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ABSTRACT OF THE THESIS 
 

 

Evaluation of Hydrogen Addition for Gas Turbine Piloting 

 

By 

Candy Hernandez 

 

Master of Science in Mechanical and Aerospace Engineering 

University of California, Irvine, 2021 

 

Professor G. Scott Samuelsen, Chair 

 

 

In anticipation of increased use of hydrogen as a means of decarbonizing future 

power generation in combined heat and power plants, studies are underway to 

understand how hydrogen impacts operability and emissions from existing low emission 

gas turbines. In the current study, a full-scale annular combustor is used to study how 

added hydrogen to methane can be used strategically to extend low emissions operation 

at lower loads.   

The effects of hydrogen in low loading conditions are studied with a numerical 

approach validated with experimental data conducted by Southwest Research Institute.  

A chemical reactor network was developed and validated with a prior study involving 
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use of a piloted model combustor. The reactor network was then applied to a full-scale, 

Solar Turbines 130 combustor  tested with various blends of hydrogen and methane for 

different scaled load conditions and different pilot to main fuel splits. 

The validated reactor network was used in combination with a statistically 

designed simulation matrix to derive a design tool. The tool was used to estimate other 

performance features including CO emissions near LBO and the impacts of ambient 

humidity and the presence of higher hydrocarbons typically found in natural gas. The 

developed model indicates with an increase in hydrogen, an increase in ethane, an 

increase in pilot flow, and an increase in load, the combustor system has an improvement 

in stability.  The suggested controllable factors for extending operation are increasing the 

hydrogen composition of the fuel, as well as increasing the fuel flow allocation to the 

pilot stream.   
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1 
INTRODUCTION 

 
 

1.1 Overview 

Gas turbines remain a primary source for power generation, contributing to 40 

percent of the total electrical demand within the United States.  Since 1990, electricity 

generation demand has doubled with a continued trend towards growth. The National 

Academy of Sciences projects that the demand could continue to grow by more than 50 

percent by 2040 [1]. Given these trends, the gas turbine industry will continue to see 

investment and continue to be critical in power generation (large ground-based gas 

turbines that generate electricity to power the electrical grid), aviation (commercial and 

aircraft propulsion), and the oil and gas industry.  

Given its important role in power production, continued research and 

development is essential for gas turbines specifically to confront energy policies 

regarding emissions and the use of renewable energy to address concerns of climate 

change, air quality, and sustainability. More locally, California in particular, has 

ambitious climate goals to be reached. SB-32 proposes a greenhouse gas reduction target 

of 40 percent below 1990 levels by 2030, while SB-100 promises to meet 100 percent of 

California’s electricity demand with zero-carbon resources by 2045. An Environmental 

and Protective Agency (EPA) report breaks down current total U.S greenhouse emissions 
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to be distributed as: 80% carbon dioxide, 10% methane, 7% nitrous oxide, and 3% 

fluorinated gases [2]. With anticipated stringent regulations, the gas turbine industry is 

in the process of contributing efforts to reduce carbon dioxide emissions and mitigating 

concerns with respect to climate change.  

In 2020, natural gas (primarily composed of methane, CH4) was the largest source 

of U.S electricity generation, being utilized in both steam and gas turbines. To meet 

federal and state demands, however, alternative fuels must be evaluated. Hydrogen, 

specifically, becomes an attractive fuel because of its lack of carbon molecules and its 

potential ability to be produced in a clean process from excess solar and wind power. 

Hydrogen also demonstrates a significant benefit for gas turbine operation because of its 

high diffusivity, wide flammability limits, and high flame speeds. These characteristics 

are important because gas turbines typically operate under fuel lean conditions in which 

there are low reaction rates, mild heat release, and low temperatures to minimize 

temperature dependent air pollutants such as NOx. The lean method of operation 

however creates an undesirable potential for flame blow off. Hydrogen, however, has a 

wider operability range than natural gas because of the characteristics mentioned, 

therefore able to increase stability of the combustion system.  

Other efforts to combat flame blow off and minimize dynamic instabilities is with 

use of a piloting flame in conjunction to the main flame. The main fuel and air mixtures 

are typically lean, but the pilot flame, at a fraction of the main flow rate, can run at near 
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stoichiometric conditions, thus assisting the combustion stability by adding a small 

higher temperature region to the system. The high temperature region, however, 

increases the gas turbine’s emissions. Tradeoffs are essentially ongoing between the need 

for stability and the need to lower emissions.  

1.2 Goal 

The goal of the research is to develop flame stability and emissions trends 

associated with hydrogen addition to both main and pilot fuel circuits in a full-scale 

annular gas turbine combustor at a variety of loading conditions using chemical reactor 

networks and analysis. 

1.3 Objectives 

To meet this goal, the following objectives must be achieved: 

1. Create a CFD/CRN model of a premixed hydrogen combustor from literature. 

The model will be anchored to the experimental data, requiring the model 

results to accurately capture literature experimental trends and values. 

2. Create a CRN model of a piloted combustor from literature and anchor data. 

3. Use validated CRN model to create a Design of Experiments (DOEx) test 

matrix for Solar Titan-130 evaluation. 

4. Validate CRN DOEx results against experimental Solar Titan-130 results 

conducted by Southwest Research Institute. 
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5. Expand the CRN analysis to analyze impacts of higher hydrocarbons and 

humidity with new DOEx on a Solar Titan-130 system. 

  



5 
 

2 
BACKGROUND 

 
 

 

2.1 Pollutant Emissions 

Since the 1960s, policies to reduce air pollution at both state and national levels 

have evolved.  Atmospheric pollution prevention is required to reduce impacts on both 

the environment and the health of Americans, with dire effects such as: acid rain, urban 

smog, toxic air pollutants, and the depletion of the Earth’s ozone layer. Much of pollution 

is attributed to the burning of coal, chemicals, oil, gasoline, jet and alcohol fuels, and 

natural gas with the release of chemicals that contribute to excess pollutants in the air.  

Primary pollutants of combustion consist of carbon monoxide (CO), hydrocarbons 

(HC), and nitrogen oxides (NOx). Carbon monoxide, both a colorless and odorless 

compound, is highly toxic. The main source of carbon monoxide activity is from man-

made sources such as incomplete combustion of fossil fuels [3]. Bhandarkar concludes 

factors such as the combustion chamber’s residence time and turbulence, as well as flame 

temperature and excess oxygen, play critical roles in CO formation [4]. Hydrocarbons, 

also a product of incomplete combustion, contribute to both NOx and tropospheric ozone 

(O3) formation, the primary components of smog.  
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Figure 1. New York City Skyline in 1973 vs 2013 after decades of air regulation 

   [5]. 

Nitrogen oxides (NO and NO2) are highly reactive brownish colored gases that are 

emitted by a myriad of sources such as automobiles, construction equipment, boats, power 

plants, industrial boilers, and turbines. NOx is an oxidizing agent that reacts with volatile 

organic compounds (VOCs), with the assistance of ultraviolet light in sunlight, to produce 

smog. NOx and sulfur oxides (SOx) can also react with the moisture in the atmosphere to create 

acid rain. Emissions of NOx from combustion are primarily in the form of NO. NO is generated 

as a function of air to fuel ratio and has many chemical kinetic pathways of formation that 

have been explored.  

 

 
2.1.1 NOx Formation 

Nitrogen oxides are produced through several different pathways from the 

combustion process. Factors that affect NOx pathway formation are flame temperatures, fuel 

composition, fuel to air ratios, and residence times.  
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2.1.1.1 Thermal NOx 

The thermal NOx pathway (also referred to as the Zeldovich mechanism) 

dominates in high temperature combustion at a wide range of fuel to air ratios. The 

Zeldovich mechanism is a major source of NOx from the oxidation of atmospheric 

nitrogen, N2 [6]. The three significant reactions from the Zeldovich mechanism are:  

𝑂 + 𝑁!↔ 	𝑁𝑂 + 𝑁 

𝑁 + 𝑂!↔ 	𝑁𝑂 + 𝑂 

𝑁 + 𝑂𝐻 ↔ 	𝑁𝑂 + 𝐻 
  

The mechanism is significant at temperatures of approximately 1800 K and higher 

because of the larger activation energy required as analyzed by Correa in a gas turbine 

study [7]. NOx formation is extremely sensitive to temperature in the Zeldovich pathway, 

and as a result any perturbation will significantly alter the NOx yielded. Peak thermal 

NOx emissions are produced at very close to stoichiometric fuel to air ratios where the 

flame becomes the hottest. Thermal NOx also increases directly with an increase in 

operating pressure, an issue associated with gas turbines since they operate at elevated 

pressures. Figure 2 from the Correa study illustrates the effects of pressure and 

temperature (based on equivalence ratio) for three different scenarios: 1) 1 atm, 

conditions typical of a laboratory, 2) 10 atm, conditions typical of a stationary power 

generation gas turbine, and 3) 30 atm, conditions typical of an aero-propulsion based gas-

turbine. 
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Figure 2. Thermal NOx Formation Rate with Varying Inlet Conditions [7] 
 

2.1.1.2 Prompt NOx 

The Prompt NO Mechanism, also referred to as the Fenimore pathway, is 

prevalent in premixed hydrocarbon flames [8]. In the study by Fenimore, fuel rich 

conditions of hydrocarbon fuels demonstrated NO was rapidly produced (hence the 

“prompt” title) in the flame zone before there was sufficient time for the thermal pathway 

to take precedent. The hydrocarbons in the fuel react with molecular nitrogen to form 

amines (relatives of ammonia, NH3) and cyano compounds (carbon atoms joined to a 

nitrogen atom) [9]. The amines and cyanos then proceed to be converted to intermediate 

compounds that eventually form NOx. The primary path of the Fenimore mechanism is: 

𝐶𝐻 + 𝑁! ↔ 𝐻𝐶𝑁 +𝑁 
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At equivalence ratios of less than or equal 1.2, hydrogen cyanide (HCN), then 

forms NO through the following chain sequence:  

𝐻𝐶𝑁 + 𝑂	 ↔ 𝑁𝐶𝑂 + 	𝐻 

𝑁𝐶𝑂 + 𝐻 ↔ 𝑁𝐻 + 	𝐶𝑂 

𝑁𝐻 +𝐻	 ↔ 𝑁 +	𝐻! 

𝑁 + 𝑂𝐻	 ↔ 𝑁𝑂 + 	𝐻 

 This pathway is prevalent in low temperature, fuel rich conditions with short 

residence times.  

