithic 3-D burners have demonstrated uniform radiant combustion and 
similar durability to Alzeta’s boiler products in previous tests [2]. The next step is to design and 
fabricate a perforated monolithic 3-D gas turbine injector and test it under gas turbine operating 
conditions to confirm emissions performance and generate operability data to support design of 
engine ready hardware. 

The primary objectives of these tests were to demonstrate stable nanoSTAR injector operation at key 
gas turbine conditions and low emissions (down to 3 ppmv NOx) at full-load pressure. Operating 
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range data are needed to support design of an engine ready system for the Taurus 60. For simplicity a 
single-zone injector [4] was selected for this initial testing. A sufficiently wide operating range would 
allow the single-zone injector design to be applied to the engine. 

It was also an objective to, in preparation for the stability and emissions tests, mitigate factors that 
would adversely affect the test results. These included: 

• Fuel/Air mixture non-uniformity 

• Flame impingement on cold liner walls 

• Combustion reaction quenching from leaks in the injector/liner interface 

• Combustion reaction quenching from downstream dilution air. 

In a successful series of tests at Solar Turbines, the nanoSTAR injector demonstrated operability and 
emissions performance far exceeding currently available dry low emissions technology. Stable 
operation was achieved at all engine operating points identified in the test plan [6] ranging from 
engine cranking near atmospheric pressure to full-load at 12 atm. Emissions below 3 ppmv NOx, 10 
ppmv CO and 10 ppmv UHC (all corrected to 15% O2) were readily obtained under lean operating 
conditions at full-load pressure (12 atm) during simulated engine conditions tests and at 2, 5 and 8 
atm during the performance mapping tests. 

Specific accomplishments leading to these results included: 

• A single-zone injector was sized based upon cycle analysis of Taurus 60 engine data provided 
by Solar Turbines.  Details of this analysis can be found in reference [4]. 

• Solar Turbines designed and fabricated a fuel-air mixer for the pressurized injector tests. This 
test-rig only mixer was designed to provide as near to perfect fuel/air premix as possible. The 
mixer was found to provide a mixture that is spatially uniform to within +/- 3% of the mean 
fuel concentration during atmospheric testing. 

• A single-zone injector and interface hardware were designed to mate with the Solar Turbines 
fuel/air mixer and simulated combustor liner. Injector design minimized the potential for 
flame impingement on the liner walls. The liner interface was designed to prevent air leakage 
around the injector base. 

• Flow distribution components were developed to provide uniform surface flux. A 7 percent 
open-area perforated cylinder inserted onto the injector cavity provided very uniform surface 
flux and acceptable pressure drop. Uniform flow distribution was confirmed by the uniform 
axial flame height observed on the injector surface during atmospheric testing. 

• Simulated engine operating condition tests demonstrated stable nanoSTAR injector operation 
at all engine operating points identified in the test plan [6] ranging from engine cranking near 
atmospheric pressure to full-load at 12 atm. 

• Throughout the majority of high-pressure testing, NOx emissions were below 9 ppmv, CO 
emissions were below 3 ppmv, and UHC emissions were below 1 ppmv (all corrected to 15% 
O2).  

• Simultaneous emissions of below 3 ppmv NOx, 10 ppmv CO and 10 ppmv UHC (all 
corrected to 15% O2) were demonstrated at full-load pressure of 12 atm.  

• A “crossover point,” where NOx and CO emissions are equal, was found to around 4 ppmv, 
corresponding to flame temperatures between 2900 and 2950 ºF.  
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• Performance mapping tests conducted at 2, 5 and 8 atm pressure demonstrated lean blowout 
limits ranging from 2875 to 2975 ºF. 

• Lean stability and low emissions performance were found to improve with increasing SFR at 
equivalent inlet pressure. 

 Sub-Scale Taurus 60 Injector Testing 
Unperforated wet-laid monolithic 3-D injectors have demonstrated uniform radiant combustion and 
similar durability to Alzeta’s boiler products in previous tests [2]. Individual selectively perforated 
monolithic 3-D gas turbine injectors have been tested under gas turbine operating conditions and 
demonstrated excellent emissions performance and operability [5]. The next step in the development 
is to prove that multiple nanoSTAR injectors can operate in close proximity without mutual 
interference or excessive aging while maintaining emissions performance and operability. Tests 
conducted in Solar Turbines “sector rig” were designed to answer these questions. The sector rig 
models a two injector sector of a Taurus 60 annular liner. 

The primary objectives of these tests were to demonstrate survivability of multiple nanoSTAR 
injectors fired in close proximity under gas turbine conditions—high pressure and elevated inlet 
combustion air temperature. To minimize combustor design modifications nanoSTAR injectors would 
ideally be a direct replacement of existing injectors in the annular combustor liner typical of Solar 
Turbines engines. As a result, injectors must be able to operate at close proximity in a shared volume 
without damage or degraded performance. Four single-zone injectors [3] and two labyrinth mixers 
were fabricated for these tests. 

Secondary objectives of these tests were to demonstrate uniform combustion air distribution between 
injectors; demonstrate crossfire ignition between injectors at several pressures; determine the 
interaction, if any, between adjacent fired and unfired injectors; and confirm emissions performance 
and operability data obtained from single injector tests correlates with multiple injector results. 

In a series of tests at Solar Turbines, nanoSTAR injectors demonstrated operability, durability and 
emissions performance in a multiple injector configuration. These first-ever tests of nanoSTAR 
injectors operating in close proximity, at pressure and with preheated combustion air were an 
outstanding success. Stable operation and low NOx emissions were demonstrated at the injector 
separation anticipated for the Taurus 60 engine. The injectors showed no signs of accelerated aging or 
overheating as a consequence firing in close proximity. 

Specific accomplishments leading to these results included: 

• Four identical nanoSTAR injectors were fabricated. 

• Two identical labyrinth mixers were fabricated. 

• Solar Turbines sector rig was rehabilitated and commissioned for these tests. 

• A sector rig liner capable of variable injector spacing was designed and fabricated. 

• Effective area of each mixer/injector assembly was measured and varied by less than 3%. 

• Demonstrated survivability of adjacent fired and unfired nanoSTAR injectors at five, four and 
three inch separation. Three inch separation is anticipated in the Taurus 60 engine. 

• Demonstrated ability for crossfire ignition between injectors at all separation distances. This 
is significant for injector “light around” in an annular combustion liner. 

• Ignition of injectors at elevated pressure was demonstrated as fuel to one injector was 
removed and then returned during lean blow-out studies. 
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• Demonstrated survivability of adjacent fired nanoSTAR injectors at five, four and three inch 
separation. No accelerated aging or overheating observed during tests. 

• Injector separation distance did not impact survivability, emissions performance or 
operability down to three inch separation. 

• Stable operation of two adjacent nanoSTAR injectors was demonstrated over a range of 
operating pressures up to 12 atmospheres (atm). 

• Low emissions performance down to 3 ppmv NOx of two adjacent nanoSTAR injectors at 
Taurus 60 full-load pressure and inlet combustion air temperature was successfully 
demonstrated. NOx emissions followed trends established in prior single injector testing. 

• Lean stability limits of a nanoSTAR injector in the presence of another unfired or fired 
injector at multiple operating pressures in the operating pressure range between 1 and 12 atm 
were found to coincide with limits established in prior single injector testing. 

 Full-Scale Taurus 60 Combustor Tests 
After the successful demonstration of two injectors fired side by side in the sector rig, the next major 
development milestone required manufacturing and testing a full-scale annular combustor sized for a 
Taurus 60 engine.  An existing Taurus 60 development combustor liner was modified for use with 
nanoSTAR injectors in this test.  This liner has a combustion an annulus that is 8 inches wide.  The 
side walls of the combustor liner are backside cooled and were left essentially unchanged for this test.  
The downstream end of the liner features a conical section that converges to a 3 inch wide annulus at 
the exit plane.  Dilution air is introduced in this conical section, both through impingement-cooled 
louvers and direct-injection holes.  Inside the liner, combustion is completed before the flow reaches 
the dilution plane.  Approximately half of the total air flow is used for cooling and dilution while the 
remainder passes through the injectors and is used in primary zone combustion. 

The first atmospheric test of a full-scale annular nanoSTAR combustor was an outstanding success.  
The burners demonstrated their ability to operate undamaged in close proximity with other burners in 
an annular configuration.   

• Ignition and light around in this annular configuration was shown to be swift, smooth and 
repeatable.   

• Lean stability and emissions were comparable to prior single injector tests and suggested a 
beneficial effect of the multi-burner configuration.   

• Finally, exit temperature profiles were shown to be acceptable for use in an engine. 

Subsequent pressurized full scale combustor tests successfully demonstrated low emissions 
performance.   

• Ignition was robust and combustor oscillations were negligible.   

• Lean stability was similar to that observed in previous tests.  NOX emissions below 2 ppm 
were demonstrated.   

• Low CO emissions throughout testing confirmed that the annular combustor is appropriately 
sized.   

• Limited burner damage occurred as a result of a high temperature excursion well outside the 
intended operating range.  However, short term combustor performance was not adversely 
affected and similar incidents should be avoidable with the implementation of improved 
controls. 
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Project Outcomes 

 Technical Outcomes 
Successful completion of the technical tasks described above has brought Alzeta’s nanoSTAR 
technology to the point of readiness for full-scale testing and engine application. Engine integration 
and final control system definition issues remain, the ability for nanoSTAR to deliver ultra-low 
emission under gas turbine conditions has been firmly established. The relevance of technical 
outcomes to specific project objectives are summarized below: 

• Successful casting of monolithic injectors, which removes all solid-metal parts from the 
combustor. 

A method was developed for wet-laid casting of metal fibers to form monolithic injectors. 
Length of the metal fibers and casting pressure were identified as key parameters to drive pad 
density.  

Testing established baseline combustion characteristics of wet-laid metal fiber injectors and 
demonstrated durability in atmospheric cycling tests similar to existing metal fiber products 
employed by Alzeta. 

• Successful development and product demonstration of monolithic injectors for microturbine 
generators manufactured by Honeywell. 

This objective was not met as Honeywell withdrew from the microturbine market and the 
effort was abandoned. The budget for tasks in support of this objective remain unspent. 

• Successful development of monolithic injectors for industrial engines manufactured by Solar 
Turbines. 

Preliminary control design considerations suggested single zone injectors could be suitable 
for industrial turbine applications with addition of on/off fuel control to selected injectors. 
This simple mechanical design was determined to be suitable for assessing operability and 
performance characteristics of the final product regardless of the final configuration. 

Monolithic injector testing demonstrated that the injectors produced via wet-laid casting were 
capable of sub 3 ppmv NOX and sub 10 ppmv CO and UHC emissions (15% O2) at a pressure 
ratio of 12:1.  There were no flashback failures experienced during these tests indicating the 
new manufacturing method successfully eliminated the conductive heat transfer path from the 
reaction zone to upstream of the stabilizing surface. 

Finally, sub-scale Taurus 60 injector testing in Solar Turbine’s sector rig proved the ability of 
nanoSTAR injectors to operate in close proximity without negative interaction or degradation 
of emissions performance. Completion of these tests clears the way for full-scale combustor 
testing and ultimately engine application of the nanoSTAR. 

• On-engine emissions performance of: 

o < 5 ppmv NOX (15% O2) 

o < 10 ppmv CO (15% O2) 

Under full-load operating conditions (matching combustion air inlet temperature and 
pressure) emissions of sub 3 ppmv NOX and sub 10 ppmv CO were demonstrated in 
monolithic injector tests. NOX emissions performance was duplicated in the sector rig tests 
though cold air leakage into the combustion chamber resulted in elevated CO emissions.  
Finally, sub-scale results were confirmed in limited full-scale combustor testing. 

 9 



 

 Economic Outcomes 
The nanoSTAR technology developed under this contract met the economic goal of the project which 
was to produce a commercial product which is cost competitive with existing dry low NOX 
combustors and superior to selective catalytic reduction (SCR) while providing emissions 
performance superior to both.  

Success relative to the stated economic goals is discussed below: 

• Eliminate $100/kW cost of additional emissions control equipment currently required for 
NOX mitigation on industrial-scale engines. 

Estimated capital cost for conventional SCR exhaust treatment on an industrial gas turbine is 
$100/kilowatt to achieve 9 ppmv NOX or $260/kilowatt to achieve 2 ppmv NOX using an 
advanced ozone based exhaust treatment, SCONOX [11]. The nanoSTAR technology can 
achieve 3 ppmv NOX by preventing its formation during combustion for a cost of $6 to $10 
per kilowatt—effectively eliminating the cost of exhaust gas treatment. 

• Provide superior NOX performance at costs on a par with the best available dry low NOX 
combustors for micro-scale gas turbine engines. 

While the microturbine components of this project were not completed, the nanoSTAR 
technology cost of $6 to $10 per kilowatt compares favorably to current dry low NOX injector 
technology estimated to cost 5% of total engine cost. The nanoSTAR technology offers sub 
3 ppmv NOX emissions at roughly the same cost as existing DLN injectors providing 
25 ppmv NOX in industrial gas turbines. The mechanical simplicity of nanoSTAR injectors 
suggests a similar favorable comparison would be found for microturbine applications. 

Production Readiness 
Alzeta Corporation has developed a method for production of monolithic metal fiber burners for 
application in gas turbines. Critical process technology and processing equipment for metal fiber 
separation, dispersion and suspension and burner casting is maintained at Alzeta while more 
traditional metalwork and machining is supplied by vendors. The current process has sufficient 
capacity to meet demand required to complete development and for commercial introduction. 
Anticipated cost for small industrial turbines (1-15 megawatts) is $6-$10 per kilowatt. Alzeta is 
prepared to invest up to five million dollars to launch the commercial product. As demand increases it 
will become more economical to bring external processes in-house. Expansion will proceed in three 
phases 1) acquisition of sintering capability, 2) increased casting capacity, and 3) acquisition of metal 
fabricating and machining capability. All new capacity will be added to Alzeta’s existing 
manufacturing facility in Sacramento, California. 

Benefits to California 
The successful demonstration and commercialization of the nanoSTAR injector developed in this 
project will benefit California electricity ratepayers by reducing NOX emissions and reducing 
economic barriers to installing new generating capacity within the state.  

The Alzeta combustor provides a solution that does not require major engine redesign, is relatively 
inexpensive, uses no hazardous ammonia, and produces the required low emissions. Manufacturers 
will adopt technologies that require little modification of the basic engine more rapidly than 
technologies, like catalytic combustion, that require major redesign and proof testing. Control system 
development for the Alzeta combustor is simple relative to other emissions reduction technologies. 
After sales service is very important to owners of generating equipment. The Alzeta system has fewer 
parts to replace during maintenance operations, and the maintenance cycle may prove to be as long as 
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an engine-overhaul cycle. Other emissions reduction technologies may require the replacement of 
expensive components every 8000 hours or one-third the overhaul cycle.  

Achieving low emission without the use of ammonia eliminates highway transport safety issues 
associated with supplying ammonia to the power plants. Ammonia offloading facilities, emergency 
holding tanks and storage tanks are eliminated. The cost of ammonia is eliminated and the ammonia 
slip (excess ammonia that does not react and is released to the atmosphere) is also eliminated. 
Ammonia slip can be as high as 10 ppmv in the exhaust stream of a gas turbine with SCR control.  

All of these factors will lead to a more rapid adoption of this technology by the manufacturers of the 
gas turbines and the buyers/users of gas turbines.  

Conclusions and Recommendations 

Alzeta Corporation has completed a 33 month project to develop and test a surface stabilized 
combustion system for gas turbine applications. This novel technology is being commercialized under 
the name nanoSTAR. New fabrication techniques developed have removed a technological barrier to 
the success of the product by elimination of conductive weld seams from the injector surface. The 
injectors have demonstrated ultra low emissions in rig tests conducted under gas turbine operating 
conditions. The ability for injectors to share a common combustion chamber allowing for deployment 
in annular combustion liner was also demonstrated. Some further development is required to resolve 
integration issues related to specific engine constraints, but the nanoSTAR technology has clearly 
demonstrated its low emissions potential. The overall project conclusions can be summarized: 

• A wet-laid casting method successfully eliminated weld seams from the injector surface 
without degrading performance. 

• Combustion characteristics of the wet-laid metal fiber material were similar to that of flat 
sheet material used in Alzeta’s low emissions products for boiler applications. 

• Gas turbine cycle analysis identified several injector designs and control schemes to start and 
load engines using nanoSTAR technology. A mechanically simple single zone injector can be 
used in Solar Turbine’s Taurus 60 engine. 

• Rig testing of single monolithic injectors demonstrated sub 3 ppmv NOX and sub 10 ppmv 
CO and UHC emissions (all corrected to 15% O2) at Taurus 60 full-load pressure and 
combustion air inlet temperature. 

• Testing of two nanoSTAR injectors in Solar Turbine’s sector rig demonstrated the ability for 
injectors to survive when fired in close proximity at Taurus 60 full load pressure and 
combustion air inlet temperature. 

• Sector rig tests demonstrated emissions performance and range of operability consistent with 
single injector rig tests. 

• Alzeta has committed to the commercialization of nanoSTAR injectors and has sufficient 
production capability to conclude development and meet initial demand. 
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1.  Introduction 

1.1. Project Background 
Alzeta Corporation has developed surface-stabilized fuel injectors for use with lean premixed 
combustors which provide extended turndown and ultra-low NOX emission performance. These 
injectors use a patented technique to form interacting radiant and blue-flame zones immediately 
above a selectively-perforated porous metal surface. This allows stable operation at low reaction 
temperatures. This technology is being commercialized under the product name nanoSTAR. 

The ability of surface stabilized combustion to realize low emission has been well established in a 
range of products sold by Alzeta. These products operate close to atmospheric pressure and range in 
size from 500,000 Btu/hr to 200 million Btu/hr and typically are provided to the new and retrofit 
boiler market. Consistently these burners operate to meet strict emission limits, and in some instances 
are the only products that are commercially available to achieve these limits. Alzeta will guarantee 
emission less than 9 ppmv of NOX corrected to 3% O2 (equivalent to 3 ppmv when corrected to 15% 
O2). Alzeta has guaranteed as low as 7 ppmv (3% O2). Over the last three years alone, Alzeta has 
installed over 100 of these burners, all of which have met the required emissions targets. Applications 
also include the burning of such alternate fuels as propane, butane, oil field casing gas and refinery 
gas. 

With the support of the California Energy Commission and the Department of Energy, Alzeta has 
been able to demonstrate that this technology can be effectively scaled to the high pressures 
associated with gas turbine combustion systems. A significant series of tests were performed at 
United States Department of Energy’s Low Emission Combustion Test and Research facility located 
at the National Energy Technology Laboratory in Morgantown, West Virginia. A test matrix was 
defined that included pressures from 1.8 to 12.2 atmospheres, surface firing rates from 0.6 to 1.15 
MMBtu/hr/ft2/atm and adiabatic flame temperatures from 2720 to 2910 ºF. When the adiabatic flame 
temperature was less than 2900 ºF, NOX emissions were less than 2.5 ppmv. At pressures greater than 
4 atmospheres, CO and hydrocarbon emission were consistently less than 10 ppmv [7].  

The initial results have also led to increasing interest in the technology by gas turbine manufacturers, 
particularly those with a California base of operation. Proof of concept tests have been performed at 
both Solar Turbines and Honeywell. While these tests demonstrated low NOX emissions, testing was 
limited by flashback failure of the injectors. The weld seams required to form cylindrical injectors 
from flat sheet material were identified as the cause of the failures. Alzeta’s experience with cast 
ceramic burners suggested as means of producing injectors without weld seams by wet-laid casting of 
metal fibers on to 3-dimensional support screens. 

To address the flashback issue and further development of a surface stabilized combustion system for 
gas turbine applications this project was proposed to the Commission with support of the US 
Department of Energy, Solar Turbines, Honeywell and UC Irvine. 

