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(ABSTRACT) 
 
  

 Hydrogen, as an alternative to conventional aviation fuels, has the potential to 

increase the efficiency of a gas turbine as well as reduce emissions of greenhouse gases.  

In addition to significantly reducing the number of pollutants due to the absence of 

carbon, burning hydrogen at low equivalence ratios can significantly reduce emissions of 

oxides of nitrogen (NOx).  Because hydrogen has a wide range of flammability limits, 

fuel lean combustion can take place at lower equivalence ratios than those with typical 

hydrocarbon fuels.   

 Numerous efforts have been made to develop gas turbine fuel injectors that 

premix methane/natural gas and air in fuel lean proportions prior to the reaction zone.  

Application of this technique to hydrogen combustion has been limited due to hydrogen’s 

high flame rate and the concern of the reaction zone propagating into the premixing 

injector, commonly referred to as flashback.  In this investigation, a lean-premixing 

hydrogen injector has been developed for application in small gas turbines.  The 

performance of this injector was characterized and predictions about the injector’s 

performance operating under combustor inlet conditions of a PT6-20 Turboprop have 

been made. 
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Chapter 1:  Introduction 

  

This chapter provides an explanation of why hydrogen is an attractive alternative 

fuel for use in aviation based gas turbines, limitations that are faced in the application, 

and some background performance aspects of an injector capable of delivering hydrogen 

to a gas turbine combustor in a desirable manner.  The goals of this research and how 

these goals will be achieved are also described.  This is followed by a brief initial 

description of the research injector and an outline of information provided in the 

remaining chapters.   

 

1.1 Background and Motivation 

 The depleting supply of fossil fuel and increasing cost of oil over the past several 

years has raised much interest in finding alternative sources of energy.  Researchers in 

power generation and the automotive industry have developed numerous technologies 

that may take the place of fuels derived from crude oil.  Researchers in the aviation 

industry, however, are still searching for a viable alternative.  The gas turbines that are 

operating in modern aircraft are highly efficient and the requirements of an alternative 

fuel to satisfy current technology are considerable.  These requirements include meeting 

flight range and payload demands of modern aircraft as well as meeting strict emission 

requirements. Any viable alternative fuel must be available in large quantities and ideally 

would be renewable.   

Among the most popular fuels given consideration for this application are 

methane (CH4), hydrogen (H2), or some combination of the two.  Methane would not be a 
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long-term solution to the problem.  Methane production is expected to peak only a few 

years after the crude oil production peak [1].  Also, methane combustion can produce a 

variety of greenhouse and potentially hazardous gasses including, but not limited to 

carbon monoxide (CO), carbon dioxide (CO2), oxides of nitrogen (NOx), unburned 

hydrocarbons (UHC), and smoke [2].   Hydrogen, on the other hand, is potentially 

available in abundance and its combustion with air produces only two greenhouse gasses, 

water vapor and NOx.  Other factors that make the use of hydrogen attractive are its large 

heating value and the high specific heat of its combustion products.  Table 1.1 compares 

the lower heating values (LHV) of hydrogen and Jet A.  This elevated heating value 

allows for large energy release per unit mass flow and provides the potential to lower a 

gas turbine’s specific fuel consumption (SFC).  Also, the high specific heat of its 

combustion products should lead to increased engine performance due to greater storage 

of thermal energy in the combustion products as they expand through turbines [3].  Of the 

proposed alternative fuels for aviation applications, the characteristics of hydrogen seem 

to be the most advantageous.   

 

Table 1.1:  Comparison of lower heating values of hydrogen and Jet A [4] 
Lower Heating Value Hydrogen Jet A 

kJ/g 120 43 
Btu/lb 51,590 18,400 

  

 

The implementation of hydrogen into the aviation industry does have some 

limiting factors.  First and foremost, a means of efficiently producing enough hydrogen to 

take the place of hydrocarbon fuels has yet to be developed.  Although hydrogen occurs 
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in abundance in chemical combination with other elements, particularly in water, 

extracting it from natural sources requires energy.  Currently, the most widely utilized 

methods of hydrogen production are steam reformation of natural gas or methane, coal 

gasification, and water electrolysis [5], all of which depend heavily on hydrocarbons for 

energy conversion.  To sufficiently reduce this dependence, technologies must become 

available to convert renewable or near limitless sources of energy such as nuclear, 

biological, solar, or in some cases geothermal energy, for large-scale hydrogen 

production.  Another limiting factor is that hydrogen is the lightest of all of the elements, 

giving gaseous hydrogen a very low density.  This is a problem for aviation because 

payload volume is of high value.  The most likely solution for the storage of hydrogen 

would be to store it cryogenically as a liquid.  This, in turn, creates a number of design 

issues.  Along with operation at temperatures below -400°F, fuel containment and supply 

systems would have to be designed to operate with little to no chance of leakage.  

Because of hydrogen’s ease of ignition, wide flammability limits, and high flame 

propagation rates, a leak somewhere in the fuel system could be catastrophic. 

Fortunately, some studies have already been performed in this area. In Hydrogen Aircraft 

Technology [4], Brewer describes optimization studies of hydrogen containment and 

supply systems that could be implemented in numerous types of aircraft; although, 

experiments with many of these systems have not yet been performed. 

As previously mentioned, hydrogen’s high heating value provides the potential to 

lower the SFC of a gas turbine; however, it may also give rise to elevated combustion 

temperatures above those of typical hydrocarbon fuels.  With today’s jet engines 

operating on the edge of the material limits of turbines, a method of controlling or 
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limiting the elevated temperatures of hydrogen combustion is necessary.  In addition to 

the concern of material limitations, emission levels also become a factor at elevated 

temperatures.  The production of NOx is highly dependent on temperature (inlet and 

combustion) and residence time [6].  As temperature and residence time increase, NOx 

production levels also rise.  This is largely due to the formation of thermal nitric oxide 

(NO) which can be described by a chemical reaction set known as the Zeldovich 

Mechanism [7].   

 A method of reducing the combustion temperature of various fuels that has gained 

popularity in the past few decades is to mix fuel and air in fuel lean proportions before 

the combustible mixture reaches the reaction zone.  This is commonly referred to as lean 

premixed (LPM) combustion.  Because hydrogen has a broad range of flammability 

limits, 4.0 to 75 % volume H2 in air [8], which translates to equivalence ratios between 

0.1 and 6.8, it is possible to burn lean enough mixtures to create desirable low 

combustion temperatures and therefore low NOx emission levels.  As a guideline for the 

research presented in this thesis, hydrogen/air combustion simulations were performed 

using the Perfectly Stirred Reactor Module in ChemkinTM.  These simulations were 

performed under conditions that are similar to those of a combustor in a small gas 

turbine.  The inlet temperature was set at 476.3°F (520 K), the pressure was set at 92.5 

psia (6.3 atm), and the residence time for all of the simulations was approximately 1 

millisecond.  The results of these simulations are summarized in figures 1.1 and 1.2.  

These results show temperature and NOx production levels as a function of equivalence 

ratio for a perfectly stirred mixture passing through a reactor.  It can be seen in these 
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figures that as the equivalence ratio is decreased from stoichiometry, combustion 

temperatures and NOx production levels also decrease. 
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Figure 1.1:  Temperature vs. Equivalence Ratio Results of Perfectly  

Stirred Reactor Simulations 
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Figure 1.2:  Mole Fraction of NOx vs. Equivalence Ratio Results of Perfectly  

Stirred Reactor Simulations 
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 The implementation of lean premixed combustion of hydrogen in gas turbines has 

a number of issues that need to be addressed when designing or choosing a fuel injector 

to handle this task.  Under typical gas-turbine combustion conditions, hydrogen has a 

burning velocity that is about 7-9 times that of methane [9], a common fuel for which 

lean premixed combustion is utilized.  This implies that velocities of the combustible 

mixture leaving the injector need to be sufficient to prevent the reaction zone from 

propagating back into the injector (commonly referred to as flashback); although, blow 

off of flame stabilization can occur if these velocities are too high.  As a consequence of 

these large velocities, in cases where injector volume is limited, mixing of the fuel and air 

needs to occur rapidly due to short residence times inside the injector.  If a sufficient 

level of mixing is not achieved, local regions of high hydrogen content mixture will burn 

at higher temperatures and create higher levels of NOx.  In addition, there is typically a 

trade off between mixing and pressure loss through the injector, which is determined by 

the degree of flow manipulation.  If there is a significant loss in total pressure through the 

injector, the overall performance of the gas turbine will suffer.  Since a considerable loss 

of total pressure will occur due to the accelerated velocities associated with this 

application, an efficient method of mixing is crucial.  

 Utilizing swirl is a common method to enhance mixing in which flow is 

manipulated to have velocity components in axial and tangential directions, creating a 

helical flow pattern through the injector.  This is typically done with guide vanes or 

tangentially oriented inlets.  This type of flow pattern provides for longer mixing times 

inside the injector than would be the case if the mixture were to flow straight through.  

With mixing tube geometries, the flow pattern will begin to break down at the 
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downstream exit of the injector.  The helical structure will begin to expand and a 

recirculation zone will appear in the radial center of flow.  This recirculation zone 

possesses strong shear regions and high levels of turbulence that can aid in mixing.  It 

also provides a stabilization region for combustion to anchor [10].  Figure 1.3 is a 

drawing that illustrates this flow pattern.  

 

 
Figure 1.3:  Drawing of Swirl Stabilized Recirculation Zone with a Mixing Tube 

Geometry 

 

 The amount of swirl that is imparted to the flow is characterized by the non-

dimensional swirl number (Sn), which can be described as the axial flux of angular 

momentum divided by the axial thrust.  The swirl number is defined by the following 

equation: 
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where Vt is the tangential velocity, Vz is the axial velocity, and R is the radius of the 

injector.  Higher swirl numbers can provide longer residence times inside the injector and 

stronger recirculation.  Most swirl-stabilized injectors operate with swirl numbers above 

0.6 which is considered to be a strong swirl [10].   

In many cases, the recirculation zone is strengthened with the use of a bluff body.  

Typically, a coaxially oriented cylindrical structure passes through the center of the 

injector and ends abruptly at the downstream end of the injector.  This central bluff body 

can act as a flame holding device by providing a low pressure wake region at the end of 

the injector. However, thermal loading may become an issue with this type of 

configuration since the reaction zone will anchor very close to the solid media of this 

structure. 

 Dynamic combustion instabilities are a concern when dealing most types of gas-

turbine combustion systems.  These instabilities occur when variations in fuel/air ratio or 

mixing processes lead to significant changes in the combustor heat release.  Subsequent 

coupling between heat release rate and the combustor’s acoustic response can result in 

undesirable pressure oscillations [11].  According to Broda et al. [12], lean premixed 

combustions systems can be more susceptible to these instabilities due to a lack of 

intrinsic damping mechanisms, strong flame holding capabilities, and the proximity of 

lean flammability limits.  Lefebvre [10] points out that these systems tend to have fewer 

acoustic losses due to smaller amounts of liner cooling air flowing through the 

combustor.  Moreover, non-uniformities in mixture profiles can also give rise to 

variations in heat release, ultimately leading to instabilities.  Therefore, a premixing 
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injector’s ability to avoid the onset of such instabilities is an important performance 

characteristic that will determine the success or failure of the injector geometry. 

 Numerous studies and experiments have been performed in the past to 

characterize the performance of methane-premixing injectors for applications in gas 

turbines; some of which will be described in detail in the following chapter.  Although 

hydrogen is an attractive alternative for current aviation fuels, limited efforts have been 

focused on characterizing the performance of hydrogen-fueled premixing injectors.  The 

feasibility of the implementation of hydrogen into aero gas turbines requires that fuel 

injectors for this application are developed to perform over a wide range of flow 

conditions, while limiting combustion temperatures, and doing so with minimal pressure 

losses. 

 

1.2 Research Goals 

In an effort to adapt and improve upon premixing technologies that have been 

developed for methane, the goals of the research presented in this thesis have been 

established as the following: 

 

• Characterize the performance of a hydrogen-fueled premixing injector utilizing 

vane driven swirl and downstream fuel injection. 

• Determine if the research injector design should proceed to the next stage of 

testing 
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This evaluation will be done through combustor tests at the Virginia Tech Active 

Combustion Control Laboratory and computational fluid dynamic (CFD) simulations.  

Initial combustor tests will be performed at atmospheric conditions to investigate the 

performance of the injector.  These tests will be performed over a range of equivalence 

ratios and exit velocities to evaluate flame stabilization, pressure loss, and thermal 

loading.  Simulations will be performed at conditions that were tested in the combustor to 

further investigate phenomena that were witnessed.  Simulations will also be performed 

at engine conditions to study velocity profiles, hydrogen distribution, and pressure loss 

through the research injector.  The results of these tests will indicate whether or not 

design changes will need to be made and if the injectors should proceed to the next stage 

of combustor tests at engine conditions. 

 

1.3 Brief Description of the Research Injector 

The research injector will be comprised of an annular mixing channel that is 

defined by a centerbody and the internal wall of an outer casing structure.  Guide vanes 

will be used to swirl the incoming air and fuel injection will take place slightly 

downstream of the vanes.  The downstream end of the centerbody will end abruptly in the 

same plane as the outer casing so that stabilization of the reaction zone will be due to a 

combination of the recirculation of the swirl and the bluff centerbody.  A detailed 

description of the research injector geometry and expected performance will be provided 

in chapter 3.   
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1.4 Thesis Outline 

 A literature review of similar injectors fueled by methane and work done with 

hydrogen in this area is provided in chapter 2.  Following this, in chapter 3, is a detailed 

description of the research injector and how the research injector was manufactured.  