2.1.1.3 Fuel NOx 

Many fuels contain nitrogen in its molecular structure, creating fuel bound NOx. 

The nitrogen in the fuel quickly turns into hydrogen cyanide or ammonia, leading the 

process to follow the prompt-NO mechanism. This reaction is prevalent in sources such 

as coal where it may contain up to 2% nitrogen by mass, and in ammonia combustion. 

2.1.1.4 Nitrous Oxide (N2O) NOx Pathway 

The N2O-intermediate mechanism is an important pathway in lean premixed 

combustion, typically the mode in which gas turbines operate. The mechanism is 

prevalent at equivalence ratios less than 0.8, at low temperature conditions. The 

mechanism steps are as follows: 
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𝑂 + 𝑁! +𝑀	 ↔ 𝑁!𝑂 +𝑀 

𝐻 +𝑁!𝑂 ↔ 𝑁𝑂 +𝑁𝐻 

𝑂 + 𝑁!𝑂	 ↔ 𝑁𝑂 + 𝑁𝑂 

 Nitrous oxide is short-lived in these conditions and serves as an intermediate 

compound. However, N2O is a greenhouse gas and becomes more important in coal and 

oil combustion since they have higher concentrations of fuel bound nitrogen. 

2.1.1.5 NNH NOx Pathway 

One of the most recent reaction kinetics pathways discovered is from 1995 by a 

study done by Bozzelli et al [10].  This pathway is an important route for NO formation 

with hydrogen combustion because of the H and N2 interactions. The NNH route is as 

follows: 

𝑁! +𝐻	 ↔ 𝑁𝑁𝐻 

𝑁𝑁𝐻 + 𝑂	 ↔ 𝑁𝑂 + 𝑁𝐻 

It is believed that the NNH pathway is significant in hydrogen flames specifically 

because of the lack of hydrocarbon radicals to form prompt NO. At low temperatures 

as well, the NNH pathway is predicted to dominate over the temperature dependent 

Zeldovich mechanism. A 2009 study by Galleti [11] confirms the dominance of the 

NNH route in NO production for hydrogen-enriched fuels. Other experimental studies 

also indicate that in cooler (< 2100 K) fuel-rich premixed hydrogen combustion, the 

NNH pathway dominates [12].  
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2.1.1.6 NOx Reduction Strategies 

NOx is heavily regulated requiring mitigation strategies in combustion 

applications. To assist with the reduction of emissions, combustion system designs 

promote thorough mixing of air and fuel, low peak combustion temperatures, reduced 

residence time at combustion temperatures, and in some engines, a reduction of pilot fuel 

use. 

A significant area of emissions control in combustor design focuses on limiting 

the thermal NOx produced by minimizing the peak flame temperatures and residence 

times. A common method of flame temperature reduction is with use of water injection 

into combustor systems. NOx control steam is injected into either the fuel, air, or directly 

into the combustion chamber. Studies have demonstrated NOx reduction of up to 90 

percent in aircraft-derivate turbine engines [13]. While an effective method of NOx 

reduction, water injection has tradeoffs associated with a decreased thermal efficiency, 

an increase in maintenance costs, and a reduction of service life of gas turbines. The 

quality of water is also an important factor of consideration since the impurities can cause 

damage in the combustor and turbine blades.  Additionally, water injection ratios must 

be carefully chosen since higher ratios can increase CO and VOC emissions. 

Other design strategies of NOx reduction consist of Flue Gas Recirculation (FGR). 

The FGR method requires recycling of a portion of the exhaust (flue) gas back into the 

primary combustion zone. Recycled exhaust gas may be pre-mixed with the combustion 
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air or injected directly into the flame zone. The recycled products in the combustion zone 

lowers peak flame temperatures, reducing thermal NOx. NOx is also reduced by the FGR 

method because it lowers the oxygen concentration in the primary flame zone. FGR 

limitations consist, however, of lower fuel efficiency, and expensive system retrofitting 

attributed to required duct and fan work. Practical limits of implementation are also 

dictated by equipment size, flame stability, and minimum oxygen requirements.  

Similar to FGR, staged combustion limits oxygen in reaction zones, reducing NOx 

formation. Staged combustion consists of an initial primary fuel-rich combustion zone, 

followed by a second fuel-lean zone to obtain complete combustion. The primary zone 

runs fuel rich and therefore consists of less oxygen in the high temperature zone, 

reducing NOx. The secondary zone is lean, allowing combustion to occur at a lower 

temperature, reducing thermal NOX formation. Combustor design is sensitive to the 

quick mixing between the two stages and requires design mixing optimization of the 

secondary air to minimize NOx. This method is common and used significantly in 

aeroengines due to safety considerations and system stability performance. Stationary 

turbine systems, however, typically employ lean premixed strategies for NOx reduction. 

Stationary gas turbine applications use Dry Low-NOx (DLN) combustion 

technology utilizing lean pre-mixed combustion since safety considerations are less 

severe than for aeroengines. To provide a uniform flame temperature and avoid hot 

spots, the fuel and air are pre-mixed upstream of the combustor. The lean application 
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requires excess air in the combustion chamber, lowering flame temperatures. Challenges 

associated with very lean combustion are maintaining flame stability at the operating 

point. The system must also have precise turndown capabilities over the loading range.  

Additionally, running lean has emissions tradeoffs and requires a balance between the 

NOx reductions and the increased CO and VOC emissions associated with the lower 

temperatures and shorter residence times. 

A major factor in combustion emissions levels is the type of fuel used. Fuels with 

nitrogen increase NOx since it increases the nitrogen of the system to be from both air 

and the fuel. Fuel-bound nitrogen is a problem associated with sources like coal and 

ammonia (NH3). Other fuels, however, may assist in strategically lowering NOx. 

Different fuels vary with different flammability limits and can be advantageous when 

applying Dry Low-NOx strategies of lean premixed combustion. Hydrogen, for example, 

allows for leaner operation with its wide flammability limits, thus, allowing for lower 

temperature combustion limiting the thermal NOx produced. Additionally, with a lack 

of carbon molecules, other emissions such as hydrocarbons, CO, and VOCs are not a 

present issue. 

2.2 Flammability Limits & Flame Stability 

Equivalence ratio, 𝜙, is used as a metric to quantitatively indicate whether a 

reaction is lean, stoichiometric, or rich. The equivalence ratio is defined as: 
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𝜙 =
+𝐴𝐹."#$%&'

								

+𝐴𝐹.()*&#%$+
				
=
+𝐹𝐴.()*&#%$+
+𝐹𝐴."#$%&'

				
 

The (A/F) ratio indicates the molecular ratio of air to fuel in the combustion reaction.  The 

equivalence ratio compares the reaction conditions to the stoichiometric case. At 

stoichiometric conditions, 𝜙 is equal to unity. Fuel-rich mixtures occur when	𝜙 > 1, while 

fuel-lean reactions occur when 𝜙 < 1.	Equivalence ratio is an important factor in 

combustion applications with its ability to illustrate system performance.  

Fuel and air mixtures will only propagate within a certain range of mixture 

strengths between the upper and lower flammability limits. The upper flammability limit 

is at the richest possible condition where	𝜙 > 1, while the lower flammability limit is at 

the leanest possible condition where 𝜙 < 1. Flammability limits are physiochemical 

properties of the fuel mixture, however, experimental flammability limits are related to 

factors such as the heat losses of the system and are also combustion apparatus 

dependent [14].  

A stable flame will anchor at a desired location and resist liftoff and blow off 

within the combustion device’s operating range. The criteria for flame anchoring 

involves the local turbulent flame speed, or local laminar flame speed, to match to local 

mean flow velocity. Liftoff occurs when a flame lifts from the anchor point and the flame 

is a distance away from the burner port. Liftoff should be avoided as the flame location 

should be consistent and independent of the flowrate in order to have ignition by a spark 
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or pilot flame at the burner.  Liftoff will occur if the exit velocity is sufficiently high, and 

if increased, then proceed to blow off.  The blow off limit should also be avoided in 

practice because a raw fuel-air mixture is an immense safety hazard for operators since 

the mixture could possibly auto-ignite.  

Blow off occurs when the chemical reaction time is longer than the combustion 

zone residence time. An important dimensionless parameter, the Damköhler number 

(Da), describes the conditions between fluid and chemical time scales. The Damköhler 

number represents the ratio of the characteristic flow or mixing time to a characteristic 

chemical time. In premixed flames, a useful characteristic flow time is the time span of 

the large eddies in the flow. The flow time scale becomes the mean size of the large 

eddies, l0, divided by the root mean square of the fluctuating velocity, v’rms. The 

chemical time scale is based on the laminar flame and is represented by the laminar flame 

thickness of the reaction zone, δL,	 divided by the laminar flame speed, SL. The 

Damköhler equation can be described as:  

𝐷𝑎 =
𝜏!"#$								
𝜏%&'(				

= 	
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When chemical reaction rates are fast compared to the fluid mixing rate, Damköhler 

numbers are much greater than 1. When reaction rates are slow in comparison to mixing 
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rates, then Damköhler numbers are less than 1. Local flame extinction occurs when the 

flow time scale is larger than chemical time scale, with Da values less than 1.  Work by 

Shanbhogue et al. [15] have discussed that Da models are suitable for local extinction 

prediction, but do not necessarily fundamentally describe the ultimate LBO point.  

Extinction of flamelets typically occurs due to conditions of heat loss and flame 

straining. Flame straining has a more severe effect on extinction, but heat loss extinction 

becomes more dominant near the anchoring point. Flames can only accept a certain 

amount of strain before extinction, described as the extinction strain rate. The extinction 

strain rate is a function of fuel composition (specifically its molecular weight in 

comparison to air), the stoichiometry, and the chemical time scale. Stable flames that 

migrate towards blowoff due so by methods of increased flow velocity, a decrease in 

fuel/air ratios, and other methods that decrease the average Damköhler number. With 

further decreases in Da number, there is an increase of frequency of local extinction 

occurrences in the flame. The increased local extinctions then cause a large-scale 

disruption of the wake fluid mechanics, leading to blowoff. 