1.1.1 Problem Statement 
Control of pollutant emissions from electricity generating systems has become a matter of great 
concern as California’s demand for electric power has grown beyond historically available clean 
sources of supply. New capacity is needed to meet annual demand growth at rates averaging more 
than five percent per year. To meet this demand the most modern, very large, natural gas fired 
generation systems rely on expensive exhaust clean-up technologies to reduce emissions of NOX, a 
precursor to photo chemical smog. Unfortunately, exhaust emissions reduction technologies do not 
scale economically when applied to gas turbines in sizes that are desirable for distributed generation 
applications and have severely limited their implementation. As a result of these adverse economics, 
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gas turbines under 10 megawatt in generating capacity have rarely been built in California in the last 
fifteen years. In order to make beneficial use of gas turbines in the under 10 megawatt size range in 
distributed generation applications, an innovative approach to cost-effective NOX emissions control is 
needed. 

1.1.2 Technology 
The particular style of surface stabilized combustion inherent in nanoSTAR injectors is best described 
as laminar blue-flame combustion stabilized by significant velocity gradients above a porous metal-
fiber mat. The operation of this type of surface stabilized combustion is characterized by the 
schematic in Figure 1a, which shows premixed fuel and air passing through the metal fiber mat in two 
distinct zones. 

In the porous-only zone true surface combustion (A) is realized. Under lean conditions this will 
manifest as very short laminar flamelets, but under rich conditions the surface combustion will 
become a diffusion dominated reaction stabilized just over a millimeter above the metal matrix, which 
proceeds without visible flame and heats the outer surface of the mat to incandescence. This type of 
radiant surface combustion can be seen between the laminar flamelets in Figure 1b. 

a) Fuel/Air 

B 

A A 

   b)  

Figure 1:  Surface Stabilized Combustion 

Portions of the metal fiber mat are perforated to allow higher mass flux (B). In these zones stretched 
laminar flames are established that are anchored by the adjacent surface combustion. This produces 
the distinctive flame pattern seen in Figure 1b. The specific perforation arrangement and pattern 
control the size and shape of the laminar flamelets. The perforated zones operate at flow velocities of 
up to 10 times the laminar flame speed producing a factor of ten stretch of the flame surface and 
resulting in a large laminar flamelets. The alternating arrangement of laminar blue flames and surface 
combustion, allows high firing rates to be achieved before flame liftoff occurs, with the surface 
combustion stabilizing the long laminar flames by providing a pool of hot combustion radicals at the 
flame edges. 

At atmospheric operation, nominal injector output would be 1.0 million Btu/hr/ft2, so an injector with 
a fired area of 0.5 ft2 would have a capacity of 500,000 Btu/hr. Assuming the firing rate of the 
injector increases linearly with pressure the surface firing rate (SFR), equal to the injector output 
divided by the operating pressure, remains constant as pressure increases. This results in a compact 
injector size for a given capacity in high pressure systems. The 500,000 Btu/hr injector at 1 atm 
becomes nominally a 5 million Btu/hr injector at 10 atm. Put another way, based on a gas turbine with 
a heat rate of 10,000 Btu/kilowatt-hour and a combustion pressure of 10 atmospheres, only about one 
square foot of injector surface area would be required for every megawatt of gas turbine output. 
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The nanoSTAR injectors are constructed of small metal fibers which are compressed and sintered, 
resulting in an all-metal structure. This porous pad is perforated to produce a proprietary arrangement 
of perforation zones. The perforated metal fiber pads have a very low pressure drop but excellent flow 
uniformity. 

The laminar blue flame combustion zones created by the surface stabilization contribute to lower 
NOX emissions in three ways. The dominant mechanism is the expected benefit from using fully 
premixed fuel and oxidizer, resulting in a uniform temperature across the reaction zone, and lean 
burning, resulting in reaction temperatures below the 3000 °F limit for thermal NOX formation. The 
second is the much lower residence time in the hot combustion zone. The peak temperatures are 
realized in the combustion front formed by each laminar flamelet which, like that of a Bunsen burner 
flame, is very thin. So the residence time in the peak flame temperature zone for a nanoSTAR injector 
is a fraction of that of a typical aerodynamically-stabilized injector. The third mechanism is a more 
rapid post-flame cooling of each blue-flame zone via the gas phase radiation mechanism. By 
spreading the flame over a larger surface, the gas layer thickness at any specific location on the 
injector is thin (relative to that of a conventional injector) and can more rapidly transfer energy as a 
result. These mechanisms combine in a nanoSTAR injector to produce lower NOX emissions than a 
typical lean premixed aerodynamically-stabilized injector.  

In addition to lower emissions with a wide turndown window, nanoSTAR injectors can be designed 
to fit within existing combustor liners and fitted to existing fuel/air mixers without extensive 
modification to the combustion equipment or pressure case. Furthermore, they require no 
extraordinary control schemes or equipment beyond that which would be required for an 
aerodynamically-stabilized lean-premixed injector. 

1.1.3 Project Approach 
Prior work on developing surface stabilized injectors for gas turbine applications have shown the 
potential for ultra low emissions of NOX, CO and UHC at the Department of Energy’s National 
Energy Technology Laboratory [7]. However, subsequent efforts to reproduce those results in 
environments more representative of actual gas turbine combustors lead to a number of injector 
failures due to ignition of premixed fuel and air upstream of the injector surface. Conduction of heat 
through weld seams required to form injectors from flat sheets of material was identified as the most 
likely cause of these failures. This project was established to address this issue and to further develop 
the nanoSTAR product for application to microturbines and small industrial turbines. 

The project approach was to first develop new fabrication methods to produce injectors without weld 
seams, verify similar emissions performance to the original flat sheet material and then develop 
products for microturbines and small gas turbines along parallel development paths. The following 
technical tasks were identified: 

Task 2.1 Metal Fiber Casting and Production Development 

Task 2.2 Monolithic Injector Development 

Task 2.3 Industrial Turbine Injector Development at Solar Turbines 

Task 2.4 Microturbine Combustor Product Qualification at Honeywell 

Task 2.5 Microturbine Combustor Verification at UC Irvine. 

The first two tasks, 2.1 and 2.2, addressed generic fabrication and injector development applicable to 
both micro- and small industrial gas turbines. Subsequent tasks 2.3 and 2.4 were to tailor the 
technology to specific applications. In task 2.5 a life cycle data and independent emissions 
verification were to be done using the microturbine product. 
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The target microturbine engine, Honeywell’s Parallon 75, was withdrawn from the market as the 
microturbine tasks were being initiated. This combined with continued weakness in microturbine 
market penetration resulted in halting work on the microturbine tasks. The majority of the project 
budget associated with these tasks, $318,516, remains unspent. 

1.2. Project Goals 
The overall technical goal of this project is to bring to market readiness gas turbine monolithic 
injector utilizing surface stabilized combustion technology. The monolithic injector will be 
commercialized under the trade name, nanoSTAR. 

The specific, technical objectives upon which this project’s success will be evaluated are: 

• Successful casting of monolithic injectors, which removes all solid-metal parts from the 
combustor. 

• Successful development and product demonstration of monolithic injectors for microturbine 
generators manufactured by Honeywell. 

• Successful development of monolithic injectors for industrial engines manufactured by Solar 
Turbines. 

• On-engine emissions performance of: 

o < 5 ppmv NOX (15% O2) 

o < 10 ppmv CO (15% O2) 

The overall economic/cost goal of this project is to produce a commercial product which is cost 
competitive with existing dry low NOX combustors and superior to selective catalytic reduction 
(SCR) while providing emissions performance superior to both.  

The specific, economic/cost objectives upon which project’s success will be evaluated are to: 

• Eliminate $100/kW cost of additional emissions control equipment currently required for 
NOX mitigation on industrial-scale engines. 

• Provide superior NOX performance at costs on a par with the best available dry low NOX 
combustors for micro-scale gas turbine engines. 

1.3. Report Organization 
The remainder of this report describes all of the work completed during the course of the project. The 
Approach section addresses each of the technical tasks in turn: 

• Metal Fiber Casting  

• Combustion Characterization  

• Preliminary Controls Design  

• Monolithic Injector Testing  

• Sub-Scale Taurus 60 Injector Testing. 

In each sub-section the technical objectives, approach, results and conclusions are presented. 

The outcomes of the overall development effort are discussed in Project Outcomes. The technical 
outcomes of the project are summarized first and followed by economic outcomes. Production 
readiness and benefits to California are described in further sub-sections. 
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Conclusions and recommendations are detailed in the final report section. 

A glossary of terms and list of references are included at the end of the report. 

2. Approach 

2.1. Metal Fiber Casting 
Further details of the Metal Fiber Casting development are given in topical report [1]. 

2.1.1 Introduction 
Alzeta’s nanoSTAR surface stabilized combustion technology for gas turbine applications relies on 
radiant combustion regions to stabilize adjacent laminar blue flame regions. Radiant combustion is 
stabilized on the surface of a porous metal fiber mat that is selectively perforated to create high flux, 
laminar blue flame regions. Originally, perforated flat sheets of metal fiber mat were rolled and 
welded for cylindrical burner applications. In gas turbine environments, weld seams create a 
conductive heat path that can lead to premature ignition of premixed fuel and air resulting in burner 
failure. Wet-laid casting of metal fibers directly on to a 3-dimensional, dome-capped cylinder is a 
means of eliminating weld seams. 

Alzeta has extensive experience in casting 3-dimensional ceramic fiber based combustion products. 
Ownership of the manufacturing process has allowed for incremental product improvement as well as 
the ability to tailor products for specific applications. In-house development of a wet-laid metal fiber 
casting process will yield similar benefits. 

The process needed to cast the metal fiber burners can be broken down into four basic operations: 

• fiber separation 

• dispersal in suspending agent 

• casting 

• sintering. 

The following sections describe activities associated with defining each of these steps. 

2.1.2 Fiber Selection/Separation 

Alzeta acquired 14 µm iron chromium aluminum yttrium (FeCrAlY) alloy metal fibers in lengths 
ranging from 1-6 mm. To determine the best length of fiber for casting, tests were planned to cast and 
sinter burners of various length fibers, and evaluate their pressure drop, strength, and flame 
characteristics. In the process of producing batches of casting “slurry”, it was found that as the fiber 
length increased, the tendency for them to entangle also increased. This created “clumps” of fibers 
that had first to be separated before attempting to disperse them in the suspending media. 

The shortest fibers available, 1 mm, did not clump together appreciably, and were easy to disperse 
and suspend. However, they are the most expensive to manufacture. At 2 mm in length, the fibers 
would cling to each other, and were received in small clumps from the manufacturer. The 3 mm fibers 
were received as clumped balls, and were difficult to separate, sometimes even by hand. Several 
approaches were tried to alleviate this problem. 

The first approach to separate fibers was to use a weak (approximately 2 percent, by weight) nitric 
acid solution on the fibers, to dissolve any residual salts left on the metal from the manufacturing 
process. This was only mildly effective, so mechanical means were explored.  
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Mechanical separation processes included "carding” equipment and translating sieves. Carding is a 
process by which toothed combs are interleaved in such a way that fibers can be pulled apart by the 
mechanical action of moving combs. This type of equipment is used in the textile industry. The 
experiments done at Alzeta, using manually operated carding equipment, produce unsatisfactory 
results as metal fibers were broken during processing.  

In the meantime, a vibrating sieve bed was identified and tested for its fiber separating capabilities. 
This operation proved to be fairly successful, separating approximately 70 percent of the clumped 
fibers into a loose fill. However, the remaining 30 percent of the fibers tended to clump into even 
tighter balls becoming unusable. Efforts are ongoing to improve this part of the process, but for the 
moment the effectiveness was deemed acceptable enough to proceed. 

Separation of the metal fibers is inhibited by hooked ends created when fibers are cut to length. This 
aspect is being addressed by the fiber manufacturer by altering the clearance of the cutting blades in 
the fiber “chopping” process. This could reduce or eliminate the hooked ends which contribute to 
their tendency to cling to one another. 

2.1.3 Fiber Dispersion/Suspension 
Once the fibers are satisfactorily separated, they can be dispersed in the suspension/binding agent. 
There are many types of suspension agents, which are used within different industries. Research into 
potential agents, and their properties, led to a choice of three for further evaluation and testing. 
Xanthan Gum, a thickening/stabilizing agent used in the food industry. Carbopol is an similar acting 
acrylic polymer agent, used in polishes and cleaners in the home and auto care industries, as well as 
others. The third agent was Methocel, a cellulose based product used in the food and drug industries.  

Samples were received from the respective manufacturers, and tests were designed which correlated 
the weight percent solutions to the viscosity. A Brookfield digital viscometer was used to measure the 
viscosity, and these measured values were compared to manufacturer or published data. The 
viscosities then had to be correlated to suspension effectiveness. This was done by mixing fibers into 
suspension, and then measuring a settling rate for the fibers as they came out of suspension. This rate 
turned out to vary with the length of the fibers, so a viscosity was determined for each type of agent, 
which could satisfactorily suspend all the fiber lengths of interest. An appropriate viscosity was 
determined to be one which kept the fibers suspended for at least one hour.   

For the initial burner casting tests, Xanthan Gum was chosen because of its ease of preparation. There 
is concern that Xanthan Gum condensates or residues may foul sintering furnace vacuum pumps as 
production volumes increase. While this issue can be resolved by shorter maintenance intervals, 
alternative suspension agents may also have less tendency to foul furnace equipment. For this reason 
determination of the “best” agent for the overall process is still open as impact on the sintering 
equipment is assessed. However, satisfactory casting and sintering results were achieved with the 
Xanthan Gum, so this used as the primary agent for further burner casting tests. 

A pressure casting rig was designed and fabricated for casting the burners. The rig is shown in Figure 
2 below. 
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Figure 2:  Casting Rig 

Valving at the top of the vessel allows compressed air into the vessel chamber. The plumbing and 
valving at the bottom of the vessel allows drainage of the slurry through two valves. One is through a 
central drainpipe, which lies beneath the wire mesh burner weldments to be cast. The second drain is 
located in the chamber floor, but outside the footprint of the burner, and allows drainage of excess 
slurry, without casting fibers to the weldment screen. Based on the concentration level of the fiber in 
the suspension agent, a batch of slurry is poured to a predetermined level in the pressure vessel. The 
chamber is pressurized to a designated pressure. Then the central drain is opened, driving the slurry 
through the wire mesh screen of the burner weldment, and through the drain pipes below. The fibers 
in the slurry are left behind on the burner screen. When the slurry level drops to the level of the top of 
the burner, the central drainpipe is closed. Stopping the process at this point ensures that the correct 
amount of fiber is cast onto the burner weldment. The valve is then re-opened, along with the outer-
draining, second valve. The combination of settings, for the two valves, allows the remaining slurry to 
drain from the vessel, at equal pressure, and therefore without applying more fibers to the screen.  

Burners were cast under various conditions, in which the parameters varied included the: 

• suspension agent 

• casting pressure 

• fiber length 

• slurry concentration level 

• slurry viscosity. 

Based on these tests, an optimal slurry composition and casting pressure were determined and used 
for prototype burner casting. 
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These tests were conducted in conjunction with sintering test results, to determine the effects of the 
various casting parameters on burner sintered strength. With the number of casting and sintering 
parameters to investigate, and a limited amount of fibers available for the test program, an alternative 
to casting a full burner was developed. Small 3.5 x 3.5 inch square mesh screens were used to cast a 
small "coupon" of fiber pad. This coupon could then be sintered, and tested for strength properties, 
and utilize only about four grams of fiber rather than the approximately 225 grams required for a 
burner. In some cases, a force later was applied to the pad, to determine whether such pressure would 
enhance sintered strength. 

2.1.4 Sintering and Process Evaluation 
Prototypes supplied by a vendor had demonstrated strength and durability, as well as satisfactory 
pressure drops and flame characteristics. However, both the casting and sintering conditions that had 
been used to fabricate the burners were not known. Furthermore, a criteria and protocol by which to 
evaluate the suitability of the fiber matrix created had not been defined. The only performance criteria 
which was defined was a pressure drop requirement which had to be met. Pressure drop of the metal 
fiber matrix is a function of fiber matrix density and overall thickness. 

Shorter fibers, in addition to being easier to separate, were found to produce a more dense fiber 
matrix than longer fibers which produced a more open structure. Casting pressure was also found to 
effect pad density with greater casting pressure resulting in more dense metal fiber pads. Having 
control of both fiber length and casting pressure allows control of the final matrix density so pressure 
drop became an independent variable to be addressed in specification of the final product. 

Having developed processes for separating fibers, suspending them and casting them on to 
3-dimensional supports the remaining manufacturing step is solidifying the structure via sintering. 
Therefore, efforts were made both to research the science of sintering and develop methods to 
measure mechanical strength of the sintered product. 

Sintering is generally performed in a reducing environment such as hydrogen or in a vacuum to 
prevent formation of metal oxides that prevent mechanical bonding of individual fibers or particles. 
FeCrAlY fibers are known to readily form metal oxides—metal oxides formed on the metal surface 
contribute to the alloy’s durability at high temperature. Therefore, the initial sintering trial was 
performed in a hydrogen furnace at a temperature of approximately 2250 ºF. However, it was 
immediately apparent that the burners produced were not durable or strong enough for burner 
applications.  

Methods developed to evaluate the burners included examination and photographs of the matrix under 
a 4-100 power microscope, as well as a non-destructive compression test procedure. The magnified 
pictures could document the reduction in fiber surface area, indicated by the “smoothing” of the fiber 
surface and tips, and which is a measure of sintering effectiveness. The nondestructive strength test 
procedure that was developed entailed the use of a Wagner FDK-80 force dial, which was applied to 
the surface of the burner, or coupon. The flat tip of the force dial plunger would leave an impression 
in the surface of the pad, which would vary in depth, depending on the resistance of the matrix. The 
depth of the depression, and thus the relative compressive strength of the pad, was measured with a 
micrometer on a stand, fitted with a small rod-like probe. The height measurement was taken at the 
initial surface of the pad, compared to the lowest point of the depression made, gave a measure of 
toughness of each pad. 

In addition to low compressive strength after sintering, the initial burners cast would also “flake” 
fibers off when brushed, which was undesirable. The hydrogen environment appeared to be 
ineffective for sintering FeCrAlY alloy. A vacuum furnace run, at 2300 ºF for one hour followed by 
five hours at 2250 ºF, was performed and did not produce a satisfactory result, though less metal 
oxide was observed on the fiber surface than on samples processed under the hydrogen environment.  
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These unsatisfactory results suggested that higher temperatures were needed for sintering FeCrAlY 
alloy. The only higher temperature sintering furnaces locally available were hydrogen furnaces.  Runs 
were made in a hydrogen furnace up to 2600 ºF, again with unsatisfactory results. Compressive 
strength of the metal fiber matrix was still unacceptable and the support screens melted during 
processing. 

The breakthrough in identifying proper sintering conditions came when higher vacuum levels were 
attempted in a furnace used for sintering only that had not been contaminated by brazing compounds. 
Brazing compounds can contain carbon, boron, or phosphorus small concentrations of these materials 
can negatively impact the sintering process. A furnace run with a vacuum of 10-6 torr and temperature 
of approximately 2300 ºF produced a well bonded, durable fiber matrix. This vacuum level was 
significantly higher than the 10-3 torr used in the previous vacuum furnace trial. 

Several coupons were processed in the high vacuum dedicated sintering furnace and the results were 
completely satisfactory in terms of strength, durability, and appearance. The pressure drop of the 
coupons was not measured as they were not suitable for attachment to an air flow source, however, 
the identified means of controlling matrix density should allow control of this parameter during 
burner casting. This showed that the good sintering results could be produced with the Alzeta casting 
process. At this point, although not finalized, all the pieces of the process are in place to produce an 
in-house prototype burner for combustion testing. Weldments for Taurus 60 injectors are currently 
being fabricated and future metal fiber burners will be cast at Alzeta. 

2.1.5 Conclusions 
Manufacturing processes have been developed for the in-house production of the base material for 
Alzeta’s nanoSTAR gas turbine combustion technology. Production of metal fiber burners requires 
processes for metal fiber separation, fiber suspension, casting and sintering. Significant results from 
the process development are: 

• A vibrating sieve bed was found to effectively separate 14 µm fibers varying from 1 to 6 mm 
in length with approximately 70% yield of loose fibers. 

