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Disclaimer 

This report was prepared as an account of work sponsored by an agency of the United States 

Government. Neither the United States Government nor any agency thereof, nor any of their employees, 

makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, 

completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents 

that its use would not infringe privately owned rights. Reference herein to any specific commercial 

product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily 

constitute or imply its endorsement, recommendation, or favoring by the United States Government or 

any agency thereof. The views and opinions of authors expressed herein do not necessarily state or 

reflect those of the United States Government or any agency thereof.  
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Abstract 

The focus of this project was to develop the next generation of fuel injection technologies for 

environmentally friendly, hydrogen syngas combustion in gas turbine engines that satisfy DOE’s 

objectives of reducing NOx emissions to 3 ppm.  Building on Parker Hannifin’s proven Macrolamination 

technology for liquid fuels, Parker developed a scalable high-performing multi-point injector that utilizes 

multiple, small mixing cups in place of a single conventional large-scale premixer.  Due to the small 

size, fuel and air mix rapidly within the cups, providing a well-premixed fuel-air mixture at the cup exit 

in a short time. Detailed studies and experimentation with single-cup micro-mixing injectors were 

conducted to elucidate the effects of various injector design attributes and operating conditions on 

combustion efficiency, lean stability and emissions and strategies were developed to mitigate the impact 

of flashback.  In the final phase of the program, a full-scale 1.3-MWth multi-cup injector was built and 

tested at pressures from 6.9bar (100psi) to 12.4bar (180psi) and flame temperatures up to 2000K 

(3150°F) using mixtures of hydrogen and natural gas as fuel with nitrogen and carbon dioxide as 

diluents.  The injector operated without flash back on fuel mixtures ranging from 100% natural gas to 

100% hydrogen and emissions were shown to be insensitive to combustor pressure.  NOx emissions of 

3-ppm were achieved at a flame temperature of 1750K (2690°F) when operating on a fuel mixture 

containing 50% hydrogen and 50% natural gas by volume with 40% nitrogen dilution and 1.5-ppm NOx 

was achieved at a flame temperature of 1680K (2564°F) using only 10% nitrogen dilution. NOx 

emissions of 3.5-ppm were demonstrated at a flame temperature of 1730K (2650°F) with only 10% 

carbon dioxide dilution.  Finally, 3.6-ppm NOx emissions were demonstrated at a flame temperature 

over 1600K (2420°F) when operating on 100% hydrogen fuel with 30% carbon dioxide dilution. 

Superior operability was demonstrated for the hydrogen-natural gas fuel. The micro-mixing fuel 

injectors show great promise for use in future gas turbine engines operating on hydrogen, syngas or other 

fuel mixtures of various compositions, supporting the Department of Energy goals related to increased 

energy diversity while reducing greenhouse gases. 
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Executive Summary 

The objective of this DOE-supported research program was to develop and test high-performing 

micro-mixing lean-premix fuel injectors for hydrogen and syngas fuels and meet DOE’s objective of 

reducing emissions of combustion-generated NOx to 3-ppm (2-ppm stretch goal). The micro-mixing fuel 

injectors incorporate multiple small mixing cups, 6-12mm in diameter, each of which incorporates two 

fuel circuits and multiple fuel injection points to achieve rapid mixing of fuel and air. The injectors are 

built using Parker Macrolamination technology from etched metal plates that are bonded together to 

form an integral structure, complete with air and fuel passages. The research project comprises three 

phases. Phases I and II centered on the development of single-cup injectors and small multi-cup injectors 

using both the analytical and experimental studies. These efforts focused on fuel-air mixing and 

operability and took advantage of the modularity of the multi-cup approach to minimize cost of 

development and testing. The third phase focused on the fabrication and testing of a 1-MWth multi-cup 

injector based on the superior micro-mixing cup design that emerged from Phases I and II. 

Two generations of micro-mixing cups were developed and tested. The first generation, 

optimized for superior mixing performance, demonstrated exceptional emissions performance, achieving 

5-ppm NOx and lower at adiabatic flame temperature of 1750K (2690°F) and pressures up to 5-atm, 

with 1-ppm NOx being generated at atmospheric condition. Flame imaging showed compact detached 

flames stabilized about one-half cup diameter downstream of the cup exit. However, above 5-atm 

pressure operability on 100% hydrogen fuel was inadequate as flame was found in ingress into the 

mixing cup causing emissions to increase.  The second generation of mixing cups, designed to achieve 

superior flash-back robustness, were tested in single-cup and multi-cup injector configurations at 

pressures up to 8-atm and demonstrated NOx emissions of 8-ppm at the target 1780K flame temperature 

when operating on hydrogen with less than 20% Nitrogen dilution. Superior operability was also 

demonstrated, with the injectors operating on 100% hydrogen fuel without flash-back at pressures up to 

8-atm, the limit of the test rig, at adiabatic flame temperatures up to 2000K.  

Building on second generation mixing cup designs, Parker developed and fabricated a sixteen-

cup 1.3-MWth multi-cup injector that was then used in the final full-scale combustion tests in Phase III.  

The full-scale injector was tested at pressures from 6.9atm (100psi) to 12.4atm (180psi) and flame 

temperatures up to 2000K (3150°F) using mixtures of hydrogen and natural gas as fuel with nitrogen and 

carbon dioxide as diluents.  The injector operated without flash back on fuel mixtures ranging from 

100% natural gas to 100% hydrogen and emissions were shown to be insensitive to combustor pressure.  

Operating on a fuel mixture containing 50% hydrogen and 50% natural gas by volume, ultra-low NOx 

emissions of 1.5-ppm were achieved at a flame temperature over 1680K (2564°F) with only 10% 

nitrogen dilution and 3-ppm were achieved at a flame temperature of 1750K (2690F) with 40% nitrogen 

dilution, meeting the emissions goal of the project for this fuel mixture.  Using only 10% carbon dioxide 

dilution, NOx emissions of 3.5-ppm were achieved at a flame temperature of 1730K (2650°F).  Finally, 

operating on 100% hydrogen with 30% carbon dioxide dilution, 3.6-ppm NOx emissions were achieved 

at a flame temperature over 1600K (2420°F). Superior operability was demonstrated for the hydrogen-

natural gas fuel mixtures with the injector operating at temperatures as low as 1470K (2186°F) on a fuel 

mixture containing 87% hydrogen and 13% natural gas.  The excellent emissions and operability results 

obtained to date demonstrate the viability of the micro-mixing fuel injector concept for use in future gas 
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turbine engines operating on hydrogen, syngas or other fuel mixtures of various compositions, 

supporting the Department of Energy goals related to increased energy diversity while reducing 

greenhouse gases. 

The excellent emissions and operability results obtained demonstrate the viability of the micro-

mixing fuel injector concept for the challenging high-hydrogen content fuels.  Parker maintains that the 

technology is easily adaptable to large scale engines and future work will include developing larger scale 

injectors in the tens of megawatt range.  Now that the basic building block for this technology has been 

fully validated, new combustor concepts can be designed to take advantage of the micro-mixing cup 

technology for a wide range of engines and combustion systems from annular to can-annular combustion 

systems.  Further optimization work can include additional exploration of part-load operability for low-

hydrogen fuels and natural gas.  This can be accomplished through innovative cup arrangement and 

more elaborate fuel staging. Also, further development of the mixing cup is anticipated to yield 

significant reduction in diluents use for high-hydrogen fuels, thereby reducing cost of operation while 

maintaining or improving emissions. 
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1 Introduction 

The project titled “Micro-Mixing Lean-Premix System for Ultra-Low Emission 

Hydrogen/Syngas Combustion” was a research project in three phases with the goal of developing 

scalable multi-point injection technology capable of achieving ultra-low NOx emissions combustion of 

hydrogen and syngas. The project team consisted of Parker Hannifin (project lead), the University of 

California Irvine Combustion Laboratory, and an OEM partner. The project was partially funded by 

DOE as a part of a greater DOE-sponsored effort directed at developing technologies that enable the use 

of abundant domestic coal and biomass for energy production, while, at the same time, substantially 

reducing or completely eliminating emission of harmful pollutants and greenhouse gases associated with 

coal utilization. This project was conceived to address specifically the utilization of hydrogen in mega-

watt scale gas turbine engines via development of micro-mixing multi-point fuel injection technologies 

for lean premix combustion of hydrogen or syngas. At the same time, the injectors that were developed 

can be scaled to any engine size. The overall project goal was to develop an injector that delivers 3-ppm 

NOx emissions at an overall adiabatic flame temperature of 1750K when operating at pressures and 

pressure drops that are representative of full-scale gas turbine engines. 

The multi-point micro-mixing injectors that were developed in this project utilize multiple, small 

and closely-packed pre-mixing cups, referred to as micro-mixing cups or simply mixing cups, each of 

which contains multiple air-feeds and fuel injection points.  The mixing cups that were developed ranged 

from 6-mm to 12.5-mm in diameter and only 1-cm to 1.5-cm in length.  Within each cup, fuel and air are 

intermixed at a spatial scale that is an order of magnitude smaller than in conventional premixers, 

reducing time scale for mixing by up to two orders of magnitude, thereby allowing shorter premixing 

length. The injectors were built using Parker Hannifin’s Macrolamination technology, a manufacturing 

process where chemically etched, diffusion bonded laminates form a structure that combines the fuel and 

air circuits into a single element. This manufacturing technique allows complex fuel and air manifolds 

within a fuel injector and enables the construction of injectors containing dozens of mixing cups. By 

increasing or decreasing the number of micro-mixing cups in an injector, fuel injectors are scalable and 

can be used across the whole size spectrum of gas turbine engines, both in new equipment and as 

retrofits to existing equipment.  

This project was executed in three phases. The first phase, which was completed on April 30, 

2007, focused on developing a detailed R&D implementation plan and on developing initial micro-

mixing cup concepts to be built and tested in Phase-II. In the second phase, completed on April 30, 2009, 

the initial micro-mixing cup concepts were incorporated into a first generation of single-cup injector 
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modules that were subsequently tested at the University of California Irvine (UCI) combustion 

Laboratory. The first generation of injectors delivered exceptional low single-digit NOx emissions when 

tested at representative inlet-air temperature and at pressures up to 5-atm, but became increasingly 

susceptible to flame ingress into the mixing cup at higher pressures. An improved second generation 

micro-mixing cup design was produced that improved on the flash-back performance of the first, 

eliminating flash back at all pressures tested up to the high-pressure limit of the combustion rig at the 

UCI Combustion Laboratory and at the OEM facility. In single-cup testing, the second-generation 

mixing cup design delivered about 7-ppm NOx emissions at 8-atm with moderate (less than 20%) 

nitrogen dilution. This design was incorporated into multi-cup injectors that were tested at the UCI 

Combustion Laboratory at pressures up to 5-atm. The mixing cups exhibited excellent operability 

characteristics.  In the final tasks of Phase-II, Parker developed a full-scale 1.3-MWth multi-cup injector, 

incorporating the second-generation mixing cup design, and in the third and final phase of the project, 

the injector was built and tested at representative full-scale operating conditions at an OEM test facility.   

In parallel, atmospheric tests were conducted at the UCI Combustion Laboratory. This report reviews the 

experimental and analytical results from all phases of the program, beginning with the design approach 

developed in Phase I and ending with a review of the test results from Phase III. 

This report is organized as follows: First, the design of the micro-mixing cups, the fundamental 

building block of the injectors, is described in some detail.  Thereafter, results from fuel-air mixing and 

combustion tests for single-mixing cup injector modules are reviewed.  Thereafter, a design of a full-

scale 1.3MWth injector is described followed by a summary of results from atmospheric fuel-air mixing 

and combustion tests, and full-scale high-pressure combustion tests.  The report ends with a summary 

and conclusions. 

2 Micro-Mixing Concepts and Module Design 

Conventional injectors and premixers for natural gas injection usually have characteristic 

dimensions of several inches.  The physical size determines the length scales of the flow within the 

devices, such as the size of turbulent eddies and thickness of boundary layers.  For fuels with high 

hydrogen content, the conventional approach leads to several potential challenges. The long residence 

time can result in auto-ignition within the device since the auto-ignition time for such fuels is generally 

much shorter than for natural gas. The relatively thick boundary layers can facilitate flash back since the 

flame speed of high hydrogen fuels can be several times greater than that of natural gas. The large size of 

turbulent eddies can result in poor fuel-air mixing and high unmixedness. Also, flash back through the 
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core flow due to large turbulent eddies or due to transient vortex breakdown (for swirl stabilized flames) 

can pose an operational challenge.  