 Blowoff has a correlated relationship to the Damköhler number. As described by 

the Da equation, the value is influenced by flame speeds and flame thickness. These 

factors are dependent on variabilities affected by fuel composition. Fuels such as 

hydrogen have faster flame speeds than hydrocarbon fuels, creating combustion 

processes with higher Damköhler numbers, thus, having improved flame stabilization.   
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2.2.1 Swirler Stabilized Flames 

 

Figure 3. Flow Patterns of an Inlet Swirl [9] 

Recirculation zones assist the combustion process by recirculating hot 

combustion products back upstream to promote the heating and ignition of the incoming 

unburned mixtures. Swirler stabilization methods introduce a swirl component to the 

incoming gases and redirects jets appropriately into the combustion chamber, thus 

creating a recirculation zone. Swirlers are typically used in gas turbine combustors and 

industrial burners, used in both premixed and non-premixed combustion.  In non-

premixed flame cases, the swirler also assists with the mixing of fuel and air.  
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Figure 4. Example of a Combustor Swirler [16] 

Combustors use both axial and radial swirlers. Figure 4 illustrates a typical fixed 

vane axial swirler. Di and Do, are the inner and outer diameter of the swirler, respectively. 

The variable, 𝛼, represents the vane angle of the swirler. These design characteristics of 

the swirler affect the swirl number, S, which is used to represent the intensity of the swirl 

motion. The swirl number is defined by Lefebvre [17] as: 

𝑆 =
2
3
	
1 − +𝐷%𝐷$

.
,

1 − +𝐷%𝐷$
.
!
	
tan	(𝛼)	 

Many studies have investigated the effect of swirl on the fluid and flame 

dynamics of combustion systems.  The swirl can reduce combustion lengths by 

producing high rates of entrainment and have quick mixing occur closer to the exit 

nozzle, near the boundaries of recirculation zones.  The swirl can also improve flame 

stability by the formation of toroidal recirculation zones in stronger swirling areas. The 

toroidal recirculation zone can then recirculate heat and active chemical species to the 
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base of the flame. This reduces the velocity required for flame stabilization. One study 

by Syred and Beer [18] found the benefits of recirculation by a swirler only to occur 

beyond the critical swirl number of 0.6. Tangirala et al. [19] demonstrated that by 

increasing the swirl number up to approximately 1, mixing and flame stability improved, 

however, beyond this swirl number, turbulence level and flame stability were reduced. 

Higher swirl number swirlers can lead to reduced flame stability due to the characteristic 

length of recirculation decreasing. The decreased characteristic length of recirculation 

affects the flow time scale, decreasing the Damköhler number. A decrease in Damköhler 

number creates a narrower flame stability region of operation in the system. Swirler 

design can also be used to minimize pollutants such as NOx and CO, with experimental 

evidence illustrating emissions variance with swirler number because of the altered 

characteristic time for pollutant formation [20]. 

2.2.2 Pilot Flame 

Pilot fuel circuits are used in conjunction to main fuel circuits in combustion 

systems to assist in flame stabilization, especially at lean conditions with low equivalence 

ratios. The piloting strategy is used as a stabilization technique since it can provide a high 

temperature fuel enriched zone in the combustor, assisting lower temperature main lean 

flow conditions. The main fuel circuit, as the name suggests, has a significantly higher 

flow rate than the jet fuel stream of the pilot. The pilot, with its addition of fuel radicals 
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and increased temperature, can assist in preventing blow-off. Figure 5 illustrates a pilot 

flame concept in a lean premixed combustor from Solar Turbines [21]. 

 

Figure 5. Pilot Circuit in Lean Premixed Combustor [21] 

Pilot circuit flames often operate near stoichiometric conditions as a diffusion 

flame to produce a significant temperature increase. A study by Thiruchengode [22] 

highlights the benefits of a piloting system in a turbine engine combustor. The study 

created an active control system to identify lean blow off precursor events with OH 

chemiluminescence. When the control system identified lean blow off limits, the system 

redistributed the allocation of fuel between the main and pilot streams. The 

redistribution would allow for the pilot to have a higher fuel flow rate to increase the 

equivalence ratio near the stabilization zone in the combustor. While pilot fuels are 

beneficial for stability, the use of a pilot flame is seen to increase emissions in practice.  

Figure 6 illustrates the tradeoffs associated with the use of pilot circuits and 

emissions. Higher pilot flow rates will influence pollutants produced, especially NOx as 
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it its temperature dependence formation has been discussed. While pilot streams have 

tradeoffs associated with stability and emissions, it is an attractive technique for gas 

turbine operation especially in low-load conditions where operations are unstable. Pilot 

use in gas turbines will be further discussed in section 2.5. 

 

Figure 6.  Pilot Fuel Flow Rate Effect on Pollutants in MAN 

   B&W engine [21]  

 

2.3 Fuels (HHV,renewability,flammability range) 

Combustion engines are created with fuel characteristics as a design parameter. 

Different fuels have different blow off limits, flashback conditions, flame speeds, and 

chemical species. These multitude of factors will affect combustion stability and 

emissions of operation. 

2.3.1 Natural Gas 
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Natural gas was the largest source of electricity generation in the U.S in 2020, 

accounting for 40% of the total generation sources (followed by 20% nuclear, 20% 

renewables, 19% coal, and 1% petroleum). Natural gas allows for electricity generation 

by use in both steam and gas turbines. The natural gas pipeline in the U.S feeds fuel to 

power plants for electricity production, as well as for industrial, commercial, and 

residential heating applications. Unfortunately, natural gas is a fossil fuel.  

Natural gas is a mixture of gaseous hydrocarbon fuels, primarily composed of 

methane, CH4. Other higher hydrocarbon fuels that can be found in the composition are 

ethane (C2H6), propane (C3H8), butane (C4H10), pentane (C5H12), and hexane (C6H14). The 

composition of natural gas depends regionally and can vary between 85-96% CH4 molar 

content. Typically, when referring to natural gas, characteristics of methane are 

evaluated. Combustion characteristics of methane include a higher heating value (HHV) 

of 55.5 MJ/kg, with a flammability limit range of approximately 𝜙=0.5~1.7, maximum 

laminar flame speeds are approximately 0.37 m/s [23]. 

2.3.2 Hydrogen 

Hydrogen has received global attention for its ability to be used as a fuel and has 

been seen as a potential solution for future energy security. The U.S Department of 

Energy has invested significantly in the development of hydrogen infrastructure, fuel 

cells, and storage technologies [24]. Hydrogen is produced through versatile means such 

as fossil fuels, renewable sources, and the electrolysis of water.  
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Currently, the most popular method of hydrogen production is the fuel 

processing of methane through a steam reformation process. While currently the most 

utilized method, the process is not ideal because of the emissions produced. The 

reforming process produces hydrogen, as well as carbon monoxide, and carbon dioxide 

from the original fossil fuel, methane, CH4.  The future pathway of a clean hydrogen 

economy consists of a shift to renewable methods of hydrogen production. Biomass (i.e. 

agriculture crop residues, forest residues, municipal waste, etc.) is a sustainable resource 

to produce hydrogen.  Biomass gasification converts the sustainable material into 

hydrogen, carbon monoxide, and carbon dioxide. Another production method of 

hydrogen that is of interest for future commercial development is the electrolysis of water 

via sustainable electricity sources such as wind, solar, and geothermal resources. The 

electrolysis process separates water into hydrogen and oxygen. Currently, this process is 

the most expensive, however, it is a promising clean and sustainable production method 

for the future [25].  

Methods of hydrogen production are important because hydrogen can serve as a 

fuel for power production. Combustion characteristics of hydrogen include a higher 

heating value (HHV) of 141.7 MJ/kg, with a flammability limit range of approximately 

𝜙=0.1~7.1, and maximum laminar flame speeds of approximately 2.91 m/s [23]. Table 1 

illustrates a comparison of thermal properties between hydrogen and methane. 
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Fuel H2 CH4 

Boiling Temp. 1 atm (°C) -253 -161 

HHV (MJ/kg) 141.7 55.5 

Flammability Range (𝜙) 0.1~7.1 0.5~1.7 

Adiabatic Flame Temp. (°C) 2110 1950 

Max. Laminar Flame Velocity (m/s) 2.91 0.37 

Min. Auto Ignition Temp (°C) 520 630 

Table 1. Thermal Properties of Hydrogen and Methane [23] 
  

 
2.4 Hydrogen Gas Turbine Studies 

Hydrogen has been investigated for a myriad of energy applications including 

gas turbine technologies. Gas turbines primarily operate with natural gas, and because 

of the significant variances of combustion behavior as displayed in Table 1, are not easily 

interchangeable in existing devices.  Hydrogen may have issues of increased NOx 

formation because of its higher local heat release rates resulting in higher temperatures, 

increasing the thermal NOx produced. The higher flame speed associated with hydrogen 

may also increase the risk of flashback in premixed combustion systems that are typical 

of gas turbines and can damage engine hardware. Many studies have since experimented 

with natural gas and hydrogen blends, as well as redesigned combustors to operate with 

fuel flexibility, or redesigned for pure hydrogen application.  
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Funke et al. [26] demonstrated NOx reduction for industrial scale gas turbine 

combustors with pure hydrogen, with stable operation at full scale gas turbine 

conditions. Nozzle geometries were configured appropriately for hydrogen, as well as 

for the effect of flame miniaturization from the micromix burning principle. Between 

hydrogen operation with the conventional method of six nozzle configurations, and the 

separate micromix convention, the micromix combustion demonstrated better emissions 

performance. The process required fuel jets in cross flow to achieve the lower NOx 

formation. The jet cross flow consisted of multiple miniaturized diffusion flames injected 

across the entire main flow, creating a system with many injection points. The jet in cross 

flow procedure was able to lower NOx emissions at all power outputs between 50 and 

250 kW because it optimized mixing between the reactants and had low residence times 

in the hot flame regions due to the shorter length of the flamelets. Kawasaki Heavy 

Industries [27] also created a diffusion flame combustor that was fuel flexible that 

allowed for both 100% hydrogen and 100% natural gas operation at 1.5 MW electrical 

output. Their combustor used water injection to achieve lower NOx emissions of 

approximately 50 ppm. Similar diffusion flame strategies with steam injection were used 

by GE Oil & Gas [28] in Italy for a 10 MW plant, with NOx levels below 200 ppm. The two 

variances of hydrogen combustors are illustrated in Figure 7. 
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Figure 7. a) Hydrogen Diffusion Flame Combustion System &  
       b) Hydrogen Micro-Mix Combustion System [27] 

Premixed combustion is used typically in gas turbines because of its ability to 

reduce flame temperature as opposed to its diffusion flame counterpart. This combustion 

method allows for NOx reduction without a need for steam or water spraying.  Mitsubishi 

[29] ran up to a 30% volumetric hydrogen mixture ratio in its Takasago Plant with a 

premixed configuration. NOx was within an acceptable range and flashback did not 

occur. This is important as premixed flames allow the potential of flashback, a 

phenomenon that occurs when the flame moves upstream of the fluid when the 

propagation speed of the flame is higher than the incoming flow. 