• Fiber length correlates with fiber matrix density—shorter fibers result in a more dense matrix 
while longer fiber result in a more open structure. 

• Several commercially available thickening agents were evaluated for suspending and 
dispersing metal fibers. 

• Xanthan Gum was selected for suspension and dispersion of metal fibers based upon its 
effectiveness and ease of use. 

• A pressure casting vessel was designed and fabricated to force the metal fiber slurry through 
the weldment screen forming a matrix of metal fibers. 

• Metal fiber matrix density was found to increase with casting pressure. 

• Sintering FeCrAlY alloy fibers requires a well controlled environment that is free of 
contaminants and capable of high vacuum levels. 

Subject to revision as experience and expertise grows, elements for production of metal fiber 
monolithic burners are in place. The ability to manufacture wet-laid metal fiber burners for gas 
turbine applications at Alzeta allows control of the final product properties through selection of fiber 
length as well as casting pressure. 
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2.2. Combustion Characterization 
Further details of the Combustion Characterization tests are given in topical report [2]. 

2.2.1 Introduction 
Traditional Alzeta cylindrical surface burner (CSB) technology and early gas turbine prototypes have 
relied on forming cylindrical burners from flat sheets of air-laid metal fiber mats.  Weld seams 
inherent in this fabrication technique are a conductive heat transfer path across the metal fiber mat. 
Under gas turbine operating conditions, these seams become an ignition source for premixed air and 
fuel upstream of the mat. Combustion upstream of the mat and the associated pressure increase can 
rupture the mat creating a so-called “flashback” failure. 

To eliminate weld seams, metal fibers have been wet-laid onto 3-dimensional burner supports screens 
and sintered to solidify the mat structure. Tests were designed to determine combustion 
characteristics of the wet-laid metal fiber burner prototypes [3]. The characteristics of interest are 
unfired and fired pressure drop, uniformity of radiant surface combustion, and stability of radiant 
combustion. Further, the high temperature durability of wet-laid metal fiber mats is to be investigated. 
Specific test methods and procedures are detailed in reference [3]. 

2.2.2 Objectives 
Several wet-laid 3-dimensional burner prototypes have been produced which differ in the mass of 
fiber applied to the support screen and whether or not densification of the metal fiber mat was 
performed. In addition to determining combustion characteristics of the prototypes, their relative 
performance will be used to down select to a preferred configuration for further development.  

The objectives of the combustion characterization tests were to: 

• Determine the effects of mass of fibers applied and whether or not densification was 
performed on pressure drop 

• Determine the effect of radiant surface combustion on pressure drop 

• Compare the uniformity of radiant combustion for prototype burners 

• Compare the stability of radiant combustion for prototype burners 

• Determine the preferred configuration for further development 

• Evaluate durability of wet-laid metal fiber material. 

2.2.3 Approach 

2.2.3.1 Test Articles 
Originally, flat pads were to be used for combustion characterization tests as methods were developed 
to produce monolithic 3-dimensional burners. Early success in casting prototypes with iron chromium 
aluminum yttrium (FeCrAlY) alloy fiber mats on 3.5-inch diameter domed cap cylinders allowed 
testing on burners more similar to the final design than flat pads. The support screen is attached to a 
ring for mounting to upstream hardware. Dimensions and general arrangement are provided in Figure 
3. 
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Figure 3:  Sketch of Wet-Laid 3-Dimensional Burner Prototype 

Prototypes are differentiated by mass of fibers applied and whether or not densification occurred 
before sintering as indicated in Table 1. Densification is accomplished by mechanical compression of 
the fiber mat. For flat sheets this is achieved by means of a roll press or application of specific load. 
For the capped cylindrical geometry, a prototype was rolled on a smooth flat surface under load to 
compress the mat. Material on the cap was not compressed. Without densification,  

Table 1:  3-Dimensional Wet-Laid Burner Prototypes 

Prototype 

Number 

Mass of Fibers 
(grams) 

Densified 

1 32.8 No 

 2a 57.8 No 

3 86.1 No 

4 79.8 Yes 

5 121.5 No 

mass of fibers correlates directly to mat thickness. Densification increases fiber density within the 
mat. Prototype 2a was formed by a series of two casting and sintering steps. 

2.2.3.2  Combustion Characteristics 
Three tests were identified to assess combustion characteristics of the wet-laid prototypes:  

1. Pressure Drop Evaluation 

2. Uniformity of Radiant Combustion 

3. Stability of Radiant Combustion. 

Pressure drop across the metal fiber mat is an essential parameter in determining the flow split 
between perforated and unperforated regions in the final gas turbine injector. Pressure drop should 
correlate with uniformity of flow distribution over the burner surface with increased pressure drop 
providing more uniform distribution. The increase in pressure drop due to surface combustion may 
also influence the flow split between perforated and unperforated regions. 
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Uniformity of radiant combustion correlates directly with uniformity of flow distribution over the 
burner surface. Local regions of low mat density result in local high gas velocities that lift the flame 
front off the surface creating a laminar blue flame zone. Local regions of high mat density result in 
combustion within the mat or complete flow blockage in extreme cases, resulting in an unfired zone 
on the surface. These effects are readily identified by visual inspection. 

Stability of radiant combustion determines the mean surface velocity at which radiant combustion is 
no longer stabilized. The influence of fuel/air ratio is captured by conducting tests at various surface 
firing rates (SFR). 

2.2.3.3 High Temperature Durability 
High temperature cycling tests provide accelerated aging of the metal fiber mat through exposure to 
high temperature in a refractory lined cell and thermal cycling. Key concerns are surface oxidation 
and structural integrity in response to thermal expansion/contraction. Previous experience with 
radiant burners has demonstrated increased pressure drop and decreased radiant output are strong 
indicators of performance degradation. 

2.2.4 Results 

2.2.4.1 Pressure Drop Evaluation 
A flow rate traverse from zero to the equivalent of nominal 250,000 Btu/hr/ft2 SFR at 15% excess air 
was performed for each prototype. This nominal firing rate is near the peak radiant efficiency for 
metal fiber radiant burners and an established benchmark for radiant testing. 

Pressure drop increased monotonically with mass of fibers applied for the prototypes 1, 2a, 3, and 5—
those without densification—over the range of velocities tested. Prototype 4 which received 
densification exhibited greater pressure drop than 3 which had similar total mass of fiber applied. 

Densification is assumed to decrease mean pore size within the mat and appears to have a greater 
impact on pressure drop than mass of fibers. Densification represents a significant additional 
processing step that would increase production costs for the burner product. 

Fired pressure drop tests utilized air and natural gas to traverse from 125,000 to 250,000 Btu/hr/ft2 
SFR with 15% excess air for each prototype.  

Surface combustion roughly doubles the observed pressure drop across the metal fiber mat. All tests 
were performed under conditions dominated by stable radiant combustion. Local regions of laminar 
blue flame or sub-surface combustion certainly influenced the observed results, but the localized 
pressure drop could not be measured in the existing facility. For higher velocities, trends observed in 
the air only tests are retained: pressure drop increases with mass of fibers applied and densification of 
the mat. The strong dependence on mat densification compared to mass of fibers applied is more 
pronounced in the presence of surface combustion. 

2.2.4.2 Uniformity of Radiant Combustion 
During fired pressure drop evaluation, visual observation of the uniformity of radiant surface 
combustion determined the relative ranking among the prototypes. Prototype 1 exhibited a large blue 
flame zone over approximately one-half of the dome surface indicating low fiber density. Prototype 5 
exhibited large blue flame “fingers” originating from the upstream end of the burner. Closer 
inspection revealed the mat was separated from the screen in that region.  Prototypes 1 and 5 were 
excluded from further tests based upon these results. 
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Figure 4:  Radiant operation of prototype 4. 

The remaining prototypes all exhibited satisfactory uniformity of radiant combustion. The uniformity 
of radiant combustion was best for 4 followed by 3 and then 2a in the relative ranking. Figure 4 
depicts prototype 4 under radiant operation. Small defects are visible, but overall uniformity is 
excellent. Selective perforation of the mat for use in gas turbine service will dominate the small 
imperfections. 

Having tested only one prototype of each configuration, manufacturing variability has not been 
addressed. The objective is to screen out the configurations with gross defects and identify candidates 
for further development. Gross defects, such as the low density region on prototype 1, identify an 
unsuitable configuration. Small scale variations on an overall uniformly radiating surface may be a 
function of manufacturing variability, but cannot be used to eliminate a particular configuration. 

2.2.4.3 Stability of Radiant Combustion 
Prototypes 2a, 3 and 4 were tested at matrix of excess air and SFR conditions. Excess air at each SFR 
began at 15% and increased in 15% increments until radiant operation was lost. At low SFR a 
maximum of 75% excess air was achieved. SFR began at 125,000 Btu/hr/ft2 and increased in 25,000 
Btu/hr/ft2 increments until radiant operation at 15% excess air could not be maintained at 
approximately 360,000 Btu/hr/ft2. 

The limits on radiant operation will set the mass flux through the porous, unperforated regions of the 
final injector design. The limits themselves do not correspond to an engine requirement as flux 
through a radiant burner is too low to meet engine requirements without a tenfold increase in 
combustor area. Selective perforation permits the required mass flux. 

Specific results for 15% excess air are presented in Table 2. Stability of radiant combustion was 
consistent with observations of flow uniformity: burners with greater flow uniformity maintained 
radiant combustion to higher SFR. A significant finding was the similarity in stability between 
prototypes 3 and 4 even though 4 exhibited significantly higher pressure drop. These results indicate 
the additional manufacturing step of mat densification does not yield significant performance benefit. 
Based upon these results, the metal fiber mats were standardized on the prototype 3 for development 
of monolithic injectors—one-quarter inch mat thickness with a bulk density of 0.9 gm/cm3. 
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Table 2:  Upper Limit of Radiant Operation at 15% Excess Air 

Prototype Number Mass of Fibers Surface Firing 
Rate at Radiant 

Limit 

Pressure Drop at 
250 MBtu/hr/ft2 

SFR 

 grams Btu/hr/ft2 inches w. c. 

 2a 57.8 307,000 .28 

3 86.1 361,000 .29 

4 79.8 (densified) 378,000 .37 

2.2.4.4 High Temperature Cycling 
Prototypes 2a and 3 were selected for high temperature cycling tests. Prototypes were mounted in a 
refractory lined chamber and connected to the cycling rig, Figure 5 and Figure 6, which continuously 
runs through timed purge, ignition and timed firing periods constituting a cycle.  

Surface firing rate of 220,000 Btu/hr/ft2 and 15% excess air were used for the tests. Heat release was 
sufficient to reach 2200 ºF maximum surface temperature during the cycle as measured using a two-
color pyrometer.  
 

Figure 5:  Atmospheric cycling rig with refractory enclosure removed. 
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Figure 6:  Prototype mounted in refractory enclosure without lid. 
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Figure 7:  Radiation efficiency and excess air versus cycle number for prototype 3. 

Each prototype was subjected to 15,000 cycles and over 180 hours of fired operation. Neither 
prototype exhibited an increase in pressure drop or loss of radiation efficiency, Figure 7, during the 
tests. Radiation efficiency is defined as emissive power (measured by radiometer) divided by heat 
input (higher heating value) typical values range from 15 to 25%. Oxidation was confined to surface 
of the metal fiber mat. Mechanical integrity of the mat was maintained throughout the test as well. 
There is no appreciable difference in the uniformity or intensity of radiant surface combustion. In 
fact, no measurable performance degradation was observed for either prototype. 

2.2.5 Conclusions 
Combustion characterization tests produced the following significant results: 

• Pressure drop increases monotonically with increasing mass of fibers for mats without 
densification. 

• Densification has a greater effect than mass of fibers on pressure drop; densification 
dramatically increases pressure drop. 
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• Radiant surface combustion approximately doubles pressure drop. 

• Visual observation of radiant operation allows immediate detection of gross defects such as 
low fiber density or poor mat adhesion. 

• Stability of radiant combustion is a quantitative performance measure that correlates with 
pressure drop and uniformity of radiant combustion. 

• Densification does not present significant performance benefits to justify the additional 
manufacturing step. 

• Review of the combustion characterization test results led to selection of prototype 3 as the 
most promising configuration for 3-dimensional wet-laid mats. For the initial injector 
development work, a metal fiber mat one-quarter inch thick with a bulk density of 0.9 
gm/cm3 was adopted and specified for fabrication of test articles. 

• High temperature cycling tests did not reveal any degradation of performance in 15,000 
cycles and 180 hours of operation. Surface oxidation did not impact pressure drop or 
radiation efficiency. The cycling results are sufficient to conclude that metal fiber mats have 
similar durability to CSB technology that has demonstrated greater than 30,000 hour life in 
boiler applications. The cycling tests demonstrate that the cycling expected to occur in 
injector developments should not degrade material performance. The tests, however, are 
insufficient to predict metal fiber mat lifetime in gas turbine service as the effects of pressure 
cycling and radiation from adjacent injectors have not been simulated. 

2.3. Preliminary Controls Design 
Further details of the Preliminary Controls Design are given in topical report [4]. 

2.3.1 Introduction 
ALZETA’s nanoSTAR gas turbine combustion technology relies on lean premixed combustion to 
reduce NOx formation. Maintaining the proper fuel/air ratio and surface firing rate of the injectors, 
while meeting the cycle requirements of a specific engine, requires an integrated injector design and 
control strategy. This section addresses the specifications of the injector control system, then presents 
and discusses the control options that have been evaluated for use on the Solar Turbines Taurus 60 
engine. Included in this section is a recommended control system approach for operation at the 
targeted NOx emissions level over the anticipated full range of engine operation. 

Accurate nanoSTAR fuel/air ratio control is critical to achieve emissions targets. This accurate 
control of the fuel and air flows through individual injectors must be maintained over a broad range of 
overall engine fuel/air ratio. Additional control hardware beyond what is used in today’s “typical” 
engine may be required, but must be provided in a cost effective manner if the nanoSTAR is to be a 
commercial success. Methods of controlling or varying the amount of combustion air, and therefore 
the fuel/air ratio in the combustor, include: 

• Inlet guide vanes (IGVs) which act to reduce total engine air flow at specific load conditions 
with minimal effect on the flow split between combustion air and dilution air; 

• Compressor bleed, where a fraction of the compressed air bypasses the hot section and 
turbine reducing combustion and dilution air flow; and 

• Variable geometry, which refers to engine hardware that will alter the flow split between 
combustion and dilution air flow by varying the flow path (geometry) of the engine. 
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While all of these methods of air flow control are considered to be feasible, the use of IGVs and 
compressor bleed are considered to be more standard, and therefore more acceptable, approaches. As 
an example, the current generation Taurus 60 is equipped with IGV and compressor bleed air flow 
control. In contrast, variable geometry is considered to be technically feasible, but is not used on any 
commercially available Taurus 60 systems at the present time. 

A major step in defining the appropriate control system is to determine the required combustion air 
flow at each engine load condition. Cycle data provided by Solar Turbines provides fuel flow, total 
air flow, temperature and pressure as a function of engine load. Analyses and previous test data have 
defined the injector fuel/air ratio necessary to achieve emissions targets using the nanoSTAR 
injectors. Knowing the required injector fuel/air ratio and the total fuel flow defines the required 
combustion air flow, and therefore defines the necessary flow split between combustion air and 
bypass or dilution air on an overall engine basis. 

Approaches for achieving the required air flow targets include global control of air flow such as the 
use of IGVs, compressor bleed or variable geometry, as well as localized controls. Methods of locally 
controlling the split between combustion air and total turbine air flow include on-off cycling of 
targeted injectors in the turbine, or the use of “segmented” injectors that would operate with fuel flow 
though either a part of the injector, or the full injector, depending on engine load. The final control 
system implementation may include some combination of these global and local approaches and the 
best approach will ultimately be determined through sub-scale testing. 

2.3.1.1 Engine Configuration 
The Solar Turbines Taurus 60 is a 5.5 megawatt simple-cycle engine. The annular combustor has 12 
equally spaced injector/pilot assemblies. The engine is equipped with variable position IGVs. A 
fraction of the total air flow is diverted for turbine blade cooling. Compressor air bleed is available 
for off-load conditions and start-up. 

2.3.1.2 Performance Objectives 
The performance targets and stretch goals for the development project are: 

• Emissions 

o < 3 ppmv NOx (15% O2) 

o < 10 ppmv CO (15% O2) 

• Low emissions operating range 

o 80% to full load  

o 60% to full load (stretch goal) 

• Combustor pressure drop 

o 4.0% 

o 3.0% (stretch goal) 

In order to meet these performance objectives, an injector control strategy must be developed that will 
allow precise control of the air/fuel ratio through the injectors while allowing for a much wider range 
of variation in the overall engine air/fuel ratio. The objective of the injector controls development is 
to design the system that achieves the required level of air flow control with minimum complexity 
and cost. 
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2.3.2 Conceptual Designs 

2.3.2.1 Single zone injectors 
A single zone injector, Figure 8, has an undivided surface fed by a single premix inlet and would 
essentially replace an existing premix injector. In this design, total fuel flow would be controlled in a 
traditional modulating manner, with all twelve injectors active, for all load conditions above 60 
percent. Some modulation of total engine air flow using IGV control would be required. At lower 
load conditions fuel would be shut off to specific injectors, while air flow through the injectors would 
not be affected. The cycle analysis for ISO standard day conditions is presented in Table 3. Only six 
injectors would be active up to 40% load. Eight active injectors would be required for operation to 
45% load and ten injectors for operation to 60% load. All twelve injectors would be active for loads 
above 60%.  
 

 

Figure 8:  Single zone injector cutaway view 
 

2.3.2.2 Dual zone injectors 
In this design, each injector would be divided into two independently fueled zones or segments, 
Figure 9. Two fuel circuits would be required—fueling premixed fuel/air plenums connected to each 
injector segment. Some modulation of total engine air flow through IGV control would be required. 
Cycle analysis for ISO standard day conditions is presented in Table 4. Only one segment of each 
injector would be active up to 25% load. Over the transition to 40% load, fuel would be added to the 
second segment. Early in the second segment fuel schedule, surface combustion would not be 
stabilized and this additional fuel would combust within the liner volume. At 45% load and above 
surface combustion would stabilize on both segments. Above 60% load the fuel/air ratio would be 
matched in the two segments, and the segments would act in concert similar to the performance of the 
single zone injector design described above.  