A natural way to counteract the challenges posed by hydrogen-rich fuels for conventional 

premixers and to achieve the goals of stable, ultra-low-emission combustion is to use multiple small 

premixers, or micro-mixing cups, with multiple injection points in each premixer, reducing the 

characteristic dimensions from inches to millimeters.  For the small geometric dimensions, mixing time 

is greatly reduced compared to conventional premixers, as the mixing time is proportional to the square 

of a characteristic dimension.  High degree of premixing can then be achieved in a very short mixing 

length, and the needed residence time within the premixer is reduced. At this scale the propensity for 

flash back through boundary layers can be managed much more effectively than in conventional 

premixers.  

To achieve the high heat release rates of conventional premixers, multiple small mixing cups are 

assembled into a single injector, to create a multi-cup micro-mixing injector.  In such an injector, fuel 

exits the mixing cups thoroughly mixed and then burns at the exit or completely outside the mixing cups, 

effectively creating multiple, compact flames with short residence time for products.  This micro-mixing 

concept is based on Parker’s Integrated Dome (IDome) concept that has been demonstrated for liquid 

fuels to achieve record-low emissions
1,2

.  

One of the goals of the micro-mixing cup design was to provide fuel-flexible solutions for future 

power generation engines that are compatible with the wide range of Wobbe indexes of likely fuel 

sources, from high Wobbe index fuels like natural gas and pure hydrogen, to low Wobbe index fuels like 

syngas from air-blown biomass gasifiers.  This fuel-flexibility goal was achieved through the provision 

of multiple fuel circuits within the cup. These circuits may be used individually or in parallel to achieve 

variable flow area to accommodate the range of volumetric flow rates required for various fuels at 

similar operating conditions. Macrolamination allows complex networked passages for various fluid 

circuits within an array of mixing cups, connecting individual cups with circuits and external manifolds 

for fuel, cooling, and diluents. The detailed implementation of mixing-cup concepts was explored 

systematically, e.g., by altering the relative arrangement of fuel and air circuits and by adjusting 

geometric parameters to configure cups with different effective areas, different swirl numbers and 

different mixing and flame holding characteristics. 

The viability of the various design concepts was explored using CFD. To facilitate systematic 

generation of design variants using the parametric CAD models, the mixing cup geometry was 

considered to consist of four general regions according to the role of the fuel and air passages in that 
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region. The regions are shown in Fig. 2-1 in a configuration similar to that of the first generation of cups 

tested. Region 1 consists of the layers near the bottom of the mixing cup where air is injected, with or 

without a swirl component. This region sets up the core air flow along the cup’s centerline. In the second 

generation of cups, an axial passage was added at the base of the cup in part to increase the effective area 

of the cups. Region 2 consists of a subsequent series of layers where both fuel and air enter the cup. The 

arrangement of the air and fuel layers in this region with respect to other layers in the cup defines the 

overall mixing scheme. Region 3 consists of air layers downstream of Region 2 where swirling air is 

added to further control the flow characteristics of the mixture as it exits the cup. In this region, the 

amount of air and the relative swirl strength in this region can be varied, for instance to help prevent 

flash back. Region 4 is the exit region, which may utilize different geometric profiles (e.g., converging 

exit) to help control the flow. These regions provide a consistent basis for describing the various mixing 

cup concepts that were investigated. 

 

Figure 2-1: Schematic showing four regions in mixing cup, defined according to function 

A strategy to systematically evaluate the mixing cup designs using Computational Fluid 

Dynamics (CFD) was developed, with the objective of enabling optimization of the mixing-cup 

geometry with respect to a number of performance metrics such as mixing (emissions), flashback 

propensity, swirl strength and flame stability. Designs were compared in terms of swirl-strength (as 

measured by swirl number), unmixedness (RMS value of equivalence ratio) at the cup exit, flow field 

characteristics (flow reversal inside or outside of cup), and effective area. The designs were also 

evaluated in terms of manufacturability and the hydrogen/syngas fuel injection scheme (e.g., radial 

inflow, co-swirling or counter swirling, or axial jets).  Over 40 different mixing cup concepts and 

variants were evaluated in Phases I and II. 
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2.1 SF-Series Mixing Cups 

The first generation of micro-mixing cups used a pure radial-inflow configuration for the air 

circuits.  At the bottom of each cup, corresponding to Region 1 in Fig. 2.1, a non-swirling radial inflow 

of air was used to set up a non-swirling axial flow along the center axis of the cups. In Region 2, fuel 

injection slots were interlaced in between swirling air inflow slots.  Four different air-flow and fuel 

injection schemes were selected for fabrication and testing, each produced in three variants differing in 

overall swirl number. The resulting twelve designs were labeled SxFy, using S1 through S3 to identify 

the swirl strength and F1 through F4 to identify the fuel injection scheme. Together they comprise the 

SF-series of single-cup modules.  Table 2-1 describes the mixing cup concepts and the distinguishing 

characteristics of the four fuel injection schemes, which are illustrated in Fig. 2-2. 

Table 2-1: Micro-mixing cup injector concepts 

Cup Description 

F1 
Radial-inflow swirling air, multiple air layers, multiple fuel 

injection locations sandwiched between air layers. 

F2 
Radial-inflow swirling air, multiple air layers, radial swirling 

fuel injection in single up-stream axial location 

F3 
Radial-inflow swirling air, multiple air layers, fuel injection 

into air slots in two air layers 

F4 
Radial-inflow swirling air, fuel injection into slots in single 

large swirling air layer. 

 

Figure 2-2: SF-series micro-mixing cups - quadrant view of fluid volume for four fuel injection 

schemes 
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All of the SF-series cups consist of a 6mm diameter mixing cup with two individually supplied 

fuel circuits, each feeding 4 slots in Region 2. The cup diameter is constant through all regions in the 

cup. In the baseline configuration, SxF1, the two fuel injection circuits discharge fuel into the cups at 

axially staged locations along the cup with the fuel layers placed between swirling air layers in Region 2. 

In the SxF2 configuration, the fuel slots enter the cup at a single axial location, providing maximum 

mixing length when operating on both fuel circuits. In the SxF3 and SxF4 designs, fuel is injected within 

the air slots, increasing the residence time of the fuel and encouraging mixing even before the air enters 

the cup in Region 2. 

The mixing cups were fabricated in single-cup injector modules for atmospheric and high-

pressure combustion tests.   An example is shown in Fig. 2-3 below. The three inlet tubes visible on the 

back side of the module supply two fuel circuits and one liquid diluent circuit. The liquid diluent circuit 

was included to provide the option for injection of water or steam through an atomizer at the base of the 

cup, but this circuit was not operated during any experiments. 

 

Figure 2-3: SF-series single-cup module 

2.2 R-Series Mixing Cups 

The evaluation of the operability and performance of the SF-series cups suggested that improved 

flash back resistance and increased effective area could be achieved through modifications of the micro-

mixing cup design. The so-called R-series emerged from analysis of several modified concepts, and is 

distinguished from the SF-series in cup shape, radial air flow passages, and method of generating an 

axial core flow. All R-series cups share a common fuel injection scheme, but overall swirl number is 

again increased from R1 through R3. The R-series design also accommodates an optional inner air 

swirler at the base of the cup to further affect swirl number and overall fuel-air mixing and 

aerodynamics. 

The micro-mixing geometry for a representative single-element SF-series design is compared to 

the R-series design with and without the inner air swirler in Fig. 2-4 below. Note the increased exit area 
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of the R-series cups and the substantial axial air passage through the core. Mixing cups in the R-series 

were initially designed to have a 75% larger exit diameter than cups in the SF series. For the same 

overall discharge coefficient, this translates into a three-fold increase in effective area and heat release 

rate.  Later, for the full scale injectors, the R-series cups were enlarged further to two-times the diameter 

of the original SF-series cups, resulting in a four-fold increase in heat release per cup.  Thus, instead of 

21 kW heat release rate per cup in the SF-series at full-scale operating conditions (12.4 bar combustor 

pressure, 3.5% pressure drop), the final cups of the full-scale injectors deliver 84 kW per cup. This 

reduces the number of cups required to build a 1.3-MWth injector, which in turn simplifies manifolding 

for fuel and reduces the cost per megawatt of heat release. 

 

(a)   (b)   (c) 

Figure 2-4: Macrolaminated Mixing Cups;
3
 (a) SF-Series, cup S1F3 - radial-inflow air-circuit 

design with fuel injection into an air slot, (b) R-Series, cup R1 – a mixed-flow air-circuit design 

and fuel injection into the core flow at a single axial location and (c) cup R1 with an inner air 

swirler 

As Fig. 2-4 to 2-6 show, the R-series design uses a diverging mixing cup with a mixed axial-

radial air flow.  Axial core flow enters at the base of the cup wile swirling air enters through a series of 

radial-inflow air swirlers as cup area expands through Region 2 and Region 3 (see also Fig. 2-1). The use 

of an inner air swirler allows further control of the overall swirl number of the cup and velocity profile 

through the cup (see Fig. 2-5). Similar to the F2-series cups, the fuel injection is via two fuel circuits that 

feed radial-inflow swirling fuel slots located at a single axial location immediately up-stream of the 

radial-inflow air slots. The two fuel circuits terminate at metering holes feeding common fuel slots 

within a single cup layer. That is, each of the eight fuel slots is connected to two fuel circuits by way of 

two metering holes. The flow through the radial fuel slots can therefore be doubled going from single- to 

dual-circuit operation. The open area of each radial air slot is also maximized, and the last radial air layer 

in the cup is of slightly increased swirl.  
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The R-series mixing-cup designs were built as single-cup modules for direct comparison to SF-

series cups and as four-cup multi-cup injectors.  Single-cup and multi-cup modules are shown in Fig.  2-

6 below. The four-cup modules were designed to be tested as single-strips or in expanded arrays up to 4 

x 4 cups using four strips side by side. 

 

Figure 2-5: R-series second-generation micro-mixing cup – CFD results showing velocity field in 

a mixing cup with an inner axial air swirler 

  

      (a)                     (b) 

Figure 2-6: R-series mixed-flow mixing cup; (a) single-cup module with optional inner air swirler 

and (b) multi-cup module with four integral cups 

 

3 Micro-Mixing Cup Performance Evaluation 

The micro-mixing cups were evaluated experimentally focusing initially on single-cup injector 

modules and followed by experiments on small multi-cup injectors. The tests focused on fuel-air mixing 

performance, evaluation of flame characteristics, flash-back performance, and emissions. Numerical 

simulations were also conducted to help provide understanding of the experimental results.  The 

experiments using SF-series single-cup injectors consisted of both atmospheric tests and combustion 
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tests at pressures from 3-atm to 8-atm while experiment using the R-series single-cup and multi-cup 

injectors were characterized only at elevated pressure except for a fuel-air mixing characterization for 

one R-series cup.  In what follows, the experimental and numerical methods that were used are 

described. In the sections that follow the key findings are presented. 

3.1 Atmospheric Testing - Experimental Setup and Diagnostics 

For the initial performance evaluate of the micro-mixing cups, an atmospheric test stand with 

preheat capability was used.  Figure 3-1 illustrates the test stand used. The test article was mounted onto 

a 3D traversing system which allowed translation in 3 orthogonal dimensions to a precision of 0.050 mm 

using precision linear scales (Mitutoyo AT series).  For the scale of the test hardware used in this study, 

precision associated with positioning is critical, especially for the fuel-air mixing studies that were 

conducted. 

 

Figure 3-1. Atmospheric test stand (laser anemometry setup shown). 

The micro-mixing injector modules were installed in an up-fired position into an air box that is 

shown in Fig. 3-2a. The injector modules were mounted within the air box onto a top plate that was 

subsequently mounted on top of the air box. To facilitate flame imaging, the top plate was designed such 

that the injector exit was raised above the surrounding surfaces (see Fig. 3-2b). The raised area contained 

concentric groves for holding quarts liners with inner diameters of 15, 30 and 60 mm. For the present 

work, a 66-mm long, 30 mm diameter quartz liner was used. A metal plate was used to secure the liner in 

place, as shown in Fig. 3-2c. The plate had a 17.2 mm diameter center hole where combustion products 

exited the liner. This hole size eliminated recirculation at the liner exit, thus isolating the flow 

field/reaction zone from the external environment, without introducing appreciable flow resistance.  