Additional premixed lean swirl-stabilized burner studies [30] focused on both 

flame stability and emissions of natural gas and hydrogen blends of up to 45% hydrogen 

molar content. Key findings of the hydrogen blends consisted of the lean stability limit 

lowering compared to the pure natural gas case, as well as a significant reduction of CO 

emissions when approaching the natural gas stability limit. NOx at an equilibrium flame 
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temperature was not affected by hydrogen addition. Other parameters such as injection 

design for premixed hydrogen systems have demonstrated an influence on lowering NOx 

emissions [31-32].  

2.5 Previous Full Scale Piloted Turbine Studies 

Many gas turbine combustors utilize pilot systems to overcome stability issues 

associated with turn down and minimal load conditions. The pilot system requires fuel 

injection downstream of the swirler into the combustion chamber, providing local 

diffusion burning. Pilot injection, however, creates a system susceptible to significant 

NOx production. As a result, pilot flow rates are typically regulated to be a small fraction 

of the main fuel line to minimize emissions.  

The effect of pilot injection has been investigated in gas turbine systems. A 

Siemens Industrial SGT-400, illustrated in  Figure 8, was tested with hydrogen 

enriched natural gas with variable hydrogen content (up to 80%) and variable pilot flow 

rates (up to 20%) [33]. NOx was shown to be extremely dependent on H2 content, with 

emissions growing monotonically with additional H2, and with steeper dependence at 

higher H2 percentages. Similarly, NOx emissions increased at the higher pilot fuel ratio, 

with the 20% case having the highest emissions by a factor of approximately 2.5 

attributed to insufficient mixing.  Increased hydrogen content also provided blowout 

limits to occur at lower flame temperatures, with a steep 300 K difference between the 
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blow off point of the pure natural gas case and the 50% hydrogen blend case, indicating 

increased reactivity and flammability of the system.   

 

Other Siemens turbine model burners, used in the SGT-600,700, and 800 series, 

were also recently tested for its fuel flexibility and piloting strategies at both part-load 

and base load conditions [34]. The burner proved to be fuel flexible, having stable 

operation with pure natural gas, H2-enriched natural gas, and pure H2 flames. The pilot 

circuit with increased fuel allocation illustrated a stronger outer recirculation zone than 

the non-piloted case at base load conditions. The addition of the pilot also led the flame 

 Figure 8. Siemens SGT-400 Turbine [33] 
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anchoring position to move more downstream of the combustor. At part-load conditions, 

NOx was observed to increase. Also consistent with prior H2 studies discussed, NOx was 

observed to increase with increased H2 concentrations. The pilot at the maximum 3% fuel 

allocation only demonstrated a small change in NOx concentrations. 

Kawasaki Heavy Industries, as previously discussed for their micro-mix 

combustor design, has also created a conventional dry low emission (DLE) combustor 

with hydrogen injection [27]. The combustor can run with heavy hydrogen composition 

with a pilot burner used in addition to the main burner. The combustor is flexible and 

can switch between natural gas, hydrogen enriched natural gas, and pure hydrogen. The 

combustor is able to operate with NOx emissions below 25 ppm (O2-15%) at up to 60 vol% 

hydrogen fuel compositions as its limiting factor. 

 

Figure 9. Kawasaki Heavy Industries Piloted Hydrogen DLE Burner [27] 

The experimental studies from previous pilot fuel streams in full scale gas turbine 

combustors  have been investigated in efforts to observe the effects the pilot may have 

on stability, as well as emissions of different systems. The studies analyzed reveal 
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common traits of added pilot circuits improving stability, but with  higher emissions 

yield. Turbine combustor design, along with fuel composition, is revealed to play a 

significant role in minimizing emissions, with ongoing tradeoffs occurring between 

stability and emissions in combustion systems. Significantly more studies have been 

conducted on small lab-scale piloted combustors; however, the present work primarily 

focuses on the evaluation and modeling of a full-scale annular combustor due to the 

limited existing studies.  

2.6 Part-Load Turbine Conditions 

Gas turbines are optimized for full load operation. Low load and transient loads 

will affect turbine performance, and potentially lead to lower emissions performance in 

lean premixed combustors. Lean premixed combustors are designed to operate at lower 

temperatures to prevent NOx formation. Engine control to run at these lean conditions, 

however, must fight lean blow off conditions. When turbine load is significantly reduced, 

engine controls must augment combustor flame stability [35].  Many control systems 

augment combustor stability with supplementing the system with an increase in fuel 

distribution to the pilot flame. The pilot flame behaves as a diffusion flame, and with 

increased fuel, proceeds to increase NOx. Low loads also create a system susceptible to 

incomplete combustion which additionally increases CO emissions. Figure 10 below 

illustrates the emissions spike at these low load conditions [36]. The combination of lower 

temperatures and low loads, with the introduction of a pilot stream through engine 
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controls for blow off prevention, results in rich fuel mixtures with incomplete 

combustion, lowering efficiencies and increasing emissions.  

 

Figure 10. MS7001EA Natural Gas Emissions with Varying  
Load [36] 

2.7 Chemical Reactor Networks 

Chemical reactor networks (CRN) are a significant tool in combustion systems 

because it utilizes complete reaction kinetics coupled with simplified fluid dynamics. 

Chemical reactor networks, created from the details of geometric modeling of a given 

system, can accurately predict the formation of pollutants with parameter variances of 

fuel compositions, equivalence ratios, temperature conditions, pressure conditions, and 

residence times. CRNs are modeled to represent flow, along with mixing and reaction 

characteristics to predict the evolution of emissions throughout the combustion process. 

Reactor networks are a common modeling technique, as it can provide important outputs 
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with less computational time than CFD (computational fluid dynamics) simulations, as 

CRNs are created with 0-D and 1-D models. Additionally, when analyzing important 

pollutants, such as NOx, with its many different kinetic pathways discussed in Section 

2.1, CFD programs like Fluent solve for NOx based on the simplest kinetic mechanism for 

converging purposes [37]. The addition of hundreds of species and reactions into CFD 

modeling would require significant computational time, and thus emissions analysis can 

be significantly reduced with CRN modeling. 

CRNs break down combustion systems by splitting reactive flow fields into 

different regions of homogenous zones represented by small reactors. A CRN is then 

created by connecting the series of reactors with appropriate experimental conditions 

(i.e., flow rates). Common small reactor elements that compose network models consist 

of perfectly stirred reactors (PSRs), plug flow reactors (PFRs), and non-reactant mixers 

(MIX). The concept of breaking down reactions into smaller reactor elements was first 

introduced by Bragg in 1953 [38]. PSRs are 0-D and are an ideal mixed reactor with high 

intensity mixing used to model combustion flame zones. The combustion flame zone, 

represented by a PSR, is the area of the chamber with the highest free radical 

concentrations. The PFR models 1-D streamline flow with finite rate chemistry. The PFR 

is used to model the post-flame region of the combustion chamber. A simple premixed 

flame, as Bragg was able to model, would be represented by a perfectly stirred reactor 

followed by a plug flow reactor. CRNs are empirical, however, and system changes 
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require new configurations with different reactor connectivity to represent any new fluid 

and combustion interactions.  Understanding the type of combustion process occurring, 

such as a premixed, non-premixed, diffusion, counter flow, or staged combustion would 

allow for proper network analysis to study sensitivities that may affect emissions and 

stability.  

CRN modeling has been used consistently in literature for emissions and LBO 

prediction for myriads of engine configurations. Elkady et al. [39] performed 

experimental studies on a perfectly premixed burner operated on natural gas with similar 

temperatures, pressures, and residence times of an industrial gas turbine cycle to provide 

benchmark NOx and CO emissions. The study allowed an opportunity to test chemical 

kinetic mechanisms from the simple burner geometry. The CRN consisted of an inlet, a 

PSR, and a PFR. The CRN model created was not able to capture NOx values too 

accurately until heat loss measurements were made. The CRN study varied six chemical 

kinetics mechanisms, and all overpredicted NOx at high temperatures, and had 

variability between them of NOx values at low temperatures.  The most accurate 

mechanism was the Kintech mechanism. Unfortunately, the study saw no agreement 

between the measured and CRN model CO values. 

A CRN by Lyra et al. [40] similarly modeled a high pressure premixed methane 

air flame. The approach consisted of first modeling the reacting flow field with CFD. The 

CFD results were then post-processed with an algorithm based on a set of global criteria 
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to deconstruct the combustor into separate regions. The methodology of splitting the 

CFD followed the optimization conducted by Fichet et al. [41] on a Reynolds Averaged 

Navier-Stokes (RANS) combustion model. The procedure consisted of forming regions 

of homogenous zones, both chemically and physically. Variables to define the local 

thermochemical state consisted of temperature, species mass fractions, and mixture 

fractions. Each homogenous zone would then translate into either a PSR or PFR. If the 

local mean velocity of a region was high, the region was modeled as a PFR. If the local 

mean velocity of a region was low (defined as 15% of the maximum velocity), the region 

was modeled as a PSR. It was found that as the number of reactors increased, the 

computed NOx emissions would asymptotically approach the experimental levels. The 

PSRs consisted of 20% of the reactors, while PFRs represented the other 80%. The study 

suggests the number of reactors is dependent on the complexity of the flow field and the 

flame topology. The CRN created with CANTERA tend to have good agreement with 

experimental data, but NOx overprediction occurred at the richer conditions assumed to 

be due to the chemical mechanism chosen. The methodology and approach, however, 

demonstrated great potential in the formation of CRNs from CFD to analyze chemically 

reacting systems. 

Other non-automated methods of modeling lean premixed combustion with a 

CRN can be found by Fackler et al. [42]. The CFD is a crucial step, and the experimental 

jet stirred reactor was deconstructed into three different PSRs. PSR 1 represented the 
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turbulent flame brush surrounding the jet and has no entrainment from the recirculation 

zone. PSR 2 is the recirculation zone, while PSR 3 is the shear zone. PSR 3 is the turbulent 

premixed strained flame in which there is cold reactants mixing with the hot recirculated 

products. The CFD assists in guiding the CRN inputs, indicating 90% of the inlet flow 

should be distributed to PSR 1, followed by 10% to PSR 3. The distribution of flow is 

made by the CFD’s particle tracking results. The approach worked well for methane 

diluted with N2 and CO2, however, not for methane blends with hydrogen. The hydrogen 

CRN had to be modified into a two-zone CRN instead of the original three element 

reactor. The CRN consisted of 2 PSRs, and a recirculation zone modeled by a PFR. The 

modification was made because a PFR allowed for recirculation free radicals to consist of 

lower concentrations than permitted by PSRs. The PFR modification was done to 

properly capture the NOx decrease with increased hydrogen content. The study 

illustrates with different fuel blends, CRNs may need to be modified to properly capture 

experimental trends. 