Secondary 

Primary 

 
 

Figure 9:  Dual zone injector design cross-section 
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Table 3:  Cycle Analysis of Single Zone Design 

Burner Diameter (in) 2.75 % Load 5.0 25.0 40.0 45.0 60.0 75.0 90.0 95.0 100.0
Primary Zone Length (in) 5.5 Pcd (atm)

Secondary Zone Length (in) 0 Tcd (deg. F)
Total Machine Fuel Flow (pph)

Fuel Temp (F) 50 Total Machine Air Flow (pps)
Comb Air Split 0.9033 Combustor Air (kg/s)

# of Cans being Fueled 6 6 8 10 12 12 12 12 12
% Air Reduction by IGVs 0.00 0.00 0.05 0.20 0.25 0.10 0.00 0.00 0.00

Surface Burners
Air Splits Primary Zone Fuel Split 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Downstream Split 0.415 Fuel Primary Zone (kg/s)
Surface Burner Split 0.585 Air Primary Zone (kg/s)

F/A Primary Zone 0.0316 0.0352 0.0307 0.0302 0.0293 0.0288 0.0301 0.0314 0.0329
Phi Primary Zone 0.5408 0.6009 0.5242 0.5169 0.5007 0.4931 0.5137 0.5373 0.5615
Excess Air 0.85 0.66 0.91 0.93 1.00 1.03 0.95 0.86 0.78

 Tpz (F) 2720 2925 2696 2676 2634 2619 2696 2775 2854
Primary SFR (Btu/hr/ft2/atm) per can 1.86 1.91 1.50 1.23 1.06 1.20 1.34 1.38 1.43

Nox Machine Exhaust (15% O2) 2.52 6.33 1.85 1.37 0.98 0.95 1.35 1.92 2.73

Proprietary

Proprietary

Proprietary
Proprietary

 

 30 



 

Table 4:  Cycle Analysis for Dual Zone Design 

Burner Diameter (in) 2.75 % Load 5.0 25.0 40.0 45.0 60.0 75.0 90.0 95.0 100.0
Primary Zone Length (in) 3.86 Pcd (atm)

Secondary Zone Length (in) 2.5 Tcd (deg. F)
Total Machine Fuel Flow (pph)

Fuel Temp (F) 77 Total Machine Air Flow (pps)
Comb Air Split 0.9033 Combustor Air (kg/s)

% Air Reduction by IGVs 0.00 0.00 0.16 0.16 0.28 0.18 0.00 0.00 0.00

Air Splits Primary Zone Fuel Split 1 1 0.67 0.65 0.5 0.5 0.5 0.5 0.5
Downstream Split 0.38 Fuel Primary Zone (kg/s)
Primary Zone Split 0.31 Air Primary Zone (kg/s)

Secondary Zone Split 0.31 F/A Primary Zone 0.0299 0.0332 0.0292 0.0294 0.0288 0.0299 0.0284 0.0297 0.0310
Tertiary Zone Split 0.00 Phi Primary Zone 0.5102 0.5670 0.4997 0.5032 0.4921 0.5106 0.4847 0.5069 0.5298

Excess Air 0.96 0.76 1.00 0.99 1.03 0.96 1.06 0.97 0.89
 Tpz (F) 2623 2821 2617 2632 2607 2678 2603 2679 2755

Primary SFR (Btu/hr/ft2/atm) per can 1.32 1.36 0.96 0.95 0.76 0.86 0.95 0.99 1.02

# of Zones being Fueled 6 6 12 12 12 12 12 12 12
Secondary Zone Fuel Split 0 0 0.33 0.35 0.5 0.5 0.5 0.5 0.5
Fuel sz (kg/s)
Air sz (kg/s)
F/A sz 0.0000 0.0000 0.0288 0.0317 0.0288 0.0299 0.0284 0.0297 0.0310
Phi sz 0.0000 0.0000 0.4923 0.5419 0.4921 0.5106 0.4847 0.5069 0.5298
Excess Air ^^^ ^^^ 1.03 0.85 1.03 0.96 1.06 0.97 0.89
Tsz (F) 600 623 2593 2757 2607 2678 2603 2679 2755
Secondary SFR (Btu/hr/ft2/atm) per can 0.00 0.00 0.94 1.02 0.75 0.85 0.95 0.98 1.01

Nox Machine Exhaust (15% O2) 0.83 2.04 1.11 1.75 0.88 1.22 0.90 1.27 1.78

Proprietary
Proprietary

Proprietary

Proprietary

Proprietary
Proprietary
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2.3.2.3 Single zone injector combined with premixed nozzle 
In this design, each injector would have a single-zone surface stabilized body with an integral 
premixed nozzle, Figure 10. Two fuel circuits would be required—fueling plenums connected to the 
surface stabilized injectors and the premixed nozzles. Half of the surface injectors would have 
isolation valves as well, to allow fuel flow to these injectors to be completely shut off. Some 
modulation of total engine air flow through IGV control would be required. Cycle analysis for ISO  

Figure 10:  Single zone injector with premixed pilot cross-section 

standard day conditions is presented in Table 5. The engine would operate on premixed nozzles only 
up to 25% load. Up to 45% load, half of the surface stabilized injectors would be ignited in addition 
to the premixed pilots. For loads of 60% and above, all surface zones would be ignited. This 
configuration has the lowest probability of reaching the stretch goal of low emissions performance 
down to 60% load due to the reliance on premixed nozzles. 

2.3.3 Conclusions 
The single zone injector was selected for the monolithic injector development work due to its 
mechanical simplicity. The design, as proposed, will require IGV air flow control, but will not require 
the use of variable geometry. The air flow control hardware would therefore be consistent with 
existing Solar Turbines designs. Fuel flow control would be complicated by the addition of on-off 
control valves on six of twelve injectors, but the impact of this on overall design complexity is 
considered to be minimal. Testing will establish operability limits such as: 

• lean blowout and blowoff limits 

• high and low limits on surface firing rate 

• emissions at simulated engine conditions 

• option specific issues (such as ignition at pressure) 

The single zone injector is suitable for resolving all but the option specific issues.
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Table 5:  Cycle Analysis for Single Zone/Premix Nozzle Combination 

Burner Diameter (in) 2.75 % Load 5.0 25.0 40.0 45.0 60.0 75.0 90.0 95.0 100.0
Primary Zone Length (in) 4 Pcd (atm)

Secondary Zone Length (in) 0 Tcd (deg. F)
Total Machine Fuel Flow (pph)

Fuel Temp (F) 50 Total Machine Air Flow (pps)
Comb Air Split 0.9033 Combustor Air (kg/s)

# of Cans being Fueled 6 6 6 6 12 12 12 12 12
% Air Reduction by IGVs 0.00 0.00 0.20 0.20 0.34 0.20 0.05 0.00 0.00

Surface Burners
Air Splits Primary Zone Fuel Split 0 0 0.42 0.43 0.61 0.61 0.6 0.61 0.62

Downstream Split 0.35 Fuel Primary Zone (kg/s)
Surface Burner Split 0.40 Air Primary Zone (kg/s)
Premix Nozzle Split 0.25 F/A Primary Zone 0.0000 0.0000 0.0298 0.0317 0.0297 0.0290 0.0278 0.0280 0.0298

Phi Primary Zone 0.0000 0.0000 0.5098 0.5418 0.5076 0.4949 0.4745 0.4793 0.5092
Excess Air ^^^ ^^^ 0.96 0.85 0.97 1.02 1.11 1.09 0.96

 Tpz (F) 600 623 2649 2755 2656 2625 2568 2587 2688
Primary SFR (Btu/hr/ft2/atm) per can 0.00 0.00 1.16 1.21 0.89 1.01 1.11 1.16 1.22

Premix Nozzle
# of Pilots being Fueled 12 12 12 12 12 12 12 12 12
Secondary Zone Fuel Split 1 1 0.58 0.57 0.39 0.39 0.4 0.39 0.38
Fuel sz (kg/s) 
Air sz (kg/s)
F/A sz 0.0370 0.0411 0.0330 0.0336 0.0304 0.0296 0.0296 0.0287 0.0292
Phi sz 0.6327 0.7030 0.5632 0.5746 0.5193 0.5062 0.5061 0.4903 0.4993
Excess Air 0.58 0.42 0.78 0.74 0.93 0.98 0.98 1.04 1.00
Tsz (F) 3005 3225 2819 2858 2694 2662 2671 2623 2656

Nox Machine Exhaust (15% O2) 10.69 50.31 7.27 8.84 3.16 2.74 2.77 2.30 2.85

Proprietary
Proprietary

Proprietary

Proprietary

Proprietary
Proprietary
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2.4. Monolithic Injector Testing 
Further details of the Monolithic Injector Testing are given in topical report [5]. 

2.4.1 Introduction 
For boiler applications and early gas turbine prototypes, cylindrical burners have been formed by 
rolling and welding flat sheets of selectively perforated metal fiber mats. Under gas turbine operating 
conditions, the weld seams provide a conductive heat transfer path that may become an ignition 
source for premixed air and fuel upstream of the mat. Combustion upstream of the mat and the 
associated pressure increase can rupture the mat creating a so-called “flashback” failure. To eliminate 
weld seams, metal fibers have been wet-laid onto 3-dimensional (3-D) burner supports screens and 
sintered to solidify the mat structure. The injector is then selectively perforated to establish adjacent 
high and low flux regions. 

Unperforated wet-laid monolithic 3-D burners have demonstrated uniform radiant combustion and 
similar durability to Alzeta’s boiler products in previous tests [2]. The next step is to design and 
fabricate a perforated monolithic 3-D gas turbine injector and test it under gas turbine operating 
conditions to confirm emissions performance and generate operability data to support design of 
engine ready hardware. This section details activities and results from this next step. 

2.4.2 Objectives 
The primary objectives of these tests were to demonstrate stable nanoSTAR injector operation at key 
gas turbine conditions and low emissions (down to 3 ppmv NOx) at full-load pressure. Operating 
range data are needed to support design of an engine ready system for the Taurus 60. For simplicity a 
single-zone injector [4] was selected for this initial testing. A sufficiently wide operating range would 
allow the single-zone injector design to be applied to the engine. 

It was also an objective to, in preparation for the stability and emissions tests, mitigate factors that 
would adversely affect the test results. These included: 

• Fuel/Air mixture non-uniformity 

• Flame impingement on cold liner walls 

• Combustion reaction quenching from leaks in the injector/liner interface 

• Combustion reaction quenching from downstream dilution air. 

Specific objectives were to: 

• Determine appropriate injector size from cycle data. 

• Design and fabricate a monolithic injector prototype. 

• Design and fabricate a fuel-air mixer specific to the pressurized injector tests. 

• Develop flow distribution components to provide uniform surface flux to avoid flame 
impingement on the cold liner. 

• Design and implement liner modifications to avoid air leakage near the injector base. 

• Demonstrate stable operation of a nanoSTAR injector over a range of operating pressures up 
to 12 atmospheres (atm). 
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• Demonstrate low emissions performance down to 3 ppmv NOx of a nanoSTAR injector at 
Taurus 60 full-load pressure. 

• Determine lean stability limits of a nanoSTAR injector at multiple operating pressures in the 
operating pressure range between 1 and 12 atm. 

2.4.3 Approach 

2.4.3.1 Injector Development 
Preliminary cycle analyses were preformed using engine data supplied by Solar Turbines. Three 
possible injector configurations emerged from these analyses: A single-zone injector, a dual-zone 
injector, and a single-zone with premix nozzle injector. Details of these analyses are contained in 
reference [4]. The single-zone injector is the easiest to fabricate and integrate with existing engine 
hardware and control capabilities. The operability range of injector and its ability to ignite at elevated 
pressure will determine if this approach is acceptable for implementation in an engine. The tests will 
address the operating range of the single-zone injector, Figure 11. The remaining conceptual designs 
would not be tested unless the single-zone design could not meet the engine demand. 

 

Mounting 
Ring 

Figure 11:  nanoSTAR Single-Zone Injector
 
The single-zone injector is appropriate for demonstrating the emissions perfo
nanoSTAR technology under full-load operation. Data generated with the sin
be directly applicable to contingent designs developed in [4] since both zone
injector would be active and the majority of fuel would be directed through t
injector approaching full-load. 

The test program examines the single-zone concept and injector dimensions 
analysis [4]. The configuration assumes that the engine combustor will consi
which can be turned on and off to meet various part-load operating requirem
engine conditions, each test point represents the exact flow conditions that on
would see at a particular engine load. 

2.4.3.2 Fuel/Air Mixer Design 
In order to provide a uniform mixture of fuel and air to the injector, the “perf
Solar earlier this year was used in this test. This mixer consists of a SoLoNO
two Koch Engineering static mixing elements, and approximately 4 feet of 2
“Perfect” implies that for these tests the mixer was not constrained by space 
length to diameter ratio leading to “perfect” mixing.  Figure 12 shows the mi
injector. The mixer was thoroughly tested at atmospheric conditions, and wa
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mixture that is spatially uniform to within +/- 3% of the mean fuel concentration. With this level of 
premix concentration uniformity, mixing concerns are effectively eliminated from the experiments. 
During pressurized testing, the fuel/air mixture was sampled directly from the injector via four sample 
tubes mounted at various cross-sectional locations upstream of its inlet. 
 

 
Figure 12:  Injector Assembled with Mixer (Temporary Assembly) 

2.4.3.3 Injector and Liner Interface Design 
Injector diameter was set by the diameter of the Taurus 60 combustor liner, and was sized to 
minimize flame impingement on the liner interior that could result in combustion reaction quenching. 
The length was then set by the required heat release rate at full-load Taurus 60 conditions, based on a 
design surface firing rate (SFR) of 1 million Btu/hr/ft2/atm—consistent with the design of Alzeta 
atmospheric burners. SFR is defined as the injector firing rate (MMBtu/hr) normalized by inlet 
pressure (atm) and injector surface area (ft²). The cast and sintered pad (shown in Figure 11) is 
attached to a stainless-steel mounting ring identical in diameter to the upstream premix supply tube. 
Details of the pad casting are contained in reference [1]. The pad is selectively perforated to establish 
adjacent high and low flux regions for stability and ultra low NOx performance. To further reduce the 
likelihood of flame impingement on the liner interior, the perforated stripe width was optimized to 
limit the height of the laminar blue flames. 

The mounting ring allows the injector to be welded to the premix supply tube, which is shown in 
Figure 13. The premix supply tube interfaces with the Solar Turbines fuel/air mixing assembly, and 
also provides the interface to the simulated combustor liner via an air-tight flange. The air tight flange 
is not standard on the Taurus 60 liner, but was developed for these tests to eliminate air leakage in the 
vicinity of the nanoSTAR injector and prevent combustion reaction quenching. The pressure vessel 
was also extended to accommodate the fuel/air mixing assembly. 
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Figure 13:  Test Injector Mounted with Premix Supply Tube, Fuel/Air Mixing Assembly, 
and Simulated Combustor Liner in Pressure Vessel 

2.4.3.4 Flow Distribution 
The high length-to-diameter ratio of the injector cylinder, combined with the low flow resistance of 
the injector pad, can lead to poor flow distribution. This results in poor axial uniformity of flame 
heights, Figure 14a. These long flames would impinge on the cold liner wall. After considering and 
testing a number of options, a perforated cylinder, inserted into the injector cavity, was selected as the 
best solution in terms of flow uniformity and operational robustness.  
 

a) b) 

Figure 14:  Atmospheric firing of a nanoSTAR Injector with (a) Poor Flow Uniformity 
and (b) Good Flow Uniformity 

Perforated cylinders of 2.4, 5.5, 7.4, and 14.5 percent open-area have been assessed for effectiveness 
in improving flame uniformity. Of these the 2.4, 5.5 and 7.4 percent open-area cylinders were 
effective in improving flame uniformity. However, both the 2.4 and 5.5 percent open-area cylinders 
were unacceptable in pressure drop. The 7.4 and 14.5 percent open-area cylinders exhibited 
acceptable pressure drop, but the 14.5 percent open-area cylinder did not improve flame height 
uniformity. Therefore, the test injectors were equipped with 7 percent open-area perforated cylinders 
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which provided uniform flow distribution with an acceptable pressure drop. Figure 14b shows one of 
these injectors during an atmospheric test, displaying excellent axial flame uniformity. 

2.4.3.5 Test Plan 
Prior to the start of pressurized testing at Solar Turbines a detailed test plan was formulated [6] with 
their input. This section summarizes the intent of this plan. 

The first set of two test procedures were designed to assess the overall operability and functionality of 
the nanoSTAR injector under simulated operating conditions. The first procedure called for operating 
the injector under test conditions designed to simulate Taurus 60 engine conditions at various engine 
loads on a standard operating day and to also generate emissions data under full-load operating 
conditions. The second procedure would attempt to determine the operating 'window' of the injector 
by determining lean blowout and high surface firing rate 'blowoff' limits at various pressures without 
attempting to match specific engine operating conditions. Emissions data would be collected during 
these tests.  

The second set of three optional procedures would explore specific questions concerning the 
durability and robustness of nanoSTAR injectors. These optional tests were defined to make good use 
of unanticipated test time should the first set of tests be completed early in a shift. The issues they 
address are significant for ultimate commercial application, but not prerequisite to further 
development of an engine ready nanoSTAR. The first procedure would attempt to ignite an injector at 
elevated pressures. This would be necessary if some injectors were to remain unfueled at low loads 
and then ignited at higher operating loads. The second would attempt to determine the maximum 
achievable firing temperature for the injectors. The last procedure would be a demonstration test in 
which the injector would be operated at conditions under which flashback may occur, to show 
whether or not it does occur. Since the chances of injector damage are greater during these tests than 
with the operability tests, these tests would be conducted last. 

2.4.4 Results 
The first set of two test procedures were successfully completed using single-zone injectors, and the 
results were excellent! 

• Stable operation was achieved at all engine operating points identified in the test plan [6] 
ranging from engine cranking near atmospheric pressure to full-load at 12 atm.  

• Emissions below 3 ppmv NOx, 10 ppmv carbon monoxide (CO) and 10 ppmv unburned 
hydrocarbons (UHC) (all corrected to 15% O2) were readily obtained under lean operating 
conditions at full-load pressure (12 atm) during simulated engine conditions tests and at 2, 5 
and 8 atm during the performance mapping tests.  

As it turned out, all of the test time available was used for the first set of test so none of the optional 
tests identified in the test plan [6] were able to be performed. 

2.4.4.1 Simulated Engine Conditions 
The nanoSTAR injector displayed stable operation over the entire simulated Taurus 60 operating 
range from near atmospheric to full-load pressure of 12 atm and SFRs from 0.8 to 1.7 
MMBtu/hr/ft2/atm. SFR’s ranging from 0.8 to 1.4 MMBtu/hr/ft2/atm were identified in the test plan 
[6] and other values above that range were demonstrated while transitioning between planned test 
points. Figure 15 shows the SFR’s of 37 data points as a function of inlet pressure. However, no 
attempt was made to determine upper or lower limits on SFR during this test. The plot simply 
illustrates the range SFR’s that have been successfully demonstrated—which has exceeded 
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expectations. The demonstrated range of operability increases the likelihood that the single-zone 
injector concept will be sufficient to meet the demands of the Taurus 60 cycle.  

Throughout the majority of testing, NOx emissions were below 9 ppmv, CO emissions were below 3 
ppmv, and UHC emissions were below 1 ppmv (all corrected to 15% O2), Figure 16. Generally, when 
matching engine operating conditions, no specific attempt was made to minimize NOx emissions. 
However, at full-load pressure, the fuel flow was adjusted toward lean blowout in an effort to 
optimize emissions. Several data points were collected with NOx emissions less than 3 ppmv and CO 
emissions less than 25 ppmv during over 25 minutes of operation at 12 atm. Simultaneous sub 3 
ppmv NOx and sub 10 ppmv CO emissions were also recorded at these conditions. A final data point 
was collected with NOx emissions less than 2 ppmv, but CO emissions had jumped to about 80 ppmv 
as the lean extinction limit was approached. (The “crossover point” where NOx and CO emissions are 
equal occurred around 4 ppmv, corresponding to calculated adiabatic flame temperatures between 
2900 and 2950 °F.) 

The curve of NOx versus calculated adiabatic flame temperature (AFT) is similar to that observed 
with other Alzeta surface-stabilized injectors operated under gas turbine conditions at the National 
Energy Technology Laboratory [7]. While these early injectors provided excellent emissions 
performance, their welded construction caused reliability concerns under gas turbine conditions. The 
general trend of decreasing NOx formation with decreasing AFT is well known and is the basis for 
many dry low emissions technologies. However, the absolute emissions values for 
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Figure 15:  Demonstrated Operating Envelope of Surface Injector 

the nanoSTAR technology are lower than those reported for aerodynamically stabilized lean premix 
combustion [8] at equivalent AFTs. Stable nanoSTAR injector operation was demonstrated and data 
were collected at a wide range of flame temperatures (from under 2800 °F to over 3200 °F).  

CO emissions were generally well below the project goal of 10 ppmv over the operating range 
indicating combustion reaction quenching did not occur. Injector size, perforation pattern, and flow 
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uniformity all contributed to this successful result.  Emissions of 5 ppmv CO and simultaneous sub 3 
ppmv NOx were recorded at full-load pressure.  

2.4.4.2 Performance Mapping 
Performance mapping tests demonstrated stable operation over at pressures ranging from 2 to 8 atm 
and SFRs ranging from 0.7 to 1.5 MMBtu/hr/ft2/atm. During these tests operating conditions did not 
correspond to specific engine operating points, however data collected show that low emissions 
performance can be achieved at pressure and air flow combinations below full-load. This will be 
significant as the low emissions operating range is extended from base load applications (80-100 
percent load) typical of power generation, to oil and gas applications that operate from 60-100 percent 
load.  