During testing, airflows were established using a calibrated critical flow orifice. Hydrogen flow was 

controlled using a calibrated mass flow controller (Brooks 5851i MFC). Natural gas flow was metered 

using a laminar flow element (Meriam 50MJ10). 



6                                                                                         

17 

 

Micro-Mixing Lean-Premix System for Ultra-Low 

Emission Hydrogen/Syngas Combustion 

Final Technical Report, September 23, 2010 

 

 
 An extractive probe was used for both the fuel-air mixing study and emissions measurements. 

For the mixing studies the probe was positioned just upstream of the exit plane of the injector. For the 

emissions studies the probe was positioned at the centerline of the exit hole with the tip inserted just 

upstream of the plate exit. The sample probe for fuel-air mixing evaluation was a surgical stainless steel 

needle (0.41 mm ID, 0.71 mm OD) 50 mm in length. For the 6 mm to12.5 mm cup exit diameters, this 

microprobe provides acceptable levels of spatial resolution to obtain maps of the fuel concentration.   

   

(a)      (b)         (c) 

Figure3-2. Air box design and hardware. (a) air box (schematic), (b) air box with top plate, 

mounted on a traversing platform, (c) air box with 30-mm liner mounted and held down by a 

metal plate. 

For the fuel-air mixing studies, an SRI gas chromatograph (GC) was used to measure hydrogen 

concentration for multiple locations at the cup exit. The GC was calibrated using a certified sample gas 

mixture to ensure its accuracy. The GC was calibrated and checked before each test with drift remaining 

under 1% during all testing. Further details about the operation of the GC are found in previous work.
4
  

Similarly, a high range flame ionization detector (FID) was used to measure natural gas concentrations at 

the injector exit plane. It was also zeroed and spanned prior to and after the tests. 

For the combustion tests, a gas analyzer (Horiba PG 250) was used to measure emission levels. 

A continuous gas sample was drawn from the combustor exhaust with a vacuum pump connected to a 

3.175-mm outer-diameter water cooled stainless steel probe. The probe sampled exhaust emissions at the 

exit of the quartz combustor liner. The probe temperature was maintained below 343K (70°C) using the 

water cooling circuit to ensure adequate sample quenching. A heated sample line, maintained at 400 K, 

conveyed the sample to the water dropout (refrigerator based) and to the analyzer  to determine the levels 

of NO, NOx, CO, CO2, SO2 and O2. These data were electronically logged at a rate of 10 Hz. The 

analyzer was zeroed and spanned before each test. Drift checks showed less than 1% variation for all 
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channels. Measurements reported were obtained at the centerline of the combustor exhaust orifice. 

Radial traverses were made for several conditions and revealed that the emissions at the exit varied less 

than 5% across the exit orifice plane. The emissions levels reported are estimated to have an uncertainty 

of +/- 0.5 ppm with the protocol utilized. Figure shows the instrumentation setup used for the 

atmospheric fuel-air mixing and combustion tests. 

 

Figure 3-3. Setup used for fuel-air mixing measurements and emissions studies. 

For flame imaging, two cameras were used. First, a Hitachi KP-D20B digital CCD video camera 

was used to document the general reaction behavior for visible flame.  For visualization of the hydrogen 

flame (generally invisible to the human eye) and to record the heat release region, a Princeton 

Instruments ICCD UV sensitive camera was used with a Hamamatsu 50 mm focal length UV 

transmissive lens to record global light emission, including that from UV regions. To image the heat 

release, imaging of OH* chemiluminescence was isolated using a 15 nm bandpass filter centered at 308 

nm (Melles Griot 03F1U-119). 

3.2 High Pressure Testing - Experimental Setup and Diagnostics 

For the high-pressure testing, the test hardware shown in Fig. 3-4 was configured and installed 

into a 250 mm inner diameter pressure vessel that is ASME certified to 17 atm at 1200°F (920K). The 

test hardware was built up from the bottom of the vessel and operated in a down-fired manner. The 

injector discharged into the 30 mm inner-diameter quartz liner which was held between two flanges, 

similar to what was done in the atmospheric tests.  A ceramic fabric gasket was used to seal any gaps 

between the quartz tube and stainless steel flanges. At the bottom of the liner, a 20.32-mm diameter exit-

hole constricted the flow, as in the atmospheric tests. A water-cooled emissions probe, mounted axially 

from the bottom of the vessel, sampled exhaust gases at the exit of the quartz combustor liner for 

emissions measurements. As in the atmospheric tests, a gas analyzer (Horiba PG 250) was used to 

measure emission levels. Downstream of the liner, an igniter is inserted into the test hardware. The 

igniter consisted of stainless steel outer housing surrounding a tungsten electrode. The igniter penetrates 

Fuel/Air Mixture

Sample pump

Gas Chromatograph

Hydrogen 

Analyzer



6                                                                                         

19 

 

Micro-Mixing Lean-Premix System for Ultra-Low 

Emission Hydrogen/Syngas Combustion 

Final Technical Report, September 23, 2010 

 

 
the outer pressure vessel through a sealed port and seals against the igniter module. The electrode tip is 

slightly recessed from the igniter module wall to increase its durability. In this work, the measurements 

focused on the overall reaction structure, static stability, and emissions performance. Flames were 

imaged through a view-port in the pressure vessel using a digital CCD video camera and a UV-sensitive 

ICCD camera, as in the atmospheric tests.  Figure 3-5 illustrates the overall setup used for imaging. 

 

a)  Hardware stack up 

 

b)  Installed within pressure vessel 

Figure 3-4: Test hardware for high-pressure testing 

 

Figure 3-5: Setup used for ICCD imaging of OH* within pressure vessel 
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The same experimental setup was used for the multi-cup tests as for the single cup but with 

larger liners and holder for the injectors.  This set-up is shown Figure 3-6 below. The figure shows the 

installation with adjustable side walls intended to control the area expansion downstream of the injector.  

It was quickly established that control over the area expansion was not needed. Hence, all subsequent 

testing used only the nominally 6-inch inner-diameter quartz liner or a 6-inch metal liner. 

        

   (a)           (b)            (c) 

Figure 3-6: Installation of multi-cup injector in pressure vessel; (a) multi-cup expanded array with 

16 total cups, (b) side view (as from camera) and (c) top view (camera window at bottom right) 

 

3.3 Numerical Simulations Methodology 

Numerical simulations of fuel-air mixing within single cups were conducted using Fluent 

6.3.26A and Fluent 12.0.
5
  The flow domains used for the simulations consisted of the full three-

dimensional injector and volume within the liner.  They included the fuel manifolds within the mixing-

cup module so that flow distribution between fuel slots within a mixing cup would be captured. The air 

and fuel mixture was modeled as compressible ideal gas with constant properties.  The Reynolds 

Averaged Navier Stokes equations (RANS) and species transport equations were solved by an implicit, 

second order accurate upwind scheme. For the simulations of both SF-series of cups and the R-series, the 

realizable k- turbulence model available in Fluent was used to model the effects of turbulence on flow 

and fuel-air mixing. Standard wall functions were adopted for handling the turbulent boundary layers at 

walls. For modeling of turbulent mixing of hydrogen and air, a turbulent Schmidt number of 0.3 was 

generally used, in place of the more standard value of 0.7, based on previous experience.
6
  

For the SF-series injector simulations presented in the Section 4.1.1, an unstructured tetrahedral 

mesh with 9.5 million cells was created, for the geometry of the micro-mixing injector and liner. Higher 

mesh density was applied inside the mixing cup to better address the turbulent flow field and mixing 

behavior in the cup. Wall spacing was suitable for the wall functions and the turbulence model that were 
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adopted.  Figure 3-7 shows several images of the grid used for the S2F1 injector.  Grid refinement 

studies showed that the mesh used for the RANS simulations produced grid-converged solutions. 

   

          (a)           (b)        (c) 

Figure 3-7: View of grid system used for simulations of air and fuel flow in S2F1 mixing cup (a) 

grid system in liner showing liner extent, (b) grid system in mixing cup, (c) surface grid within 

mixing cup 

4 Single-Cup Micro-Mixing Injector Performance 

The two generations of single mixing-cup injector modules, the SF series and the R-series 

described in Sections 2.1 and 2.2, were tested using experiments and analysis, providing the basis for 

selection of one cup design for incorporation into a multi-cup module and a full-scale 1.3-MWth 

injector.  Using several fuel compositions, the performance of the different micro-mixing cup designs 

was evaluated with regard to mixing, flame characteristics, flashback, and emissions while operating at 

atmospheric and elevated pressure.  The results of these experiments with single-cup modules are 

presented in the following sections.  

4.1 Single-Cup Mixing Performance 

The mixing performance of the S2F1 and R2 single-cup modules was evaluated at atmospheric 

conditions using the set up shown in Fig. 3-3. The testing was done using an extractive probe as 

described in Section 3.1. The results are presented in the following sections.  CFD results are also shown 

for the S2F1 cup. 
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4.1.1 SF-Series Mixing Performance 

Figure 4-1shows fuel concentration (volume fraction) at the cup exit plane for the S2F1 injector 

measured at atmospheric conditions and with room-temperature inlet air operating at 1.4% pressure drop.  

The figure shows that fuel and air are very well mixed for both the hydrogen and natural gas. The 

unmixedness at the exit, measured as the ratio of standard deviation of the volume concentration to the 

mean volume concentration, is 7.3% and 7.7% for natural gas and hydrogen, respectively. In both cases, 

two minor local peaks in fuel-air ratio are observed rather than four distinct peaks which might be 

expected based on the injector geometry. Overall, the results demonstrate superior mixing performance 

both for methane and hydrogen fuels, which is conducive to low emissions in combustions tests. 

However, well mixed fuel may also lead to flash-back in the boundary layer under certain conditions, 

which is described in a later section. 

  

(a)                                                                          (b) 

Figure 4-1: Fuel concentration at cup exit (a) methane fuel – 5.5% average, (b) concentration of 

hydrogen – 14.3% average 

    

      (a)                    (b)  

Figure 4-2: Comparison of CFD Simulation of Fuel mole fraction at cup exit (Sc = 0.3) (a) 

hydrogen, (b) methane 
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Figure 4-2 shows the fuel-air mixing results obtained for the S2F1 mixing cup using CFD for the 

same operation conditions as used in the experiments. As stated earlier and based on previous 

experience,
7
 the simulations were carried out with a turbulent Schmidt number of 0.3, where as standard 

practice is to use a value of 0.7.  At first glance, it appears that the CFD results provide good match with 

the experiments, with the CFD predicting unmixedness of 5.4% for the hydrogen and 10.0% for the 

natural gas.  A close comparison of the measured and predicted concentration, as shown in Fig. 4-3 

which plots the fuel concentration as a function of cup radius reveals qualitative difference.  Apparently, 

the low turbulent Schmidt number simply results in an overall smoothing of the concentration profile, 

producing an almost perfect axisymmetric distribution whereas the experimental results are clearly not 

axisymmetric.  Results obtained using the standard value of 0.7 for the turbulent Schmidt number, also 

shown in Fig. 4-3, resulted in unmixedness of 18.3% for the hydrogen and 27.9% for natural gas and are 

less axisymmetric but deviate significantly from the measured profile.  According to these results, the 

RANS simulations are not capable of capturing the flow phenomena that dominate the fuel-air mixing.  

Higher fidelity approaches, such as Large Eddy Simulations (LES) are clearly needed. 

      

        (a)             (b)  

Figure 4-3: Comparison of Measured and Predicted fuel concentration (a) hydrogen, (b) methane 

4.1.2 R-Series Mixing Performance 

The hydrogen-air mixing performance for the R3-series injector was evaluated at atmospheric 

conditions with room-temperature inlet air and operating at 3.5% pressure drop and equivalence ratio of 

0.44. The testing was done using an extractive probe testing as described previously. As expected for this 

design, the fuel air mixture is less uniform than observed for the SF-series of cups. Part of the reason is a 

reduced mixing length between the last air-swirler of the injector and the exit plane (Region 4 in Fig. 