Several studies have also developed CRNs for lean premixed turbine combustors 

with included piloted fuel streams. Novosselov et al. [43] created a CRN to model a dry 

low emissions industrial turbine combustor to predict exhaust emissions. The combustor 

operated on natural gas and ran at full load operating conditions with varying pilot 

flows. The CRN was developed from the CFD analysis, providing insight from the 

velocity, species, and temperature profiles produced. The CRN consisted of 31 reactor 
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elements. The combustor was divided into a main flame zone (MFZ), pilot flame zone 

(PZ), center recirculation zone (CRZ), dome recirculation zone (DRZ), and post-flame 

zone (PFZ). The CRN used multiple PSRS in series to spread out the flame. The pilot 

flame specifically is modeled by two PSRs in parallel, followed by a PFR adding the hot 

main recirculation zone gas to the pilot flame. Experimental and modeled NOx data 

showed very close agreement. The Novosselov CRN diagram is illustrated in Figure 11.  

 

Figure 11. Novosselov CRN Modeling of a Piloted Combustor [43] 

A study by Park et al. [44] similarly modeled an industrial lean premixed gas 

turbine combustor operating with methane and consisting of a double swirl pilot to 

overcome combustion instability at low loads. The loads varied between 40-100% base 

load conditions. The CFD, once again, guided the CRN model from its temperature, 
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velocity, and flame area density profiles. The combustor was divided similarly to the 

Novosselov combustor into a main flame zone, pilot flame zone, dome recirculation 

zone, pilot recirculation zone, main recirculation zone, and post flame zone. The 

developed CRN consisted of a combined total of 17 PSRs, PFRs, and MIX elements and 

is illustrated in Figure 12. The CRN was developed to evaluate NOx and CO emissions of 

the combustor. The CRN and experimental NOx values at the varying load conditions 

showed good agreement, with the largest differences occurring at higher loads. The 

trends captured consisted of NOx emissions decreasing with increase in load. The CO 

predicted emissions by the CRN were in reasonably good agreement with the 

experiments. Both the CRN and experimental data depicted the highest concentrations 

of CO occurring at the lowest load condition but decreasing at higher loading conditions. 

NOx emissions were also observed to increase when the pilot to total fuel ratio increased. 

The author’s recommendation from both the CRN and experimental data is to reduce the 

pilot-to total fuel ratio within the combustion stability limit to reduce NOx emissions. 

 

Figure 12. Park CRN Modeling of a Piloted Combustor [44] 
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Rosentsvit et al. [45] both experimentally and numerically ran tests of a dry low 

NOx lean premixed gas turbine combustor with propane to specifically analyze the pilot 

stream’s influence on extending the combustion stability range. A CRN model was 

created by decomposing a CFD simulation at the lean condition of 𝜙=0.45. The CRN 

consisted of eight elements composed of PSRs, PFRs, and MIX reactors. The pilot flame 

was modeled with a single PSR, while the inlet and flame temperature rise zone was 

modeled with two PSRs, the hot flame zone included 3 PSRS, and the post flame zone 

included a MIX reactor, and a PFR reactor modeled the products. The Rosentsvit CRN 

model is illustrated in Figure 13. The study varied the pilot’s equivalence ratios and the 

total fuel fraction allocation. The CRN suggested an increase in the pilot’s equivalence 

ratio would lower the LBO limit of the system and appeared to be optimized at 𝜙=1.4 

with a maximum total fuel allocation of 7.2% (highest value in study). NOx emissions 

from the CRN were lower at the low total pilot fuel percentage values. The study, 

however, emphasized using the CRN to yield qualitative information rather than 

quantitative. Experimentally, the lowest system LBO value occurred with the pilot at 𝜙=3 

and a flow allocation of 5.6%. The most significant parameter observed was the pilot 

equivalence ratio on LBO limits, with increase in pilot equivalence ratio lowering the 

LBO limit. The disagreement between the CRN and experimental values is attributed to 

the nonadiabatic nature of the experiment. The author’s modeling suggestion included 

adding more reactors, adding heat loss, and varying residence time and mass flow rate 
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distribution between the reactors. While used qualitatively, the study’s CRN is 

significant as it one of the only few built based on a piloted combustor to primarily study 

the effects of LBO. 

 

Figure 13. Rosentsvit CRN Modeling of a Piloted Combustor [45] 

While CRNs are great tools for predicting characteristics of combustion systems, 

recent work [46-48] has been in the uncertainty quantification of chemical kinetics 

modeling. CRNs are never 100% accurate but can capture trends with good agreement 

and provide great insight. Uncertainties can be due to chemical kinetic rate parameters 

such as thermodynamic or transport properties whose exact values remain unknown, 

cannot be known beyond a certain accuracy, or are approximate due to fundamental 

theory assumptions [46]. Experimental uncertainty also exists due to the measurement 

uncertainty of important combustion characteristics that are used as inputs to constrain 

the models. Wang et al. [46] suggests CRN modeling may be improved with probing rate 

parameters with improved accuracy and precision through uncertainty quantification 
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initiated targeted studies. As an example, screening designs have been done to identify 

reaction steps with the most significant influence on uncertainty. Bell et al. [47] 

investigated uncertainty quantification in parameters describing hydrogen kinetics by 

sampling the posterior distribution for 31 parameters focusing on H2O2 and HO2 

reactions from 91 different experiments (77 of which are steady premixed flames). The 

premixed flame evaluation had a net amount of product after a given time interval have 

a standard deviation of 2% while the standard deviation of the ignition time for flame 

jets was greater than 10%.  The study found the degree to which the parameters of the 

target experiments constrain the predicted behavior is proven to be affected by 

combustion regime. Yousefian et al. [48] also used similar practices of uncertainty 

quantification to evaluate hydrogen-enriched and lean-premixed combustion systems. 

Yousefian developed a CRN to model NOx of hydrogen-enriched methane/air mixtures 

at high pressure conditions. The study optimized the NOx modeling results by using a 

non-intrusive polynomial chaos expansion based on the point collocation method 

(NIPCE-PCME) and the Markov Chain Monte Carlo (MCMC) method. The process 

calibrated parameters of heat transfer, chemical kinetics, and volume size of the main 

flame zone. The calibrated model then indicated the volume of the main flame zone was 

the most important parameter for NOx emissions modeling. The approach led the 

average standard deviations of prediction to be reduced by 90%. 
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CRNs prove to be insightful in all forms of combustion modeling. Many studies 

have utilized CRNs to evaluate emissions and LBO characteristics of gas turbine 

combustors. Numerical modeling may have good emissions and LBO agreement with 

minimal number of reactors such as with a Bragg cell but has also demonstrated 

increased predictive accuracy with an increase in the number of reactor elements in the 

CRN. Depending on the type of combustion process and system, each crafted CRN will 

vary, with even a fairly simple CRN having the ability to provide guidance on emissions 

or LBO trends as demonstrated by the variances between CRN models in Figure 11Figure 

13.  The different approaches by Novosselov, Park, and Rosentsvit required different 

CRNs ranging between 31, 17, and 8 model elements, respectively. The pilot flame 

sections of the CRN itself varied between one and six elements in between their networks.  

At best, the CRN output values are extremely accurate with experimental values, and at 

worst, can serve as a qualitative understanding of the processes. As with most modeling 

methods, all CRNs have uncertainty attributed to each parameter’s input (i.e., heat loss, 

volume size, kinetics). Recent relevant studies in CRN modeling have focused on 

optimizing models by applying uncertainty quantification methods which have been 

quite successful in improving predictive results. CRNs continue to be significant in 

combustion research and are continuously being evolved for predictive optimization of 

systems.  
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2.8 Summary 

The review of combustion system’s emissions and LBO from numerical methods 

demonstrate a lack of evaluation of the use of hydrogen  for piloted full-scale  gas turbine 

combustors. In particular, studies of annular configurations are lacking, likely due to the 

complexity and overall physical scale of such devices.  Few chemical reactor networks 

have been created to model a piloted combustor, but of the few, experimental and 

numerical validation has only been done with hydrocarbon fuels.  Hydrogen has proven 

to be a promising fuel to reduce carbon footprint, as well as extend operability ranges of 

combustors. Piloted gas turbine systems also illustrate a similar trend of operability 

extension, and is an existing strategy used to assist gas turbines operating at low loads 

where stability is a big concern. The goal of the present work is to establish trends, via 

chemical reactor network modeling, regarding various strategies for using hydrogen to 

extend the operating range for a full-scale annular combustor.  The CRN developed will 

be 1) validated using experimental data and 2) used to assess how hydrogen 

concentration, pilot fuel flow allocation, and turbine load conditions impact stability of a 

full-scale annular gas turbine combustor. 

. 
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3 
APPROACH 

 
 

The goal of this research is to develop a chemical reactor network to evaluate the 

emissions and stability with the addition of hydrogen into a piloted gas turbine 

combustor. The following tasks were accomplished to achieve this goal. 

Task 1. Create a CFD/CRN model of a premixed hydrogen combustor from 

literature. The model will be anchored to the experimental data, requiring the model 

results to accurately capture literature experimental trends and values. 

Modeling premixed combustion without a pilot flame requires a less complex 

chemical reactor network model, making it an intuitive first step for initial data 

validation. Bragg [38] successfully modeled premixed combustion with two reactors, a 

PSR and a PFR, and a similar approach would be used for initial modeling. The premixed 

modeling validation would compose of a CRN created from conditions of a lab-scale 

combustor at UC Irvine [49] in which emissions and blow off data were captured. The 

model combustor varied the premixed fuel lines between 0 and 50 vol% H2 composition, 

conditions that would be similarly tested in an actual gas turbine.  The CRN setup was 

designed to compare NOx emissions as a function of adiabatic flame temperature (AFT), 

as was recorded in the literature data. The CRN would also capture blow off as a function 
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of equivalence ratio against fuel composition. A CFD model would simultaneously be 

created to help guide the CRN inputs, as well as to allow for a model comparison between 

CRN and CFD methods. The CRN and CFD comparison against literature data would 

proceed to narrow the modeling approach to progress with when creating the more 

complex piloted combustor configuration. 