 
 Emissions Over Simulated Engine Cycle

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

2750 2800 2850 2900 2950 3000 3050 3100 3150 3200 3250

Adiabatic Flame Temperature [°F]

NOX.15% 
CO.15%

 

Figure 16:  NOx and CO Emissions versus Adiabatic Flame Temperature 

During the performance tests, a total of seven lean blowout ramps were executed, at 2, 5 and 8 atm 
pressure. For each ramp, the fuel flow was decreased (ramped down) at a fixed pressure and air flow 
resulting is successively leaner operating conditions until flame instability or increasing CO 
emissions indicated eminent lean extinction. At each pressure, the test plan [6] identified ramps 
beginning at different SFRs. SFR gradually decreased during each ramp as fuel flow was reduced. In 
the discussion that follows, ramps will be identified by the SFR at which they begin and the pressure 
at which they were conducted. 

 40 



 

The seven ramps conducted can be identified in Figure 17. Only one ramp starting at a SFR of 1.51 
MMBtu/hr/ft2/atm was performed at 2 atm pressure as the test rig could not provide stable air flow for 
lower flow conditions. At 5 atm pressure, ramps beginning at 1.35, 1.03 and 0.75 MMBtu/hr/ft2/atm 
were performed. At 8 atm pressure, ramps beginning at 1.45, 0.98 and 0.77 MMBtu/hr/ft2/atm were 
conducted. These ramps demonstrated lean extinction limits ranging from 2875 to 2975 ºF AFT. 
These results were consistent with those obtained at 12 atm during the simulated engine operation 
tests when lean operation was tested at full-load pressure which constitute a ramp beginning at 1.16 
MMBtu/hr/ft2/atm SFR that reached an AFT of 2780 ºF. These data have been included in Figure 17. 
Additional ramps at 12 atm 

were not conducted as a series of high temperature events encountered while transitioning between 
ramps led test engineers to stop testing and dismantle the rig to inspect the injector.  The additional 
ramps at 12 atm pressure will not be completed as the data collected sufficiently demonstrated the 
broad operating range of the nanoSTAR injector. The ramp at 12 atm pressure from the simulated 
engine conditions was the most important of planned ramps at 12 atm pressure as it matched 
conditions required for application to the Taurus 60.  

Some interesting trends can be observed by comparing emissions data from individual ramps at each 
inlet pressure. Figure 18 shows such a plot for ramps conducted at 5 atm pressure. Figure 19 shows a 
corresponding plot for ramps at 8 atm pressure. In both figures, the solid trendline represents NOx 
emissions and the dashed trendline represents CO emissions. While all of the data sets follow the 
general trend of decreasing 
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Figure 17:  Operating Range from Performance Mapping Tests (12 atm pressure data 
from simulated engine condition tests) 
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NOx with decreasing flame temperature, there are some subtle differences among the different ramps. 
At any given flame temperature, NOx emissions are least for ramps beginning at higher SFR. Also, 
the injectors appear to be able to operate under leaner conditions for ramps beginning with higher 
SFR. 

Overall, the emissions data collected during this test followed the same trends observed during 
simulated engine operating condition tests. Emissions data from the four ramps conducted at 2 and 5 
atm pressures are shown as a function of calculated adiabatic flame temperature in Figure 20 and for 
the three ramps at 8 atm pressure in Figure 21. 

Throughout the majority of testing, NOx emissions were below 9 ppmv, CO emissions were below 3 
ppmv, and UHC emissions were below 1 ppmv (all corrected to 15% O2). Only two data points with 
CO above 10 ppmv were recorded, and NOx emissions less than 3 ppmv were readily achievable at 
most pressure, temperature, and SFR combinations. The “crossover point” where NOx and CO 
emissions are equal generally occurred around 4 ppmv, corresponding to flame temperatures between 
2900 °F and 2950 °F as previously observed.  
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Figure 20:  Emissions Data for 2 and 5 atm Pressure Tests 
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Figure 21:  Emissions Data from 8 atm Pressure Tests 

An unplanned, but interesting, demonstration of the nanoSTAR injector's durability occurred during 
the performance mapping tests at Solar. Due to a combination of rig problems and operator error the 
injector was exposed to three extreme overheat conditions. The first event happened when the injector 
was ignited with an inlet equivalence ratio near unity. The second event occurred as the injector 
repeatedly blew-out and re-ignited at the lean extinction limit of the ramp beginning at 0.77 
MMBtu/hr/ft2/atm and 8 atm pressure. The final event that led operators to shutdown and inspect the 
injector occurred following the completion of the ramps at 8 atm pressure. During this event, the 
injector operated for several seconds at a calculated flame temperature in excess of 3200 ºF. None of 
these events resulted in injector damage serious enough to prevent further testing and emissions 
results did not appear to be adversely effected.  

The only damage sustained was a small oval hole in the injector pad near where the pad meets the 
mounting ring. This major and minor axis lengths measured approximately 0.75 and 0.50 inches, 
respectively. The hole did not penetrate the Inconel™ support screen, but most of the metal fibers of 
the injector surface were destroyed in this area. The hole was likely caused by an internal mounting 
fixture that reduced premix flow through the pad near the mounting ring resulting in an under-cooled 
region. The injector design has been modified to eliminate the internal fixture. However, the injector 
continued nominal operation even with a hole in the pad. This is largely a consequence of the 
pressure drop across the metal fiber mat being so small that the flow does not rush preferentially to a 
larger opening but continues to be evenly distributed across the injector surface. 

2.4.5 Conclusions 
In a successful series of tests at Solar Turbines, the nanoSTAR injector demonstrated operability and 
emissions performance far exceeding currently available dry low emissions technology. Stable 
operation was achieved at all engine operating points identified in the test plan [6] ranging from 
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engine cranking near atmospheric pressure to full-load at 12 atm. Emissions below 3 ppmv NOx, 10 
ppmv CO and 10 ppmv UHC (all corrected to 15% O2) were readily obtained under lean operating 
conditions at full-load pressure (12 atm) during simulated engine conditions tests and at 2, 5 and 8 
atm during the performance mapping tests. 

Specific accomplishments leading to these results included: 

• A single-zone injector was sized based upon cycle analysis of Taurus 60 engine data provided 
by Solar Turbines.  Details of this analysis can be found in reference [4]. 

• Solar Turbines designed and fabricated a fuel-air mixer for the pressurized injector tests. This 
test-rig only mixer was designed to provide as near to perfect fuel/air premix as possible. The 
mixer was found to provide a mixture that is spatially uniform to within +/- 3% of the mean 
fuel concentration during atmospheric testing. 

• A single-zone injector and interface hardware were designed to mate with the Solar Turbines 
fuel/air mixer and simulated combustor liner. Injector design minimized the potential for 
flame impingement on the liner walls. The liner interface was designed to prevent air leakage 
around the injector base. 

• Flow distribution components were developed to provide uniform surface flux. A 7 percent 
open-area perforated cylinder inserted onto the injector cavity provided very uniform surface 
flux and acceptable pressure drop. Uniform flow distribution was confirmed by the uniform 
axial flame height observed on the injector surface during atmospheric testing. 

• Simulated engine operating condition tests demonstrated stable nanoSTAR injector operation 
at all engine operating points identified in the test plan [6] ranging from engine cranking near 
atmospheric pressure to full-load at 12 atm. 

• Throughout the majority of high-pressure testing, NOx emissions were below 9 ppmv, CO 
emissions were below 3 ppmv, and UHC emissions were below 1 ppmv (all corrected to 15% 
O2).  

• Simultaneous emissions of below 3 ppmv NOx, 10 ppmv CO and 10 ppmv UHC (all 
corrected to 15% O2) were demonstrated at full-load pressure of 12 atm.  

• A “crossover point,” where NOx and CO emissions are equal, was found to around 4 ppmv, 
corresponding to flame temperatures between 2900 and 2950 ºF.  

• Performance mapping tests conducted at 2, 5 and 8 atm pressure demonstrated lean blowout 
limits ranging from 2875 to 2975 ºF. 

• Lean stability and low emissions performance were found to improve with increasing SFR at 
equivalent inlet pressure. 

2.5. Sub-Scale Taurus 60 Injector Testing 
Further details of the Sub-Scale Taurus 60 Injector Testing are given in topical report [9]. 

2.5.1 Introduction 
Unperforated wet-laid monolithic 3-D injectors have demonstrated uniform radiant combustion and 
similar durability to Alzeta’s boiler products in previous tests [2]. Individual selectively perforated 
monolithic 3-D gas turbine injectors have been tested under gas turbine operating conditions and 
demonstrated excellent emissions performance and operability [5]. The next step in the development 
is to prove that multiple nanoSTAR injectors can operate in close proximity without mutual 
interference or excessive aging while maintaining emissions performance and operability. This 
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section details tests conducted in Solar Turbines “sector rig” that were designed to answer these 
questions. The sector rig models a two injector sector of a Taurus 60 annular liner. 

2.5.2 Objectives 
The primary objectives of these tests were to demonstrate survivability of multiple nanoSTAR 
injectors fired in close proximity under gas turbine conditions—high pressure and elevated inlet 
combustion air temperature. To minimize combustor design modifications nanoSTAR injectors would 
ideally be a direct replacement of existing injectors in the annular combustor liner typical of Solar 
Turbines engines. As a result, injectors must be able to operate at close proximity in a shared volume 
without damage or degraded performance. Four single-zone injectors [3] and two labyrinth mixers 
were fabricated for these tests. 

Secondary objectives of these tests were to demonstrate uniform combustion air distribution between 
injectors; demonstrate crossfire ignition between injectors at several pressures; determine the 
interaction, if any, between adjacent fired and unfired injectors; and confirm emissions performance 
and operability data obtained from single injector tests correlates with multiple injector results. 

Specific objectives were to: 

• Fabricate four identical nanoSTAR injectors. 

• Fabricate two identical labyrinth mixers. 

• Rehabilitate Solar Turbines sector rig and fabricate liner capable of variable injector spacing. 

• Measure effective area of each mixer/injector combination. 

• Demonstrate survivability of adjacent fired and unfired nanoSTAR injectors. 

• Demonstrate ability for crossfire ignition between adjacent injectors. 

• Demonstrate survivability of adjacent fired nanoSTAR injectors. 

• Determine effect of injector separation distance on survivability, emissions performance and 
operability down to expected separation in an engine of 3 inches surface-to-surface. 

• Demonstrate stable operation of two adjacent nanoSTAR injectors over a range of operating 
pressures up to 12 atmospheres (atm). 

• Demonstrate low emissions performance down to 3 ppmv NOx of two adjacent nanoSTAR 
injectors at Taurus 60 full-load pressure and inlet combustion air temperature. 

Determine lean stability limits of a nanoSTAR injector in the presence of another unfired or fired 
injector at multiple operating pressures in the operating pressure range between 1 and 12 atm. 

2.5.3 Approach 

2.5.3.1 Hardware 
Four nanoSTAR injectors were fabricated for use in the sector rig tests. The injectors were identical, 
within manufacturing tolerance, and identified with serial numbers B021, B022, B023 and B024. 
Sized to fit a Taurus 60 engine, these injectors are similar in dimension to previous injectors tested in 
the single injector rig. The injector surfaces were lightly compressed using Alzeta’s post-sintering 
compression process to ensure a smooth and dimensionally uniform surface. Like their predecessors, 
these four injectors featured a “narrow-stripe” perforation pattern and a perforated metal cylinder 
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insert for flow distribution. The injectors were selectively perforated to create high and low flux 
regions while providing sufficient cooling flow through unperforated regions. 

 Prior to sector rig testing, each injector was mounted to a special extension/instrumentation spool 
that featured two premix sample tubes (manifolded together during testing), two premix 
thermocouples, and one injector upstream pressure port. The spool included a downstream flange 
used to attached the injector to the liner dome and an upstream flange to attached the fuel/air mixer. 

Proximity testing made use of the existing sector rig at Solar. This rig was initially designed and used 
to simultaneously test up to three SoLoNOx injectors inside a simulated sector of a Taurus 60 
combustor liner. The combustor liner, Figure 22 and Figure 23, was completely rebuilt for this test 
series. The top and bottom of the liner are backside-cooled and the ends of the sector are lined with 
ceramic insulation board. This configuration creates a thermal environment similar to that found in an 
engine. Secondary air is introduced only through a series of holes very near the exit plane of the liner. 
The liner has a rectangular cross section, which adequately simulates the large radius of curvature in 
the Taurus 60 engine. Two large quartz windows on the top of the liner allow visual access to both 
test injectors during testing via two video cameras. The rig and the liner both feature accommodations 
for a direct-spark igniter. 

 

 

 
 

 
 

Figure 22:  Solid Model of Sector Rig liner with two nanoSTAR injectors installed 
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Figure 23:  Sector rig liner (without dome) fabricated for tests 

The inlet dome of the liner was redesigned in order to minimize air leakage into the primary zone at 
the injector/liner interface. Injectors were flange-mounted and could easily be replaced as necessary. 
The dome also features a sliding mechanism that allows for continuous variation of the injector 
separation distance. This distance could be adjusted from five inches down to three inches—equal to 
the injector spacing in the Taurus 60 engine. The interior of the dome was lined with ceramic 
insulation board to prevent overheating of the metal. The liner was instrumented with six 
thermocouples at critical locations in order to monitor metal temperatures during testing. 

The fuel/air mixer used for all sector rig tests was the so-called “labyrinth mixer”. This mixer was 
developed and tested along with several other prototypes at Solar Turbines in 2001. The labyrinth 
mixer, assigned serial number M002 during prototype testing, offered the best spatial mixture 
uniformity of all of the prototypes tested. The mixture uniformity of M002, measured at 
approximately +/- 1% of mean concentration, exceeded even that of the so-called “perfect mixer” 
used in single injector testing at Solar Turbines throughout 2001 and 2002 [5]. This mixture quality, 
combined with a relatively compact and replicable design, made M002 an ideal choice for use in the 
sector rig tests. 

The labyrinth mixer achieves mixture uniformity in a small amount of space by taking advantage of a 
folded geometry to increase residence time and sharp turns to increase turbulence. Figure 24 shows a 
photograph of M002, and Figure 25 shows a drawing of its cross-section. Air enters the mixer 
through a set of holes at the upstream end. Fuel is fed to the mixer through a central tube, then 
injected radially outward into the airflow. This high velocity jets-in-crossflow configuration begins 
the mixing process. The combined fuel and air proceed through the outer annulus of the mixer toward 
the downstream end. At the downstream end, an internal cylindrical partition forces the flow to make 
a sharp 180 degree turn and reverses direction. Near the upstream end, another partition induces a 
final 180 turn again reversing direction. Thoroughly mixed, the fuel and air exit the mixer at the 
downstream end through a 2.5 inch diameter pipe. During the sector rig tests two separate labyrinth 
mixers were used, each connected to a single injector via a flanged interface. 
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Figure 24:  Photograph of Labyrinth Mixer (M002) 

 

Figure 25:  Drawing of Labyrinth Mixer (M002) Showing Cross-Section 

2.5.3.2 Facilities 
This test was conducted in Solar’s high pressure Test Cell 5 in Building 30. This test cell has very 
similar features and capabilities to the neighboring Test Cell 6 where prior single-injector testing was 
conducted. Setup of the test cell was nearly identical to most Solar testing conducted in this cell. 
Reducing pipe sections were added to the rig at either end in order to transition from the relatively 
large test section diameter to the relatively small air supply and exhaust pipes in the cell. Liner and 
injector instrumentation were run through two multi-port Conax fittings to provide a reasonably tight 
pressure seal. A spark igniter similar to the one used for single-injector tests was used to light the 
primary injector. Two cameras were mounted along with cooling jackets on top of the rig to provide 
views through the two quartz view ports. Up to nine emissions probes were arrayed across the exit 
plane of the combustor. Each probe featured up to five discrete sample tubes spread vertically. The 
tubes from all of the emissions probes were combined and sampled to get a representative cross 
section of emissions at the combustor exit. A spray bar just downstream of the emissions probes 
enabled water quench of the combustor exhaust down to acceptable temperatures. Quench water was 
pressurized with a high pressure pump and controlled both with a manual throttle valve and an 
automated bypass valve. Finally, the cooled exhaust passed through a pneumatically actuated back 
pressure valve and out the exhaust stack. A detailed instrument list is included in the test plan [10]. 
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2.5.3.3 Test Plan 
Sector Rig testing was performed according to the test plan [10]. This test plan prescribed specific 
operating conditions for five different types of tests, all of which were conducted in the course of 
eight days of sector rig testing. For all of the fired tests, similar conditions were tested with injector 
surface-to-surface separation distances of at five, four and three inches. These five types of tests were: 

• Pressure Drop and Fuel/Air Sampling Tests 

• Ignition Tests  

• One Fired Injector, One Unfired Injector 

• Two Fired Injectors, Simulated Engine Operating Conditions 

• Two Fired Injectors, Lean Blowout Testing 

At each test condition, a data “SNAP” (average of 20 samples collected one per second) was recorded 
electronically and on a printout. Additional SNAPS were recorded at intermediate test conditions 
throughout testing. Furthermore, a transient data file, consisting of data recorded every two seconds, 
was generated for nearly all of the testing and archived for reference. 

2.5.4 Results 
The first high pressure firing of multiple injectors in the same liner were successfully completed using 
single-zone injectors, and the results were excellent! 

• Injectors fired in close proximity at high pressure not only survived, but showed no signs of 
aging or overheating. 

• Injectors exhibited stable operation with adjacent fired and unfired injectors and with 
adjacent fired injectors. 

• Adjacent injectors demonstrated excellent crossfire ignition capability from near atmospheric 
to near full-load pressure. 

• No detrimental interactions between injectors were observed. 

2.5.4.1 Effective Area Measurement 
The effective area of each injector/mixer assembly used in the sector rig tests was determined by cold 
flow testing prior to use. Effective area is determined using a standard pressure drop model for 
inviscid flow:  

ceff g
Q

A
P

2
1 2

2
ρ

=∆ . 

Pressure drop, ∆P, and volume flow rate, Q, are measured for each injector/mixer combination. 
Density, ρ, is determined from measured upstream temperature and pressure and the constant, gc, is 
Newton’s conversion constant. Effective area, Aeff, is the unknown in the model and is fully specified 
by measurement of air flow and pressure drop across a part. 

Uniform effective area ensures uniform division of combustion air between injectors in the sector rig 
as injectors represent parallel flow paths. Effective areas for each injector/mixer assembly are given 
in Table 6. The effective areas were very similar with a variation of less than 3%. 
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Table 6:  Effective Areas of Injector/Mixer Assemblies 
Injector/Mixer Aeff (sq. inches) 
B021/M002-3 1.141 
B022/M002-2 1.124 
B023/M002-3 1.108 
B024/M002-2 1.110 

 

2.5.4.2 Rig Shakedown, Single Injector Test 
The first sector rig tests took place on September 25, 2002. As a precautionary measure, and to shake 
down this new, complex rig, testing was conducted with only one injector installed. The inlet port for 
the second injector was capped off with an insulated blanking flange. This shakedown test also served 
as a baseline characterization of the injector, B021, which incorporated design changes based upon 
previous single injector tests. 

Cold flow tests conducted with and without fuel confirmed the expected effective areas (injector and 
combustor) and mixture quality. Single-injector shakedown tests demonstrated rig operability up to 
100 psig. The injector was successfully operated at calculated adiabatic flame temperatures ranging 
from 2800 °F to 3500 °F. NOx emissions as low as 5 ppmv (corrected to 15% O2) were achieved at 
lean operating conditions. Emissions of CO and UHC were unexpectedly high, at times above 100 
ppmv (also corrected to 15% O2). Ignition of the injector with the spark igniter was smooth and 
repeatable. 