2.1). Pockets of very lean mixture are observed near the cup walls, corresponding to the four air-slots of 
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the injector. Although high concentration is found at points near the cup wall, the axial velocity near the 

cup wall is high and the geometry is such that the flame cannot easily anchor in those locations, as 

observed in combustion test (see Section 4.2.2). 

 

Figure 4-4: Fuel concentration at cup exit for R3-Series 

4.2 Single-Cup Combustion Performance 

Flame structure and flame stability for the SF-series and R-series single-cup modules were 

evaluated at various conditions using OH-chemiluminescence imaging and are presented in the 

following sections. The flames observed for cups with varying swirl number and fuel injection schemes 

are compared. The influences of operating conditions, variables such as preheat and dilution and the use 

of inner air swirlers (for the R-series cups) on flame characteristics are also discussed. A 3-mm extension 

of the mixing cup length was in place during all tests, unless otherwise noted. 

4.2.1 SF-Series Flame Characteristics – Atmospheric Combustion Testing 

Figures 4-5 to 4-8 show OH-chemiluminescence and visual flame images for the SF-series cups 

operating on hydrogen and natural gas at atmospheric pressure.  For natural gas it is possible to record 

visible light emission, as shown in Fig. 4-5 for the S2F1 injector operating at an equivalence ratio of 0.56 

and pressure drop of 1.6.  Figure 4-5a presents an image with the room lights on to help provide a frame 

of reference for all subsequent images.  What is noticeable is that the flame fills the volume of the 

combustion liner and that the flame is lifted.  In Fig. 4-6, results obtained for OH-chemiluminescence 

emission are presented for both natural gas and hydrogen. As shown, the hydrogen reaction is much 

more compact than the natural gas reaction, consistent with expectations based on relative reaction rates 

and previous observations.
8
 It is noted that the combustion efficiency for either fuel at this condition was 
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nearly 100%. As a result, it is evident that it is possible to obtain a much smaller reaction zone with 

hydrogen at a given equivalence ratio, inlet temperature, and pressure. Note that, as for the natural gas 

flame, the hydrogen flame is lifted.  Except during occasional tests using the S2F4 and S3F4 injector, 

this was indeed the case for all the SF-series injectors operating at atmospheric conditions. 

   

(a) room lights on                  (b) room lights off 

Figure 4-5: Photograph of Natural Gas Reaction – S2F1 injector ( = 0.56, P/P = 1.6%, Tin = 463 

K) 

  

(a) natural Gas                     (b) hydrogen 

Figure 4-6: OH emission for natural gas and hydrogen flames – S2F1 injector ( = 0.6, P/P = 

1.6%, Tin = 463 K) 

Figure 4-7 shows the OH chemiluminescence intensity as a function of equivalence ratio for the 

S2F1 injector operating at a pressure drop of 1.6% on 100% hydrogen fuel.   The figure shows that the 

flame is very compact for equivalence ratios at or above 0.4 and, in all cases, is lifted.  As the 

equivalence ratio drops towards 0.3, the flame volume increases.  As the lean limit is approached (0.16 

for this case), the heat release pattern becomes similar to that for natural gas near its lean limit (0.53 for 

the condition studied). 
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Finally, Fig. 4-8 shows OH-chemiluminescence images for the low-swirl number S1F1 injector 

and the high swirl number S3F1 injector (same fuel-injection scheme ) operating on hydrogen at 

equivalence ratios of 0.2, 0.4 and 0.6.  A clear difference in flame shape was observed for high and low 

swirl number cups. The higher swirl-number cup, S3F1, clearly produces a flatter and smaller flame than 

the lower swirl-number cup, S1F1. 

   

(a)  = 0.60                      (b)  = 0.50                   (c)  = 0.40 

   

(d)  = 0.30                      (e)  = 0.25                   (f)  = 0.20 

Figure 4-7. OH Emission Behavior as Function of Equivalence Ratio – S2F1 injector (1.6% P/P) 

At atmospheric pressure, cups S3F4 and S2F2, operating on both fuel circuits, experienced 

flame ingress into the cup upon ignition at the upper range of equivalence ratios that were tested. As the 

fuel flow was reduced, however, the flame would stabilize outside the injector as a detached flame. Also, 

despite operating under ingressed conditions for many minutes at a time, the injector hardware showed 

no obvious signs of distress or overheating.   

4.2.2 SF-Series Flame Characteristics – Elevated Pressure Tests 

According to the project plan, a single injector from the SF-series was selected for elevated 

pressure combustion testing.   After some initial experimentation, the S1F3 injector was selected for the 

elevated pressure tests due to superior emissions performance at atmospheric conditions. 
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Figure 4-9a shows a typical compact and lifted flame obtained using the S1F3 injector under 

conditions of intermediate pressures.  As the equivalence ratio was increased, the reaction front was 

found to move towards the cup.  As the pressure was raised above 3-atm, the experiments revealed that 

Φ=0.20 

 

Φ=0.40 

 

Φ=0.60 

 

 

Φ=0.20 

 

(a)  

Φ=0.40 

 

(b) 

 

Φ=0.60 

 

Figure 4-8: Time-averaged OH-chemiluminescence hydrogen-flame images for equivalence ratios 

of 0.2, 0.4 and 0.6 at inlet air temperature of 700K (a) S1F1 injector, (b) S3F1 injector 

flashback or flame ingress would occur with increasing frequency with increasing pressure, especially 

when combined with high equivalence ratio and low air pressure drop.  Flashback caused the flame 

shape to change and emissions levels to increase. Figure 4-9b illustrates the typical appearance of the 

reaction under and flashed back conditions, a highly elongated flame.   As the pressure was raised above 

5-atm, operation in non-flashed back mode proved difficult.  For several conditions with flame in 

flashed-back state, emissions were collected and are shown in Table 4-1. Even though the NOx 

emissions increased when operating in flashback state, the emissions did not exceed 17 ppm under the 

most severe flashback conditions, an indication of the robust and fast mixing that is achieved within the 

micro-mixing cup. Also, despite operating under flashback conditions for many minutes at a time, the 

injector hardware showed no obvious signs of distress or overheating.   
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     (a) lifted flame (1750 K, 2 atm, 5% P/P) (b) flashed back flame (1675 K, 4 atm, 5% P/P) 

Figure 4-9: OH* Chemiluminescence of Reaction Structure for S1F3 injector at elevated pressure 

Table 4-1: NOX Emissions with and Without Flashback – S1F3 Injector 

Equivalence Ratio NOx ppm@15%O2 

Non-Flashback 

0.22 0.64 

0.34 0.92 

0.42 2.00 

0.55 5.18 

Flashback 

0.35 16.6 

0.34 15.5 

0.32 14.0 

0.31 13.5 

0.28 12.0 

Test conditions at 5-atm, 5%ΔP/P, 300K inlet 

To investigate the flash-back propensity further, several tests were conducted using a fuel 

mixture containing 75% hydrogen and 25% methane by volume. In this test, presence of flashbacked 

flame was determined by visual inspection of the flame.   Figure 4-10 shows the visible flames obtained 

for the hydrogen/methane fuel mixture at two different equivalence ratios and pressure drops, as 

recorded using a conventional video camera. Note that the video-camera view of the injector exit plane 

was partially obstructed so that about 6-mm span downstream of the exit plane is not visible in the 

figure.  For a low equivalence ratio, a large distributed flame was produced (Fig. 4-10a) as was 

characteristic of the methane flames observed at atmospheric conditions.  At a higher equivalence ratio 

and flame temperature, compact lifted flame was obtained (Fig. 4-10b) similar to the intermediate 

pressure hydrogen flame shown in Fig. 4-9a.  The tests produced no flashback with this fuel mixture at 

any conditions tested. Therefore, flashback is not perceived to be a high risk for lower flame-speed fuels. 
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(a) 5-atm, 5%, 1391K (b) 5-atm, 2.5%, 2037K 

Figure 4-10: Visible Light Single Frame Image from Conventional Video (75% / 25% 

hydrogen/methane fuel mixture) 

To demonstrate a strategy for arresting flame ingress into the SF series of cups when operating 

on 100% hydrogen at high pressures, combustion tests were conducted with an added small 

Macrolaminated radial air swirler inserted into at the downstream end of the S2F1 mixing cup.  The 

modification divided the mixing length downstream of the last air layer to the cup exit, originally of 

length D where D is the cup diameter, into two equal segments separated by the inserted swirler.  With 

this modification the S2F1 mixing cup, which before could not be operated even at moderately elevated 

pressure without flame ingress, could now be operated without flame ingress at pressures at least up to 5-

atm.  The flames obtained with this modification were compact and lifted, as shown in Fig. 4-11, as 

typical of the non-flashbacked hydrogen flames for the SF series cups. 

                      

Figure 4-11: S2F1 injector with Macrolaminated exit-air swirler, operating at 3-atm and 5% P/P 

on 100% hydrogen fuel with no ingress 

4.2.3 R-Series Flame Characteristics – Elevated Pressure Tests 

Initial tests of the R-series family focused on flash-back and emissions performance using the 

single-cup modules for the purpose of selecting a configuration for the multi-cup tests. To that end, the 

tests were conducted exclusively at elevated pressures.  The next several figures show flame images 
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obtained for the R1 and R3 single-cup injectors at various operating conditions. In all cases the flame 

images were taken using fixed camera settings and position. Unless otherwise noted, the injectors were 

operated without the inner axial swirler. 

Figure 4-12 shows the flame images obtained for cup R1 with an axial air swirler, operating at 8-

atm and 2.5% pressure drop without preheat at four different adiabatic flame temperatures. The figure 

shows the increased intensity of the flames with temperature. The images indicate compact and nearly 

symmetric lifted flames with a pear-shaped structure. A careful examination of the images reveals that as 

the flame temperature increases, the flame migrates closer to the injector, similar to what was observed 

for the SF-series of cups. 

 

(a)  1366 deg-K 

 

(b)  1539 deg K 

 

(c)  1684 deg K 

 

(d)  1764 deg-K 

Figure 4-12: OH-chemiluminescence images for R1 single-cup injector with axial swirler at 8-atm, 

2.5% P/P, 100% hydrogen, no preheat 
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        (a) without axial swirler                    (b) with axial swirler 

Figure 4-13: OH-chemiluminescence images for R3 single-cup injector without and with axial 

swirler at 8-atm, 2.5% P/P, 100% hydrogen, no preheat, 1750K AFT 

   Figure 4-13 shows the impact of the inner axial swirler on the flame shape. The figure 

indicates a narrower and more compact flame, but the flame is still lifted. The axial air swirler reduced 

the overall effective area of the cup by about 8%. The reduction in effective area is one reason the axial 

swirler was not installed for later multi-cup tests. 

Figure 4-14 and 4-15 show the effect of operating pressure and preheat on the hydrogen flame, 

for the R3 injector without axial swirlers.  First, Fig. 4-14 shows that there is noticeable change in the 

shape of the heat release zone when increasing the operating pressure from 3-atm to 5-atm, but only a 

minor change when increasing it further to 8-atm. At 3-atm, the flame image is pear-shaped, similar to 

what is seen in Fig. 4-12 for injector R1 with a swirler, but with a flatter flame front at the injector face.  

 

(a) 3-atm, 5% DP/P   (b) 5-atm, 2.5% DP/P      (c) 8-atm, 2.5% DP/P 

Figure 4-14: OH-chemiluminescence images for R3 single-cup injector without axial swirler at 3-

atm to 8-atm, 2.5% to 5% P/P, 100% hydrogen, no preheat, near 1750 K AFT 
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(a)  No preheat  (b) 500°F preheat 

Figure 4-15: OH-chemiluminescence images for R3 single-cup injector without axial swirler at 8-

atm, 2.5% P/P, 100% hydrogen fuel;  (a) no preheat, 1750K AFT, (b) 500°F preheat, 1775K AFT 

The OH-chemiluminescence intensity appears to be slightly higher close to the cup exit at the higher 

pressures, possibly an effect of an increase in flame speed with pressure, but also a likely effect of the 

increased mixture density on the OH concentration at the higher pressure. Also, the flame volume 

appears a little larger at the 8-atm condition than the 5-atm conditions, possibly also a consequence of 

the higher mixture density and the corresponding higher heat release rate. 