Task 2. Create a CRN model of a piloted combustor from literature and anchor 

data.  

Using the base of a premixed combustion system CRN, an evolved premixed and 

piloted combustion configuration would be modeled. The pilot flame would be treated 

as a diffusion flame, assumed at near stoichiometric conditions. The UC Irvine study 

varied the pilot fuel composition between 0-100 vol% H2 composition. The literature data 

has both emissions and blow off data as a function of adiabatic flame temperature for 

different pilot fuel compositions, and flow rates. The developed piloted CRN output 

emissions data and blow off data at the literature conditions would then be compared to 

the experimentally recorded data to validate the model. 

Task 3. Use validated CRN model to create a Design of Experiments (DOEx) 

test matrix for Solar Titan-130 evaluation.  

The developed piloted combustor CRN was used to help guide experimental 

studies conducted on a Solar Titan-130 gas turbine at Southwest Research Institute. The 
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design of experiments (DOEx) tool would be used to understand the factors that had 

most influence in affecting the operability range, and emissions, of the turbine. Factors 

that were varied were: % H2 composition, % pilot flow rate, and % turbine load. The 

responses recorded from the CRN from the variances of the factors were: Equivalence 

ratio at blow off, adiabatic flame temperatures of the system, and NOx emissions. The 

design of experiments created was a three factor, three level surface test matrix design 

consisting of 27 testing conditions to run through the CRN. A statistical analysis could 

then be conducted from the outputs of the strategically chosen test points.  

Task 4. Validate CRN DOEx results against experimental Solar Titan-130 

results conducted by Southwest Research Institute. 

The Solar Titan-130 experimental tests conducted by Southwest Research 

Institute provided turbine blow off operability results with the testing conditions varying 

similar factors of hydrogen composition, pilot flow rates, and turbine load. An analysis 

was conducted on the experimental results to navigate the effects of each factor on blow 

off. The analysis conducted on the experimental results was then compared to the 

analyzed DOEx results from the three factor, three level test matrix conducted on the 

model CRN(Task 3). 
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Task 5. Expand the CRN analysis to analyze impacts of higher hydrocarbons 

and humidity with new DOEx on a Solar Titan-130 system.  

A second design of experiments was performed to assess the impact higher 

hydrocarbons, and humidity in the combustor chamber, may have on the equivalence 

ratio at blow off, as well as NOx and CO emissions. Factors that were studied were 

denoted as: % CH4, % C2H6, % H2, % humidity in air, % pilot flow, and % load. The DOEx, 

with 6 varying factors, required a combined I-optimal test matrix consisting of 65 

different testing points to run through the CRN model. Results from this DOEx were 

used to give insights on other potential factors that may influence the gas turbine 

combustor system.  
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4 
METHODOLOGY 

 

 

4.1 Model Combustor Characteristics 

CRN and CFD modeling methods will be applied to a lab-scale combustor from 

an experimental study conducted by UC Irvine’s combustion laboratory [49]. Details of 

the combustor rig are important for accurate modeling. The initial CRN and CFD models 

must first be validated with existing experimental data before proceeding to model new 

systems to properly anchor and verify the models are correctly capturing emissions and 

stability trends. 

The lab-scale combustor operated at 1 atm with preheated air at 672 K. The 

combustion rig consisted of a pilot fuel circuit at the centerline of the combustor with a 

single fuel injection opening. The flame from the pilot circuit behaved as a diffusion 

flame. Well upstream of the pilot injection and the reaction zone, the main fuel circuit 

was premixed with preheated air. The premixed fuel and air entered the system through 

a 45° axial swirler. Figure 14 illustrates the relative locations of the pilot and main fuel 

stream. The metal liner in Figure 14 illustrates where the combustion reaction takes place. 

Figure 15 illustrates the entire combustion system’s cross-sectional view with relative 

locations of the emissions sampling point from the reaction zone in yellow. The 
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combustor liner, holding both the diffusion and premixed flame, had a diameter of 80 

mm and 160 mm length. The dimensions are important for inputs of both the CRN and 

CFD models. 

 

Figure 14. Model Combustor Pilot and Main Circuit Locations [49] 

 

Figure 15. Cross Sectional View of Model Combustor System [49] 
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The air flow rate of the system to the pre-mixer was fixed at 19.85 g/s, with the 

main fuel circuit’s flow rates decreasing to reach the desired lean conditions. The 

residence time of the combustor is 24.8 msec, and the reference velocity was 1.55 m/s at 

non-reaction, non-preheated conditions. The main flow fuel line varied in hydrogen 

composition up to 50 vol%, while the pilot varied up to 100 vol%. Table 2 and Table 3 

illustrate the different compositions used for both the pilot and main fuel line. The pilot 

fuel rates were also varied to 3/4, 1/2, and 1/3 the original piloting flow rates displayed 

in Table 2 to also study the effects of pilot flow rates on the system. 

Main Fuel NG (vol%) H2 (vol%) 

M0 100 0 
M1 90 10 
M2 80 20 

M3 70 30 
M4 60 40 
M5 50 50 

Table 2. Main Fuel Composition of Model Combustor [49] 

 

 

Pilot  
Fuel 

NG  
(vol %) 

H2 
 (vol%) 

Mass Flow  
Rate (g/s) 

Energy 
Content (kJ/s) 

P0 100 0 0.0649 3.608 
P1 75 25 0.0506 2.984 
P2 50 50 0.0364 2.360 
P3 25 75 0.0221 1.737 
P4 0 100 0.0078 1.113 

Table 3. Pilot Fuel Composition of Model Combustor [49] 
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Key trends to capture with modeling the premixed case, without the pilot circuit, 

are NOx emissions not significantly varying with different fuel compositions (M0-M5). 

The models, however, should illustrate a decrease in CO emissions with the addition of 

hydrogen. The study also observed, with the pilot stream in use, varying the fuel 

compositions of the main fuel line did not alter NOx emissions, but the pilot’s fuel 

composition affected system NOx.  The study demonstrated that NOx emissions 

systematically decreased with increase of hydrogen content of the pilot, again 

demonstrating that NOx emissions were independent of the main fuel composition. This 

trend occurred for all the piloted cases including the cases with a flow reduction of 75%, 

50%, and 33% the original pilot flow rates demonstrated in Table 3. The main controlling 

dictator of NOx emissions appeared to be the pilot stream. Figure 16 and Figure 17 

illustrate the NOx trends discussed as a function of main and pilot fuel composition [49]. 

 

Figure 16. NOx Emissions without Pilot Stream [49] 
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Figure 17. NOx emissions with varying Main/Pilot Fuel [49] 

4.2 Model Combustor CFD 

CFD was one of the first initial modeling methods attempted on the lab-scale 

combustor for interpreting stability, emissions, and reactions of the system. As 

demonstrated in Figure 15, the model combustor has a simple geometry, allowing for a 

2D-axissymetric swirl geometry to be applied using ANSYS Fluent. All dimensions in 

the 2D geometry were translated from the actual experiment, with more details found in 

the combustor cross section in Figure 15. The geometric mesh created consisted of 12,000 

nodes and is illustrated in Figure 18. It should be noted that the geometry does not 

include the pre-mixer region because the CFD model would incorrectly simulate flames 

initiating at the premixer, rather than the combustion chamber. To avoid this error, the 

premixer section was omitted. While the premixed region is an important aspect of the 

combustor, omitting the region yielded more accurate CFD results for both flame location 
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and emissions. The swirl number, 0.7, was used at the fuel and air boundary inlet. The 

Yoshimura combustor used a swirler to premix the main fuel and air at atmospheric 

pressure making a realizable k-𝜺 turbulence model suitable for its ability to capture the 

dynamics of complex shear flow involving swirl, as opposed to the standard k-𝜺 model. 

Studies have compared both turbulence models and demonstrated the realizable k- 𝜺 

turbulence model better predicts axial velocity profiles [50]. The CFD model is pressure 

based, rather than density based, since flow velocity is low, and all experiments were 

conducted at 1 atm. 

 

Figure 18. Model Combustor Mesh 

The combustion reaction was modeled with Fluent by utilizing a species-

transport with eddy-dissipation chemistry interaction. This method allows for flexibility 

of inputs between a premixed main fuel stream and a non-premixed pilot fuel stream. 

Figure 19 illustrates the CFD temperature contour of the 100% premixed natural gas case 

without a pilot flame.  
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Figure 19. CFD Temperature Contour of Model Combustor (K) 

ANSYS Fluent also allows for a coupled CFD-CRN hybrid integrated system, 

with limited user control of the automated CRN. The hybrid integrated system utilizes a 

simplified chemical kinetics file of the GRI 3.0 mechanism for emissions evaluation [51]. 

The addition of kinetics allowed insight on the heat release of the system, as depicted by 

OH radicals illustrated in Figure 20. NOx emissions from the hybrid CFD method will be 

evaluated in a later section. Flame stability could not be evaluated with this method as 

lean blow off (LBO) never occurred. Under the chosen models, a combustion reaction 

was always sustained regardless of how low fuel flow rates and equivalence ratios were 

reduced. This issue may be due to the eddy dissipation model chosen for the combustion 

process. For this reason, there was a shift in model design to the manual chemical reactor 

network. 
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Figure 20. OH Mass Fraction Contour of Model Combustor 

4.3 Model Combustor Premixed CRN 

The initial chemical reactor network modeling began with non-piloted 

conditions. The non-piloted cases were more straightforward to model since the 

combustor behaved as a simple premixed system. Using Chemkin for all CRN modeling, 

the UCSD chemical kinetic mechanism [52] was utilized for emissions and blow off 

results.  The kinetics mechanism contains 68 species and 311 reactions. The UCSD 

mechanism was chosen because when evaluated against existing experimental low swirl 

premixed flame data, when used in a CRN Bragg cell, the UCSD mechanism accurately 

modeled NOx and CO emissions of hydrogen and natural gas blends [53]. 

 A similar approach was taken to the model combustor as with the low swirl 

premixed literature data. The premixed combustor was modeled with a Bragg cell, 



55 
 

composed of a PSR and PFRs. Figure 21 below demonstrates how the combustor 

geometry was divided into several reactors. The combustion region, the region in red in 

the CFD contour, is modeled by a PSR. The emissions from the reaction traveling through 

the combustor to the sample probe location are modeled by PFRs. Two PFRs were used 

because of the dimension change between the combustor and the chimney. Using the 

dimensions of the combustion chamber (an 80 mm diameter combustor liner), in 

conjunction with the CFD temperature contour, the flame size is estimated to be               

2.58 *10-4 m3 in volumetric size, an important input of the PSR. The inputs of the 

combustor PFR, are an 80 mm diameter with 160 mm length. The input of the chimney 

PFR are a 40 mm diameter with 197 mm length. With these combustor details, emissions 

and blow off equivalence ratios were able to be evaluated with the CRN. 