Several rig problems materialized during the shakedown test. Cooling water flow through the spray 
bar and emissions probes was excessive and difficult to control at the lower rig pressures (below 50 
psig) designated for light-off. Several small air leaks were detected early during testing at the 
emissions probes and at the instrumentation fittings. The leaks at the emissions probes became 
extreme around 100 psig rig pressure, and testing was curtailed for the day because of this. 

Despite the minor problems mentioned above, overall rig functionality was good. The injector also 
performed reasonably well in this new environment. Following the test, the injector was inspected. 
The surface appeared in excellent condition after being subjected to several hours of diverse testing, 
including several ignition sequences. 

After this initial shakedown test, a number of upgrades were made to the rig and test cell. These 
included installation of a quench water check valve to aid in water control, reapplication of braze to 
the emissions probes to minimize leakage, and improvements to the video cameras and quartz 
windows to improve image quality. With these upgrades in place, testing with two injectors was ready 
to proceed. 

2.5.4.3 Rig Shakedown with Two Injectors, One Injector Test 
With a single-injector shakedown test successfully completed, the second injector was installed and 
additional shakedown tests were performed on October 10, 2002. Injector Two (B022) was initially 
installed at maximum separation from Injector One (five inches surface-to-surface). Because of the 
novelty of this two-injector arrangement, the second injector was not ignited on this day of testing, 
though the proper amount of combustion air was admitted through its surface. Instead, a number of 
Injector One ignitions and an initial study of the impact of a neighboring unfired injector were 
conducted. This test also served to shake down several rig improvements prior to the more 
complicated two-injector tests. 

Cold flow tests confirmed that each injector was receiving approximately the same amount of 
combustion air and that mixture uniformity on each injector was excellent. Ignition of Injector One 
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was readily achievable and repeatable, despite the cold air issued into the primary zone through 
Injector Two. Injector One displayed good stability, successfully operating through a range of flame 
temperatures from 2800 °F through 3200 °F. Operating pressures up to 125 psig were achieved. 

While there was no strong visual evidence of the impact of Injector Two air on Injector One 
combustion, the emissions characteristics of Injector One were impacted by the nearby unfired 
injector. This presence of cold air in the primary zone caused some premature quenching of Injector 
One’s flame and resulted in higher levels of CO and UHC than were observed in Day One single-
injector testing. Additionally, purge air from the quartz view port was observed to be directly 
impacting a small area of the injector surface and having a similar effect. NOx emissions did not 
appear to suffer, however, dipping as low as 4 ppmv even though no specific effort to minimize NOx 
was made. 

Once again, several minor rig problems appeared and shortened the intended day of testing. The most 
significant problem occurred with the emissions train. A bleed valve on the emissions line was 
plumbed in the wrong position, resulting in an overpressure fault on the emissions train once the rig 
pressure exceeded about 50 psig. Testing proceeded for a time without emissions data, but ultimately 
the test was curtailed since the additional fired/unfired data could be attained during a future day of 
testing. The position of the emissions bleed valve was corrected before the next test. 

After testing was completed, the downstream end of the test rig was removed and the injectors were 
thoroughly inspected while installed. Both injectors and the combustor liner appeared to be in 
excellent condition. No overheating was apparent, despite preheated air temperatures near 700 °F 
during the test. This second successful shakedown test paved the way for the first test firing of two 
adjacent injectors. 

2.5.4.4 Five inch Separation Two Injector Test 
For the third day of sector rig testing, October 3, 2002, the separation distance between the two 
injectors (B021 and B022) was maintained at 5 inches. Injector One was ignited at atmospheric 
pressure in a manner similar to the two previous days of testing. Fuel was then gradually provided to 
Injector Two until ignition was achieved. Ignition of the second injector occurred without pressure 
oscillations, combustion noise, or any other operational difficulties. Similarly, no problems were 
encountered when a lean blowout of Injector Two was conducted while maintaining Injector One at a 
constant flame temperature. The Injector Two ignition and lean blowout cycle was repeated at several 
elevated pressures (up to 100 psig) with equal success. Near the end of the test, both injectors were 
elevated to full-load pressure and preheat temperature (165 psig, 700°F). The significant goal of 
injector survivability at full-load pressure and temperature was demonstrated. However, limitations of 
the test cell air and fuel flow rates resulted in low values of surface firing rate (around 
0.7 MMBtu/hr/ft2/atm) at these conditions.  

When both injectors were fired at steady-state conditions, interaction between the injectors appeared 
minimal. No visible signs of overheating were apparent on the inboard sides of either injector. The 
flame cones emanating from the injector surfaces were not visibly impacted. Data collected during 
this five inch separation test are included in Appendix B of the topical report [9], with each reported 
point representing a single data SNAP (average of 20 samples collected at the rate of 1 per second). 
NOx emissions levels were very comparable to single-injector results, with sub-5 ppmv NOx readily 
attainable during Injector Two lean blowout ramps. CO and UHC emissions were still elevated 
compared to prior single-injector tests, but remained below 25 ppmv under most conditions. Lean 
blowout stability was not significantly impacted either, as Injector Two would typically blow out 
between 2750 °F and 2800 °F. Figure 26 is a plot of several data points collected when both injectors 
were fired at approximately the same flame temperature. 
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Two-Burner Uniform AFT Emissions, Day Three
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Figure 26:  Plot of Five Inch Separation Test Emissions 
 
At the end of a long day of rigorous testing, the two injectors were thoroughly inspected. No dama
was apparent on the injector surfaces. Indeed, the inboard sides of the injectors appeared identical
the outboard in terms of surface coloration and overall material condition. For all practical purpos
at 5 inches of separation the injectors did not interact in any negative way. Figure 27 and Figure 2
show the two injectors following this third day of sector rig tests. 
 

 
Figure 27:  Injector B021 After Five Inch Separation Test 
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Figure 28:  Injector B022 After Five Inch Separation Test 

 
Several rig-related issues impacted testing once again. Due to on/off cycling of the quench water, 
most of the emissions probes were severely damaged. This resulted in an excess of water in the 
emissions line and consequently several lockout faults on the emissions train. The automated data 
acquisition system crashed a number of times because of a lack of hard disk storage space, resulting 
in missing data while the system was rebooted. Perhaps most significantly, the Injector Two fuel flow 
capacity was not nearly as high as expected, and proved to be a limiting factor in full-load testing. 
 
Before the next test, the damaged emissions probes were replaced. Only five of the nine possible 
probes were installed, with the other four conserved as spares. The empty slots for the four missing 
probes were closed off with blanking flanges. Two additional hand throttle valves were added to the 
water quench circuit to provide additional control of the quench flow rate and prevent future damage 
to the emissions probes. Data acquisition was streamlined, reducing storage requirements by 75%, 
and additional space was cleared on the hard drive. The Injector Two fuel supply was re-routed to be 
taken from the adjacent Cell 6 main fuel circuit, resulting in a vastly increased flow capacity. These 
improvements allowed the fourth day of testing to proceed more smoothly. 

2.5.4.5 Four inch Separation Two Injector Test 
After successful demonstration of a relatively large separation distance of five inches, the injectors 
were moved to an intermediate four inch separation and tested again on October 10, 2002. The test 
procedures for this day closely followed those established during the previous day of testing. Injector 
One was ignited at atmospheric pressure using the spark igniter. Fuel was then supplied to Injector 
Two, which ignited smoothly from the flame of the neighboring injector. Injector One was held at a 
constant flame temperature (approximately 3100 °F) while Injector Two was leaned out to the point 
of extinction. The rig operating pressure was then raised, and the Injector Two ignition/extinction 
cycle was repeated. Pressurized ignitions were executed in this manner at several pressures up to 150 
psig without difficulty. Typically, Injector Two would blowout at a flame temperature around 
2775 °F. 

Steady-state testing of two fired injectors was conducted at several intermediate pressures. At the end 
of the test sequence, the Taurus 60 full-load pressure and temperature (165 psig, 700°F) were 
successfully demonstrated. With the modifications to the fuel circuit, Injector Two fuel flow was no 
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longer a limiting factor. However, the limited air supply from the test cell air compressors resulted in 
a maximum surface firing rate of 0.75 MMBtu/hr/ft2/atm at full load pressure and temperature. 

Just as in the previous five inch separation test, the injectors displayed very little interaction at a 
separation of four inches. No flame impingement or surface overheating could be observed on either 
injector. Emissions were very similar to the five inch test, with simultaneous low NOx, CO and UHC 
when two injectors were fired. Data collected during this test are included in Appendix B. Figure 29 
shows the emissions data collected when both injectors were fired at similar flame temperatures. 
Emissions of CO and UHC were higher when Injector Two was not firing. 

Two-Burner Uniform AFT Emissions, Day Four
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Figure 29:  Plot of Four Inch Separation Test Emissions 

In addition to the air capacity limitations, other problems with the air compressors were experienced 
during this test. At two points during the test sequence, one of the two parallel air compressors 
suddenly shut down due to a high oil temperature fault. The result was a short-lived but intense 
overheating of the injectors during the time between the compressor shutdown and the operator 
response of lowering the fuel flow. Furthermore, at the end of the test matrix, one or both of the 
compressors spontaneously surged, introducing a large amount of additional combustion air and 
causing a flameout.  

Despite these unexpected and potentially hazardous events, both injectors remained in excellent 
condition, as indicated by a post-test examination. Figure 30 shows the inboard side of Injector Two 
after the completion of testing at four inch separation. The compressors were examined after the test 
and did not appear to require maintenance. With this intermediate test complete, the injectors were 
ready to be subjected to the final and most demanding separation distance. 

 55 



 

 
Figure 30:  Inboard Side of Injector B022 After Four Inch Separation Test 

2.5.4.6 Three inch Separation Two Injector Test 
For the fifth day of sector rig tests, October 15, 2002, the separation distance between the two 
injectors was adjusted to three inches, the minimum possible in this test rig, and the appropriate 
dimension for most engine designs. Still in excellent condition, B021 and B022 were once again used 
in this test. Procedures for this test followed the precedent set by the two previous two-injector tests. 
Multiple ignitions were conducted at pressures up to 120 psig and at several different surface firing 
rates. High SFR ignition seemed to display slightly more oscillations and injector interaction than low 
SFR ignition, but all ignitions were executed smoothly with no major difficulties. After a majority of 
the intended test matrix had been completed, a compressor shutdown occurred just prior to reaching 
full-load pressure and temperature. 

Just as in the previous two-injector tests, the impact of injector interactions on emissions was 
minimal. Data collected during this test are displayed in Appendix B. When Injector Two was not 
fired, Injector One displayed low NOx and the expectedly high CO and UHC emissions. When both 
injectors were fired simultaneously, CO and UHC emissions decreased. At several different pressure 
levels, both injectors were leaned out to a low-emissions operating point. These points resulted in 
NOx emissions below 4 ppm, with single-digit UHC and double-digit CO emissions. Figure 31 shows 
data collected while both injectors were fired at similar flame temperatures. A number of lean 
blowout ramps were also conducted on Injector Two, while holding Injector One at a constant flame 
temperature. In these situations, Injector Two once again displayed stability down to around 2775 °F. 
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Two-Burner Uniform AFT Emissions, Day Five
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Figure 31:  Plot of Three Inch Separation Test Emissions 

Following the test, the injectors were inspected as usual. Injector One (B021), pictured in Figure 32, 
remained in excellent condition, appearing exactly as it did before the test. Injector Two (B022), 
however, suffered a small amount of damage due to an insulation mishap. At some point during 
testing, the ring of insulation board that protects the inlet pipe of the injector came loose from the 
combustor inlet dome. This insulation slipped downstream and covered a small portion of the injector 
surface. The resulting intense radiation during the remainder of the test caused an isolated area of 
surface melting near the upstream end of the injector on the downward-facing portion of the surface. 
This area, pictured in Figure 33, measured only 0.25” x 0.50”, and did not spread to other parts of the 
injector. Indeed it had no apparent impact on injector performance and Injector Two remained in 
service for the next test. 

 
Figure 32:  Injector B021 After Three Inch Separation Test 
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Figure 33:  Damage Incurred by Injector B022 During Three Inch Separation Test 

2.5.4.7 Three inch Separation Two Injector Endurance Test 
The sixth day of sector rig testing, conducted on 10/17/02, was devoted to further explorations and 
the accumulation of run time at full load pressure and temperature. The same two injectors were used 
(B021 and B022), and they remained at the minimum separation distance (three inches). The 
insulation ring on Injector Two, which had been problematic during the previous test, was replaced 
with a more secure piece. No attempt was made to repair the injector itself, since the minor damage 
did not seem to affect performance or pose an operational hazard. 

Injector One was ignited atmospherically, and Injector Two was ignited at 150 psig. The rig pressure 
was elevated to full load (165 psig), and the fuel flow rates to each of the injectors were varied 
extensively. Data collected during these tests are presented in Appendix B. The lean stability limit of 
both injectors in this configuration was determined to be slightly below 2800 °F. On the edge of lean 
blowout, NOx values under 2 ppmv were observed, though CO and UHC emissions were both high. 
At a slightly higher flame temperature, NOx emissions were below 3 ppmv with simultaneous CO 
below 100 ppmv and UHC below 10 ppm. This full-load, minimum-separation data point provided 
the best indication to-date of what emissions could be expected in an actual engine. Figure 34 shows 
emissions data collected during this test when both injectors were fired at approximately the same 
flame temperature. 
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Two-Burner Uniform AFT Emissions, Day Six
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Figure 34:  Plot of Endurance Test Emissions 

After a number of data points had been collected, the injectors were adjusted to a flame tem
of about 3000 °F for a short-term endurance test. The injectors remained at this condition fo
hours, with data SNAPS recorded at least every half hour. At the conclusion of this enduran
Injector One’s cumulative fired time exceeded 40 hours and Injector Two’s cumulative fire
(both injectors fired simultaneously) exceeded 20 hours. Both injectors were removed and t
inspected after the test. Injector One showed no signs of aging or damage, and looked ident
pre-test condition, as indicated in Figure 35. Although Injector Two’s insulation ring had on
broken loose, no further damage was identifiable on the injector surface. Figure 36 shows I
Two after this short-term endurance test. 

 
Figure 35:  Injector B021 After Endurance Test 

 

 59 
-17 NOx
-17 CO

NOX
CO 
 

perature 
r several 
ce test, 
d time 
horoughly 
ical to it’s 
ce again 

njector 



 

 
Figure 36:  Injector B022 After Endurance Test 

Further problems with the air compressors were experienced during this test, with both compressors 
spontaneously shutting down at one point. The injectors were able to survive this momentary 
overheating with no apparent damage. Rig leaks also developed near the end of the day, forcing the 
test to be concluded slightly earlier than intended.  

Once again unexpectedly high emissions of CO and UHC were observed. The impingement of quartz 
window cooling air on the surfaces of the two injectors was identified as a likely cause of these 
emissions. However, residence time the combustor was also lower in the sector rig than in previous 
single injector testing. Experience has shown that increased residence can reduce CO emissions. If air 
leakage into the combustor could be eliminated, design information regarding combustor residence 
time required for CO burnout could be deduced by comparison with single injector results. Therefore, 
an effort to stop the air leakage and isolate the effect of residence time on emissions was undertaken. 

2.5.4.8 Three inch Separation Two Injector CO Emission Tests 
The seventh day of sector rig testing took place on October 31, 2002. To reduce cold air leakage into 
the reaction zone, the cooling air admitted through the two quartz combustor windows was 
eliminated. The most expedient and effective way to accomplish this was to actually remove the 
quartz windows and seal off the ports with metal “plugs”. A plug assembly was devised that utilized 
two circular plates, one on either side of the window, secured to each other with a bolt through the 
center. The top plate featured holes to admit a small amount of cooling air onto the backside of the 
lower plate, which formed a theoretically airtight seal. Two such assemblies were installed, one on 
each window port. 

An unfortunate result of this method of eliminating the cooling air was the loss of visual access to the 
injectors. After six days of testing experience, it was believed that the test could be executed without 
this visual access by relying on thermocouples and near-instantaneous flow rate calculations to guide 
the test. Because of the increased hardware risk inherent in this initial “blind” test, injectors B021 and 
B022 were set aside for material study and two spare injectors, B023 and B024 were utilized. These 
injectors were nominally identical to B021 and B022. Cold flow results confirmed similar flow splits 
and effective areas to their successful predecessors. B024 was installed in the left slot and designated 
as Injector One, while B023 was installed in the right slot and designated as Injector Two. The 
injectors were installed at the minimum separation distance of three inches for this test. 
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Following a handful of cold flow tests, Injector One was ignited in the usual atmospheric fashion. The 
rig pressure was then adjusted to 85 psig and Injector Two was successfully ignited. A lean blowout 
ramp of both injectors was conducted at approximately 100 psig. CO and UHC emissions values 
observed during this ramp were still high, topping out at triple-digit values while flame temperatures 
were still above 2900 °F. The pressure was adjusted to full-load (165 psig), and the lean blowout 
ramp was repeated with similar results. Data collected during this test are presented in Appendix B. 
Figure 37 show the emissions data collected during this test when both injectors were firing at a 
similar flame temperature. 

After the test, the injectors were inspected and were found to be in good condition. However, a 
substantial air leak was discovered at the interface of the Injector Two mounting plate and the 
combustor inlet dome. It was believed that this leak contributed to CO and UHC emissions observed 
in this test and overshadowed any benefit derived from blocking the quartz window cooling air. 

 

Two-Burner Uniform AFT Emissions, Day Seven
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Figure 37:  Plot of Day Seven Emissions 

A decision was made to address this air leak and conduct one final “blind” test in an attempt
the residence time effect on CO and UHC emissions. A new gasket, made of 1/8” thick cera
paper, was used to seal the mounting plate to the dome. Extra care was taken when tightenin
mounting bolts. Additionally, high temperature sealant was applied to the perimeter of this s
allowed to cure for several days. Flowing air only with the downstream flange of the rig rem
showed these measures drastically reduced the amount of air leaking through this interface, 
have eliminated the leak altogether. 

The eighth and final day of sector rig testing was conducted on November 18, 2002. Proced
this “blind” test closely followed those of the previous one. Injector One was ignited at atmo
pressure, followed by Injector Two at around 80 psig. At a pressure of about 100 psig, a lean
ramp of both injectors was conducted. Similar ramps were executed at several other surface
rates and inlet pressures, including full-load pressure. 

Emissions data collected during this test are included in Appendix B. Data from conditions w
injectors were operated at nearly identical flame temperatures are displayed in Figure 38. NO
emissions followed trends well established in the previous seven days of testing. Surprisingl
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and UHC emissions did not appear to be significantly improved relative to the previous test. Indeed, 
the CO emissions from both of the “blind” tests were greater than most of those recorded during the 
previous six days of testing. 

The injectors were inspected after the test and were once again found in excellent condition. It did 
appear, however, that the integrity of the seal at the mounting plate-combustor dome interface had 
been compromised. The high temperature sealant used to seal this interface experienced temperature 
in excess of its maximum rating.  
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Figure 38:  Plot of Day Eight Emissions 

The compound became brittle and crumbled away in several areas, possibly re-opening a leak at this 
location during the tests. 
 
Unfortunately, with the current hardware, a positive seal at this interface could not be maintained. 
Without the ability to exclude cold air leakage into the combustor, further testing would not resolve 
the question of whether or not the combustor residence time was sufficient to achieve complete 
combustion of CO and trace UHC. Therefore, testing was concluded and the question of combustor 
residence time unresolved. Planned full-annular combustor testing will proceed with an existing 
combustion liner and will determine if increased residence time is required to lower CO emissions. 