Chapter 4 provides information on the experimental and computational setup.  The next 

chapter describes the results of the combustor tests and simulations performed to evaluate 

the performance of the injector.  Chapter 6 will present predictions of how the injector 

will perform at engine conditions.  Finally, chapter 7 will present conclusion that were 

drawn and in what manner the research should proceed. 
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Chapter 2:  Literature Review 

  

A vast amount of work has been performed in the past to design and characterize 

the performance of premixing methane/natural gas injectors.  This chapter begins with a 

brief overview of some of the experiments performed with methane/natural gas to 

characterize injectors similar to the injector under investigation here.  This is followed by 

an explanation of how the addition of hydrogen to these types of injectors can improve 

stability performance.  Some developments in gas-turbine hydrogen injectors and 

conversion of kerosene-based gas turbines to hydrogen are then described.  Finally, the 

chapter is concluded with a summary of the findings of this review. 

 

2.1 Methane/Natural Gas Fueled Premixing Injectors 

 Achieving reduced levels of NOx emission without the use of steam or water 

injection is commonly referred to as “dry low NOx.”  A widely utilized method of 

achieving dry low-NOx combustion is to premix fuel and air prior to the reaction zone.  

Since the early 1980’s, numerous methane/natural gas fueled premixing injectors have 

been developed, many of which have been implemented into operational gas turbines. 

Various studies on the performance of injectors that relate to the focus of this research are 

presented here. 

 In Gas Turbine Combustion [10], Lefebvre provides a summary of various 

methane-fueled gas turbine combustion systems utilized in industry today and describes 

some of their performance characteristics.  Since most of the combustion systems 

described are designed for use in large stationary gas turbines, many of the fuel injector 
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geometries are fairly complex and would not be suitable for use in aero gas turbines.  

This is due to the limited amount of volume in typical aircraft jet engine combustors.  

However, a few of the injectors described are not extremely complex.  One such injector 

is the General Electric Double Annular Counter Rotating Swirler (DACRS).  The 

technology involved with this injector is directly related to the research presented here.  

The DACRS injector is comprised of one annular flow channel with two sets of guide 

vanes oriented to swirl the flow in counter rotating directions.  The larger set of guide 

vanes is located radially outward of the smaller.  Fuel can be injected from numerous port 

configurations which are located slightly downstream of the vanes or, in one 

configuration, can be injected from the trailing edge of the vanes.  Combustion 

experiments with these injectors resulted in single digit NOx emission levels (in ppm).  It 

was also recognized that improved mixture profiles were obtained when fuel was 

distributed across the annulus with spoke or trailing edge injection rather than injecting 

fuel radially outward from the centerbody.  One drawback of this type of injector is that 

its use in smaller gas turbines should be limited due to the manufacturing limitations with 

the counter rotation guide vanes. 

 In 1993, McVey et al. [13] performed an evaluation of low-NOx natural gas 

fueled combustion concepts.  Three concepts were selected based on their applicability to 

aeroderivative gas turbines with limited combustor volumes.  The first was a high shear 

injector which injected gaseous fuel into a swirling jet of air at the downstream edge of 

the injector.  The second was an aero-vane injector which premixed the fuel and air by 

injecting fuel between and upstream of airfoil-shaped guide vanes inside of an annular 

flow channel.  The third was a piloted perforated plate injector, which utilized an array of 
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fuel-air premixing tubes.  Tests were carried out in combustor modules to study emission 

levels, stability limits, and pressure loss.  Results showed that the aero-vane injector 

produced the largest pressure loss; however, they also showed that this injector produced 

uniform mixture profiles at the exit of the injector and the lowest emission levels of the 

three concepts.  The lean blowout limit for this injector was slightly higher than the 

others, but this is likely due to the non-uniform mixture profiles produced by the other 

two injectors.  It was also noted that flashback did not occur during any of the tests 

performed. 

 In 1995, Lovett and Mick [14] performed experiments on seven different 

premixing injector configurations which utilized guide vanes inside of an annular flow 

channel.  Figure 2.1 is a drawing of this type of configuration. The injectors in these 

experiments used fuel spokes to distribute fuel across the annular flow channel.  The 

different configurations were used to study various locations of guide vanes and fuel 

injection.  The tests were performed in a pressure vessel with a gas turbine combustor 

mounted inside. Test results showed that configurations that had guide vanes downstream 

of the fuel injection had stronger mixing performance than those with upstream guide 

vanes, and therefore lower NOx emission levels; however, it was found that with 

downstream guide vanes, the flame would anchor at the trailing edge of the vanes, inside 

of the injector.  Tests with an upstream swirler were implemented without any occurrence 

of flashback.  It was also found that the combination of bluff-body and swirl stabilization 

with an upstream guide vane location resulted in a very stable flame structure that 

appeared unchanged over the entire range of conditions tested. 
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Figure 2.1:  Drawing of Injector Configuration Utilizing Guide Vanes  

Inside of an Annular Mixing Channel 

 

The work of Kurosawa et al. [15] with these types of injectors also illustrates the 

importance of injecting fuel downstream of any flow obstruction.  The injectors tested 

had an annular flow channel with guide vanes at the downstream exit.  Fuel and air were 

premixed upstream of the guide vanes.  Results clearly show the reaction zone anchoring 

on the trailing edge of the guide vanes.    

In 1998, Broda et al. [12] performed experiments to characterize stability 

performance of a premixing natural gas injector. The swirl injector utilized in these tests 

consisted of a centerbody from which straight guide vanes extent to the outer wall of the 

flow channel.  Natural gas was injected radially outward from the centerbody just 

downstream of the guide vanes.  The mixture then entered the combustor at the dump 

plane where the centerbody and flow channel ended.  Tests were performed in a single 

nozzle combustor.  Results of theses tests showed that with the combustor geometry 

tested, instabilities took place only if the air inlet temperature exceeded 746°F (670K) 
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and the equivalence ratio was between 0.5 and 0.7.  Coupling of the fuel supply to these 

instabilities was also examined by choking the fuel ports so that the fuel supply would 

not be affected by downstream oscillations.  This resulted in only a slight decrease in 

chamber pressure fluctuation, suggesting that the instabilities in this study were not 

originally coupled to the fuel supply.  Through these experiments it was also found that 

the injector geometry showed good mixing capabilities which lead to low NOx emission 

levels. 

Experiments to study the control of combustion instabilities, using an injector 

with guide vanes inside of an annular flow channel have been performed by Straub and 

Richards [11].  Tests were performed in a can-style combustor over conditions where 

instabilities could be witnessed.  In these experiments, the location of the fuel injection 

spokes was varied with respect to the downstream end of the injector in an attempt to 

achieve stable combustion.  Results showed that it was difficult to attain stable 

combustion by simply relocating the point of fuel injection due to the existence of 

multiple acoustic modes in the combustor.  In an alternative approach, the concept of 

injecting fuel from two axial locations was studied.  The net result of this approach was a 

reduction in RMS pressure levels; however, it was not certain whether this was due to 

improved mixture profiles or whether each fuel port competed for different acoustic 

feedback modes. 
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2.2 Hydrogen-Enriched Methane Experiments 

 The effect of hydrogen enrichment on methane-fueled premixing injectors has 

recently been studied in depth by Schefer, Wicksall, and Agrawal [16,17].  Their efforts 

have focused mainly on premixing swirl stabilized combustors in which the injectors 

consist of an annular flow channel with guide vanes located downstream of fuel injection.  

Results of their experiments indicated that the addition of hydrogen lowered the lean 

stability limit of the mixture leaving the injector.  This was believed to be a direct result 

of higher OH, H, and O radical concentrations, which increase the rate of several 

significant reaction mechanisms.  Some significant differences in flame structure have 

also been observed.  The CH4 flame was found to be longer and lacked combustion in the 

corner recirculation region surrounding the outside diameter of the injector at the exit 

plane.  Reactions in this flame stabilized in the inner shear layer of the injector close to 

the centerbody.  The H2-enriched flame was found to be shorter and more robust with 

reactions occurring in the outside corner recirculation region.  Reactions in this flame 

stabilized in the center of the mixture jet exiting the injector.  These experiments revel 

that the addition of hydrogen can considerably improve the combustion performance of a 

swirl-stabilized LPM injector. 

 

2.3 Gas-Turbine Hydrogen Injector Developments 

 In 1985, Sampath and Shum [18] conducted experiments to evaluate the 

performance of hydrogen in a small can-type gas turbine combustor.   The can combustor 

was used to simulate combustor geometries of a PT6-41 and a JT15D-4.  For these 

experiments, two types of injectors were examined, both of which were variations of 
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diffusion type injectors.  The first hydrogen injector tested was a multi-hole nozzle.  The 

second was a swirl type injector which used guide vanes to swirl air at the downstream 

end of the injector. Hydrogen was introduced near the outside edge of the swirling air 

vortex at the exit of the injector.  Results of the experiments showed extremely good 

combustion efficiency and ignition and stability performance for both injectors.  Once the 

fuel was ignited, stable combustion was maintained at fuel flow rates down to near 

undetectable levels.  However, the NOx emission levels were considerably higher than 

those of Jet A1 due to the stoichiometric combustion of the hydrogen/air mixture. 

 In 1998, Ziemann et al. [19] performed experiments on six different hydrogen 

injectors. Two of the injectors tested premixed the fuel and air prior to combustion and 

the remaining four injectors made use of lean direct injection (LDI).  The premixing 

injectors were based on geometries studied by McVey et al. [13], which were described 

in a previous section.  These injectors were referred to as the aero-vane injector and the 

piloted perforated plate injector.  Preliminary tests showed that the premixing injectors 

produced the least NOx emissions; however, only one of the premixing injectors was 

selected for further investigation.  Based on overall performance, the premixing 

perforated plate injector and an LDI injector which made use of a high shear swirl that 

surrounded a jet of fuel were selected for further testing.  Experiments were carried out in 

a transient combustion facility which allowed the investigators to evaluate how the 

injectors would perform under engine conditions.  With the premixed perforated plate 

injector, flashback and flame blowout were observed at conditions outside of the design 

range of the injectors.  This was assumed to be associated with a non-uniform distribution 
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of air across the array of mixing tubes.  The LDI injector displayed excellent stability 

characteristics but with higher NOx emission than the premixing injector. 

 As part of NASA’s Zero CO2 Engine Technology Project, Marek, Smith, and 

Kundu [6] carried out efforts to describe the performance of four different lean direct 

injection (LDI) hydrogen injectors.  These tests were performed in a flametube type 

combustor with various fuel/air mass ratios.  The first configuration consisted of an array 

of mixing tubes with opposing hydrogen jets located inside each of the mixing tubes.  

Tests showed that this configuration did not perform well due to poor hydrogen 

distribution characteristics.  The second configuration was similar to the first except that 

the mixing tubes were triangular ducts with a fuel jet on each side of the duct.  This 

configuration showed poor cooling and durability which led to structural failure and poor 

performance.  The third configuration used an array of single hydrogen injection points 

injecting in the axial direction with a swirling air flow surrounding each fuel jet.  Tests 

showed that the minimum NOx levels were twice that of standard LDI Jet A values.  The 

final configuration was similar to the third except that the single injection point was 

replaced with four injection points all at a small angle to the axial direction.  Also, the 

swirlers in this configuration were removed to reduce pressure loss through the injector.  

Tests showed that this configuration was durable, had good mixing characteristics, and 

produced NOx levels that were almost half that of LDI Jet-A levels.  

 Fuel rich combustion is another technique used to reduce combustion 

temperatures below those of stoichiometric combustion; however, this technique entails 

longer flames than LPM combustion and the risk of higher emission levels due to 

residence times in the longer reaction zone.  Kobayashi, Takamitsu, and Arai [20] have 
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experimented with this technique in an atmospheric combustor.  Results showed that 

flames under no-swirling conditions were long in the axial direction, which lead to higher 

NOx emission levels.  With swirl, the flames spread in the radial direction and were 

much shorter overall.  The study concluded that by swirling the mixture, NOx emissions 

can be greatly reduced. 

 In 2004, Fritz, Kroner, and Sattelmayer [21] made efforts to characterize the 

flashback behavior of a premixing hydrogen injector utilizing swirl in a mixing tube 

geometry.  Results of their experiments showed that this type of configuration was 

susceptible to flame propagation into the mixing zone.  This was due to interactions 

between heat release and the breakdown of the central recirculation region seen with 

mixing tube geometries.  It was also mentioned that flashback in the outer boundary layer 

could not be observed.    

Performance aspects of a hydrogen jet in crossflow have been studied by 

Varatharajan et al. [9].  Jet penetration distance and degree of mixing over a range of 

injection angles were studied with CFD simulations using standard k-ε mixing models. 