 

Figure 21. Premixed CRN from CFD Contour 
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4.4 Model Combustor Premixed and Piloted CRN 

The piloted model combustor cases required a more complex reactor network 

than the previous non-piloted cases because of the addition of a diffusion flame to the 

premixed system. To simplify calculations, the pilot is assumed to be stoichiometric for 

each case. By assuming a global 𝜙=1 and given the pilot fuel rates from Table 3, the 

estimated air consumption from the surroundings can be calculated. The distribution of 

air in the reaction, however, is non-uniform. Certain regions of the flame may be richer 

than other regions, making the pilot flame a more complex system to model. 

A CRN modeling method for non-premixed flames by Chen [54] was mimicked 

for the gas turbine pilot flame. The method required the pilot to be split into many 

different flame regions with recirculation zones. The study by Chen evaluated a CRN to 

model the Correa and Gulati non-premixed flame data [55]. The approach by Chen was 

to first run CFD simulations of the non-premixed flame, illustrated in Figure 22, and then 

to model the CRN. 

For the piloted case, the flame was split into three flame regions (PSRs) with an 

included recirculation zone, similar to Chen’s method. However, instead of mixing with 

the surrounding air as demonstrated in Figure 22, the developed CRN instead included 

mixing into the main flame reaction, creating a new Flame 4 (PSR) region encompassing 

both the main and pilot flame interaction. The exhaust traveling from the flame to the 

sampling point was then modeled with a plug flow reactor. Prior efforts to model the 
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Figure 22. Correa and Gulati Non-Premixed Flame CFD Broken into Key 
Flame Regions [54] 

pilot and main flame required distributing the reaction into two PSRS (one for the main 

flame, one for the pilot flame), however, the simple method did not demonstrate any 

influence of the pilot on the main flame opposed to the recorded observations and data 

from the Yoshimura study.  

 The flame area for both the pilot and main flame were estimated from the model 

geometry. The main flame’s PSR size remained at 2.58 *10-4 m3 in volumetric size, the 

same value used in the original premixed CRN model in Section 4.3. With a reduction of 

pilot flow rate (75%, 50%, and 33%), pilot volume was estimated to linearly scale with the 

flow rate. Fuel composition also varied the size of the reaction. P0, the natural gas case, 

was set to a total volume of 0.00029 m3 and P4, the hydrogen case, was set to a total 
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volume of 0.0047 m3. Pilot volume reaction for P1-P3 scaled with added hydrogen 

concentrations. The pilot region was represented by four separate PSRs to represent 

Flame 1, Flame 2, Flame 3, and a Recirculation zone. The allocation of PSR size was 

distributed as 0.02%, 1.1% 0.09%, and 1.4% the total pilot volume to represent the regions, 

Flame 1, the Recirculation zone, Flame 2, and Flame 3, respectively.  The remaining 97% 

of the pilot volume was added to the Flame 4 PSR size, the PSR encompassing the entire 

diffusion and premixed flame interaction. The Flame 4 PSR size included the added main 

flame volume (2.58 *10-4 m3) to the total pilot volume (0.00029-0.0047 m3, depending on 

fuel composition and flow rate). The distribution of the total stoichiometric amount of air 

per the pilot’s fuel composition was distributed among the Flame 1, Flame 3, and 

Recirculation PSRs. The pilot air flow rate was distributed with 0.2%, 47.6%, and 52.2% 

allocated to Flame 1, the Recirculation zone, and Flame 3 PSRs, respectively. Details of 

specific inputs for the piloted CRN, based on flame region, can be found in Table 4 and 

Table 5. 
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Figure 23. Manual CRN for the Pilot/Main Flame 

Pilot Flame 1 Recirc. Flame 3 
Fuel [g/s] Air [g/s] Air [g/s] Air [g/s] 

P0 0.0649 0.002 0.53 0.583 
P1 0.0506 0.0017 0.43 0.473 
P2 0.0364 0.0013 0.331 0.363 
P3 0.0221 0.0009 0.23 0.253 
P4 0.0078 0.0005 0.128 0.140 

P0 (3/4) 0.0487 0.0016 0.398 0.437 
P1 (3/4) 0.0380 0.0013 0.323 0.355 
P2 (3/4) 0.0273 0.001 0.248 0.273 
P3 (3/4) 0.0166 0.0007 0.173 0.190 
P4 (3/4) 0.0059 0.0004 0.096 0.105 
P0 (1/2) 0.0325 0.001 0.265 0.292 
P1 (1/2) 0.0253 0.0009 0.215 0.236 
P2 (1/2) 0.0182 0.0007 0.165 0.182 
P3 (1/2) 0.0111 0.0005 0.115 0.126 
P4 (1/2) 0.0039 0.0003 0.064 0.07 
P0 (1/3) 0.0216 0.0007 0.177 0.194 
P1 (1/3) 0.0169 0.0006 0.143 0.158 
P2 (1/3) 0.0121 0.0004 0.110 0.121 
P3 (1/3) 0.0074 0.0003 0.077 0.084 
P4 (1/3) 0.0026 0.0002 0.043 0.047 

Table 4. Pilot CRN Flow Rate Inputs 
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Pilot Total 
Pilot 

Vol. [m3] 

Flame 1  
PSR Vol. 
(0.02%)  

Recirc. 
PSR Vol. 

(1.1%) 

Flame 2 
PSR Vol. 
(0.09%) 

Flame 3  
PSR Vol. 
(1.40%) 

Flame 4 
PSR Vol. 

(Main+Pilot) 
P0 2.90 e-4 5.8 e-8 3.19 e-6 2.61 e-7 4.06 e-6 5.48 e-4 
P1 1.39 e-3 2.78 e-7 1.53 e-5 1.25 e-6 1.95 e-5 1.65 e-3 
P2 2.50 e-3 5.00 e-7 2.75 e-5 2.25 e-7 3.50 e-5 2.75 e-3 
P3 3.60 e-3 7.20 e-7 3.96 e-5 3.24 e-6 5.04 e-5 3.86 e-3 
P4 4.70 e-3 9.40 e-7 5.17 e-5 4.23 e-6 6.58 e-5 4.96 e-3 

P0 (1/2) 1.45 e-4 2.90 e-8 1.60 e-6 1.31 e-7 2.03 e-6 4.03 e-4 
P1 (1/2) 6.95 e-4 1.39 e-7 7.65 e-6 6.26 e-7 9.73 e-6 9.54 e-4 
P2 (1/2) 1.25 e-3 2.50 e-7 1.38 e-5 1.13 e-6 1.75 e-5 1.51 e-3 
P3 (1/2) 1.80 e-3 3.60 e-7 1.98 e-5 1.62 e-6 2.52 e-5 2.06 e-3 
P4 (1/2) 2.35 e-3 4.70 e-7 2.59 e-5 2.12 e-6 3.29 e-5 2.61 e-3 

Table 5. Sample Pilot CRN PSR Volume Distribution [m3] 

4.5 Solar Titan-130 CRN Application 

The strategy to model the Solar Titan-130 combustor was extremely similar to the 

piloted model combustor CRN. The same CRN configuration from Figure 23 was 

applied, however, with appropriate flow and sizing conditions. The flame area for both 

the pilot and main flame were estimated from the full-scale geometry to evaluate the 

appropriate PSR sizes between the two flames. The Solar Titan-130 geometry is 

confidential, however, flame size estimates were made from lab experiments conducted 

at the UC Irvine combustion laboratory in collaboration with Solar Turbines, as 

demonstrated in Figure 24. The main flame PSR was estimated at a volume of 0.00147 m3, 

and the pilot volume was estimated at 1.9 * 10-4 m3. The distribution of pilot PSR size was 

identical to the piloted model combustor CRN, with 0.02%, 1.1%, 0.09%, and 1.44% of the 

pilot volume being allocated to the PSRs representing Flame 1, the Recirculation zone, 

Flame 2, and Flame 3, respectively. The evolution of initial CRN modeling of the 
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Yoshimura model combustor, to the transitioning of the Solar Titan 130 configuration, 

was required for assisting and guiding the full turbine scale experimental testing was 

conducted at the Southwest Research Institute (SwRI) in San Antonio, Texas. 

     

Figure 24. UCI Experimental Combustor: 

a) Main Flame b) Pilot Flame 

4.6 Design of Experiments 

Design of Experiments, DOEx, is an important tool that was used in conjunction 

with the CRN modeling. DOEx is a process used to optimize data analysis. DOEx is a 

method of applied statistics that assists with planning, conducting, analyzing, and 

interpreting controlled experiments. The goal of the thesis is to study how different 

parameters can affect stability and emissions of a gas turbine, thus the DOEx plays a 

critical role in optimizing evaluation. 

DOEx is a statistical methodology that allows for users to establish a statistical 

correlation between a set of input variables and the chosen output of a system [56]. DOEx 

allows for manipulation of multiple input factors, determining their effect on a desired 



62 
 

output. While many studies are inclined to change one experimental factor (input) at a 

time and evaluating any patterns and trends from the straightforward approach, many 

important details may be missed. The process is also long and inefficient while having a 

high risk of error. On the contrary, DOEx is designed to be a cost-effective and time-

effective approach for studies that can identify important factor interactions that are 

otherwise not captured with the one factor at a time approach. The DOEx process was 

taken to maximize information gathered from the CRN models developed, while 

minimizing the number of tests needed, reducing both computational time and power. 

The statistical models were created and analyzed using Design Expert 11, a Stat-

Ease, Inc. Software. Design Expert was used to perform regression analysis and analysis 

of variance (ANOVA) on experimental datasets. The analysis program determines 

whether linear, quadratic, or interactive relationships exist between input and output 

variables. To explain the analysis and DOEx process taken for gas turbine evaluation, the 

following terms are important to define.  

(1) Response - the dependent variable that corresponds to the outcome of the system 

experiment. The response is typically the area of interest to be optimized. One or 

more responses may be evaluated per experiment. 

(2) Factor – the input parameter(s) of an experiment. Factors are either controllable or 

uncontrollable. Controllable factors are those are intentionally varied in an 
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experiment, while uncontrollable factors are those that occur inevitably but cannot 

be controlled and lead to uncertainty. 