Increase in preheat has a pronounced effect on the flame, as seen from the OH-

chemiluminescence images in Fig. 4-15.  At the higher preheat, the flame is more compact and closer to 

the injector than at the lower inlet temperature. Note that at the higher pre-heat temperature, there are 

competing effects that impact the flame shape and flame location. Foremost, the higher air temperature 

tends to increase the reaction rate and the flame speed, which then allows the flame to propagate 

upstream towards the injector where the flow velocity is higher. At the same time, however, a lower 

overall equivalence ratio is used at the higher inlet temperature to achieve the target adiabatic flame 

temperature of 1750K, the effect which is to reduce the flame speed.  Also the higher inlet temperature at 

a fixed operating pressure and fixed pressure drop implies a higher flow velocity.  Both effects tend to 

increase the stand-off distance of the flame from the injector. Overall, the effect of the flame speed 

dominates, allowing the flame to move closer to the injector as a result of more rapid completion of the 

reaction. However, the flame still stays lifted and no flash-back is observed.  

Figure 4-16 shows the effect of pressure drop on the hydrogen flame at 3-atm pressure.  Figure 

4-16a shows a flame at 2.5% pressure drop, while Fig. 4-16b shows the flame obtained by doubling the 

pressure drop while maintaining the overall adiabatic flame temperature. As expected, the figure shows  
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(a) 2.5% P/P                                (b) 5% P/P 

Figure 4-16: OH-chemiluminescence images for R1 single-cup injector with axial swirler at 3-atm, 

100% hydrogen, 1760-1780 K adiabatic flame temperature (a) 2.5 % P/P, (b) 5.0% P/P  

 

(a)  8-atm, no dilution 

 

(b)  8-atm, 14% N2 

Figure 4-17: OH Images for R3 injector operating at 2.5% P/P (a) AFT 1735, no dilution, (b) 1777 

K AFT, with 14% N2 dilution 

 

that increasing the pressure drop pushes the flame slightly away from the injector, evidenced by the 

reduced OH-chemiluminescence intensity next to the injector in Fig. 4-16b compared to that in Fig. 4-

16a. Also, the flame is more elongated due to the higher flow velocity and overall greater heat release. 

Figure 4-17 shows the effect of nitrogen dilution on the flame hydrogen flame. The figure shows 

that the flame location is nearly unaffected but the shape of the heat release zone more closely resembles 

that of the 3-atm flame shown in Fig. 4-9a.  It is noted that the region of highest intensity appears larger 

with dilution than without dilution. One can speculate that two effects contribute to this difference. First, 

the increased volume and improved premixing due to the addition of the diluent will cause the fuel to 

diffuse over a larger volume, causing the heat release region to be larger. Second, the increased fuel flow 
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that is required to maintain the flame temperature fixed with the additional dilution produces an overall 

greater heat release, increasing the overall intensity and making the region of high intensity larger. 

In aggregate, the flame images shown above reveal a very robust injector with respect to flame 

stability and flash-back. In all cases, the images reveal lifted flames for the R-series cups at all 

conditions that are stable down to a flame temperature of about 1350K or lower. The robust flash-back 

performance of this second generation of cups is a significant improvement over the first generation of 

cups, which experienced flame ingress when operated on 100% hydrogen at pressures over 5.5-atm. 

4.3 Single-Cup Performance – Emissions and LBO 

4.3.1 SF-Series Emissions Performance 

The emissions produced using the SF-series mixing cups were evaluated in atmospheric 

screening tests followed by tests using selected cups at elevated pressures.  The results are presented in 

the next two sections. 

4.3.1.1 Atmospheric Tests 

In the screening tests, injectors in the S2-family (medium swirl) were tested followed by testing 

of injectors in the S1-family (lower swirl) and S3-family (higher swirl).  First, Fig. 4-18 shows emissions 

obtained using the S2F1 mixing cup operating on hydrogen and natural gas at various pressure drops.  

As described in Section 2.1, this injector has two fuel circuits, each feeding one out of two axially staged 

sets of fuel slots.  In the tests shown in Fig. 4-18, the injector was operated fueling either the upstream 

set of slots (“1 circuit” cases) or both sets of slots (“2 circuits” cases).   One data point was taken for 

natural gas injected using the upstream single circuit, operating at 1.6% pressure drop.  These conditions 

correspond closely to the condition at which the fuel concentration data presented in Fig. 4-1 were 

obtained. The results show that excellent emissions performance is obtained in all cases on both natural 

gas as well as hydrogen (e.g., <3 ppm for AFT up to 2000F).  In the 2-circuit cases, portion of the fuel is 

injected farther downstream and hence has less time for mixing. As a result, the “2 circuit” cases show 

systematically higher NOx emissions and exhibit a dependency upon the pressure drop, with the higher 

air pressure drop leading to shorter residence time within the mixing cup and higher emissions.  

Operating on the upstream circuit, the emissions are lower than for the two-circuit case and less 

dependent upon pressure drop. For reference, the “entitlement” NOx levels attributed to ideal premixing 

is shown.
 9
  Note that the natural gas results shown were obtained at just near lean blow-off (LBO) limit 

( = 0.55) for the natural gas flame.  In comparison, for the hydrogen flames, LBO was found to occur at 

equivalence ratio near 0.13.  Thus, Fig. 4-18 illustrates the dramatically expanded range of stable 

operation that is obtained with hydrogen.  In all cases, combustion efficiency was noted to exceed 99%. 
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Figure 4-18. Measured NOx levels vs. Calculated Adiabatic Flame Temperature – S2F1 injector 

Sample results from the emissions screening tests using injectors in the F1, F2 and F3 families 

operating at 2.5% air pressure drop and inlet air temperature of 800K are shown in Fig. 4-19.  The figure 

reveals that all injectors produce excellent emissions results, with the S1 and S3 injectors producing less 

than 3-ppm NOx at the target 1750K adiabatic flame temperature and the S2 injector producing about 4-

ppm NOx.  All injectors could be operated at adiabatic flame temperatures at least down to 1200K and as 

low as 1100K. 

4.3.1.2 High-Pressure Tests 

The high pressure combustion tests for the SF-series injectors were conducted at pressures up to 

5.5-atm when operating on 100% hydrogen fuel and up to 8-atm when operating on a fuel mixture 

containing 75% hydrogen and 25% methane.  The tests focused on the S1F3 injector due to its superior 

emissions performance in the atmospheric tests and flashback resistance at high pressure conditions.  
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Figure 4-19: NOx emissions as a function of calculated adiabatic flame temperature for micro-

mixing cups tested at atmospheric pressure 

Emissions results obtained for the S1F3 injector operating on 100% hydrogen fuel at pressures 

from 2-atm to 5-atm, and at pressure drops of 2.5% and 5.0% are shown in Fig. 4-20.  The emissions 

achieved at high pressure conditions are at similar levels as at atmospheric pressure.   Specifically, at 

1750 K, the emissions fall within a range from about 2-ppm to 5-ppm, well within the program Phase-II 

goal of 10 ppm NOx for single-cup injectors.   OH-chemiluminescence images shown earlier revealed 

that for these operating conditions the injector operated with a small compact flame stabilized down-

stream of the mixing cup, as shown in Fig. 4-9a. Above operating pressure of 5-atm, the propensity for 

partial flame ingress increased.  This resulted in higher NOx emissions, though always well below 20-

ppm.  

When operating on the hydrogen-natural gas blend, the injector could be operated without 

flashback at any pressure at least up to 8-atm (limit of combustion rig).  The emissions were found to be 

higher than for the hydrogen flame, likely due to the lower diffusivity of methane compared to hydrogen, 

but still achieving just under 10-ppm NOx at 1750K flame temperature. 

In the complete absence of flashback, as in the case for the hydrogen-natural gas mixture, one 

way to improve emissions is to increase the mixing length for the fuel and air.  In all of the tests reported 

in Fig. 4-20, the mixing section downstream of the last air layer in the Macrolaminated mixing cup has 

been fixed at a length of D/2, where D is the mixing cup diameter.  To investigate the effect of mixing 

length on emissions, spacers were added onto the injector to double the length of this mixing section.   



6                                                                                         

37 

 

Micro-Mixing Lean-Premix System for Ultra-Low 

Emission Hydrogen/Syngas Combustion 

Final Technical Report, September 23, 2010 

 

 

 

Figure 4-20: NOX Emissions Performance (ppmvd@15% O2) for S1F3 at 2-8 atm as a function of 

AFT with 100% hydrogen and 75/25 hydrogen/natural gas blend 

 

The emissions tests using hydrogen-methane mixture were then repeated.  The results are shown in Fig. 

4-21. As the figure shows, at 1750K, the NOx levels are reduced by a factor of about two – from slightly 

below 10-ppm to about 5-ppm. 

4.3.2 R-Series Emissions Performance 

The R-series single-cup injector modules were tested at elevated pressures from 3-atm to 8-atm.  

The injectors were tested with and without an inner air swirler using 100% hydrogen fuel with or without 

nitrogen dilution.  As discussed in Section 4.2.3, the injectors operated without flashback at all 

conditions tested. 

  Emissions results obtained using the single-cup injectors with and without the inner swirler are 

shown in Fig. 4-22. The figure shows NOx emissions as a function of adiabatic flame temperature and 

reveals three different groups of data. Data in the first group, corresponding to the lowest emissions, was 

obtained when operating at the 3-atm pressure without preheat.   The emissions levels for these 

conditions are all in a similar range and follow the typical exponential dependence of NOx emissions on 

flame temperature that is expected for a well premixed flame, whether using the R1 or R3 injectors, with 
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or without an inner air swirler, at both 2.5% and 5% pressure drops. At the target flame temperature of 

1750K, the NOx emissions range from about 6-ppm to just under 9-ppm. 

 
Figure 4-21: Effect of increase in mixing length on NOx performance for S1F3 single cup injector.  

Data in the second group, corresponding to the intermediate emissions points, was obtained 

using the R3 injector with and without an inner swirler, operating at both 5-atm and 8-atm pressure with 

2.5% pressure drop without preheat. For these conditions, a flattening of the emissions curve is observed 

as the adiabatic flame temperature drops – a different trend than observed at 3-atm. Data in the third and 

last group was  obtained at 8-atm, 2.5% pressure drop and with 500°F preheated air, using both R1 and 

R3 injectors with and without an inner swirler. Data in this group shows the same trend with adiabatic 

flame temperature as the intermediate emissions points, but at a higher overall level of emissions.  

Determining precisely the reason for the difference in emissions trends observed for the three 

groups of data points is difficult without detailed measurements and simulations that are beyond the 

scope of this work. It is likely that flame location, driven by changes in flame speed with temperature 

and pressure, and possibly some changes in aerodynamics with pressure drive the changes in emissions 

characteristics. For instance, the differences between the second and third groups of data are clearly due 

to the impact of inlet-air preheat. As discussed in conjunction with Fig. 4-15, the higher preheat 

increases the reaction rate and flame speed, causing the flame to stabilize closer to the injector where 

premixing is less complete than at a greater stand-off distance. It is less clear what causes the shift in 
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trend going from 3-atm to 5-atm or 8-atm pressure without preheat. It is noted that according to 

observation discussed in conjunction with Fig. 4-14 above that there is a change in flame shape when the 

pressure increases from 3-atm to 8-atm, but the reasons for the flame shape change have not been 

investigated. 