Results show a wake structure at the base of the fuel jet at injection angles between 45° 

and 90° to the direction of the passing air.  With the momentum ratios studied, this wake 

region is composed of a flammable mixture and has the potential to act as a flame 

stabilization point in the event of a flashback.  This study illustrates the importance of jet 

penetration distance to minimize the hazardous potential of this wake when injecting 

hydrogen into a crossing flow of air.   
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2.4 Hydrogen-Fueled Gas Turbines 

 Gas turbines normally fueled by kerosene or JP fuel have been converted to 

operate on hydrogen as early as the 1950’s.  Brewer [4] summarizes the work done by 

NACA Lewis to convert a J-65 turbojet engine and by the Pratt & Whitney Aircraft 

Division to convert a J-57.  In 1956, NACA Lewis powered a single J-65 engine on 

hydrogen in flight on a B-57 twin-engine medium bomber for 21 minutes.  Emphasis of 

this study was placed on the engine performance and safe operation of the hydrogen 

storage and delivery systems. The engine performance was found to be smooth and 

reliable.  Also in 1956, Pratt & Whitney converted a J57 engine to be fueled by hydrogen 

for purposes of ground-based research.  An axial, tube-type fuel injection system was 

utilized to provide acceptable burner-can discharge temperatures.  This work 

demonstrated that conventional jet engines could be readily adapted to use hydrogen fuel.   

In 1988, flight tests were performed on a hydrogen-powered Tu-155 aircraft [22].  

One of the two NK-88 turbofan engines on this aircraft was converted to be fueled by 

hydrogen and powered the aircraft through take off, cruise, and landing.  Premixing 

nozzles were utilized in this engine; however, limited combustion results were presented.  

These results showed completeness of combustion levels exceeding 99%.  

 Some more recent work in the field has placed greater emphasis on the 

combustion performance of these engines as the demand for gas-turbine efficiency 

increases and emission regulations become stricter.  In 1980, Nomura et al. [23] 

performed hydrogen combustion experiments in a conventional small gas turbine with 

two different injector configurations, both of which were diffusion type injectors.  

Ignition performance, combustion efficiency, liner wall temperatures, and NOx emission 
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levels were examined for each injector configuration.  The first configuration was a swirl 

type injector which passed hydrogen through tangentially oriented guide vanes that lead 

to a flow tube where the hydrogen entered the combustor. The second configuration used 

numerous holes to distribute the fuel around the end of the injector.  With both 

configurations, NOx emissions were higher than results obtained for kerosene.  This can 

be expected with stoichiometric combustion of hydrogen and air.  It was also found that 

with hydrogen, the combustor liner wall temperature was about 200° C lower than 

temperatures observed with kerosene.  This was attributed to lower levels of thermal 

radiation from the combustion products.   

 In 1997, Minakawa, Miyajima, and Yuasa [24] performed experiments with a 

premixing combustor in a micro gas turbine.  A premixing combustor was developed in 

which hydrogen fuel is introduced through an orifice plate into a passing air stream. The 

mixture then passes through a flow tube before it reaches the combustion zone.  Three 

different orifice plates were tested in these experiments, which consisted of a single-

orifice plate, a five-orifice plate, and a 24-orifice plate.  During self-sustaining operation 

of the micro turbine, the combustor showed high combustion efficiencies and low NOx 

emission levels.  However, tests results showed that the combustor had a narrow stability 

range with combustion stability only between equivalence ratios of 0.25 to 0.4.  Lean 

blowout would occur between equivalence ratios of 0.15 and 0.25 depending on mixture 

velocity.  Combustion driven oscillations were observed at equivalence ratios exceeding 

0.4 which was independent of mixture velocity.   

 In 1998, Dahl and Suttrop [25] performed experiments with micro-mix diffusion 

combustors burning hydrogen in an auxiliary power unit (GTCP36-300).  Two types of 
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micro-mix diffusion combustors are described.  One combustor passes the hydrogen fuel 

through a porous metal after which it is mixed with impinging jets of air.  The other 

combustor uses multiple small-scale diffusion injectors.  Test results show lowered NOx 

emissions in comparison to standard kerosene combustors, and emphasis was placed on 

diffusion burning being inherently safe against flashback.  However, it is stated that these 

combustors must be scaled down significantly to meet emission characteristics of 

premixed hydrogen combustion. 

 

2.5 Summary of Review 

 A number of studies have shown that lean-premixed methane/natural gas injection 

is an effective means of reducing emission levels without the use of steam or water 

injection.  In particular, injector designs that make use of guide vanes in an annular flow 

channel have shown excellent mixing capabilities and lower emission production levels 

than dissimilar premixing devices.  Studies have also shown that the addition of hydrogen 

to a methane-fueled premixing injector with guide vanes in an annular flow channel can 

lower the lean stability limit of the injector and reduce the overall size of the reaction 

zone. 

 There has been a limited amount of research conducted to develop and test 

hydrogen injectors for use in gas turbines.  However, work that has been done in this area 

has shown the importance of an injector’s capability to mix the hydrogen and air in fuel 

lean proportions before the gases reach the reaction zone and avoid propagation of the 

reaction zone into the injector.  Studies have also been performed in which gas turbines 

have been modified to be fueled by hydrogen.  These studies have shown that it is 



 24

feasible to convert gas turbines conventionally powered with liquid fuels to use with 

hydrogen and maintain safe operation with reliable performance characteristics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 25

Chapter 3:  Description of Research Injector 

  

This chapter provides a detailed description of the research injector.  Features of 

the design and how these features are expected to affect the performance of the injector 

are also described.  This is followed by information on how the injectors were produced 

for the combustor tests.  Images of the design and manufactured injectors are also 

provided. 

 

3.1 Injector Design 

 A lean premixing hydrogen injector was designed and developed by the author of 

this thesis.  This injector was designed to premix hydrogen and air by utilizing upstream 

guide vanes in an annular mixing channel.  Figure 3.1 is a cross sectional drawing of the 

injector and illustrates the details of the design.  Also provided in figures 3.2 and 3.3 are 

3-D renderings of the injector design as a whole.  The annular mixing channel is defined 

by a centerbody and an outer casing structure.  Guide vanes extend radially outward from 

the center body to the outer casing structure.  These guide vanes are intended to impart a 

tangential velocity component to the incoming air and to provide structural support for 

the centerbody.  Air enters the flow channel upstream of the guide vanes at the bell 

shaped inlet.  Hydrogen gas enters the injector through the core of the centerbody.  The 

hydrogen is then directed to the internal side of the end wall where it is turned back 

toward the injection ports.  The hydrogen then enters the annular mixing channel through 

these injection ports where it is mixed with the passing air.  The injection ports are 

oriented to inject hydrogen in the radially outward direction.  The flow channel is 1.5 
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inches long, has and outside diameter of 0.64 inches, and has an inside diameter of 0.4 

inches.  Further dimensions can be found in appendix A.   

 

 
Figure 3.1:  Cross Sectional Drawing of the Research Injector 

 

The injectors were designed to be operated in a PT6-20 Turboprop with a design 

point of cruise conditions of this engine.  Hydrogen mass flow rates were determined by 

calculating how much hydrogen would have to be injected to deliver the same amount of 

power as with Jet A operation during idle, cruise, and full power based on lower heating 

values.   Table 3.1 shows the necessary hydrogen flow rates to achieve this goal.  A 

design point equivalence ratio was chosen to be 0.4.  This was chosen because it is well 

above the lean flammability limit and still allows for low NOx emission levels.  With the 

hydrogen mass flow rate and equivalence ratio fixed, the mass flow rate of air was 

determined.  It should be noted that approximately half of the air flowing through the 
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PT6-20 combustor will be required to pass through the injectors.  The remaining air can 

be used to cool the walls of the combustor liner.  A mixture velocity of 393.4 ft/s (120 

m/s) leaving the injector in the axial direction was chosen to ensure that flashback would 

not occur during normal operation based on preliminary flame speed calculations.  With 

the previous conditions set, the total necessary injector outlet area was determined.  This 

area, with the size of the PT6-20 combustor liner, established the number of injectors 

required and the outlet area for each individual injector.  It was decided that 18 injectors 

with an outlet area of 0.196 in2 would best satisfy the above conditions.  The length of the 

flow channel was determined in early optimization studies.  There was found to be a trade 

off between the uniformity of the mixture profile at the exit of the injector and overall 

combustor volume allotted for the injector. 

 

 
Figure 3.2:  3-D Rendering of the Upstream End of the Research Injector  
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Figure 3.3:  3-D Rendering of the Side/Downstream End of the Research Injector 

 

The guide vanes in the injector were designed with a free vortex radial 

equilibrium constraint.  Radial equilibrium, in this case, can be described as flow 

conditions downstream of a guide vane that satisfy the three-dimensional equations of 

fluid motion and have desirable radial distributions of tangential velocity, axial velocity, 

and static pressure.  One method to satisfy this condition is to design the vanes so that the 

product of the radial coordinate and the downstream tangential velocity is constant along 

the height of the vane (rCθ is constant).  This distribution of angular momentum is known 

as a free vortex.  The free vortex distribution allows for a uniform axial velocity 

distribution in the radial direction downstream of the vane according to the following 

equation, which is derived from the Tds relations: 
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where Cz is axial velocity, Cθ is tangential velocity, and r is the radial coordinate.  The 

free vortex condition was met by designing the vanes in the injector with a 45° turning 

angle at the tip and 60° at the hub.  Figure 3.4 illustrates the orientation of these vanes.  

Early optimization studies were performed to examine different turning angles and 

number of vanes.  It was found that 4 guide vanes with the 45° and 60° tip and hub 

turning angles, respectively, produced the lowest pressure loss while still maintaining a 

swirl number above the desired minimum of 0.6.  It was also found that vanes with a 

radial equilibrium constraint produced significantly lower pressure losses than straight 

guild vanes with comparable turning angles.  The thickness of these vanes was kept to 

approximately 0.040 inches along the entire chord length in order to be able to cost 

effectively manufacture the injector.  The axial length of the vanes is approximately 0.55 

inches. 

  

Table 3.1:  Fuel Flow Rates to Deliver the Necessary Power of Engine Conditions 
Engine 

Condition 
Jet A Flow Rate (lbm/m) 

[g/s] 
Hydrogen Flow Rate (lbm/m) 

[g/s] 
Idle 2.08 [15.7] 0.78 [5.9] 

Cruise 5.12 [38.7] 1.92 [14.5] 
Full Power 6.27 [47.4] 2.34 [17.7] 
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Figure 3.4:  3-D Rendering of the Injector Centerbody and Guide Vanes 

 

The fuel injection ports were designed to be choked during all modes of operation 

of the PT6-20 Turboprop.  This was done to eliminate the chance of combustion 

instabilities coupling to the fuel supply.  Hydrogen jet penetration was also a factor in 

determining the size and number of injection port holes.  It was found in early 

optimization studies that 8 holes with a diameter of 0.010 inches located 45° from one 

another provided the best jet penetration for proper mixing while still allowing the 

hydrogen flow to be choked at engine idle conditions.  It was also found that these holes 

should be located between the wakes of the guide vanes to ensure the most efficient 

mixing.  The injection ports are located 0.050 inches downstream of the end of the guide 

vanes to allow the maximum possible mixing length inside of the injector while not 

creating a flame stabilization point at the end of the guide vane. 

 The injectors were designed to use the incoming hydrogen to cool the end of the 

centerbody.  As can be seen in figure 3.1, the fuel inlet tube directs hydrogen past the 
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internal side of the end wall where heat will be transferred from the centerbody to the 

hydrogen.  The hydrogen will then flow to the outside of the inlet tube, back to the 

injection ports where it will be introduced into the mixing channel.  During the design 

stage, heat transfer calculations could not be performed due to the complex nature of the 

problem and a large number of unknowns.  However, the main concern is that the end of 

the centerbody does not experience temperatures close to the material limits.  Insight into 

the temperatures that the end of the centerbody experiences will be provided during 

operation with the use of a thermocouple mounted to the internal side of the end wall. 

 The air inlet on the injector is designed to turn the flow gradually into the injector 

in order to minimize pressure losses due to a sudden contraction.  This is done with a bell 

mouth shaped inlet on the outer casing structure and an elongated centerbody which 

begins well upstream of where the flow begins to accelerate.  Another significant feature 

of the injector is that the centerbody ends in the same plane as the end of the outer casing 

structure.  This feature should allow the flame to stabilize near the end of the centerbody 

by providing a low-pressure wake region at the center of a high-speed velocity 

environment.  The injector mounting flange can be seen in figures 3.2 and 3.3.  The 

downstream face of the mounting flange is located 0.5 inches upstream of the dump 

plane.  This feature allows the injector to be mounted so that the dump plane is flush with 

the reaction side of the injector plate in the combustor tests. 

 

3.2 Manufacturing Processes 

 Due to the complex geometry of the guide vanes, the manufacturing process had 

to be considered when designing the injector.  After considering a number of processes, it 
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was found that investment casting would be a cost effective method to produce the guide 

vanes.  This process would be followed by machine work in order to produce desired 

surface finishes, specified dimensions, and injection ports.  The investment casting 

process requires a minimum wall thickness of 0.040 inches in order for the metal to 

completely fill the mold and for the part to cool properly.  This requirement was met by 

designing the injector to have a vane thickness of approximately 0.045 inches along the 

majority of the chord length.  If other processes were to be considered at a later time, it 

should be noted that a smaller vane thickness would produce a smaller degree of pressure 

loss through the injector; however, structural integrity might become a factor.   