2.5.4.9 Discussion of Results 
The extensive series of sector rig tests described in this report represents a large advance in the 
development of nanoSTAR technology for gas turbine engines. Tested for the first time in a multi-
injector configuration, the T-60 surface injectors performed extremely well. With the exception of a 
small insulation mishap, the four injectors used in this test sequence all survived in pristine condition. 
An extensive amount of run time was accumulated on the injectors, about equal to the sum of all 
previous single-injector test time. Injector One’s flame was stable and robust, even in the presence of 
cold air in the reaction zone when Injector Two was unfired. A large number of injector ignitions 
were conducting, including the first-ever pressurized injector ignitions, and no problems were 
encountered. Injector One was able to consistently and smoothly light Injector Two at separation 
distances of five, four and three inches.  
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Throughout these tests, and at three different separation distances, the injectors displayed stable 
operation through a broad range of surface firing rates (SFR’s) and inlet pressures. Closely tied to 
injector DP/P and surface velocity, SFR is defined as the injector firing rate (MMBtu/hr) normalized 
by inlet pressure (atm) and injector surface area (ft²). Figure 39 shows the SFR’s of all of the two-
injector “uniform flame temperature” data SNAPS as a function of inlet pressure.  
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Figure 39:  Plot of Demonstrated Surface Firing Rates 

It should be noted that no systematic attempt was made to explore upper or lower bounds on SFR 
during this test. The plot simply illustrates which SFR’s were successfully demonstrated during 
testing two-injector sector rig testing. This large envelope of successful operation will allow great 
flexibility when engine loading cycles are designed. 

For the first time since pressurized testing of nanoSTAR injectors began, premix velocities through 
the surface of the injector were calculated live during testing. Bulk average velocities were calculated, 
then used to estimate actual velocities through the perforated and unperforated regions of the injector. 
Figure 40 shows these velocities calculated for all of the two-injector uniform flame temperature data 
points. Previous single-injector testing had indicated that velocities less than 1 ft/s through the 
unperforated portions of the injector surface could prove extremely hazardous to the injector. Such 
velocities do not provide adequate heat transfer to cool the surface which is heated by intense 
radiation from the nearby flame front. The injectors for this set of sector rig tests were designed and 
operated such that the unperforated surface velocities never fell below 2 ft/s. Velocities through the 
perforated regions were much greater, up to 15 ft/s at times. The demonstrated ability of the surface 
injectors to sustain flames at such high velocities will prove helpful in engine designs by potentially 
allowing a reduction in the size of the surface injectors. These velocities may also hold the key to 
enhanced injector stability, and ultimately, lower emissions. 

After the completion of the sector rig tests, laminar flame speeds were calculated for each of the data 
points. These laminar flame speeds are displayed in Figure 41 as a function of combustor inlet 
pressure. Stability of surface injectors can be thought of in terms of the balance between surface 
velocity and flame speed. If surface velocity far exceeds flame speed, stability is lost and the flame 
will blow off the injector surface. If flame speed far exceeds surface velocity, the flame will migrate 
back toward, and sometimes 
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Two-Burner Uniform AFT Surface Velocities
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Figure 40:  Plot of Demonstrated Surface Velocities 

 

Two-Burner Uniform AFT Demonstrated Flame Speeds

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 20 40 60 80 100 120 140 160 180 200

Combustor Inlet Pressure (psig)

La
m

in
ar

 F
la

m
e 

Sp
ee

d 
(ft

/s
)

10-3 FS
10-10 FS
10-15 FS
10-17 FS
10-31 FS
11-18 FS

 
Figure 41:  Plot of Demonstrated Flame Speeds 

into, the injector surface, resulting in surface overheating. While no firm guidelines for this 
relationship have yet been established, it is encouraging to note that the injectors were able to operate 
stably through a wide range of flame speeds at each inlet pressure level. 
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Figure 42:  One Injector NOx Emissions 
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Figure 43:  Two Injector NOx Emissions 

Emissions results from the sector rig tests provided a wealth of information about the potential for 
surface injector technology in gas turbine engine applications. Throughout all of the sector rig tests, 
levels of NOx emissions were very similar to those observed during prior single injector tests. Figure 
42 shows all of the NOx data collected during sector rig tests when only one injector was fired, and 
Figure 43 shows all of the NOx data collected during sector rig tests when both injectors were fired at 
similar flame temperatures. Neither plot shows a discernable effect of injector separation distance on 
NOx emissions. The plots both show similar NOx levels at similar flame temperatures (approximately 
4 ppmv at 3000 °F and 8 ppmv at 3200 °F). Therefore, it seems that NOx emissions are essentially 
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independent of the neighboring injector. This indicates that NOx results achieved in single injector 
tests can reasonably be expected to be representative of those expected in multi-injector and engine 
configurations. 

Two-Burner Uniform AFT CO Emissions

0

50

100

150

200

250

300

350

400

450

500

2700 2800 2900 3000 3100 3200 3300

Calculated Adiabatic Flame Temperature (F)

Em
is

si
on

s 
(p

pm
vd

 @
 1

5%
 O

2)

10-3 CO
10-10 CO
10-15 CO
10-17 CO
10-31 CO
11-18 CO

 
Figure 44:  Two Injector CO Emissions 

CO emissions results from the sector rig test were not as informative as the NOx results due to cold air 
leakage into the combustor. Figure 44 shows all of the CO data collected during sector when both 
injectors were fired at similar flame temperatures. In general, the levels of CO observed during sector 
rig testing were noticeably higher than the levels recorded during prior single injector tests. Most of 
the CO data collected lie above 10 ppmv and emissions above 50 ppmv were not uncommon. CO 
emissions from previous single injector tests typically were below 10 ppmv at any flame temperatures 
above 2850 °F. 

Intrusion of cold air into the primary combustion zone through various leaks could not be eliminated 
during the sector rig tests. Such leaks, though difficult to quantify, were certainly present both 
through the quartz observation windows and through the injector/combustor mounting interface. Prior 
experience with surface injectors indicates that such leaks, directed at or across the injector surface, 
invariably result in increased CO and UHC emissions by prematurely quenching the combustion 
reaction. The leaks in the sector rig certainly contributed some portion of the increased CO emissions 
observed. Careful attention must be paid to avoiding such leaks when designing engine combustors 
for use with surface injectors. 

Presence of air leaks into the combustion zone did not allow any combustor sizing criteria to be 
developed. After passing through the injector surface, the gases require a certain amount of time in 
the hot combustion zone in order to complete the combustion reaction. Inadequate time in this hot 
zone can result in incomplete conversion of CO to CO2 before the reaction is quenched by dilution air 
at the combustor exit. The residence time in the sector rig tests, defined as the amount of time it takes 
for gases to travel from the injector surface to the air dilution holes at the end of the combustor, was 
less than that in previous single injector tests. Essentially, the sector rig combustor had less volume 

 66 



 

per injector than the single can combustor, thus allowing less time for the reaction to reach complete 
conversion. This residence time effect may contribute to high CO emissions, and would have 
indicated that a larger engine combustor will be needed in order to meet ultra-low CO emissions 
targets. The issue of combustor volume and residence time will be further explored in planned full-
annular tests using a combustor dome designed to prevent cold air leakage into the combustion zone. 

2.5.5 Conclusions 
In a series of tests at Solar Turbines, nanoSTAR injectors demonstrated operability, durability and 
emissions performance in a multiple injector configuration. These first-ever tests of nanoSTAR 
injectors operating in close proximity, at pressure and with preheated combustion air were an 
outstanding success. Stable operation and low NOx emissions were demonstrated at the injector 
separation anticipated for the Taurus 60 engine.  The injectors showed no signs of accelerated aging 
or overheating as a consequence firing in close proximity. 

Specific accomplishments leading to these results included: 

• Four identical nanoSTAR injectors were fabricated. 

• Two identical labyrinth mixers were fabricated. 

• Solar Turbines sector rig was rehabilitated and commissioned for these tests. 

• A sector rig liner capable of variable injector spacing was designed and fabricated. 

• Effective area of each mixer/injector assembly was measured and varied by less than 3%. 

• Demonstrated survivability of adjacent fired and unfired nanoSTAR injectors at five, four and 
three inch separation. Three inch separation is anticipated in the Taurus 60 engine. 

• Demonstrated ability for crossfire ignition between injectors at all separation distances. This 
is significant for injector “light around” in an annular combustion liner. 

• Ignition of injectors at elevated pressure was demonstrated as fuel to one injector was 
removed and then returned during lean blow-out studies. 

• Demonstrated survivability of adjacent fired nanoSTAR injectors at five, four and three inch 
separation. No accelerated aging or overheating observed during tests. 

• Injector separation distance did not impact survivability, emissions performance or 
operability down to three inch separation. 

• Stable operation of two adjacent nanoSTAR injectors was demonstrated over a range of 
operating pressures up to 12 atmospheres (atm). 

• Low emissions performance down to 3 ppmv NOx of two adjacent nanoSTAR injectors at 
Taurus 60 full-load pressure and inlet combustion air temperature was successfully 
demonstrated. NOx emissions followed trends established in prior single injector testing. 

• Lean stability limits of a nanoSTAR injector in the presence of another unfired or fired 
injector at multiple operating pressures in the operating pressure range between 1 and 12 atm 
were found to coincide with limits established in prior single injector testing. 
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2.6. Full-Scale Taurus 60 Combustor Tests 

2.6.1 Introduction 
After the successful demonstration of two injectors fired side by side in the sector rig, the next major 
development milestone required manufacturing and testing a full-scale annular combustor sized for a 
Taurus 60 engine.  An existing Taurus 60 development combustor liner was modified for use with 
nanoSTAR injectors in this test.  This liner has a combustion an annulus that is 8 inches wide.  The 
side walls of the combustor liner are backside cooled and were left essentially unchanged for this test.  
The downstream end of the liner features a conical section that converges to a 3 inch wide annulus at 
the exit plane.  Dilution air is introduced in this conical section, both through impingement-cooled 
louvers and direct-injection holes.  Inside the liner, combustion is completed before the flow reaches 
the dilution plane.  Approximately half of the total air flow is used for cooling and dilution while the 
remainder passes through the injectors and is used in primary zone combustion. 

The upstream end “dome” of this development liner is mounted to the liner with two bolted flanges, 
and therefore is easily removable.  A new dome was manufactured and installed in order to 
accommodate the test injectors.  Taurus 60 combustors feature 12 injectors equally spaced throughout 
the annulus, and this arrangement was preserved.  In order to mount the burners to the combustor, 12 
bolted flanges were installed on the combustor dome.  Similar to those used in the sector rig tests, 
these flanges provided sturdy mounting and ensured that no cooling air would leak into the primary 
combustion zone and potentially disrupt burner stability.  Because the combustor dome was not 
backside cooled, the interior surface of the dome was insulated with ceramic insulation board.  This 
arrangement was also used in the sector rig tests and proved to provide adequate protection to the 
combustor dome while not presenting any hazard to the burners. 

The combustor liner was mounted inside an existing Taurus 60 test rig.  This rig was adapted for use 
in this test and served as a pressure case and flow/instrumentation interface.  An engine diffuser 
section was included at the upstream end of the rig in order to help distribute the incoming air flow 
equally to all 12 injectors.  An extension spool was added between the diffuser and the combustor in 
order to accommodate the premixers used in this test.  The entire rig was mounted on a mobile cart 
and the external hot surfaces were insulated with ceramic blanket. 

A standard Taurus 60 ignition torch was modified for use in this test.  The torch was mounted on top 
of the test rig and entered the combustor through the liner dome at a point directly between two 
adjacent burners.  Air and fuel flow rates were adjusted to provide a weak but reliable torch flame for 
safe and repeatable ignitions during testing.  After ignition, the air supply to the torch was turned off. 

The fuel/air premixers used in full scale testing were functionally identical to the mixers used during 
the sector rig tests.  The air inlet of the mixer was modified slightly for increased ease of 
manufacture.  The mixers were supplied as welded assemblies with the burners and were mounted to 
the combustor dome using flanges. 

The burners used in full scale testing were identical to the burners used in previous single injector and 
sector rig testing.  Sized for a Taurus 60 engine, the burners are nominally 3 inches in diameter and 7 
inches long with a cylindrical body and a fired hemispherical end cap.  Within the burner, a 
perforated metal cylinder is used to ensure uniform flow distribution.  Burners were matched with 
distributors to reduce effective area variations among the set of injectors.  Mixers were also matched 
and assembled with distributor/burner pairs.  Flow testing and minor adjustments were performed on 
the air and fuel circuits to minimize effective area variations among the set of 12 injectors. 

A variety of instrumentation was installed on the test rig in order to gather data during testing.  
Thermocouples were installed at a number of locations to monitor the inlet air temperature, the liner 
metal temperatures, and the temperature inside the torch.  Pressure taps were included to measure 
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pressure upstream and downstream of the combustor with the use of pressure transducers.  One of the 
12 burners was equipped with premix sampling tubes to allow for a direct measurement of its air/fuel 
ratio using a hydrocarbon analyzer.  A Kistler dynamic pressure probe was installed on the combustor 
to monitor any combustion oscillations. 

2.6.2 Atmospheric Tests 
The first test of the full scale annular combustor was conducted at atmospheric pressure using natural 
gas at Solar’s test facility in San Diego, CA.  The upstream end of the rig was connected via an elbow 
to the rooftop combustion air supply blower.  The downstream exhaust end of the combustor was left 
open.  A large exhaust collector was positioned approximately 2 feet downstream of the combustor 
and served to turn the combustion exhaust up and out of the test cell.  A window port was installed in 
the far end of the exhaust collector, allowing a view directly down the axis of the combustor.  A video 
camera was positioned at this window, and a second camera was positioned off to the side in between 
the combustor and the exhaust collector. 

A thermocouple rake assembly was installed at the exit plane of the combustor.  The assembly 
consisted of four rakes positioned 90 degrees apart around the combustor annulus.  A modulating 
motor was used to actuate the rake assembly through a 90 degree arc, thus covering the entire 
combustor exit plane.  Emissions probes were affixed to two of the rakes. 

A number of objectives were planned for this atmospheric test, some of which could not be addressed 
at pressure.  The unique visual access of the atmospheric test rig would allow for proper in-situ tuning 
of the ignition torch.  The ignition characteristics of the 12 injectors could be similarly observed and 
studied, and a satisfactory light-off condition for pressurized tests could be chosen.  A number of lean 
blowout ramps would be conducted and the uniformity of flame temperature from one burner to 
another could be visually assessed.  The thermocouple rake, which was not configured for use at 
pressure, could be used to generate detailed information about exit temperature profile and pattern 
factor.  Some preliminary emissions data would be gathered at a variety of angular positions with the 
temporary emissions probes.  Finally, any leaks or other operational issues with the combustor and rig 
could be identified and addressed prior to pressurized testing. 

After the full scale test rig was installed in the atmospheric test cell, a set of non-reacting “cold flow” 
tests were performed to shakedown the rig.  Pressure drop measurements were made and found to be 
within expected ranges.  The air flow split between the primary combustion zone and the liner 
cooling/dilution was assessed and noted for reference during testing. 

Ignition of the full scale nanoSTAR combustor was smooth and quick, beginning with the two 
burners adjacent to the torch and rapidly spreading to the remaining 12 burners.  No potentially 
hazardous pressure pulses were observed.  During the course of atmospheric testing, several ignitions 
were conducted at a variety of flow rates and temperatures, each proceeding as smoothly as the first.  
An analysis of video tape recorded during these ignitions indicates that approximately 0.25 seconds 
elapse between ignition of the first two burners and achievement of complete combustion at all 12 
burners.  Figure 45 shows the interior of the combustor annulus during atmospheric testing. 

A number of “lean blowout ramps” were conducted during the atmospheric tests.  During each ramp, 
air flow and temperature were held constant while fuel flow was adjusted.  The ramps began at a 
relatively high fuel flow and flame temperature, and proceeded to a low fuel flow judged to be near 
the lean blowout point of the burners.  These ramps produced several interesting observations.  
Because of imperfect distribution of air and/or fuel to the 12 injectors, some injectors would achieve 
lean blowout before others.  The premix sample from one burner was used to calculate reference 
adiabatic flame temperatures.  Some burners reached lean blowout at 1645 K (2500°F), while others 
remained lit down to 1590 K (2400°F).  The burners that operated the most fuel lean tended to be 
located nearest the fuel manifold inlet, indicating the possible presence of a dynamic pressure effect  
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Figure 45 Interior of Full Scale Annular Combustor during Atmospheric Testing 
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Figure 46  Emissions Data Collected during Full Scale Atmospheric Testing with 650 
K (700°F)Inlet Temperature 

in that manifold.  However, the 55 K (100°F) variation among burners was considered within 
acceptable ranges for this test.  All of the flame temperatures observed indicated excellent lean 
stability of the full scale combustor, potentially beyond that observed in extensive single injector 
testing. 

Emissions data gathered during the atmospheric full scale test met the project goals.  Emissions were 
collected at a variety of flow conditions and at three different calculated adiabatic flame temperatures.  
Emissions data collected at Taurus 60 full load inlet temperatures are shown in Figure 46.  At 1920 K 
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(3000°F), NOX emissions were about 4 ppm (corrected to 15% O2).  At 1810 K (2800°F), NOx 
emissions were 2 ppm, and at 1755 K (2700°F) they were as low as 1.4 ppm.  Detailed tests  

1014 1034 1055 1075 1095 1116 1136 1157 1177 1198T [K]

Figure 47  Plot of Temperature Contours at Exit Plane of Annular Combustor at 
Atmospheric Pressure and 650 K (700°F) Inlet Temperature 

demonstrated that NOX emissions were essentially unaffected by changes in inlet air temperature or 
overall flow rate (combustor residence time). 

CO emissions were also excellent throughout the atmospheric test.  All CO values recorded at Taurus 
60 full load inlet air temperatures were below 15 ppm (corrected to 15% O2).  At a flame temperature 
of 1755 K (2700°F), CO emissions less than 4 ppm were recorded simultaneously with NOX 
emissions less than 2 ppm.  CO production was impacted by combustor residence time, climbing as 
the residence time was reduced by increased mass flow.  Overall, the volume of the combustor 
seemed to be adequate to maintain acceptable CO emissions. 

Utilizing the rotating thermocouple rake at the exit plane of the combustor, a test was conducted to 
assess the uniformity of emissions at different angular positions in the combustor.  The variation 
among all of these emissions values was less than 10% for both NOX and CO.  After this verification 
test was completed, the emissions probes were held stationary for the remainder of testing. 

The final important data collected during atmospheric testing were combustor exit temperature 
profiles.  Two complete exit temperature profiles were generated, one at ambient inlet air temperature 
and one at Taurus 60 full load inlet air temperature (650 K, 700°F).  Figure 47 shows data collected 
during the 650 K temperature profile.  Apart from a handful of individual isolated readings, the 
temperature measurements fall between 1030 K (1400°F) and 1200 K (1700°F).  Peaks of elevated 
temperature are clearly visible in between burners where the flames from adjacent burners merge 
together.  Coldest temperatures occur near the combustor walls where dilution air is injected.  
However, the overall temperature variation across the combustor exit plane is relatively small.  The 
overall pattern factor for this operating condition, defined as (Tmax – Tavg)/(Tavg – Tin), was 0.16, 
thus acceptable.  Radial temperature profiles also conformed with Solar design specifications, with 
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peak temperatures at each angular position occurring in the middle of the annulus and tapering 
gradually toward the liner walls.  Without any specific tuning of dilution air, the nanoSTAR injectors 
appear to meet all required goals for combustor exit temperature profile. 

2.6.3 Tests at Elevated Pressure 
Pressurized testing of the full scale combustor was conducted using natural gas at Caterpillar’s test 
facility in Peoria, IL.  The upstream end of the rig was connected to an air compressor capable of 
delivering 12.7 kg/s (28 lbm/s) of air flow at 1.2 MPa (180 psia).  The compressor discharge was 
plumbed to a large air heater, then entered the test cell from above.  A 10 inch diameter pipe dropped 
down from the ceiling and attached to the rig after a sharp 90° turn. 

In order to sample emissions, six water-cooled stationary emissions probes were positioned at the exit 
plane of the combustor, equally spaced around the circumference.  Each probe featured six holes 
arrayed across the width of the combustor annulus.  The exhaust collected by these probes was 
manifolded together outside the rig and sent as a single continuous sample to the emissions analyzers.  
A number of water quench nozzles were also placed at this location to begin to cool the combustor 
exhaust, with additional cooling water injected further downstream.  A large back pressure valve was 
used to control the pressure inside the combustor.  During testing, quench water flow was adjusted to 
maintain temperatures at the back pressure valve at acceptable levels.  Downstream of the 
backpressure valve, the combustor exhaust exited the test cell and was vented through an exhaust 
stack. 