 
Figure 4-22: NOx emissions for micro-mixing cups R1 and R3 with and without axial swirler, at 

different pressure drops, preheat levels, and ambient pressures operating on 100% hydrogen fuel 

The impact of nitrogen dilution on emissions and flame structure was investigated using the R3 

injector operating without inner axial swirler. The emissions results from tests conducted at 5-atm and 8-

atm pressure are summarized in Fig. 4-23.  The impact on flame shape was shown earlier in Fig. 4-17. In 

the experiments, the nitrogen was mixed into the hydrogen fuel upstream of the mixing cup. At the 5-atm 

operating condition, the nitrogen flow reached up to 30% of the hydrogen flow, by volume, and up to 

21% at the 8-atm operating condition. Two flow rates of hydrogen were used for each operating 

pressure. In the tests, the injectors were operated at a constant flow rate of hydrogen, starting the tests 

with pure hydrogen and then gradually increasing the nitrogen flow and recording the impact on 

emissions. Note that increasing the flow of the nitrogen diluent reduces the adiabatic flame temperature, 

and, for the higher hydrogen flow, greater level of nitrogen flow is required to maintain a target adiabatic 

flame temperature. 
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Figure 4-23: Emissions results with and without dilution for R3 injector at 2.5% P/P, no axial 

swirler 

As Fig. 4-23 shows, the impact of the nitrogen dilution on emissions is significant. The 

exponential dependence of emissions on flame temperature is recovered for both operating pressures, an 

indication of premixed characteristics at the flame front. For the 5-atm operating condition, the two 

hydrogen flow rates result in two separate curves.  Note that the higher hydrogen flow cases producing 

lower emissions when compared at the same adiabatic flame temperature due to the higher levels of 

dilution that produce that temperature. The same trend is also seen at the 8-atm operating point. Also, at 

the low hydrogen flow rate in particular, the 5-atm data points and the 8-atm data points seem to follow 

the same curve, indicating no pressure dependence as expected for well premixed flames. Based on these 

experimental results NOx emissions of 7-ppm or less are predicted at the target flame temperature of 

1750K at the 8-atm operating pressure when using moderate amount of dilution of about 20% by 

volume, and overall, the results indicate that significant reduction in NOx emissions can be achieved 

with higher levels of dilution than used in the current tests. 

In summary, the emissions testing using the R-series of injectors demonstrated that the micro-

mixing cup injectors are capable of delivering outstanding emissions performance over a range of 

operating pressures and pressure drops and can operate on 100% hydrogen fuel without flashback.   The 

intermediate project goal of 10-ppm NOx emissions for single cup injectors operating at 1750K adiabatic 

flame temperature was exceeded by a substantial margin. 
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5 Multi-Cup Injector Module Performance 

Following the evaluation of the R-series single-cup modules, high-pressure testing using the 

multi-cup injectors commenced. The first tests were done using a multi-cup injector module comprised 

of four R2 micro-mixing cups in a 4x1 array (see Fig. 2-6). This design has an intermediate swirl number 

and was used without an inner air swirler or mixing length extension.  

5.1 Multi-Cup Performance – Flame Characteristics 

Flame imaging results were obtained at 3-atm operating pressure, running at 2.5% and 3.5% 

pressure drop, with equivalence ratios ranging from about 0.23 to 0.43 (adiabatic flame temperatures 

from 1050 to 1500F). Images of the reaction zone are shown in Fig. 5-1and 5-2.  

 Figure 5-1 shows flame images obtained at the 2.5% pressure drop. The figure shows that the 

flames at the two center cups have a conical shape and appear anchored at or very close to the cup exit. 

Near the side walls, the flames appear lifted but partially quenched by the wall. As the adiabatic flame 

temperature was increased beyond that shown in Fig. 5-1c, the quartz liner failed so this flame imaging 

experiment was halted. 

A flame image obtained for 3.5% pressure drop is shown in Fig. 5-2. In this case, the figure 

shows that the flames are all lifted from the injector face and the effects of quenching appear less 

prominent. The flames are also found to be relatively compact, reaching less than three inches from the 

injector. It was observed that at higher equivalence ratios the flames migrate closer to the injector, 

consistent with observations during single cup testing. 

As the flame temperature was raised from that shown in Fig. 5-2, a failure of the quartz liner 

occurred again. The failure was evidenced not only by the visual flame shape but also by changes in 

pressure drop and the measured oxygen concentration in the emissions samples. When the quartz liner 

failed, air could freely flow into the combustion zone, resulting in essentially “zero” pressure drop across 

the cups, thus allowing the reaction to establish itself wherever it was able to anchor. In some cases, 

distress was observed on the injector mounting plate. However, the injector did not sustain damage in 

these events. 

Based on the experience with the visualization tests, it was evident that sustained operation 

required for emissions testing at the equivalence ratios and pressures of interest for were problematic 

when using quartz liners. Therefore, a metal liner was installed in place of the quartz liner.  
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(a)  1150 K   (b) 1225 K 

 

(c)  1487 K 

Figure 5-1: R2 4x1 multi-cup injector, 3-atm, 2.5 % P/P, 300 deg K inlet temperature 

 

~ 1225 K 

Figure 5-2: R2 4x1 multi-cup injector, 3-atm, 3.5 % P/P, 300 deg K inlet temperature (temperature 

is estimated due to leakage—cracked quartz) 

5.2 Multi-Cup Performance – Emissions Performance 

The emissions performance of the 4x1 R2 multi-cup injector was measured at operating 

pressures of 3-atm and 5-atm and 3.5% pressure drop using 100% hydrogen with and without nitrogen 

dilution. The results are shown in Fig. 5-3 and 5-4. For reference, the figures also show results from 

single cup testing at 3-atm and 5% pressure drop.  The Leonard and Stegmaier “entitlement” result for 

natural gas combustion is also shown.  

Figure 5-3 shows the results obtained without nitrogen dilution.  As the figure shows, the multi-

cup emissions results are slightly higher than the single cup results,  with the 4x1 injector producing 
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about 10-ppm NOx at 1750K AFT when operated on pure hydrogen at 3-atm. As with the single cup 

injectors, the emissions produced at 5-atm were higher than at 3-atm and fell at a slower rate as the 

equivalence ratio was decreased. Thus, there is good agreement between the single-cup tests and the 

multi-cup tests. 

 

Figure 5-3: Emissions results for R2 4x1 multi-cup injector at operating on 100% hydrogen fuel 

(3-atm and 5-atm operating pressure, 3.5% pressure drop, and 300K air inlet temperature; R2 

single-cup injector results at 3-atm, 5% P/P shown for reference) 

Figure 5-4 shows the results obtained when operating at 5-atm with nitrogen dilution of 3% and 

8% (by volume). The tests were run using a fixed flow rate of hydrogen while gradually increasing the 

amounts of nitrogen added to the fuel flow. The results illustrate that with 8% nitrogen dilution by 

volume, the NOx levels drop by 50% from the level obtained at the same hydrogen flow without 

dilution, achieving 8-ppm NOx at about 1780K adiabatic flame temperature. This finding is consistent 

with results obtained in the single cup tests where ~10% N2 addition resulted in a 50% reduction in NOx 

at around 1800 K adiabatic flame temperature. In the multi-cup studies, even though relatively few data 

points have been obtained, the trends are clearly the same as those for the single cup injectors. 
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Figure 5-4: Emissions results for R2 4x1 multi-cup injector at operating on hydrogen with and 

without N2 dilution (5-atm operating pressure, 3.5% pressure drop, and 300K air inlet 

temperature; R2 single-cup injector results at 3-atm, 5% P/P shown for reference) 

In summary, the results from the combustion tests demonstrate good emissions performance, 

especially when operating with nitrogen dilution.  Overall, the trends observed for flame characteristics, 

the emissions results on 100% hydrogen fuel, and the emissions results when using nitrogen dilution are 

the same with the multi-cup injectors as with the single cup injectors. Hence, it stands to reason that with 

additional dilution with nitrogen, beyond the 8% used in the current tests, substantially greater NOx 

reduction can be achieved.  

 

6 Full-Scale Multi-Cup Injector Development 

Following the fabrication of the multi-cup injectors the team turned its focus to developing the 

design of the full-scale injector and the plan for the full-scale combustion tests. Cooperating with OEM 

partner engineers, a high pressure rig was selected for the full-scale tests. The rig accommodates a 4-inch 

diameter multi-cup injector within an existing liner. The full-scale injector was also adapted to the 

atmospheric rig at UCI. 

Using the R-Series mixing-cup design as a building block, the 1.3-MWth injector comprises 

sixteen micro-mixing cups, arranged as shown in Fig. 6-1. The mixing cups are arranged in two 
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concentric circles, with ten mixing cups arranged on the outer ring, five on the inner ring and a single 

pilot cup in the center. 

The fuel injection scheme for the full-scale injector was carried over directly from the R-Series 

modules. Each mixing cup contains 8 radial-inflow swirling fuel feed slots that are located in a single 

axial location in the cup.  All of the fuel feed slots are fed by two individual circuits. The pilot and two 

main zones are supplied by four fuel inlet tubes shown in Fig. 6-1. The pilot-cup inlet, labeled P (green), 

supplies one of the two fuel circuits in the pilot cup in the center of the injector (center cup in Zone 1 in 

Fig. 6-1b). This pilot circuit enables independent control of the fuel-air ratio of the pilot-cup at all times. 

The second inlet, labeled a (orange), supplies fuel to one of the fuel circuits on the inner ring of cups as 

well as to the second circuit of the pilot cup (all 6 cups in Zone 1). The third inlet, labeled B (purple), 

supplies fuel to one of the circuits on the outer ring of cups (10 cups in Zone 2). Finally, a  fourth fuel 

inlet, labeled C (yellow), supplies fuel to the second fuel circuit in both the inner and outer ring of cups 

(15 cups in Zones 1 and 2).  

During testing, individual fuel inlets were merged upstream of the rig to allow for other staging 

scenarios. For instance, inlet A and B were merged to allow single feed to fuel to all 16 cups. For fuels 

with dilution, all three main fuel inlets were merged to maximize the flow area.  

 

  

           (a)     (b) 

Figure 6-1: Full-scale, 16-cup injector with  mixing cups arranged on two concentric circles along 

with an individually fueled pilot circuit in the center (inlet P); inlets A and B supply circuits in 

Zone 1 and Zone 2, respectively, while inlet C supplies a second circuit in Zones 1 and 2 

simultaneously 
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The measured total air effective area of  the injector was 1,064-mm

2
 (1.65-in

2
 resulting in a rated 

total heat release of about 1.3-MW when operating with a 50/50 blend of Hydrogen and Nitrogen at 

12.4-atm inlet pressure, 3.6% pressure drop, 700K inlet-air temperature and an equivalence ratio of 0.50.  

In the high-pressure test rig used in the full scale combustion tests, the 4-inch diameter multi-cup 

injector mounts into a floating grommet at the front end of the combustor. The adaptation of injector to 

the test rig involved the design of the support structure attaching the injector to a mounting flange and 

guiding it into the floating grommet. Also, a thermal-barrier-coated cover plate was designed to reduce 

the maximum metal temperature of the injector. Figure 6-2 shows the full-scale injector as tested in the 

OEM rig.  A second full-scale injector, shown in Fig. 6-3 was adapted for the atmospheric test rig at 

UCI.  

 

Figure 6-2: Full-scale sixteen-cup micro-mixing-cup injector mounted in support structure 

designed for the high pressure OEM rig 

 

Figure 6-3: Full-scale Macrolaminated sixteen-cup micro-mixing injector for atmospheric 

combustion rig at the UCI Combustion Laboratory 

7 Full-Scale Injector Testing 

The testing of the full scale injector consisted of both atmospheric tests and high pressure tests at 

conditions that are representative of full-scale operation.  The atmospheric tests were conducted at the 
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University of California Irvine Combustion Laboratories while the high-pressure tests were conducted at 

an OEM facility. 

7.1 Full-Scale Injector Atmospheric Testing 

The objectives of the atmospheric tests were to (i) evaluate the level of fuel-air mixing at the exit 

of the micro-mixing cups, (ii) study flame characteristics and operability under atmospheric conditions, 

and (iii) measure emissions when operating on hydrogen fuel with and without nitrogen dilution.  The 

tests were conducted in the same facilities as used for the Phase-II atmospheric tests but with 

modifications designed to increase the air flow capacity of the rig.  In what follows, the setup of the tests 

is described and the experimental methods explained.  Thereafter, the results from the atmospheric tests 

are described in detail.   