The injector was deigned to be produced in two pieces.  This was done so that the 

investigators could access the injection ports in the event of a port becoming clogged.  

The center piece is comprised of the centerbody, guide vanes, and the fuel inlet tube.  The 

outer piece is the outer casing structure with a larger bore at the upstream end were the 

two pieces fit together.   

It was decided that three injectors should be produced so that the performance of 

individual injectors and the interaction between injectors could be studied in combustor 

tests.  Production of the injectors began by casting the basic shapes of both the center 

piece and the outer piece.  Castings were made with a number of oversized dimensions so 

that material could be machined off to produce the desired dimensions and surface 

finishes.  Dimensions and pictures of these pieces can be found in appendix A.  These 

pieces were constructed with 316 stainless steel.  This material was chosen because of its 

low susceptibility to hydrogen embrittlement and it could be cast relatively 

inexpensively.   
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After the casting was completed, the parts were sent out to be machined.  The 

center pieces were turned and faced in the appropriate locations; after which, the injection 

ports were bored using electrical discharge machining (EDM).  The design also called for 

larger bores to be made at the core of the centerbody, which needed to be started at the 

downstream end of the injector.  In order to make these larger bores possible and seal the 

injector, end caps were prepared and welded to the end of the centerbodies.  Small bores 

were made on the internal side of the end cap so that the junction end of a 1/8 inch 

ceramic thermocouple tube could be mounted inside of these bores.  This feature should 

allow the thermocouple junction to be isolated from the passing hydrogen and more 

accurately measure the internal wall temperature.  Fuel inlet tubes were also welded to 

the centerbodies.  Finally, two bores were made to the outer casing structure in order to 

obtain the design flow channel outer diameter and make a slot for the centerbody to fit 

into. 

When the finished parts were received, the fuel ports were checked for clogging 

by flowing air through the fuel inlet tubes while the centerbody was immersed in water 

and checking for bubbles.  After it was certain that the fuel ports were not clogged, the 

two pieces were joined by heating the outer casing structure and placing the centerbody 

in the correct location.   As the outer casing structures cooled and contracted, robust 

unions were formed between the two pieces.  This method of joining the pieces allows 

the investigators to take the pieces back apart if necessary.  Figure 3.5 is a picture of the 

two individual pieces and figure 3.6 is a picture of the injectors as a whole.  
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Figure 3.5:  Picture of Injector Outer Casing Structure (Top) and Centerbody (Bottom) 

 

After passing air through the centerbodies to check for clogged fuel ports, before 

the injector pieces were joined, some problems were found with the castings.  On two of 

the injectors, it was noticed that pressurized air was escaping the centerbody from a 

location other than the injection ports.  On one of the injectors that was found to have this 

problem, a hole was visible at the hub of the pressure side of one of the guide vanes.  A 

large portion of the air was escaping from this hole and it was decided that the injector 

was not safe for testing.  For the other injector that was found to have a leak, the location 

of the leak could not be pinpointed.  Air was escaping from the hub region of the vane 

section but the exact location of the leak could not be found.  Also, the amount of air that 

was being released was thought to be less than the amount of air that was passing through 

one injection port.  Although the hydrogen distribution is expected to be altered with this 

1 inch 
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injector and it should not be used to characterize the performance of the design, this 

injector could be used in injector interaction studies if necessary. 

 

 
Figure 3.6:  Picture of Joined Injector Pieces 
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Chapter 4:  Experimental and Computational Setup 

  

This chapter provides information on the experimental setup used to investigate 

the performance of the injectors at atmospheric conditions.  Information on the 

computational setup used to further investigate the atmospheric results and make 

predictions of how the injectors will perform at engine conditions is also provided. 

 

4.1 Experimental Setup 

 Combustor tests were performed at the Virginia Tech Active Combustion Control 

Lab.   The main test bay of this lab is equipped with a flow train that is capable of 

flowing 1200 SCFM of air at temperatures up to 930°F and pressures up to 150 psi.  

Figure 4.1 shows a flow diagram of the various components of this flow train.  Details of 

the individual components of this system can be found in appendix B.  A test section was 

manufactured specifically for hydrogen-fueled premixing injector tests.  Figure 4.2 is a 

picture of this test section.  The test section allows three injectors to be mounted on a 

plate that stands normal to the direction of flow.  The downstream end of the injectors 

end flush with the reaction side of this mounting plate as can be seen in figure 4.3.  The 

sides of this test section hold quartz glass plates that provide a visual access area of 6.5 

inches by 5 inches.  This visual access area begins at the downstream end of the 

mounting plate.  Film cooling of the internal walls of the test section, downstream of the 

mounting plate, is provided with air injection ports positioned at various locations inside 

the test combustor.  This cooling air is provided from a secondary compressor and is not 

drawn from the air supplied to the injectors.  A number of instrumentation ports are 
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located both upstream and downstream of the injectors.  Thermocouples and static 

pressure taps are positioned on either side of the injectors.  The downstream 

thermocouple probe is located 2.5 inches from the end of the mounting plate.  

Additionally, an igniter is located approximately 3/8 inches downstream of the mounting 

plate.  This igniter is comprised of two steel wires that pass through a ¼ inch ceramic 

thermocouple tube for which an electric arc is created at the end of the ceramic tube when 

the leads are powered.  The ceramic tube can be positioned at different heights for 

ignition and can be removed after a reaction is initiated.  Further details of the test section 

design will be described in a thesis by David Sykes of the Virginia Tech Active 

Combustion Control Group.   

 

 
Figure 4.1:  Diagram of the Air and Hydrogen Supply Systems 
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Figure 4.2:  Picture of Combustor Test Section 

 

The test section is connected on its downstream end to an incinerator that was 

used for a previous experiment.  The walls and flanges of this incinerator are cooled 

internally with a continuous flow of water during operation.  The gutter-type flame holder 

that is located at the upstream end of the incinerator is also cooled internally.  After the 

incinerator, a cooling section is used to cool the exhaust gasses of the experiment in order 

to protect the backpressure valve that is located downstream.  This is done through four 

stages of water spray cooling that are controlled individually.  A picture of the incinerator 

and cooling section can be seen in appendix B. 

For the tests presented in this thesis, only the center injector was fueled, although, 

air was passed through all three injectors.  Hydrogen was delivered to the injector from a 

manifold of 4 cylinders initially containing 300 SCF of hydrogen each.  A pressure 

Flow 
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regulator, two globe valves, and a mass flow meter were used to control the hydrogen 

mass flow rate.  Details of these components can be found in appendix B. 

  

 
Figure 4.3:  Three Injectors Secured to Mounting Plate of Test Combustor 

 

Combustor tests were performed with a standard inlet temperature of 

approximately 78°F and an atmospheric pressure of approximately 13.6 psia downstream 

of the injector.  These tests were performed in order to investigate flame structure, lean 

blowout limits of the injector at these conditions, and determine any modes of unstable 

combustion.  For each of these tests, a fixed mass flow rate of hydrogen was set and the 

air mass flow rate was varied.  Once the mixture leaving the injector was ignited, the air 

mass flow rate was altered in order to achieve equivalence rations between 1.0 and the 

lean blowout limit.  Still images were taken of the flame structure with a Nikkon D100 

digital camera and a manually focused 90 mm lens.  A Sensym pressure transducer 
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(model# SX010) that was connected to an instrumentation port on the downstream end of 

the test section in combination with a Hewlett Packard dynamic signal analyzer (model# 

35665A) was used to analyze any modes of instability that may occur during operation.  

Temperatures of the internal side of the end of the injector centerbody were measured 

with a B-type thermocouple that passed through the fuel inlet tube on the upstream side 

of the injector. Lean blowout was initially planned to be detected by a photodiode flame 

detector, but this detector was found to have difficulties detecting a lean hydrogen flame 

with ambient light present.  However, lean blowout in these tests could be determined 

visually and audibly.    

  

4.2 Computational Setup 

 Computational Fluid Dynamic (CFD) simulations are performed on a volume by 

setting boundary conditions and iterating the Navier-Stokes Equations at different points 

throughout the volume until these equations are satisfied.  Therefore, the first step in 

performing a simulation is to generate a network of nodes or a mesh throughout the 

region of interest to provide locations at which these equations will be solved.  For this 

investigation, Gambit® software was used to generate a mesh.  The process began by 

first creating the injector geometry which was performed using Unigraphics® solid 

modeling software.  The injector geometry was then imported into Gambit®.  Since the 

volume of interest is the wetted volume inside of this injector, steps were taken to extract 

the wetted volume from the injector geometry.  This was done by creating a number of 

relatively simple volumes around the injector geometry and then subtracting the volume 

that was imported.  In order to simplify the simulation, the internal passageways inside 



 41

the centerbody were eliminated and only the fuel injection ports remained.  Figure 4.4 

illustrates the way in which the fuel injection ports were modeled.  After the wetted 

injector volume was created, plenum volumes were then imported into Gambit® and 

joined to the wetted volume of the injector.  Figure 4.5 is an outline of the combined 

volume of interest.  The inlet or upstream plenum is 2.1 inches in the x direction, 3 inches 

in the y direction, and 5 inches in the z direction.  The downstream plenum was setup to 

be large enough to capture the dynamics of the jet exiting the injector while simulating 

the walls of the test combustor.  This downstream plenum is 2.1 inches in both the x and 

y directions and 7.5 inches in the z direction.     

 

 

Figure 4.4:  Simulation Volume of Interest Close-up View of Fuel Injection Ports 
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Figure 4.5:  Outline of Simulation Volume of Interest 

 

 Due to the complexity of the geometry in combination with its large open areas, 

placement and spacing between nodes was an important factor in capturing necessary 

information while not wasting time or computer memory.  In order to provide a higher 

degree of control of node placement, the volume was split into a number of individual 

volumes.  Assignment of node locations began with placing nodes on all of the individual 

edges of the geometry in order to govern placement of nodes in the following steps.  

Some of the faces of the geometry were then meshed using a triangular meshing scheme.  
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centerbody and inside of the outer casing structure in order to govern the placement of 

nodes throughout the annular flow channel volume.  The individual volumes were then 

meshed using a tetrahedral/hybrid meshing scheme.  When this type of meshing scheme 

is used, nodes are placed throughout the volume with a desired spacing and links between 

them are created to form tetrahedral cells or volumes.  Due to the complexity of the 

geometry, this was the only meshing scheme that could be used to form a complete mesh 

in an efficient manner. 

During initial injector design optimization studies, different mesh configurations 

were investigated to study the effect of the mesh on the outcome of the simulations.   It 

was determined that the region surrounding the fuel injection ports required the most 

refinement.  This was the case because the region surrounding the injection ports 

possessed the largest gradients in hydrogen concentration.  As the number of nodes in 

this region was increased, mixture profiles along the mixing channel became more 

uniform, although there was little effect on the velocity profiles and pressure loss through 

the injector.  Nodes were added to this region until the mixture profiles no longer showed 

a significant change.  As the number of nodes located in other regions of the volume of 

interest was increased, there was little effect on mixture profiles, velocity profiles, and 

pressure loss through the injector indicating that further refinement was not necessary.  

The mesh utilized for the simulations presented in this thesis contained a total of 704,634 

tetrahedral cells.  Further information on mesh generation can be found in appendix B. 

Boundary conditions were assigned to different faces of the mesh using the 

meshing software.  The upstream face of the inlet plenum that is normal to the inlet air 

flow direction was set as a mass flow inlet.  The individual upstream ends of the fuel 
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injection ports were also set as mass flow inlets.  The face that is flush with the exit plane 

of the injector was set as a wall.  Finally, the downstream face of the outlet plenum that is 

at the end of the plenum and the adjacent faces on the top and bottom of the plenum were 

set as a pressure outlet.  All other faces, including the side walls of the downstream 

plenum, were set to the default boundary condition of a wall.  The side walls of the 

downstream plenum were set as walls to model the walls of the test combustor.  Although 

the pressure outlet conditions that were set at the top and bottom walls of the downstream 

plenum do not accurately represent the interaction between neighboring injectors inside 

the test combustor, these sets of boundary conditions were found to model the steady 

state dynamics of the center injector in the test combustor most closely while only 

modeling one injector. 

Fluent® software was utilized to perform steady state CFD simulations.  

Reactions associated with the individual species were not modeled in these simulations.   

A steady state, non-reacting solution was chosen because the overall flow pattern through 

the injector was the main priority and small scale fluctuations inside of the injector or 

effects of heat release in the downstream plenum were of minor concern.  The complexity 

of reaching a converged solution with such a large mesh also played a role in this 

decision.  The RNG version of the k-ε viscous model was used in these simulations with 

the Swirl Dominated Flow option.  It should be noted that the Reynolds Stress viscous 

model was used in various simulations during optimization studies but proved to be more 

difficult to reach a converged solution and would yield similar results to the k-ε model.  

Gaseous hydrogen and air were modeled as ideal gases.  Further model parameters can be 

found in appendix B.     
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Chapter 5:  Injector Performance and Simulation Results at 
Atmosphere Conditions 

 
  

This chapter describes results of tests performed on a single injector in the test 

combustor as well as results from simulations performed at conditions that were tested.  