Instrumentation at the Caterpillar test facility was similar to that used at Solar’s atmospheric facility.  
Additional pressure transducers were employed to monitor combustor pressure and quench water 
pressure.  The rotating thermocouple rake at the exit plane of the combustor was removed in order to 
accommodate the downstream piping.  Several thermocouples were inserted at various axial positions 
downstream of the combustor to assess the combustor outlet temperature and the impact of the 
quench water cooling.  Other thermocouples and pressure transducers, including the Kistler dynamic 
pressure transducer, were used in the same manner as during the atmospheric test. 

Independent emissions trains were used in parallel to monitor and record emissions data during the 
pressurized test.  These systems utilized chemiluminescence and FTIR technology.  The analyzers 
were calibrated to accurately read single-digit ppm NOX concentrations.  During testing, these 
analyzers agreed reasonably well, increasing confidence in the accuracy of the emissions 
measurements.  CO, HC, O2 and CO2 emissions were also continuously recorded by one or more 
analyzers.  As in the atmospheric test, an independent hydrocarbons analyzer was used to monitor the 
premix from one burner and calculate adiabatic flame temperatures. 

The objectives of the full scale pressurized test were to build on the positive results of the 
atmospheric test.  Testing would be conducted at a variety of inlet pressures and temperatures, 
simulating start ramp, partial load and full load operating conditions.  Lean blowout stability would 
be assessed at high, medium and low flow rates at each pressure/temperature combination.  Data 
would be gathered from the emissions trains and used to validate single injector test results and 
identify any positive or negative effects of the annular configuration.  Finally, short term durability of 
the burners at elevated pressures and temperatures would be demonstrated in a full-scale annular 
environment. 

Ignition of the full scale combustor at Caterpillar was performed with the back pressure valve fully 
open, creating essentially identical flow conditions to the atmospheric pressure ignitions conducted at 
Solar.  Although direct visual access to the combustor was not available in the pressurized test cell, all 
outward signs indicated a rapid, smooth and complete ignition of all 12 burners.  During the course of 
testing, combustor ignition was achieved several more times, with similar good results each time.  No 
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significant combustion oscillations were recorded by the Kistler probe during ignition or at any other 
time during testing. 

Figure 48  Emissions Data Collected During Full Scale Pressurized Testing at 0.5-1.2 
MPa (5-12 atm) Pressure and 475-700 K (400-800°F) Inlet Temperature 

Assessment of the lean blowout limit of the injectors at pressure proved to be difficult.  The only 
available direct method for assessing operating flame temperature involved analyzing a premix 
sample from a single burner.  This method is very accurate if all 12 burners are operating at 
essentially the same flame temperature.  This seemed to be the case during atmospheric testing, but 
not during pressurized testing.  A sharp 90° turn in the rig air inlet appeared to result in a non-uniform 
distribution of air to the burners.  Furthermore, for plumbing convenience, the fuel manifold was 
rotated 90° between the atmospheric and the pressurized test.  The result of these changes was a large 
difference in operating temperatures among the burners and artificially low flame temperatures 
calculated from the single monitored burner.  An alternative method for calculating average flame 
temperature based on flow rates and assumed effective areas was applied.  Using this method, the 
lean stability limit of the combustor was found to be 1755 K (2700°F) at 645 K (700°F) combustion 
air preheat and 1700 K (2600°F) at 700 K (800°F) combustion air preheat at 12 atm pressure. 

Emissions results from the pressurized test were excellent.  Figure 48 shows emissions data collected 
from a broad range of operating conditions plotted against the flow-based calculated flame 
temperatures.  NOX emissions as low as 1.5 ppm (corrected to 15% O2) were recorded at low flame 
temperatures.  NOX emissions below 9 ppm were demonstrated across a flame temperature range of 
over 225 K (400°F).  CO emissions were equally low throughout testing, rarely exceeding 3 ppm 
(corrected to 15% O2).  Unburned hydrocarbon emissions were negligible (less than 1 ppm) except at 
the very edge of stability where values as high as 10 ppm were observed. 

Throughout testing, the air/fuel ratio of the combustor was carefully controlled to maintain flame 
temperatures below a conservative high temperature limit of 1950 K (3050°F).  However, at one point 
during the test, this limit was significantly exceeded.  An unanticipated surge in the natural gas 
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pressure pushed flame temperatures upward of 2200 K (3500°F) for a period of a minute or more.  
The result was overheating and limited damage of several of the burners.  This damage did not appear 
to negatively impact overall performance in any significant way.  However, when the damage was 
discovered the following day during a routine inspection, the remainder of planned testing, including 
a detailed investigation of the impact of high and low flow rates, was cut short. 

2.6.4 Conclusion 
The first atmospheric test of a full-scale annular nanoSTAR combustor was an outstanding success.  
The burners demonstrated their ability to operate undamaged in close proximity with other burners in 
an annular configuration.   

• Ignition and light around in this annular configuration was shown to be swift, smooth and 
repeatable.   

• Lean stability and emissions were comparable to prior single injector tests and suggested a 
beneficial effect of the multi-burner configuration.   

• Finally, exit temperature profiles were shown to be acceptable for use in an engine. 

Subsequent pressurized full scale combustor tests successfully demonstrated low emissions 
performance.   

• Ignition was robust and combustor oscillations were negligible.   

• Lean stability was similar to that observed in previous tests.  NOX emissions below 2 ppm 
were demonstrated.   

• Low CO emissions throughout testing confirmed that the annular combustor is appropriately 
sized.   

• Limited burner damage occurred as a result of a high temperature excursion well outside the 
intended operating range.  However, short term combustor performance was not adversely 
affected and similar incidents should be avoidable with the implementation of improved 
controls. 

ALZETA and Solar Turbines are continuing to evolve nanoSTAR technology for gas turbine engines.  
Further pressurized full scale combustor tests are planned for the first quarter of 2004.  These tests 
will complete the objectives of the first full scale test and demonstrate the use of pilot burners for 
enhanced turndown and transient response.  Engine testing is planned as a next step. 

3. Project Outcomes 

3.1. Technical Outcomes 
Successful completion of the technical tasks described above has brought Alzeta’s nanoSTAR 
technology to the point of readiness for full-scale testing and engine application. Engine integration 
and final control system definition issues remain, the ability for nanoSTAR to deliver ultra-low 
emission under gas turbine conditions has been firmly established. The relevance of technical 
outcomes to specific project objectives are summarized below: 

• Successful casting of monolithic injectors, which removes all solid-metal parts from the 
combustor. 

As described in Section 2.1, a method was developed for wet-laid casting of metal fibers to 
form monolithic injectors. Length of the metal fibers and casting pressure were identified as 
key parameters to drive pad density.  
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Testing described in Section 2.2 established baseline combustion characteristics of wet-laid 
metal fiber injectors and demonstrated durability in atmospheric cycling tests similar to 
existing metal fiber products employed by Alzeta. 

• Successful development and product demonstration of monolithic injectors for microturbine 
generators manufactured by Honeywell. 

This objective was not met as Honeywell withdrew from the microturbine market and the 
effort was abandoned. The budget for tasks in support of this objective remain unspent. 

• Successful development of monolithic injectors for industrial engines manufactured by Solar 
Turbines. 

Preliminary control design considerations detailed in Section 2.3 suggested single zone 
injectors could be suitable for industrial turbine applications with addition of on/off fuel 
control to selected injectors. This simple mechanical design was determined to be suitable for 
assessing operability and performance characteristics of the final product regardless of the 
final configuration. 

Monolithic injector testing described in Section 2.4 demonstrated that the injectors produced 
via wet-laid casting were capable of sub 3 ppmv NOX and sub 10 ppmv CO and UHC 
emissions (15% O2) at a pressure ratio of 12:1.  There were no flashback failures experienced 
during these tests indicating the new manufacturing method successfully eliminated the 
conductive heat transfer path from the reaction zone to upstream of the stabilizing surface. 

Finally, as presented in Section 2.5, sub-scale Taurus 60 injector testing in Solar Turbine’s 
sector rig proved the ability of nanoSTAR injectors to operate in close proximity without 
negative interaction or degradation of emissions performance. Completion of these tests 
clears the way for full-scale combustor testing and ultimately engine application of the 
nanoSTAR. 

• On-engine emissions performance of: 

o < 5 ppmv NOX (15% O2) 

o < 10 ppmv CO (15% O2) 

Under full-load operating conditions (matching combustion air inlet temperature and 
pressure) emissions of sub 3 ppmv NOX and sub 10 ppmv CO were demonstrated in tests 
described in Section 2.4. NOX emissions performance was duplicated in the sector rig tests 
described in Section 2.5 though cold air leakage into the combustion chamber resulted in 
elevated CO emissions.  Finally, sub-scale results were confirmed in limited full-scale 
combustor testing as described in Section 2.6. 

3.2. Economic Outcomes 
The nanoSTAR technology developed under this contract met the economic goal of the project which 
was to produce a commercial product which is cost competitive with existing dry low NOX 
combustors and superior to selective catalytic reduction (SCR) while providing emissions 
performance superior to both.  

Success relative to the stated economic goals is discussed below: 

• Eliminate $100/kW cost of additional emissions control equipment currently required for 
NOX mitigation on industrial-scale engines. 

Estimated capital cost for conventional SCR exhaust treatment on an industrial gas turbine is 
$100/kilowatt to achieve 9 ppmv NOX or $260/kilowatt to achieve 2 ppmv NOX using an 
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advanced ozone based exhaust treatment, SCONOX [11]. The nanoSTAR technology can 
achieve 3 ppmv NOX by preventing its formation during combustion for a cost of $6 to $10 
per kilowatt—effectively eliminating the cost of exhaust gas treatment. 

• Provide superior NOX performance at costs on a par with the best available dry low NOX 
combustors for micro-scale gas turbine engines. 

While the microturbine components of this project were not completed, the nanoSTAR 
technology cost of $6 to $10 per kilowatt compares favorably to current dry low NOX injector 
technology estimated to cost 5% of total engine cost. The nanoSTAR technology offers sub 
3 ppmv NOX emissions at roughly the same cost as existing DLN injectors providing 
25 ppmv NOX in industrial gas turbines. The mechanical simplicity of nanoSTAR injectors 
suggests a similar favorable comparison would be found for microturbine applications. 

3.3. Production Readiness 

3.3.1 Introduction 
Alzeta’s nanoSTAR surface stabilized combustion technology for gas turbine applications requires 
the manufacture of a selectively perforated metal fiber injector. Wet-laid casting of metal fibers 
directly on to a 3-dimensional, dome-capped cylinder is the critical manufacturing step that is unique 
to Alzeta. The remaining manufacturing steps are readily available heat treating, metalworking and 
machining processes that can be outsourced until production volumes and economics favor adding in-
house capability. 

3.3.2 Overview 
A nanoSTAR injector consists of three components: 1) the injector head, 2) an internal distributor and 
3) mounting ring, Figure 49. The nominal injector is 2.8 inches in diameter with an overall length of 
8.9 inches. The mounting ring can be easily modified to mate with the combustion liner dome of 
various design gas turbines. A fuel/air mixer of either the gas turbine manufacturer’s or Alzeta’s 
design is welded or otherwise joined to the upstream end of the mounting ring. The nanoSTAR 
injectors can directly replace existing dry low emissions injectors in annular, can-annular and external 
can combustor configurations. 

 

 

Injector 
Head 

Internal 
Distributor 

Mounting 
Ring 

Figure 49:  nanoSTAR Injector Components 

The injector head consists of metal fibers wet-laid cast onto a support screen. The support screen is 
attached to the mounting ring prior to casting to form a base weldment. The internal distributor is 
fabricated separately and added to the assembly after selective perforation of the injector head. 
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Production of a nanoSTAR injector involves the following steps: 

• raw material receiving and inspection 

• mounting ring fabrication 

• support screen fabrication 

• base weldment assembly 

• wet-laid casting of porous metal fiber pad to form injector head 

• sintering of injector head 

• compression of porous metal fiber pad on injector head 

• selective perforation of injector head 

• internal distributor fabrication 

• final assembly 

• final inspection and testing. 

3.3.3 Production Capacity Constraints 
Current capacity is sufficient to produce pre-production prototype nanoSTAR injectors at a rate of 
approximately ten per month—equivalent to 8-10 ultra-low emissions small industrial gas turbines 
per year utilizing production techniques consistent with anticipated final product designs, but not 
optimized for volume manufacturing. This level of production is adequate to complete product 
development and support initial commercial sales. Additional capacity will not be required until 2005. 

Current efforts are underway to improve control over critical production processes such as the 
sintering of the injector head. Present out-sourcing of the sintering process requires shipment of 
injectors in a fragile “green” state, which is more prone to shipping damage compared to the final 
sintered assembly. Shipping damage could impact overall process yield and upset product delivery 
schedules. These considerations make sintering first priority in expanding Alzeta’s process 
capabilities. 

The majority of the remaining process steps do not require process scale-up to achieve capacity 
increases, rather increased throughput via additional machines or operating shifts are sufficient. Even 
the wet-laid casting process could be addressed in this manner. However, prior experience at Alzeta 
in casting ceramic burners provides a template for developing a higher volume casting method. This 
would require some engineering effort, but casting multiple injectors at once has the potential of 
increasing production volume by as much as ten times. Further capacity increases would be achieved 
by expansion to additional production lines.  

Alzeta’s existing facilities, known production technologies, and investment plan are fully capable of 
satisfying 100% of the target market.  

3.3.4 Identification of Hazardous or Non-recyclable materials 
There are currently no hazardous or non-recyclable materials in the nanoSTAR injectors or the 
processes used in their manufacture. 
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3.3.5 Projected Product Cost 
ALZETA’s nanoSTAR injectors have simple geometric design, are constructed of common high 
temperature alloys and do not require significant engine design changes to be implemented. The 
injectors can replace existing dry low emissions injectors in most systems. Revised fuel/air mixer 
and/or pilot designs may be necessary, but are generally outside of ALZETA’s scope of supply. Costs 
will vary greatly depending upon combustor configuration, but ultimate cost is estimated to be less 
than half of the injector cost. 

A key design criteria for nanoSTAR injectors is the surface firing rate, the injector heat rate divided 
by injector area and operating pressure, which is held fixed across applications. The inverse 
proportionality to operating pressure results in less injector area required for a fixed heat rate as the 
engine pressure ratio increases. Therefore, cost per megawatt is expected to decrease with increasing 
engine pressure ratio. 

Based upon current prototype production costs and assuming moderate cost reduction as production 
volumes increase the anticipated injector cost for a small industrial gas turbine (1 to 15 megawatts) is 
$6 to $10 per kilowatt. This is only a rough estimate of cost and should be used for informational 
purposes only. 

3.3.6 Commercialization Investment 
ALZETA plans to invest five million dollars to launch the commercial product through staged build-
up of manufacturing facilities as demand for nanoSTAR injectors grows.  

3.3.7 Production Implementation Plan 
As previously stated, current production capacity is sufficient to complete development and support 
initial commercial sales of nanoSTAR injectors. As production requirements grow a phased 
expansion is envisioned adding capabilities and capacity as investment is economically justified. 
Expansion will take place at ALZETA’s Sacramento facility, Figure 50, which has 25,000 square feet 
of manufacturing space. The three expansion phases are: 

1. acquisition of sintering capability,  

2. increased casting capacity, and  

3. acquisition of metal fabricating and machining capability.  

3.4. Benefits to California 
The successful demonstration and commercialization of the nanoSTAR injector developed in this 
project will benefit California electricity ratepayers by reducing NOX emissions and reducing 
economic barriers to installing new generating capacity within the state.  

The Alzeta combustor provides a solution that does not require major engine redesign, is relatively 
inexpensive, uses no hazardous ammonia, and produces the required low emissions. Manufacturers 
will adopt technologies that require little modification of the basic engine more rapidly than 
technologies, like catalytic combustion, that require major redesign and proof testing. Control system 
development for the Alzeta combustor is simple relative to other emissions reduction technologies. 
After sales service is very important to owners of generating equipment. The Alzeta system has fewer 
parts to replace during maintenance operations, and the maintenance cycle may prove to be as long as 
an engine-overhaul cycle. Other emissions reduction technologies may require the replacement of 
expensive components every 8000 hours or one-third the overhaul cycle.  
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Figure 50:  ALZETA’s Sacramento Facility 

Achieving low emission without the use of ammonia eliminates highway transport safety issues 
associated with supplying ammonia to the power plants. Ammonia offloading facilities, emergency 
holding tanks and storage tanks are eliminated. The cost of ammonia is eliminated and the ammonia 
slip (excess ammonia that does not react and is released to the atmosphere) is also eliminated. 
Ammonia slip can be as high as 10 ppmv in the exhaust stream of a gas turbine with SCR control.All 
of these factors will lead to a more rapid adoption of this technology by the manufacturers of the gas 
turbines and the buyers/users of gas turbines.  

 

4. Conclusions and Recommendations 
Alzeta Corporation has completed a 33 month project to develop and test a surface stabilized 
combustion system for gas turbine applications. This novel technology is being commercialized under 
the name nanoSTAR. New fabrication techniques developed have removed a technological barrier to 
the success of the product by elimination of conductive weld seams from the injector surface. The 
injectors have demonstrated ultra low emissions in rig tests conducted under gas turbine operating 
conditions. The ability for injectors to share a common combustion chamber allowing for deployment 
in annular combustion liner was also demonstrated. Some further development is required to resolve 
integration issues related to specific engine constraints, but the nanoSTAR technology has clearly 
demonstrated its low emissions potential. The overall project conclusions can be summarized: 

• A wet-laid casting method successfully eliminated weld seams from the injector surface 
without degrading performance. 
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• Combustion characteristics of the wet-laid metal fiber material were similar to that of flat 
sheet material used in Alzeta’s low emissions products for boiler applications. 

• Gas turbine cycle analysis identified several injector designs and control schemes to start and 
load engines using nanoSTAR technology. A mechanically simple single zone injector can be 
used in Solar Turbine’s Taurus 60 engine. 

• Rig testing of single monolithic injectors demonstrated sub 3 ppmv NOX and sub 10 ppmv 
CO and UHC emissions (all corrected to 15% O2) at Taurus 60 full-load pressure and 
combustion air inlet temperature. 

• Testing of two nanoSTAR injectors in Solar Turbine’s sector rig demonstrated the ability for 
injectors to survive when fired in close proximity at Taurus 60 full load pressure and 
combustion air inlet temperature. 

• Sector rig tests demonstrated emissions performance and range of operability consistent with 
single injector rig tests. 

• Alzeta has committed to the commercialization of nanoSTAR injectors and has sufficient 
production capability to conclude development and meet initial demand. 
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Glossary 
Aeff effective area 

AFT adiabatic flame temperature 

atm atmospheres 

Btu British thermal unit 

cm3 cubic centimeters 

CO Carbon Dioxide 

CSB cylindrical surface burner 

DLN dry low NOX

DP/P pressure drop divided by total pressure 

FeCrAlY metal alloy containing Iron, Chromium, Aluminum and Yttrium 

ft2 square feet 

gc Newton’s conversion constant 

gm gram 

hr hour 

IGV inlet guide vane 

ISO international standards organization 

kW kilowatt 

mm millimeter 

MMBtu million Btu 

MW megawatt 

NOX Oxides of Nitrogen 

O2 molecular Oxygen 

ppmv parts per million, based on volume of water free sample 

psig pounds per square inch, gauge 

Q volumetric flow rate 

SCR selective catalytic reduction 

SFR surface firing rate 

SNAP collection of experimental data averages over specific interval (10 samples) 

SoLoNOX Solar Turbines DLN injector technology 

UC University of California 

UHC unburned hydrocarbons 

US United States 

∆P change in pressure 
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µm micron 

ρ density 

3-D three dimensional 

ºF degrees Fahrenheit 
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