7.1.1 Test Setup and Experimental Methods 

Figures 7-1 and 7-2 show the experimental set up that was used for the atmospheric tests. As the 

figures show, the injector was oriented vertically in an up-fired position and discharged into an 8-inch 

quartz liner that contained the flow and reaction during the tests. It was mounted in a holder such that the 

injector exit plane was raised ¼” above the surrounding surfaces to facilitate flame imaging (see Fig. 7-

2).  The holder contained a groove for the 8” quartz liner for the purpose of centering the liner and for 

sealing to prevent air leakage.  The holder was attached to the end of an air box that was connected to the 

facility air supply.  The air box was then mounted on a traverse that was used to position the injector 

relative to a fixed extractive probe during fuel concentration and emissions testing.  The air box that was 

used was the same as that used in Phase-II for single-cup injector testing but with increased inlet area to 

accommodate the larger air-flow requirements of the full-scale injector.   Also, a baffle was installed 

within the air box to help distribute the incoming air flow uniformly to all sixteen mixing cups.  For 

emissions testing, a conical exit section was placed at the end of the 8” quartz liner. Fuel-air mixing 

profiles at the exit of two mixing cups were measured using the extractive probe measurement approach 

described in Section 3.1. Emissions testing and flame imaging were done using the same instrumentation 

as described in Section 3.1. 
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Figure 7-1: Full-scale injector testing set up  

 

Figure 7-1: Injector holder and injector assembly 

7.1.2 Fuel-Air Mixing at Atmospheric Conditions 

Fuel-air mixing profiles at the exit of the pilot cup and a selected main cup were measured using 

the extractive probe measurement approach described in Section 3.1. Operating at an equivalence ratio 

of 0.5, the mixing profiles were obtained for  100% hydrogen at pressure drops of 3.5% and 4.5% and 

for  hydrogen with 25% nitrogen dilution at a pressure drop of 3.5%.  The hydrogen concentration was 

measured at a total of 69 data points across each cup. The results are shown in Fig. 7-3 to 7-8. 
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Figure 7-2 shows the mixing results for the pilot cup at air pressure drops of 3.5% and 4.5%. The 

mixedness of both cases show almost identical mixing trend with only a small difference in actual 

concentration, with the larger pressure drop leading to only a slightly higher peak concentration, an 

effect attributed to reduced mixing time.  The profiles exhibit five distinct lean regions, corresponding to 

the five air slots immediately up-stream of the measurement plane.  Figure 7-4 shows the mixing results 

for the main cup under the same conditions. Again, the same trend was observed, namely that the mixing 

profile is not strongly dependent on the air pressure drop at these conditions.  

Figure 7-5 shows the mixing results for the pilot and main cups with 25% nitrogen dilution in 

the fuel flow. The measurements were done at the 3.5% pressure drop and equivalence ratio of 0.5. 

Comparison to Fig. 7-3 and 7-4 reveals that the addition of nitrogen to the fuel dramatically changes the 

mixing characteristics within the cups. With nitrogen addition, the highest hydrogen concentration was 

found in the middle of the cup and the flow near the cup wall was found to be relatively lean. These 

results show that the addition of nitrogen in the fuel flow promotes stronger fuel penetration into the 

middle of the cup compared to cases without dilution. The change in profile likely has a positive impact 

on flash-back performance but a potentially negative impact on emissions performance.  

7.1.3 Operability in Staged Mode and Flame Imaging 

Initial atmospheric combustion tests were conducted with the injector operating in staged mode 

with air flowing through all sixteen cups while only the middle six cups of the injector were fueled. The 

tests focused on ignitability and flame stability as well as detection of flame ingression. The air pressure 

drop was set at 3.5% and pure hydrogen was used as fuel. An external hydrogen torch placed near the 

injector exit and the flow of hydrogen to the injector was then increased gradually until the mixture 

ignited. The tests showed that ignition consistently occurred at a local equivalence ratio () near 0.37 

based on air and fuel flow to the six cups in the center.  This corresponds to an overall equivalence ratio 

of 0.14 when considering the total air flow through all 16 cups. Even with the 10 “unfired” air jets 

surrounding the 6 reacting cups, the reaction was well anchored with the flame stability seeming 

unaffected by the quenching by the surrounding unfueled air jets. Once ignited, the fuel flow rate was 

decreased until lean blow-out (LBO) occurred. These tests showed that LBO occurred at local 

equivalence ratio of 0.27 (global equivalence ratio of 0.1). Note that in these tests, the pilot cup was 

operated at the same equivalence ratio as the surrounding five cups. 
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(a) 3.5%P/P, φ = 0.5    (b) 4.5%P/P, φ = 0.5 

Figure 7-3: Volume fraction of hydrogen – pilot cup 

 

(a) 3.5%P/P, φ = 0.5    (b) 4.0%P/P, φ = 0.5 

Figure 7-4: Volume fraction of hydrogen – main cup 

 

(a) Pilot, 3.5%P/P     (b) Main, 3.5%P/P 

Figure 7-5: Volume fraction of hydrogen when flowing 25% nitrogen/75% hydrogen fuel mixture 
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In a second test, fuel was fed only to the pilot cup while air flowed through all sixteen cups. 

Ignition occurred at local equivalence ratio of 0.5, corresponding to a global equivalence ratio of 0.03. 

This is a notably higher local equivalence ratio than that at which ignition was achieved when fueling all 

six center cups.  The global equivalence ratio is, however, substantially lower. It proved difficult to 

sustain the reaction at equivalence ratio of 0.5 as the flame would blow out within 10 – 20 seconds. 

However, it would easily re-ignite when the hydrogen torch was reintroduced. These results for ignition 

and lean blow out indicate that the air jets from the five cups that surround the pilot do impact the pilot 

ignitability and that significantly more quenching of the flame takes place under these conditions than 

was observed for the six-cup flame surrounded by air jets from the outer-ring of cups. This is not 

surprising since the cup-to-cup spacing in the center of the injector is smaller than the spacing between 

the center six cups and the outer ten cups.  

To study the characteristics of the six-cup hydrogen flame, OH-chemiluminescence images were 

obtained at local equivalence ratios from 0.3 to 0.6 under 3.5% pressure drop. The images were taken 

with an exposure time of 500-ms, which is two-to-three orders of magnitude greater than the residence 

time for the mixture and products in the flame zone. Figure 7-6 shows images obtained for decreasing 

equivalence ratios from 0.6 down to 0.3. The images show that in all cases the hydrogen flames are 

compact and lifted. For the highest equivalence ratio the flame is about 1-inch in length, very stable and 

with a well defined shape.  As the fuel-air mixture becomes leaner, the flames shorten and become less 

intense but the stand-off distance from the cups appears unaffected. At the lowest equivalence ratio, 

some narrow tails of flame appear to form that stretch towards the edge of the cups. The exact reason for 

these tails is not completely understood.  The appearance of the tails at low equivalence ratios may be 

associated with reduced penetration of the fuel into the air stream.  Also, the locations of the tails 

correspond to the location of peaks in the fuel mixture fraction, as illustrated in Fig. 7-7.  For instance, 

the mixing results for the main cup in Fig. 7-4 show the highest hydrogen concentration in the upper left 

quadrant of the cup. This corresponds to the “tail” appearance in the reacting flow images (Fig. 7-6). The 

pilot cup has one “tail” occurring to the left of center (Fig. 7-7) which corresponds to the location of the 

peak fuel concentration measured in the mixing tests (Fig. 7-3).  No flame ingress was observed at any 

condition. 
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(a) =0.6 

 
(b) =0.5 

 
(c) =0.4 

 
(d) =0.3 

Figure 7-6: OH-chemiluminescence images of atmospheric hydrogen flames for center six cups 

of the full-scale hydrogen injector 

 

 

 

 

Figure 7-7: Location of flame ―tails‖ observed in combustion tests – view as in OH-images 

Pilot cup The main cup used in 

fuel-air mixing tests 

x 
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(a)  = 0.5                                              (b) = 0.6 

Figure 7-8: OH-chemiluminescence images of atmospheric hydrogen flames for the full-scale 

hydrogen injector operating in pilot-only mode 

Figure 7-8 shows OH chemiluminescence flame images for a pilot-only flame. For this test, no 

“tails” of flames were observed. However, a “lobed” flame shape was observed that is likely due to 

aerodynamic effects (cup-to-cup interaction).  For a local equivalence ratio of 0.6 (overall equivalence 

ratio of 0.0375), the center-cup flame is stable and of similar length as observed for the six-cup flame 

shown in Fig. 7-7a. These conditions correspond to an adiabatic flame temperature of 1700K (2600F), 

based on the local equivalence ratio. 

The next test conducted was to see the effect of pilot flow on the flame when pilot was 

controlled independently. Initially, the test was set up similar to the prior tests with 3.5% pressure drop 

and with the middle 6 cups reacting at an equivalence ratio of 0.5. Then, the separate pilot circuit was 

fueled with additional hydrogen raising the local equivalence ratio of the pilot cup from 0.5 to 0.8. As 

expected, the reaction features a very strong pilot flame where the pilot reaction appears quite long 

compared to reaction anchored in the surrounding five cups.  For example, at an equivalence ration of 

0.33, which is near the Lean Blow Out limit for a neutral pilot, flames at all fueled cups were found to be 

burning stably with a strong pilot flame. The strong pilot ultimately lowers the Lean Blow Out limit to 

equivalence ratio of 0.133, which is more than a factor of two lower than that obtained with a neutral 

pilot. Fig. 7-9 demonstrates the effect of the strong pilot on the flame. 
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(a) Phi = 0.5 with strong pilot   (b) phi = 0.33, near the LBO limit 

Figure 7-9: Effect of independent pilot flame on the reaction 

7.1.4 NOx Emissions in Staged Mode at Atmospheric Condition 

The emissions performance of the injector was evaluated in staged mode with only the middle 

six cups (the pilot cup and five surrounding main cups) fueled. The pilot was operated in neutral mode.  

The test covered an equivalence ratio range 0.3 to 0.65 corresponding to a temperature range from 

1190K to 1950K. Fig. 7-10 shows the emission results for the injector. The results show that NOx 

emissions do not exceed single-digit range even at temperature as high as 1950K (6.2 ppm). Only 100% 

hydrogen was used as fuel for this experiment.  

 

Figure 7-10: Emission results for full-scale injector, (100% hydrogen, 3.5% P/P, no-preheat) – 

Leonard and Stegmaier line (L&S) is shown for reference 

L&S  
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The impact of nitrogen dilution on emissions was also evaluated. Operating at a fixed pressure 

drop of 3.5% and equivalence ratio of 0.5, nitrogen was mixed into the fuel stream upstream of the 

injector.  NOx emissions were then measured for increasing amounts of nitrogen. The results, shown in 

Fig. 7-11, reveal that the impact of N2 addition is not monotonic. Previous results in Phase II found a 

monotonic decrease of NOx when N2 was added. This was attributed to (1) the N2 locally leaning out 

the reaction and (2) “delaying” the reaction allowing more time for mixing of the fuel and air. The 

present results show that, with up to 20% of nitrogen in the fuel, NOx emissions increase. Only when the 

nitrogen content exceeds about 35% do the emissions drop below the emissions level attained without 

dilution. This effect is interesting in light of the mixing studies (see Fig. 7-3 through 7-5) that showed 

greater concentration of fuel in the center of the mixing cup with 25% dilution when compared to the 

case with no dilution.  Note that emissions results are not available for nitrogen dilution less than about 

13% by volume since the instruments used could not accurately meter smaller amounts of nitrogen. 

  

Figure 7-11: NOx emissions vs. volumetric fraction of nitrogen dilution when operating at 3.5% 

P/P and equivalence ratio of 0.5 

7.2 High-Pressure Combustion Testing 

The full-scale combustion tests focused on emissions and operability over a wide range of 

operating conditions and fuel mixtures of hydrogen and natural gas. The operating conditions are 

representative of part to full load of a megawatt-scale gas turbine engine. A summary of operation 

conditions studied and the test parameters explored are shown in Table 7-1 below.  Note that the injector 

was only tested with all sixteen cups fueled.  In particular, no staged mode of operation was attempted. 
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Table 7-1: Test parameters for high pressure testing 

Combustor pressure (gauge) 6.9 bar, 8.4 bar, 12.4 (100psig, 120psig, 180psig) 

Pressure drop  3.2%, 3.5%, 4.0%, 4.5% 

Inlet Air Temperature 617K, 700K, 756K (650F, 800F, 900F) 

Pilot Setting Leaned, Neutral, Enriched (various levels) 

Fuel composition (natural gas and 

hydrogen) 

0% H2 (100% NG), 50% H2, 86% H2, 93% H2, 

100% H2 (0% NG) 

Diluent Content N2, CO2, volume fraction up to 40% 

 

7.2.1 Operability 

Excellent part-load operability was demonstrated for the hydrogen-natural gas mixtures with 

stable combustion achieved at flame temperatures as low as 1590K (2402F) for a fuel mixture 

containing 50% hydrogen and as low as 1425K (2105F) for a fuel mixture containing 86% hydrogen. 