The first section of this chapter will describe the findings of the flame stability 

investigation.  The second section of this chapter provides a detailed description of the 

injector performance seen with two different fuel flow rates over a range of equivalence 

ratios.  This section will also summarize results of simulations performed with these two 

fuel flow rates at each of the equivalence ratios tested.  Boundary settings for these 

simulations can be found in appendix C.  It should be noted that the simulations do not 

model reaction mechanisms and are only intended to investigate flow patterns upstream 

of a reaction zone.  The chapter is then concluded with a brief discussion of results. 

Pressure losses are presented, in this chapter, as losses in static pressure according 

to the following equation:  

 

%100*(%) Loss Pressure
,

,,

inst

outstinst

P
PP −

=   (5.1) 

 

where Pst,in is the static pressure on the upstream side of the injector and Pst,out is the static 

pressure on the downstream side of the injector.  Because the cross sectional areas of the 

combustor plenums are significantly larger (approximately 34 times larger) than the cross 

sectional areas of the injectors and the velocities through the plenums are considerably 
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slower, this loss in static pressure is a good approximation of the actual loss in total 

pressure produced by the injector.  This assumption has been verified through the 

computational simulations. 

 

5.1 Flame Stability Results 

 Flame stability experiments were performed with fuel flow rates of 2.2, 3.0, 4.4, 

5.8, and 7.2 SCFM of hydrogen while varying the air flow rate to achieve equivalence 

ratios between 1.0 and the lean blowout limit.  Table 5.1 shows hydrogen mass flow rate 

requirements for one injector at atmospheric conditions and equivalence ratios of 0.4 to 

provide the same axial velocities that are expected to take place at engine conditions with 

equivalence ratios of 0.4.  It should be noted that these flow rate requirements are at the 

top end of the range of fuel flow rates tested in the flame stability experiments. 

 
 
 

Table 5.1:  H2 Mass Flow Rates Required at Atmospheric Conditions and Φ=0.4 to 
Provide the Same Axial Velocities that are Expected to  

Take Place at Engine Conditions with Φ=0.4 
H2 Mass Flow Rates SCFM [g/s] for One Injector 

 Engine Conditions Atmospheric Conditions 
Idle 8.4 [0.328] 5.9 [0.228] 

Cruise 20.7 [0.806] 6.7 [0.260] 
Full 25.3 [0.983] 7.2 [0.280] 

 

  

The range of these flame stability experiments was governed by the capabilities of 

the experimental setup.  Stoichiometric combustion of the lowest fuel flow rate required 

air flow rates that were at the lower limits of the air mass flow meter and control valve.  

At this setting, only 15 SCFM of air was flowing through the test section with calculated 
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axial velocities exiting the injector of 65.6 ft/s (20 m/s).  At the lean blowout limit of the 

highest fuel flow rate, there was a 10 psi pressure drop across the injector and it was 

thought to be unsafe to proceed to higher flow rates. 

Figure 5.1 shows the lean blowout limits determined with the stability tests.  At 

the lowest fuel flow rate, the flame did not blow out until a theoretical equivalence ratio 

of 0.16 was reached.  Through the entire range of flow rates tested there was no visual or 

measured evidence that flashback or instabilities occurred during operation.  Results 

showed a visible jet of unburned mixture leaving the end of the injector, even at the 

lowest exit velocities burning with stoichiometric fuel and air mass flow rates.  However, 

an unrepeatable low-level noise was emitted from the test section for equivalence ratios 

between 0.7 and 0.8 with fuel flow rates of 3.0 and 4.4 SCFM.   The amplitude of the 

pressure waves was too low for the high frequency pressure transducer to pick up a 

signal.  Additionally, the onset of this noise did not affect the structure of the flame.  This 

phenomenon was also witnessed in a parallel study with a similar injector; where the 

noise was very similar but considerably louder.  The amplitude of the pressure waves in 

this case were high enough to capture a signal of approximately 2.1 kHz.  It should be 

noted that this phenomenon occurred at equivalence ratios that are above those intended 

for this design. 
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Figure 5.1:  Lean Blowout Limits of the Research Injector Operating at  

Atmospheric Conditions 

 

 Figure 5.2 shows calculated axial velocities of the mixture exiting the injector for 

the range of flow rates tested.  There are two very important pieces of information that 

can be drawn from this figure.  The first is that flashback did not occur with 

stoichiometric combustion and injector exit axial velocities down to 65.6 ft/s (20m/s).  

Also, the injector was able to hold a flame with equivalence ratios down to 0.23 with 

injector exit axial velocities of 916.1 ft/s (279.41 m/s).  Figure 5.3 shows observed 

pressure losses through the injectors for the entire range of conditions tested.   Pressure 

losses were observed between the range of 1.2% and 41.4%.  For flow rates that were 

scaled to provide similar axial velocities at the end of the injector at equivalence ratios of 

0.4, pressure losses were between approximately 14% and 19%. 
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Figure 5.2:  Calculated Injector Exit Axial Velocities for Range of  

Fuel Flow Rates Tested 
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Figure 5.3:  Observed Injector Pressure Losses at Atmospheric Conditions 
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5.2 Detailed Description of Injector Performance 

Ignition of the mixture leaving the end of the injector with the method described 

in chapter 4 was found to be very effective.  However, the vertical placement of the 

igniter did have an effect on the ignition process.  When the electrical arc took place 

within approximately 1/8 inches of the vertical location of the outside edge of the flow 

channel, ignition occurred almost instantaneously after the igniter was powered.  This 

was observed with equivalence ratios down to 0.4.  When the igniter was placed further 

away from the flow channel in the vertical direction, higher equivalence ratios were 

required to initiate the reaction as the ignition depended on the amount of reactant that 

was recirculating to the outside of the jet exiting the injector.  Also, a popping sound as a 

result of a pressure spike was heard when the reaction would have to jump from the 

recirculation zone surrounding the exit of the injector to the location of stabilization. 

Results from the thermocouple mounted to the internal side of the injector end 

wall showed that the internal side of this wall did not experience temperatures above 

200°F.  There was little variation in this temperature as the reaction was taken through 

equivalence ratios between 0.4 and 1.0.  Also, there was no evidence of thermal scaring 

on the injector or visual evidence that the external side of the end wall was being 

overheated during operation. 

Results from the thermocouple positioned 2.5 inches downstream of the mounting 

plate showed temperatures that were well below expected combustion temperatures.  This 

was due to the large amount of dilution air that was passing through the top and bottom 

injectors.  A maximum temperature of 1420°F was recorded for a fuel flow rate of 2.9 

SCFM and an equivalence ratio of 1.0; whereas, temperatures were expected to be 
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recorded up to approximately 4000°F.  In order to obtain accurate readings of the 

combustion temperatures, it may be necessary to fuel three fully functional injectors.  

Further results reported in this section are broken down into subsections based on 

equivalence ratios.  For each equivalence ratio, results of tests with fuel flow rates of 2.9 

SCFM and 6.0 SCFM are presented and are followed by results obtained with 

simulations.   

 

5.2.1 Equivalence Ratios of 1.0 

The calculated injector exit mixture velocities for the 2.9 SCFM and 6.0 SCFM 

cases at an equivalence ratio of 1.0 are 86.8 ft/s (26.5 m/s) and 180 ft/s (54.8 m/s) 

respectively.  The 2.9 SCFM flow rate produced a 3.5% pressure loss and the 6.0 SCFM 

case produced a 7.2% pressure loss.  Figure 5.4 shows pictures of the hydrogen flame for 

the two cases.  In these images, the injector exit is located at the left edge of the picture 

and the hydrogen/air mixture is flowing from left to right.  The first major difference 

between the two images is that for the lower fuel flow rate, the jet exiting the injector 

expanded significantly more than the higher flow rate.  This greater degree of expansion 

caused the glass to heat up and illuminate with the orange glow that can be seen 

downstream of the dump plane.    
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Figure 5.4:  Pictures of Flame Structure for Φ=1.0 and Fuel Flow Rates of  

2.9 SCFM (Top) and 6.0 SCFM (Bottom) 

 

Streaks of heat release are evident near the injector exit for both cases.  These 

streaks are also apparent for cases with lower equivalence ratios.  This is a sign of 

incomplete or non-uniform mixing.  The degree of non-uniform mixing is uncertain but it 

appears that it may be within the necessary bounds of the application.  However, this 

does show that there may be room for improvement.  Comparable streaks have been 

witnessed in a parallel study performed by Adam Norberg [26].  In this study, a similar 

injector geometry was under investigation in an effort to physically characterize the 

mixing process seen with this injector.  Streaks were seen in Schlieren images of the 

injector mixing helium and air. 

 

1 inch 



 53

The streaks of heat release provide some insight into the flow pattern exiting the 

injector.  For both flow rates, streaks can be seen exiting the injector at an angle to the 

axial direction of flow, indicating that the guide vanes have directed the incoming air to 

have a tangential velocity component.  The degree of swirl in the lower flow rate case 

appears to be less than the degree of swirl in the higher flow rate case.  For both images, 

a jet of unburned mixture at the exit of the injector is evident, indicating that the flame 

has stabilized completely outside of the injector.   This is important because it illustrates 

that flashback will not occur at flow rates down to 86.8 ft/s (26.5 m/s) with stoichiometric 

combustion at atmospheric conditions.  Another significant aspect of the flame structure 

is that the flame has anchored on both sides of the annular jet exiting the injector.   

CFD Simulations were performed at these flow rates to provide further 

information about the flow patterns through the injector.  Swirl numbers of 0.38 and 0.35 

were calculated at the exit of the injector with Reynolds Numbers of 12,856 and 26,168 

for the 2.9 SCFM case and 6.0 SCFM case respectively.  The lower degree of swirl seen 

in the picture of the flame structure for the 2.9 SCFM case may be attributed to the lower 

momentum of the jet exiting the injector as it enters the downstream plenum.  For the 

lower flow rate case, an upstream pressure of 13.8 psia was calculated.  This value is 

within 2.1% error of the actual value recorded of 14.1 psia and falls within the range of 

instrumentation uncertainty of 14.1 ± 0.7 psia.  For the higher flow rate case, an upstream 

pressure of 14.5 psia was calculated, which is within 0.4% error of the actual value 

recorded of 14.4 psia and also falls within the range of instrumentation uncertainty of 

14.4 ± 0.7 psia.   
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Figure 5.5 is an image of calculated equivalence ratios along the x-z plane of the 

injector for a fuel flow rate of 2.9 SCFM and equivalence ratio of 1.0.  The actual 

injection ports are not located within this image.  Instead, the image was created at an 

angle to the injection ports so that the location of the hydrogen with respect to the flow 

channel walls can be seen.  The bell mouth shaped injector inlet can be seen on the left 

side of this image and the flow direction is from left to right.  The white spaces that are 

surrounded by red are areas in the figure where the equivalence ratio is above the range 

shown.  This is seen more than once along the annular flow channel because the flow is 

swirling and the bands of hydrogen by the injection ports are wrapping around the 

centerbody.  This figure shows that initially, the hydrogen completely penetrated the 

crossing air flow and resided along the outer wall of the flow channel.  This can be 

expected since the injection ports were optimized for lower equivalence ratios.  However, 

downstream of this initial penetration, the hydrogen has diffused inward as it moved 

along the flow channel.  Figure 5.6 is a similar image of equivalence ratios in the x-z 

plane, but for the 6.0 SCFM fuel flow rate.  In this image, it can be seen that the 

hydrogen had a lesser degree of inward diffusion due to the higher air velocities 

associated with this case.  However, for the two cases, similar hydrogen distributions 

were calculated at the exit plane of the injector.  For the 2.9 SCFM case, an area-

averaged equivalence ratio of 1.04 was calculated and showed a maximum of 1.17 and a 

minimum of 0.5.  For the 6.0 SCFM case, an area-averaged equivalence ratio of 1.00 was 

calculated and showed a maximum of 1.21 and a minimum of 0.48.  It can also be seen in 

these images that higher concentrations of hydrogen are located in the recirculation zone 
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at the end of the centerbody than at the outside of the jet exiting the injector where the jet 

is mixing with the entrained air.  

   

 
Figure 5.5:  Equivalence Ratio Contour Plot in the X-Z Plane for a Fuel Flow Rate of  

2.9 SCFM and Φ=1 
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Figure 5.6:  Equivalence Ratio Contour Plot in the X-Z Plane for a Fuel Flow Rate of  
6.0 SCFM and Φ=1 

 

5.2.2 Equivalence Ratios of 0.8 

The calculated injector exit mixture velocities for the 2.9 SCFM and 6.0 SCFM 

cases at an equivalence ratio of 0.8 are 107.9 ft/s (32.9 m/s) and 223.5 ft/s (68.16 m/s) 

respectively.  The 2.9 SCFM flow rate produced a 4.3% pressure loss and the 6.0 SCFM 

case produced an 8.3% pressure loss.  Figure 5.7 shows pictures of the hydrogen flame 

for the two cases.  The lower flow rate flame showed a higher degree of swirl with the 

increased momentum.  The flame still expanded enough to heat the glass to the point of 

glowing.  For the 6.0 SCFM hydrogen flow rate, the overall flame length was found to be 

shorter.  Flame stabilization, in this case, would jump back and forth between 

stabilization at the outside of the annular jet and no stabilization at this location.  It was 

found that the outside stabilization would occur more frequently at the top of the jet 
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exiting the injector than the bottom of the jet.  The stabilization zone at the centerbody 

also appeared to be stronger with the increased air flow.  Additionally, the flame 

appeared to bend toward the bottom of the combustor.  This is expected to be due to non-

symmetric flow disturbances inside the test section possibly caused by the wall cooling 

air on the internal walls of the test combustor.     

 

 

 
Figure 5.7:  Pictures of Flame Structure for Φ=0.8 and Fuel Flow Rates of  

2.9 SCFM (Top) and 6.0 SCFM (Bottom) 

 

CFD Simulations performed with these flow rates produced a swirl number of 

0.38 for both cases.  Reynolds Numbers of 15,581 and 32,936 were calculated at the exit 

of the injector for the 2.9 SCFM and 6.0 SCFM cases respectively.  For the lower flow 

rate case, an upstream pressure of 13.9 psia was calculated.  This value is within 2.3% 

1 inch 
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error of the actual value recorded of 14.2 psia and falls within the range of 

instrumentation uncertainty of 14.2 ± 0.7 psia.  For the higher flow rate case, an upstream 

pressure of 14.9 psia was calculated, which is within 1.2% error of the actual value 

recorded of 14.7 psia and also falls within the range of instrumentation uncertainty of 

14.7 ± 0.7 psia.   

Figure 5.8 is an image of calculated equivalence ratios along the x-z plane of the 

injector for a fuel flow rate of 2.9 SCFM and equivalence ratio of 0.8.  Figure 5.9 is a 

similar image of calculated equivalence ratios, but for the fuel flow rate of 6.0 SCFM. It 

can be seen in these figures that the jet penetrations and mixing patterns appeared to 

change very little from the cases with an equivalence ratio of 1.0. The only discernable 

difference here is that the concentration levels have decreased.  Equivalence ratios at the 

outside of the jet exiting the injector were calculated to be approximately 0.45.  This may 

provide some insight into why the flame did not anchor to the outside of the jet exiting 

the injector for the higher flow rate case.  For the 2.9 SCFM case, an area-averaged 

equivalence ratio at the exit of the injector of 0.81 was calculated and showed a 

maximum of 0.91 and a minimum of 0.39.  For the 6.0 SCFM case, an area-averaged 

equivalence ratio of 0.802 was calculated and showed a maximum of 1.07 and a 

minimum of 0.41.  The higher maximum equivalence ratio for the 6.0 SCFM case was 

found to be associated with the lower degree of inward diffusion seen with this case. 
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Figure 5.8:  Equivalence Ratio Contour Plot in the X-Z Plane for a Fuel Flow Rate of  

2.9 SCFM and Φ=0.8 

 

 
Figure 5.9:  Equivalence Ratio Contour Plot in the X-Z Plane for a Fuel Flow Rate of  

6.0 SCFM and Φ=0.8 
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5.2.3 Equivalence Ratios of 0.6 

The calculated injector exit mixture velocities for the 2.9 SCFM and 6.0 SCFM 

cases at an equivalence ratio of 0.6 are 143.3 ft/s (43.7 m/s) and 296.4 ft/s (90.4 m/s) 

respectively.  The 2.9 SCFM flow rate produced a 4.9% pressure loss and the 6.0 SCFM 

case produced an 11.0% pressure loss.  Figure 5.10 shows pictures of the hydrogen flame 

for the two cases.  For the lower fuel flow rate, this was the point at which the outside 

stabilization began to jump back and forth.  The outside stabilization jumping forward to 

the outside edge of the top of the injector was captured in this image.  For the higher fuel 

flow rate, there was no visual evidence of flame stabilization at the outside of the jet 

exiting the injector and it appeared that the flame stabilized directly on the end of the 

centerbody.  Bending of the flame was also noticed at this condition; although, it is 

unclear whether this was due to flow disturbances or non-uniform mixing.  

CFD Simulations performed with these flow rates produced a swirl number of 

0.41 for both cases.  Reynolds Numbers of 21,322 and 44,263 were calculated at the exit 

of the injector for the 2.9 SCFM and 6.0 SCFM cases respectively.  For the lower flow 

rate case, an upstream pressure of 14.1 psia was calculated.  This value is within 1.4% 

error of the actual value recorded of 14.3 psia and falls within the range of 

instrumentation uncertainty of 14.3 ± 0.7 psia.  For the higher flow rate case, an upstream 

pressure of 15.7 psia was calculated, which is within 3.2% error of the actual value 

recorded of 15.2 psia and also falls within the range of instrumentation uncertainty of 

15.2 ± 0.7 psia.   
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Figure 5.10:  Pictures of Flame Structure for Φ=0.6 and Fuel Flow Rates of  

2.9 SCFM (Top) and 6.0 SCFM (Bottom) 

 

 Figure 5.11 is an image of calculated equivalence ratios along the x-z plane of the 

injector for a fuel flow rate of 2.9 SCFM and equivalence ratio of 0.6.  It can be seen in 

this image that the initial jet penetration has decreased slightly.  Also, the equivalence 

ratio at the outside of the jet exiting the injector has decreased to approximately 0.3.  This 

again is an indication of why the flame is having problems anchoring at this location.  For 

this case, an area-averaged equivalence ratio at the exit of the injector of 0.60 was 

calculated and showed a maximum of 0.78 and a minimum of 0.30.  Figure 5.12 is a 

similar image of calculated equivalence ratios, but for the fuel flow rate of 6.0 SCFM.  It 

can be seen in this image that the initial jet penetration has also decreased. For this case, 

1 inch 
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an area-averaged equivalence ratio of 0.60 was calculated and showed a maximum of 

0.76 and a minimum of 0.30.  At this point, because of the jet penetration and narrow 

range of equivalence ratios at the exit, it is evident that the mixing process has become 

more efficient as the design point is approached.   

 

 

 
Figure 5.11:  Equivalence Ratio Contour Plot in the X-Z Plane for a Fuel Flow Rate of  

2.9 SCFM and Φ=0.6 
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Figure 5.12:  Equivalence Ratio Contour Plot in the X-Z Plane for a Fuel Flow Rate of  
6.0 SCFM and Φ=0.6 

 

5.2.4 Equivalence Ratios of 0.4 

The calculated injector exit mixture velocities for the 2.9 SCFM and 6.0 SCFM 

cases at an equivalence ratio of 0.4 are 213.6 ft/s (65.14 m/s) and 442.3 ft/s (134.9 m/s) 

respectively.  The 2.9 SCFM flow rate produced a 6.9% pressure loss and the 6.0 SCFM 

case produced a 16.7% pressure loss.  Figure 5.13 shows pictures of the hydrogen flame 

for the two cases.  At this equivalence ratio, the visibility of the flame had significantly 

decreased.  For both fuel flow rates, there was no visual evidence of flame stabilization at 

the outside of the jet exiting the injector and the overall length of the flame appeared to 

be considerably shorter.  The streaks of heat release were more apparent for the higher 

flow rate case, but it was found that the flame structure for both fuel flow rates were very 

similar.  This was an interesting aspect, since the calculated velocity of the mixture with 
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6.0 SCFM of fuel was more than twice that of the velocity of the mixture with 2.9 SCFM 

of fuel.  Mixtures with equivalence ratios below 0.4 showed similar flame structures.  As 

the mixture became more fuel lean and velocities increased, the flame became less visible 

but the overall structure appeared to be unchanged.  

 

 

 

 
Figure 5.13:  Pictures of Flame Structure for Φ=0.4 and Fuel Flow Rates of  

2.9 SCFM (Top) and 6.0 SCFM (Bottom) 

 

CFD Simulations performed with these flow rates produced a swirl number of 

0.45 for both cases.  Reynolds Numbers of 32,488 and 66,777 were calculated at the exit 

of the injector for the 2.9 SCFM and 6.0 SCFM cases respectively.  For the lower flow 

rate case, an upstream pressure of 14.6 psia was calculated.  This value is the same as the 

1 inch 
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actual value recorded.  For the higher flow rate case, an upstream pressure of 18.0 psia 

was calculated, which is within 10.8% error of the actual value recorded of 16.2 psia.  

The predicted value in this case falls outside of the range of instrumentation uncertainty 

of 16.2 ± 0.7 psia.  The cause of the elevated degree of error in this case is uncertain 

Figure 5.14 is an image of calculated equivalence ratios along the x-z plane of the 

injector for a fuel flow rate of 2.9 SCFM and equivalence ratio of 0.4.  It can be seen in 

this image that the initial jet penetration has decreased once again.  Also, the equivalence 

ratio at the outside of the jet exiting the injector has decreased to approximately 0.2.  For 

this case, an area-averaged equivalence ratio at the exit of the injector of 0.40 was 

calculated and showed a maximum of 0.51 and a minimum of 0.19.  Figure 5.15 is a 

similar image of calculated equivalence ratios, but for the fuel flow rate of 6.0 SCFM.  

Since this is near the hydrogen/air momentum ratio for which the injector was designed, 

it appears that the jet penetration has reached an optimum condition.  For this case, an 

area-averaged equivalence ratio of 0.40 was calculated and showed a maximum of 0.44 

and a minimum of 0.18.   

This exit distribution information in combination with the flame structure results 

for this equivalence ratio indicate that some portion of the hydrogen may be going 

unburned.  Unless all of the hydrogen has somehow reached the central stabilization 

zone, which is unlikely and unpredicted, hydrogen exiting the injector at the outside edge 

of the jet is passing the reaction zone and going unburned.  Because of this, an 

investigation of combustion efficiency may be necessary.  If hydrogen is going unburned, 

it is expected that a higher degree of swirl or lower exit velocity would be a solution to 

this problem. 
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Figure 5.14:  Equivalence Ratio Contour Plot in the X-Z Plane for a Fuel Flow Rate of  

2.9 SCFM and Φ=0.4 

 

 
Figure 5.15:  Equivalence Ratio Contour Plot in the X-Z Plane for a Fuel Flow Rate of  

6.0 SCFM and Φ=0.4 



 67

5.3 Discussion of Atmospheric Results 

 It has been shown that the injector design did an excellent job of holding a stable 

flame in the range of equivalence ratios for which it was designed.  The design also 

possessed excellent resistance to flashback for low injector exit velocities with 

stoichiometric combustion.  Pressure losses that are above those seen in modern gas 

turbines were seen with the higher air flow rates; however, this can be expected due to 

loss of dynamic pressure.  Swirl numbers were lower than the 0.6 for which the injector 

was designed.  This is expected to be due to the lower densities of the air passing through 

the injector than the densities for which the injector was designed at engine conditions.  

At the lower air flow rates, the injector seemed to perform well in terms of pressure loss 

and possessed a flame structure that appeared to be burning all of the reactant.  Initial 

results would indicate that the flow area of the annular mixing channel should be 

increased.  This change would be expected to slow the velocities seen at the injector exit 

and therefore reduce pressure losses and increase the chances of burning all of the fuel at 

conditions with higher air flow rates.  However, this decision depends heavily on how the 

injector performs at typical combustor inlet conditions.  It should be noted that the 

turbulent flame speed at the exit of the injector is expected to increase with typical gas 

turbine combustor inlet conditions.  Overall, the results of this chapter indicate that 

utilizing this type of injector configuration is a plausible method of achieving lean 

premixed hydrogen combustion.  Further optimization may be required for specific 

engine conditions, but this is the case with many engineering projects with high 

performance demands. 
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Chapter 6:  Engine Condition Simulations 

  

This chapter provides predictions of how the injectors should perform under 

engine conditions of a PT6-20 Turboprop.  The first section of this chapter will provide a 

description of settings used for the simulations and the manner in which the simulations 

were carried out.  This is followed by sections that describe the results of the simulations 

with respect to velocity profiles, mixture profiles, and total pressure profiles.  Finally, a 

brief description of the results presented will be provided to conclude the chapter. 

 

6.1 Engine Condition Computational Settings 

CFD Simulations were performed on a single injector under engine conditions of 

idle, cruise, and full power for a PT6-20 Turboprop over a range of equivalence ratios 

between 0.35 and 0.6.  Various equivalence ratios were achieved by using a fixed fuel 

flow rate and varying the air flow rate.  Boundary conditions for simulations performed 

with a theoretical equivalence ratio of 0.4 can be seen in table 6.1.  These settings were 

based off of engine combustor inlet pressures and temperatures at the given engine 

condition.  Mass flow rates of hydrogen for one injector were determined by dividing the 

values in table 3.1 by 18, which is the number of injectors that are intended to go into the 

engine.  Since a mass flow inlet condition was set at each injection port, the mass flow at 

each port is 1/8 of the necessary flow for one injector.  Air flow rates were determined by 

calculating the amount of air necessary to have a desired mixture equivalence ratio 

exiting the injector.  Two simulations were performed for each condition.  For the first 

simulation, a downstream exit pressure was estimated and the simulation was performed 
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to get an estimated pressure loss through the injector.  For the second simulation, the 

estimated pressure loss was applied to the known inlet pressure to obtain a more accurate 

downstream exit pressure.  Once a converged solution was attained, velocity profiles, 

mixture profiles, and pressure losses were examined.  Results of these simulations are 

presented in the following sections.   