Carbon-monoxide emissions remained well within 1-ppm at all conditions except when blow-off was 

imminent. Part-load operation of the injector on 100% natural gas was more challenging when operating 

on all sixteen cups, with lean blow out occurring as flame temperature approaches 1800K.  These results 

are not surprising since the injector is primarily optimized for fuels with high hydrogen content.  

Improvements in lean blow out performance can, however, be easily achieved through modified cup 

arrangement, staging or reduced interaction between pilot and main air flows, which is beyond the scope 

of the current program. 

 For high-hydrogen fuels, the part-load operability was achieved without sacrifice of emissions 

due to an enriched pilot. For instance, for a fuel mixture containing 87% hydrogen and 13% natural gas 

combined with 20% carbon-dioxide dilution, the injector could be operated on all sixteen cups at 

temperatures below 1470K (below 2200°F) without the use of an enriched pilot, achieving NOx 

emissions well below 2-ppm.  Excellent flashback resistance was demonstrated over the entire range of 

conditions and fuel mixtures that were tested, including in tests of 100% hydrogen fuel with 30% carbon 

dioxide dilution at operating pressure of 8.4-bar and flame temperature above 1600K.    
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(a) 50% hydrogen, 50% natural gas, no dilution 

 

(b) 50% hydrogen, 50% natural gas, no dilution 

 

(c)  87% hydrogen, 13% natural gas fuel 

mixture, 30% carbon dioxide dilution 

 

(d)   100% hydrogen fuel, 30% carbon 

dioxide dilution 

Figure 7-12: Visual flame images for hydrogen-natural gas flames for various operating 

conditions 

Figure 7-12 shows some images of the visual flame at several representative operating 

conditions.  Figure 7-12a shows a 50/50 hydrogen/natural gas flame at a flame temperature of 2419F 

and combustor pressure near 180 psi.  The pilot is near neutral, meaning that the local equivalence ratio 

is the same as for the remaining cups.  The flame is short, evenly distributed and well anchored by the 

six closely-spaced center cups.  Figure 7-12b shows a flame with the same fuel mixture and operating 

pressure but with an enriched pilot and at a much higher flame temperature of 3040F.  The flames are 

short, little over one inch in length on the outer 10 cups, and with a well defined shape.  Figure 7-12c 

shows 2710F flames obtained at 120 psi operating pressure with 87% hydrogen and 13% natural gas 
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with 30% carbon dioxide dilution.  With this high hydrogen content, the flames are short and well 

anchored a short distance from the cup exit.  Finally, Fig. 7-12d shows a 2442F flame obtained at 120 

psi with 100% hydrogen fuel combined with 30% carbon dioxide dilution.  In this case, length of the 

flames is difficult to discern with certainty due to the low luminosity of the hydrogen flames but it can be 

seen that the flame resides close to the injector surface and recirculation causes some heating of the 

thermal barrier coating.  The injector, however, did not show any distress due to the effective cooling 

provided by the combustion air flowing through the injector. 

Overall, a study of the flame during testing reveals the expected trend that that with high 

hydrogen content in the fuel (high flame speed), flames are anchored close to the injector face.  

Likewise, higher equivalence ratios (flame temperature) bring the flame closer to the injector face.  The 

flame anchoring mechanism appears to be in part tied to recirculation of combustion gases in the space 

between cups.  As the hydrogen content in the fuel mixture is reduced or the diluent level increased, the 

flame stand-off distance from the injector increases.  Likewise, with decreasing equivalence ratio and 

lower hydrogen content, the flames get larger and occupy a larger volume of the combustor.  The flames 

were stable until lean blow out was immediately imminent.  It was clearly observed when lean blow out 

point was being approached that the closely spaced center six cups acted to anchor the flame.  As the 

equivalence ratio was reduced, flames associated with the outer ten cups would gradually get pushed 

further and further downstream and until blow-off suddenly occurred. 

7.2.2 High-Pressure Emissions 

The emissions results obtained for the various fuel mixtures and diluents are shown in Fig. 7-13 

through 7-17.  As a baseline, Figure 7-13 shows emissions obtained using natural gas without dilution.  

The figure shows that good emission results were obtained for high flame temperature, with about 7-ppm 

NOx at a flame temperature of 1822K (2822F) when operating on a neutral pilot.  About 1-ppm lower 

emissions were obtained with a lean pilot.  At this high flame temperature, these emissions are close to 

the “entitlement” NOx that can be obtained with perfect premixing as indicated by the Leonard and 

Stegmaier line of Ref. 9.   

Figure 7-14 shows emissions results obtained using a fuel mixture containing 50% hydrogen and 

50% natural gas without dilution. Overall, the data shows excellent emissions results over a wide range 

of operating conditions and fuel mixtures.  The emissions results were shown to be insensitive to 

operating pressure and pressure drop for the ranges tested and, with the exception of the emissions at 

180-psi at 3.5% pressure drop, have the exponential dependence on temperature that is expected for well 

premixed flames.  The emissions do depend on the pilot enrichment level, with the lowest emissions 
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obtained when the pilot is operating neutral or slightly leaner than the surrounding mixing cups.  NOx 

emissions of 6-ppm were achieved at a flame temperature of 1750K (2690°F) for this fuel mixture. 

Figure 7-15 shows emissions obtained using fuel mixture containing 50% hydrogen and 50% 

natural gas with various levels of N2 dilution.  For all cases, the pilot was neutral, i.e., operating at the 

same equivalence ratio as the remaining cups.  At a flame temperature just above 2690F (1750K), NOx 

emissions of 4.5-ppm are obtained with 30% nitrogen dilution.  This is substantially lower than the 6-

ppm emissions recorded without dilution.  At the 2690F temperature, the emissions drop further to 3-

ppm with 40% nitrogen dilution, which was the target NOx emissions for this project at this flame 

temperature.  At a flame temperature of about 2565F (about 1680K), NOx emissions of 1.5 ppm are 

obtained with only 10% nitrogen dilution.  In comparison, about 4-ppm NOx is recorded at the same 

flame temperature when no dilution is used (see Fig. 7-14).  At a flame temperature of 2750°F and air 

inlet temperature of 900°F, the results show that 10% nitrogen dilution and 30% nitrogen dilution result 

in NOx emissions of about 5 ppm , which is about 3 ppm drop from emissions without dilution.  The 

results also show that  at 2800°F flame temperature and 800°F air inlet temperature, 10% dilution and 

20% dilution result in NOx emissions of 7-ppm.  Taken together, these results show that nitrogen 

dilution is effective at lowering the emissions level, in contrast to the atmospheric results that showed no 

improvements until more than 35% dilution was used.  However, some non-monotonicity in the 

emissions trend as a function of nitrogen volume fraction is observed when the volume fraction is in the 

10% to 30% range. 

Figure 7-16 shows emissions results for hydrogen-natural gas mixtures containing 50% and 86% 

hydrogen, with and without nitrogen dilution and at three different air inlet-temperatures.  First, the 

figure shows that for 50/50 mixture of hydrogen and natural gas without dilution, the inlet air 

temperature plays only minor role in the emissions, with only 1-ppm increase in NOx emissions at a 

flame temperature of 2700F when the inlet air temperature is increased from the 650F to  900F, with 

the NOx data for 800F inlet air in between.  For 86% hydrogen content in the fuel, the NOx emissions 

at the target flame temperature of 1750K (2690F) dropped steadily as the level of nitrogen dilution was 

increased from 20% to 35%, producing a 50% drop in emissions from 18-ppm to 9-ppm.  .  

Figure 7-17 shows emissions obtained using carbon dioxide (CO2) as a diluent.  For a 50/50 

hydrogen-natural gas mixture, NOx emissions of 3.5-ppm were recorded at a flame temperature of 

1730K (2650°F) with only 10% CO2 dilution, demonstrating that the carbon-dioxide is quite effective as 

a diluent.  For a fuel mixture with 87% hydrogen and 13% natural gas, with only 10% CO2 dilution, 

NOx emissions of about 15 ppm are achieved at a flame temperature of 1750K (2690°F).  The emissions 
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drop to about 9 ppm when the dilution volume fraction is increased 20%.  When comparing the 

effectiveness of CO2 dilution to the effectiveness of nitrogen dilution shown in Fig. 7-15 one can see 

that on a volume-percent basis, CO2 dilution is more effective. For instance, at a flame temperature of 

2700F, 10% CO2 dilution was shown to be about as effective as 20% nitrogen dilution and 20% CO2 

dilution is as effective as 35% nitrogen dilution.  However, for those diluent levels, the percentage mass 

flow of CO2 is only slightly lower than the percentage mass flow of nitrogen, and when taking into 

account the specific heat of CO2 and nitrogen, the total heat capacity of the two diluent streams at the 

two diluent levels are nearly equal.  The conclusion is, therefore, that it is the total heat capacity of the 

diluent stream that is the primary driver behind the emissions reduction. 

Figure 7-17 also shows emissions obtained when operating on 100% hydrogen fuel.  Only two 

data points were taken for this setting, both using 30% carbon dioxide dilution.  Further testing was 

planned for the 100% hydrogen fuel, however, the testing was cut short near the end of the test campaign 

due to a malfunctioning back-pressure valve in the test rig.  For this fuel-diluent mixture, NOx emissions 

of 3.6-ppm were demonstrated at a flame temperature over 1600K (2420°F) for the 100% hydrogen fuel.  

Note that these NOx emissions are slightly lower than what was measured with 93% hydrogen and 7% 

natural gas combined with the same amount of dilution and at the same flame temperature and nearly the 

same pilot setting. 

Figure 7-18 summarizes emission results obtained for fuel mixtures containing 86%, 93% and 

100% hydrogen with various levels of nitrogen and carbon dioxide dilution.  First, the figure reveals that 

these high-hydrogen mixture, the injector could be operated consistently down to flame temperatures of 

2200°F.  The figure also shows that for these high-hydrogen mixtures, emissions drop as the level of 

dilution increase, whether the diluent is nitrogen or carbon dioxide.  The lowest emissions were obtained 

with carbon-dioxide dilution.  This is in part due to the fact that at the highest diluent levels tested, the 

heat capacity of the carbon dioxide diluent stream is greater than that of the nitrogen diluent stream.   

 

8 Summary and Conclusions 

Parker has made substantial progress on developing scalable injectors for gas turbines.  The full-

scale injectors tested in the final phase of the program have demonstrated superior NOx emissions, 

enhanced flame stability and no flashback at a wide range of operating pressures using high-hydrogen 

fuels. Excellent part-load operability was also demonstrated for high-hydrogen fuels, and emissions were 

shown to be insensitive to operating pressure.  Program goals of 3-ppm NOx emissions were met at 
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adiabatic flame temperature of 1750K for a fuel mixture containing 50% hydrogen and 1.5-ppm NOx 

was demonstrated at a flame temperature of 1680K. 

The excellent emissions and operability results obtained demonstrate the viability of the micro-

mixing fuel injector concept for the challenging high-hydrogen content fuels.  Parker maintains that the 

technology is easily adaptable to large scale engines and future work will include developing larger scale 

injectors in the tens of megawatt range.  Now that the basic building block for this technology has been 

fully validated, new combustor concepts can be designed to take advantage of Macrolamination 

technology for a wide range of engines and combustion systems from annular to can-annular combustion 

systems.  Further optimization work can include additional exploration of part-load operability for low-

hydrogen content fuels and natural gas.  This can be accomplished through innovative cup arrangement 

and more elaborate fuel staging. Also, further development of the mixing cup is anticipated to yield 

significant reduction in diluents use for high-hydrogen fuels, thereby reducing cost of operation while 

improving operability. 
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Figure 7-13: High-pressure emissions results – operation on 100% natural gas without dilution 
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Figure 7-14: High-pressure emissions results – operation on 50% hydrogen and 50% natural gas without dilution 
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Figure7-15: High pressure emissions results – 50% hydrogen / 50% natural gas fuel blends;– effect of nitrogen dilution 
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Figure 7-16: High pressure emissions results – hydrogen-natural gas fuel blends; effect of inlet air temperature, hydrogen content 

and nitrogen dilution. 
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Figure 7-17: High pressure emissions results – hydrogen-natural gas fuel blends, effect of carbon dioxide dilution 
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Figure 7-18: High pressure emissions results – hydrogen-natural gas fuel blends with 86%, 93% and 100% hydrogen content with 

nitrogen and carbon dioxide dilution 
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