 

Table 6.1:  Boundary Settings for Engine Condition Simulations 
  Idle Cruise  Full Power 
Air Inlet       
Mass Flow Rate lbm/m [g/s] 3.71 [28.02] 9.13 [69] 10.61 [80.2] 
Temperature °F [K] 183 [357] 476 [520] 530 [550] 
Initial Gauge Pressure psig [Pa] 10.6 [73085] 65.0 [448159] 77.9 [537102] 
Direction Normal to Boundary Normal to Boundary Normal to Boundary
Turbulence Intensity (%) 10 10 10 
Hydraulic Diameter in [mm] 2.28 [58] 2.28 [58] 2.28 [58] 
Air Mass Fraction 1 1 1 
Hydrogen Mass Fraction 0 0 0 
        
Individual Hydrogen Inlets       
Mass Flow Rate lbm/m [g/s] 0.0054 [0.041] 0.0134 [0.101] 0.0163 [0.123] 
Temperature °F [K] 80 [300] 81 [300] 82 [300] 
Initial Gauge Pressure psig [kPa] 101.5 [700] 290.1 [2000] 362.6 [2500] 
Direction Normal to Boundary Normal to Boundary Normal to Boundary
Turbulence Intensity (%) 10 10 10 
Hydraulic Diameter in [mm] 0.01 [0.254] 0.01 [0.254] 0.01 [0.254] 
Air Mass Fraction 0 0 0 
Hydrogen Mass Fraction 1 1 1 
        
Outlet       
Gauge Pressure psig [Pa] 9.54 [65776] 58.5 [403343] 70.11 [483392] 
Backflow Settings       
Temperature °F [K] 183 [357] 476 [520] 530 [550] 
Turbulence Intensity (%) 10 10 10 
Hydraulic Diameter in [mm] 0.5 [12.7] 0.5 [12.7] 0.5 [12.7] 
Air Mass Fraction 1 1 1 
Hydrogen Mass Fraction 0 0 0 
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6.2 Velocity Profiles at Engine Conditions 

 Figure 6.1 is a graph of area-averaged axial velocity results at the exit of the 

injector.  It can be seen on this graph that exit velocities at an equivalence ratio of 0.4 are 

considerably higher than velocities for which the injector was designed.  This is due to 

assumptions that were made early in the design stage about the actual engine conditions.  

It was only recently determined that the engine conditions at the entrance to the 

combustor have air densities lower than initially assumed.  This has also affected the 

pressure losses through the injector, which will be discussed in a later section.  However, 

it has been shown in the stability experiments at atmospheric conditions that the injector 

holds a stable flame at these high velocities. 
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Figure 6.1:  Predicted Axial Velocities at the Injector Exit Plane for Engine Conditions 
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 Figure 6.2 is a contour plot of velocity magnitude in the x-z plane of the injector 

for cruise conditions and an equivalence ratio of 0.4.  The units of this plot are in m/s.  

The bell shaped inlet to the injector can be seen on the left side of this image and the flow 

direction is from left to right.  Upstream of the injector inlet, it can be seen that the flow 

is gradually accelerated into the injector.  After the injector exit plane, it appears that the 

flow is drawn toward the stabilization zone at the end of the centerbody.  This image also 

shows that there is a small decreased velocity region close to the location of the fuel 

injection ports.  Close investigation of vector plots of this region shows that this is not 

recirculation downstream of the injection but rather the jet of fuel being blown over.  

Figure 6.3 is a close-up view of this region.  However, since the fuel is injected at a 90° 

angle to the direction of passing air, a small recirculation zone does exist downstream of 

the fuel injection.  Figure 6.4 is a vector plot of velocity magnitude in an x-y plane 

located 0.014 inches downstream of the fuel injection ports.  This figure shows the 

location of the recirculation zone behind the fuel injection.  In the event of a flashback, 

this recirculation may provide a location for the flame to anchor; although, the volume of 

this recirculation region is extremely small and it is possible that the flame would be 

quenched.  It should also be noted that the injector showed excellent resistance to 

flashback in the combustor tests.   

Velocity magnitudes in the x-z plane for other engine conditions were very 

similar and are therefore not presented in this section.  Images of the velocity magnitude 

for various conditions can be seen in appendix D.  For higher equivalence ratios, the size 

of the recirculation region increased slightly.  This is expected since the jet penetration 

was optimized for equivalence ratios of 0.4.   
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Figure 6.2:  Contour Plot of Velocity Magnitude (m/s) in the X-Z Plane of the Injector 

for the Engine Cruise Condition and Φ=0.4 
 

 

 
Figure 6.3:  Close-Up View of Low Velocity (m/s) Region Downstream of Injection 

Ports forThe Engine Cruise Condition and Φ=0.4 
 

Low Velocity 
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Figure 6.4:  Vector Plot of Velocity Magnitude (m/s) in a X-Y Plane Located  

0.014 inches Downstream of Injection Ports for  
the Engine Cruise Condition and Φ=0.4 

 

 Table 6.2 shows the swirl numbers for the range of equivalence ratios simulated at 

the different engine conditions.  It can be seen in this table that the swirl numbers 

decreased as the mass flow of air decreased for the engine idle and cruise conditions.  

This information provides evidence that the swirl is broken down to some degree at the 

point of fuel injection.  As the momentum ratio of the hydrogen jet at the point of 

injection and the passing flow of air increases, the swirl number decreases.   

 

Table 6.2:  Swirl Numbers Calculated for the Range of Conditions Simulated 
Engine Condition Φ=0.6 Φ=0.5 Φ=0.4 Φ=0.35 

Idle 0.44 0.45 0.46 0.46 
Cruise 0.48 0.49 0.5 0.5 

Full 0.5 0.5 0.5 0.5 
 

 

Recirculation 
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6.3 Mixture Profiles at Engine Conditions 

 Figure 6.5 is a contour plot of equivalence ratios in the x-z plane for the engine 

cruise condition and theoretical equivalence ratio of 0.4.  This image is very similar to 

those shown at atmospheric conditions at theoretical equivalence ratios of 0.4.  It can be 

seen in this figure that the hydrogen jet is well distributed across the annulus of the flow 

channel and the distribution at the exit is nearly uniform.  Simulations at higher 

equivalence ratios showed greater jet penetrations, which was also shown for the 

atmospheric simulations.  The greater jet penetrations affected the distribution at the exit 

of the injector such that higher concentrations of hydrogen were located near the outside 

wall of the flow channel.  Images of equivalence ratios in the x-z plane for the various 

conditions simulated can be found in appendix D. 

 

 
Figure 6.5:  Equivalence Ratio Contour Plot in the X-Z Plane for the Engine Cruise 

Condition and Φ=0.4 
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 Figure 6.6 is a graph of area-averaged equivalence ratios at the exit of the injector 

with maximum and minimum values for each condition and theoretical equivalence ratio 

simulated.  This figure shows that for all three engine conditions simulated, the most 

efficient mixing occurs with equivalence ratios of 0.4. This is expected since this is the 

condition for which the injector was optimized. 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Idle 
0.3

5

Idle 
0.4

Idle 
0.5

Idle 
0.6

Cru
ise

 0.
35

Cru
ise

 0.
4

Cru
ise

 0.
5

Cru
ise

 0.
6

Full 0
.35

Full 0
.4

Full 0
.5

Full 0
.6

Th
eo

re
tic

al
 E

qu
iv

al
en

ce
 R

at
io

  

 
Figure 6.6:  Area-Averaged Equivalence Ratios at the Exit of the Injector with  

Maximum and Minimum Values for Engine Conditions 

 

6.4 Pressure Profiles at Engine Conditions 

 Figure 6.7 shows a total pressure profile along the x-z plane of the injector.  The 

units of total pressure in this plot are Pa.  This figure shows that the bell mouth shaped 

inlet gradually accelerates the air flow into the injector with minimal pressure losses.  It 
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can also be seen that there is some degree of pressure loss as the air passes through the 

guide vanes and past the point of fuel injection.  This is expected since the flow is 

disturbed at these locations.  Optimization of the injector design was performed in order 

to minimize the pressure losses at these locations.  At the exit of the injector, it can be 

seen that the majority of pressure losses take place at the sudden expansion and the low 

pressure region at the end of the centerbody.  The exit of the injector was configured in 

this way because the manor in which the flame would stabilize was unknown during the 

design stage and avoiding an occurrence of flashback was a high priority.  This 

configuration provides a low risk of flashback with the trade off of increased pressure 

loss at the exit of the injector.  Pressure profiles in the x-z plane for other conditions 

simulated are very similar and are therefore not presented in this section.  Images of 

pressure profiles for the different conditions simulated can be found in appendix D. 

 

 
Figure 6.7:  Total Pressure (Pa) Profile in the X-Z Plane for the Engine Cruise  

Condition and Φ=0.4 
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 Figure 6.8 shows the total pressure losses calculated at the injector exit and outlet 

of the volume of interest for the range of conditions simulated.  It can be seen in this 

figure that more than half of the pressure loss occurs after the injector exit.  Also, 

pressure losses at the design condition of engine cruise and equivalence ratio of 0.4 are 

on the order of 22%.  This is a consequence of the higher velocities through the injector 

than those for which the injector was designed.  The pressure losses at the outlet of the 

volume of interest are considerably higher than those seen at atmospheric conditions.  

This is expected to be due to the increased Reynolds Numbers observed at engine 

conditions.  Figure 6.9 shows calculated Reynolds Numbers at the exit of the injector for 

the range of conditions simulated.  The Reynolds Numbers for the engine cruise 

conditions are nearly double those calculated at atmospheric conditions with a fuel flow 

rate of 6.0 SCFM. 
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Figure 6.8:  Pressure Loss (%) Observed at the Injector Exit and Volume of Interest 

 Outlet for the Range of Conditions Simulated 
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Figure 6.9:  Reynolds Numbers Calculated at the Injector Exit for the Range of 

Conditions Simulated 

 

6.5 Discussion of Simulation Results 

 Results of the simulations at engine conditions showed that the injector is 

expected to have velocities leaving the end of the injector that may be higher than 

necessary.  Combustor tests at atmospheric conditions have shown that the injector can 

hold a stable flame at these high velocities; although at these high velocities, there was 

some indication that fuel was going unburned.  As a result of the high velocities, the 

pressure losses through the injector were also predicted to be considerably high.  Due to 

the accuracy of the predictions for atmospheric conditions, it is expected that the actual 

pressure losses through the injector at engine conditions will be within 10% of the 

predicted values presented in this chapter.  These results indicate that the cross sectional 

area of the annular mixing channel may need to be increased in order to reduce these 
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velocities and therefore reduce the pressure losses.  However, the premixed turbulent 

flame speed at engine conditions is expected to increase and alter the flame structure 

from what was seen with the atmospheric tests.  Experimental data for laminar hydrogen 

flame speeds shows that with an equivalence ratio of 0.4 there is very little change in the 

laminar flame speed between atmospheric conditions and conditions of the PT6-20 

Turboprop [27].  The ratio of turbulent flame speed to laminar flame speed for flow 

conditions with small-scale, high-intensity turbulence can represented by the following 

equation: 

 

2
1

Re∝
l

t

S
S

       (6.1) 

 

where St is the turbulent flame speed and Sl is the laminar flame speed.  With the 

information obtained about the Reynolds Numbers from the simulations, the ratio of the 

turbulent flame speed at the engine cruise condition at an equivalence ratio of 0.4 to the 

turbulent flame speed at atmospheric conditions with a fuel flow rate of 6.0 SCFM and 

equivalence ratio of 0.4 is expected to be approximatley1.8. This indicates that the flame 

speed under engine conditions will increase by almost a factor of 2; however, 

atmospheric tests have shown that there should be a large enough margin to sufficiently 

reduce the velocities at the exit of the injector and maintain a low risk of flashback.   
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Chapter 7:  Conclusions and Future Work 

  

 This first section of this chapter presents conclusions that can be drawn from the 

work presented in this thesis.  This is followed by recommendations for how the research 

should proceed and suggestions of design changes that could be made to improve the 

performance of the injector. 

 

7.1 Conclusions 

 As a result of the work presented in this thesis, a premixing hydrogen injector 

with guide vane-induced swirl has been designed, manufactured, and tested.  The design 

of the injector included a number of features that affected its performance in a positive 

way.  The first of these features is a bell mouth shaped inlet that was found to accelerate 

the flow gradually into the injector with minimal pressure losses.  Another significant 

feature of the design is the free vortex radial equilibrium constraint placed on the guide 

vanes.  Early optimization studies showed that this feature causes lower pressure losses 

and more efficient mixing than the use of straight vanes with similar turning angles.  It 

has been shown through the simulations presented in this thesis that the pressure loss 

across the vanes and injection ports accounts for less than half of the overall pressure loss 

through the injector.  The injector was also designed to use the incoming hydrogen to 

cool the end of the centerbody.  This feature was found to be successful as temperatures 

on the internal side of the centerbody end wall did not exceed 200°F.   

 Manufacturing of the injector was found to have some difficulties because of the 

complexity and small size of the guide vanes.  The casting process produced non-
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symmetric surface finishes on the guide vanes, which may have attributed to the non-

uniform mixing seen in the results of the combustor tests.  Also, defects were found in 

two of the three injectors manufactured in which small holes near the hub of the vanes 

would have caused skewed hydrogen distributions.  If casting these guide vanes is 

selected as the method of production in the future, it is the recommendation of the author 

that special attention be paid to how this process will affect the quality of the guide 

vanes.  The machine work performed on the injector was done to specifications except 

for some welds that needed to be smoothed.  The method of joining the two injector 

pieces of heating the outer casing structure and inserting the unheated centerbody worked 

well for the purposes of this research.  At one point, it was decided to check if any of the 

fuel ports had been clogged.  The injector proved to be easy to take apart, check the fuel 

ports, and join back together.  It should be noted that the fuel ports did not clog during 

operation. 

 Combustor tests showed that the injector design did an excellent job of holding a 

flame, even at very high velocities.  Flashback did not occur with stoichiometric 

combustion and injector exit axial velocities down to 65.6 ft/s (20m/s).  At the lower air 

flow rates tested, the injector showed minimal pressure losses and a flame structure that 

is expected to be burning all of the reactant.  At higher air flow rates, the injector showed 

pressure losses that may not be ideal and flame structures that indicate that some 

percentage of the reactant may be going unburned.  However, it is expected that small 

changes to the injector design would solve the issues at the higher velocities.  Simulations 

showed that the mixing of the hydrogen and air is most efficient at equivalence ratios of 

0.4.  This is expected since the design was optimized for this condition.   
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 Simulations were also performed in order to provide insight into how the injector 

would perform at engine conditions.  It was shown through these simulations that mixing 

of the hydrogen and air was most efficient at an equivalence ratio of 0.4.  Results of these 

simulations also showed that high velocities would be exiting the injector and therefore, 

pressure losses through the injector were also high.  It is expected that changing the 

injector design to have a larger cross sectional flow area would reduce these velocities 

and pressure losses to the point were the performance of an actual engine would not be 

hindered. 

 

7.2 Future Work and Recommendations 

 In order to further characterize the performance of the injector, NOx 

measurements should be performed on the products of combustion.  These measurements 

were not taken during the experiments performed for this thesis because instrumentation 

to do so in an accurate manner was not available.  Also, a method of characterizing how 

much of the reactant is being burned may be necessary in order to make further decisions 

about the design of the injector.  Because the percentage of fuel being burned at the lower 

equivalence ratios tested is unknown, it is difficult to determine exactly what changes 

should be made.  Additionally, a method of accurately determining combustion 

temperatures at different locations would aid in the design of a combustor liner for the 

implementation of the injectors into an actual gas turbine engine. 

 It is the recommendation of the author that the injectors be redesigned based on 

the results of the atmospheric tests and predictions at engine conditions before further 

injectors are produced and implemented into an actual engine.  It is expected that an 
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increased area across the annular flow channel would slow the velocity of the mixture 

exiting the injector and reduce pressure losses that are incurred.  The effects of jet 

penetration on mixing and swirl number should be kept in mind when making this 

channel larger.  Also, a different method of manufacturing may be necessary in order to 

ensure that the guide vanes are produced in accordance with specifications. 
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Appendix A:  Injector Drawings 

 

 
Figure A.1:  Machined Centerbody Drawing 
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Figure A.2:  Machined End Cap Drawing 
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Figure A.3:  Machined Outer Casing Structure Drawing 
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Figure A.4:  Combined Injector Drawing 
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Figure A.5:  Cast Centerbody Drawing 
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Figure A.6:  Cast Outer Casing Structure Drawing 
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Figure A.7:  Injector Center Piece Casting 

 

 
Figure A.8:  Injector Outer Piece Casting 

 

1 inch 

1 inch 
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Appendix B:  Specifications for Experimental and 
Computational Setup 

Table B.1:  Details of Flow Train Components 
Equipment Manufacturer Model Number 

Main Air Compressor Kaeser FS440 
Secondary Air Compressor Ingersol-Rand SSR-EP40SE 
Air Dryer Kaeser KRD1200 

Flowserve/Valtek 3000-10 Air Valves Flowserve/Kammer 25038 
Air Flow Meter Eldridge Products Inc. XDHDGCX 

AST 4710AA0030P4ATest Section Pressure 
Transducers AST 4300A0025P4L 
Test Section Thermocouples Omega (multiple models)
Hydrogen Tanks Airgas 300SCF 
Hydrogen Regulator Concoa 400 Series 
Hydrogen Valves Flowserve/Valtek 3000-10  
Hydrogen Flow Meter Eldridge Products Inc.  XDHDGCX 

 

 

 
Figure B.1:  Picture of Incinerator and Cooling Section 
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As mentioned in chapter 4, mixing profile results of the CFD simulations were a 
function of the mesh refinement in the region of the volume of interest surrounding the 
hydrogen injection ports.  Provided here is a guideline for node placement and spacing in 
this region.  Figure B.2 shows the outline of this region in the volume of interest. 
 
 

 
Figure B.2:  Outline of Injector Wetted Volume 

 
 

 The volume of interest was first split into 5 volumes to help govern node 
placement throughout the volume.  These volumes are labeled as volumes V1 through V5 
in figure B.2.  V1 contains the inlet plenum and the bell mouth shaped inlet to the 
injector.  V2 contains the guide vanes.  V3 contains the injection ports and the section of 
the flow channel located radially outward of the injection ports.  V4 is a section of the 
volume that is used to gradually decrease the mesh refinement. Finally, V5 contains the 
downstream end of the wetted volume of the injector and the downstream plenum.    
 Meshing of this region began with placing at least 24 nodes on the edges of the 
injection ports.  This was followed by meshing Face A of V3 with a triangular meshing 
scheme and a node interval size of 0.17.  Face C of V3 was then meshed using a 
triangular meshing scheme with a node interval size of 0.5.  Nodes were then placed on 
the edges of the downstream side of V4 to govern the manner in which the mesh 
refinement would decrease.  Approximately 100 nodes were placed on these edges.  Face 
B of V4 was then meshed with a triangular meshing scheme and node interval size of 
0.43.  Following this, Face D was meshed with a triangular meshing scheme and a node 
interval size of 0.62.  Volumes V3 and V4 were then meshed using a tetrahedral/hybrid 
meshing scheme with a node interval size of 0.7.   

V1

Injection Ports 

Face A

Face B

Face C Face D

V2 V3 V4 V5V1 
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Table B.2:  Computational Model Details 
Solver Models 
  Solver Segregated 
  Space 3D 
  Velocity Formulation Absolute 
  Gradient Option Cell-Based 
  Formulation Implicit 
  Time  Steady 
  Porous Formulation Superficial Velocity 
      
Energy Equation On   
      
Viscous Model 
  Model k-epsilon 
  k-epsilon model RNG 
  RNG Options Swirl Dominated Flow 
  Near Wall Treatment Standard 
  Model Constraints   
  Cmu 0.0845 
  C1 Epsilon 1.42 
  C2 Epsilon 1.68 
  Swirl Factor 0.07 
  Wall Prandtl Number 0.85 
      
Species Model 
  Model Species Transport 
  Reactions none 
  Inlet Diffusion 
  Diffusion Energy Source 
  Full Multicomponent  
  

Options 

Thermal Diffusion 
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Appendix C:  Specifications for Atmospheric CFD Simulations 

 

Table C.1:  Boundary Setting for Atmospheric Simulations 
Operating Conditions 

  
Pressure psia [Pa] 13.6 [93769] 
    
Air Inlet   
Mass Flow Rate lbm/s [g/s] Varied 
Temperature °F [K] 76.7 [298] 
Initial Gauge Pressure psig [Pa] 0.90 [6200] 
Direction Normal to Boundary 
Turbulence Intensity (%) 10 
Hydraulic Diameter in [mm] 2.28 [58] 
Air Mass Fraction 1 
Hydrogen Mass Fraction 0 
    
Individual Hydrogen Inlets   
Mass Flow Rate lbm/s [g/s] Varied 
Temperature °F [K] 76.7 [298] 
Initial Gauge Pressure psig [kPa] 9.0 [62000] 
Direction Normal to Boundary 
Turbulence Intensity (%) 10 
Hydraulic Diameter in [mm] 0.01 [0.254] 
Air Mass Fraction 0 
Hydrogen Mass Fraction 1 
    
Outlet   
Gauge Pressure psig [Pa] 0 [0] 
Backflow Settings   
Temperature °F [K] 76.7 [298] 
Turbulence Intensity (%) 10 
Hydraulic Diameter in [mm] 0.5 [12.7] 
Air Mass Fraction 1 
Hydrogen Mass Fraction 0 
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Appendix D:  Contour Plots of Engine Condition Simulations 

 

 

 
Figure D.1:  Contour Plot of Velocity Magnitude (m/s) in the X-Z Plane of the Injector 

for the Engine Idle Condition and Φ=0.6 
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Figure D.2:  Contour Plot of Velocity Magnitude (m/s) in the X-Z Plane of the Injector 

for the Engine Idle Condition and Φ=0.5 
 

 

 
Figure D.3:  Contour Plot of Velocity Magnitude (m/s) in the X-Z Plane of the Injector 

for the Engine Idle Condition and Φ=0.4 
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Figure D.4:  Contour Plot of Velocity Magnitude (m/s) in the X-Z Plane of the Injector 

for the Engine Idle Condition and Φ=0.35 
 

 
Figure D.5:  Contour Plot of Velocity Magnitude (m/s) in the X-Z Plane of the Injector 

for the Engine Cruise Condition and Φ=0.6 
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Figure D.6:  Contour Plot of Velocity Magnitude (m/s) in the X-Z Plane of the Injector 

for the Engine Cruise Condition and Φ=0.5 
 

 
Figure D.7:  Contour Plot of Velocity Magnitude (m/s) in the X-Z Plane of the Injector 

for the Engine Cruise Condition and Φ=0.35 
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Figure D.8:  Contour Plot of Velocity Magnitude (m/s) in the X-Z Plane of the Injector 

for the Engine Full Power Condition and Φ=0.6 
 

 
Figure D.9:  Contour Plot of Velocity Magnitude (m/s) in the X-Z Plane of the Injector 

for the Engine Full Power Condition and Φ=0.5 
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Figure D.10:  Contour Plot of Velocity Magnitude (m/s) in the X-Z Plane of the Injector 

for the Engine Full Power Condition and Φ=0.4 
 

 

 
Figure D.11:  Contour Plot of Velocity Magnitude (m/s) in the X-Z Plane of the Injector 

for the Engine Full Power Condition and Φ=0.35 
 



 104

 
Figure D.12:  Equivalence Ratio Contour Plot in the X-Z Plane for the Engine Idle 

Condition and Φ=0.6 
 

 
Figure D.13:  Equivalence Ratio Contour Plot in the X-Z Plane for the Engine Idle 

Condition and Φ=0.5 
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Figure D.14:  Equivalence Ratio Contour Plot in the X-Z Plane for the Engine Idle 

Condition and Φ=0.4 
 

 
Figure D.15:  Equivalence Ratio Contour Plot in the X-Z Plane for the Engine Idle 

Condition and Φ=0.35 
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Figure D.16:  Equivalence Ratio Contour Plot in the X-Z Plane for the Engine Cruise 

Condition and Φ=0.6 
 

 
Figure D.17:  Equivalence Ratio Contour Plot in the X-Z Plane for the Engine Cruise 

Condition and Φ=0.5 
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Figure D.18:  Equivalence Ratio Contour Plot in the X-Z Plane for the Engine Cruise 

Condition and Φ=0.35 
 

 
Figure D.19:  Equivalence Ratio Contour Plot in the X-Z Plane for the Engine Full 

Power Condition and Φ=0.6 
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Figure D.20:  Equivalence Ratio Contour Plot in the X-Z Plane for the Engine Full 

Power Condition and Φ=0.5 
 

 
Figure D.21:  Equivalence Ratio Contour Plot in the X-Z Plane for the Engine Full 

Power Condition and Φ=0.4 
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Figure D.22:  Equivalence Ratio Contour Plot in the X-Z Plane for the Engine Full 

Power Condition and Φ=0.35 
 

 

 
Figure D.23:  Total Pressure (Pa) Profile in the X-Z Plane for the Engine Idle  

Condition and Φ=0.6 
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Figure D.24:  Total Pressure (Pa) Profile in the X-Z Plane for the Engine Idle  

Condition and Φ=0.5 

 

 
Figure D.25:  Total Pressure (Pa) Profile in the X-Z Plane for the Engine Idle  

Condition and Φ=0.4 
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Figure D.26:  Total Pressure (Pa) Profile in the X-Z Plane for the Engine Idle  

Condition and Φ=0.35 

 

 
Figure D.27:  Total Pressure (Pa) Profile in the X-Z Plane for the Engine Cruise  

Condition and Φ=0.6 
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Figure D.28:  Total Pressure (Pa) Profile in the X-Z Plane for the Engine Cruise  

Condition and Φ=0.5 

 

 
Figure D.29:  Total Pressure (Pa) Profile in the X-Z Plane for the Engine Cruise  

Condition and Φ=0.35 
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Figure D.30:  Total Pressure (Pa) Profile in the X-Z Plane for the Engine Full Power  

Condition and Φ=0.6 

 

 
Figure D.31:  Total Pressure (Pa) Profile in the X-Z Plane for the Engine Full Power  

Condition and Φ=0.5 
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Figure D.32:  Total Pressure (Pa) Profile in the X-Z Plane for the Engine Full Power  

Condition and Φ=0.4 

 

 
Figure D.33:  Total Pressure (Pa) Profile in the X-Z Plane for the Engine Full Power  

Condition and Φ=0.35 
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