(3) Levels – chosen conditions of the factors varied. A factor can have multiple levels and 

are represented by different input values. 

(4) Interaction – an interaction occurs when the response is being varied by a factor to a 

degree that is dependent on the setting or value of another factor.  

(5) Factorial Experimentation- a method in which the effects due to each factor and to 

combination of factors are estimated. Factorial designs are geometrically constructed 

and vary all factors simultaneously. Factorial designs collect data at the vertices of a 

cube in k-dimensions (k is the number of factors). The design of a full factorial, from 

all the vertices of the cube, would require 2k runs (this is if the factor is run at two 

levels) [56]. 

4.6.1 DOEx1- Solar Titan-130 Experimental CRN Modeling 

The first DOEx produced was to create a test matrix from the controllable factors 

that would be varied experimentally at the Southwest Research Institute’s facility on the 

Solar Titan-130 rig. A DOEx approach would provide insight on suggested testing 

conditions. The testing conditions would then be run through the developed CRN, and 

results would be statistically analyzed. Any significant influence of factors on the 

outputs, the emissions and stability of the system, would be documented in the statistical 

model created. The statistical model from the CRN test matrix outputs could then 

proceed to help guide the actual experiments at SwRI. 
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Key factors that SwRI would have direct control in for the Solar Titan-130 tests 

were: % hydrogen concentrations, % pilot flow, and % turbine load. The main purpose 

of the study was to investigate the effects the controllable factors had on stability and 

emissions. Stability would be quantified as the equivalence ratio and adiabatic flame 

temperature (AFT) at lean blow off (LBO), and emissions would be quantified by 

concentrations of NOx.   

 Factorial experimentation is a common DOEx test design. Instead of the common 

2-level variation of factors with minimum and maximum values, a 3-level variation was 

chosen instead. A 3-level variation of the factorial experimentation was used because a 

2-level variation of factorials cannot measure and account for curvature of response 

surfaces. Two-level factorial designs assume a linear relationship between the inputs and 

the outputs and could produce misleading results if the actual measured relationship 

were not linear. For this reason, the 3-level variation was used, resulting in a 3k test matrix 

design. The 3-level factorial design requires a minimum, maximum, and added center 

point values corresponding to each factor. The experiment had 3 controllable factors 

indicating a 27 run DOEx test matrix (33). An experimental upper limit of 30 vol% H2 was 

imposed on all the fuel blends of hydrogen and methane. The upper limit of the pilot 

flow rate was chosen after consulting with SwRI and discussing their testing capabilities, 

resulting in a maximum allocation of 23% of the total fuel flow. Turbine load also had a 
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limiting low-load operation point of 20%. A summary of the first DOEx conditions is 

shown in Table 6. 

Factor Name Minimum Maximum Center Point 
A % Hydrogen 0 30 15 
B % Flow 9 23 17 
C % Load 20 50 35 

Table 6. Summary of Testing Conditions for a 3-Level Factorial Design 

4.6.2 DOEx2 – Solar Titan-130 Extended CRN Modeling  

The first DOEx was used for assisting and guiding the collaborative experimental 

study of the Solar Titan-130 by running the test matrix conditions into the developed 

CRN. Additional potential factors were also desired to be investigated, and an evolved 

second design of experiments was created. Additional factors added to the study were 

the effects of air humidity and higher hydrocarbons on the combustion rig. Combustor 

humidity is typically an uncontrollable experimental factor, however, through CRN 

modeling it was able to be varied and studied to understand the role it may play in the 

actual rig. Additionally, in the research of transitioning powerplants to run on natural 

gas and hydrogen blends, assuming natural gas as pure methane is inaccurate. Natural 

gas is primarily composed of methane, however, varies depending on the region. Natural 

gas composes of other higher hydrocarbon fuels, and to study the effect of natural gas 

variances, ethane (C2H6), was added as a fuel mixture parameter.  

The addition of humidity in the air, and C2H6 into the fuel blends, increased the 

inputs (factors) of the DOEx. The DOEx evolved from three controllable factors, to six. 
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The addition of ethane into the fuel mixture required decomposing the fuel into: vol% 

CH4, vol% C2H6, and vol %H2, as opposed to the first DOEx that had the fuel parameter 

variation encompassed by the vol% H2 factor. Because of the additional factors, a 

combined (mixtures and numeric factors) I-Optimal response surface design was chosen 

to yield trend information.  

  Mixture designs are specialized cases of response surface designs, in which the 

main goal of mixture experiments is prediction and optimization. The I-Optimal design 

criterion seeks designs that minimize the average prediction variance over the 

experimental region [57], making it the desired DOEx design type for investigating the 

best variation of factors that may positively affect the stability and emissions of the 

turbine system. The I-optimal DOEx was established and randomized by the Design 

Expert software, suggesting a test matrix consisting of 65 test runs. It is important to note 

the pilot flow rate minimum and maximum values are different than in the first DOEx 

because these testing conditions were to only be analyzed via the CRN model, and not 

the actual experiment. The remaining factors of H2 composition and turbine load limits 

remained the same.  The test runs were no longer minimum, maximum, and center 

points, but were completely random and produced from the computer’s I-optimal design 

algorithm. A summary of the refined DOEx conditions is shown in Table 7. 
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Factor Name Minimum Maximum 
A-Mixture CH4 0.7 1 
B-Mixture C2H6 0 0.15 
C-Mixture H2 0 0.3 

D % Humidity 0 5 
E % Pilot Flow 10 30 
F % Load 20 50 

Table 7. Summary of I-Optimal DOEx Factors 

4.7 Solar Titan-130 Experiment 

The CRN modeling and DOEx strategies were used to assist and guide the SwRI 

Solar Titan-130 experiments in the collaborative study. The SwRI portion of the study 

consisted of all experimental work, while the predictive modeling was conducted at UCI. 

As previously mentioned, SwRI’s controllable factors were the hydrogen composition, 

pilot fuel flow rate allocation, and turbine load conditions. The turbine setup did not 

allow for independent pilot and main flow stream fuel control; thus, the two fuel streams 

were composed of the same fuel compositions for all test cases. Fuel blends were of pure 

hydrogen and pure methane in lieu of natural gas. The parameter identified as turbine 

load served as an encompassing term that consisted of variations of the scaled 

compressor discharge conditions consisting of combustor inlet temperatures, and total 

(main + pilot) fuel flow rates. The encompassing term, turbine load, was used because 

the temperature and flow rates of the Solar Titan-130 system are confidential. Images of 

the test facility and the annular combustor rig can be found in Figure 25. 
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Figure 25. SwRI Combustion Test Facility and Annular Combustor Rig 

The experimental tests conducted at SwRI, unfortunately, did not capture 

emissions data of the system. The tests only captured the LBO response quantified as air 

to fuel ratios that could be further translated into equivalence ratios.  The LBO point of 

the system was evaluated by creating a thermocouple ring at the exit of the combustor. 

In order to determine when the combustor was approaching lean blow off, the set of 

thermocouples were regulated. A significant decrease in temperature in the exhaust 

stream was used as an indication of flame blow off since the combustion process had 

become less efficient.  The thermocouple ring at the exit plane of the annular combustor 

is depicted in Figure 26. 

The experimental tests had a similar test matrix for system evaluation that was 

used. A separate matrix of LBO tests was created for SwRI’s tests consisting of 63 distinct 

testing conditions. SwRI kept the experimental turbine load percentages confidential 

since the conditions are proprietary. The pilot percentages experimentally evaluated 
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were similar to the flow rates in the first DOEx (Table 6), and were evaluated at test 

percentages of 7,12, and 20% total system fuel allocation. Some details of their test design 

can be found in Table 8. 

 

Figure 26. LBO Thermocouple Ring at Exit of Combustor 

 

Turbine 
Load 

Ambient 
Temp H2 Percent Pilot Percent 

% deg C % % 

*** 

16 0 7 

-29 15 12 

49 30 20 

*** Turbine load conditions are proprietary. 

Table 8. SwRI LBO Test Matrix Summary 
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5 
 

RESULTS AND DISCUSSION 
 

5.1 CFD Yoshimura Model Results 

The CFD of the model combustor was only evaluated at premixed conditions 

because a key important response could not be evaluated. The combustion reaction was 

modeled by utilizing a species-transport with eddy-dissipation chemistry interaction; 

however, this technique led to a combustion reaction always being sustained.  This 

problem indicated LBO values could not be analyzed and compared against literature 

data. The LBO equivalence ratio values is an important response needed to measure for 

model validation. The CFD-CRN automated ANSYS Fluent hybrid model, however, was 

able to produce NOx emissions for the non-piloted cases. 

The Yoshimura conditions that were able to be evaluated with the CFD method 

were the M0, M2, and M4 (100, 80, and 60 vol% natural gas) fuel blend conditions for the 

non-piloted cases. Both the literature and CFD data’s NOx values are dry and corrected 

to 15% O2 content. The literature data measured NOx as a function of AFT, and so the 

same approach was taken for the CFD values for a direct literature and model 

comparison. Figure 27Figure 29 illustrate the CFD model comparison against the 

recorded Yoshimura data. It is noted that the CFD process tends to consistently 

overpredict NOx values at higher AFTs through the different fuel compositions.  
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  Figure 27. CFD NOx Emissions at M0 
Conditions 

Figure 28. CFD NOx Emissions at M2  
  Conditions 

  

 

Figure 29. CFD NOx Emissions at M4 Conditions 
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5.2 CRN Yoshimura Premixed Model Results 

The CRN of the premixed cases without the piloted stream, unlike the CFD 

model, was able to yield both emissions and blow off data for a variety of fuel conditions 

(M0, M2, M4, and M5). The CRN method tends to under predict NOx values at low AFTs, 

but proceeds to overpredict values at AFTs above 1900 K. Both experimental and CRN 

results illustrate that the addition of hydrogen tends to lower combustor NOx 

concentrations because of the increased flammability limits. The increased flammability 

limit allows for lower flame temperatures (AFT), and thus reduces the thermal NOx 

pathway. The NOx results between the model and experimental values are demonstrated 

in Figure 30Figure 33. 

 

Figure 30. CRN NOx Emissions at M0 
Conditions 

Figure 31. CRN NOx Emissions at M2  
  Conditions 
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   Figure 32. CRN NOx Emissions at M4 
Conditions 

Figure 33. CRN NOx Emissions at M5  
  Conditions 

 

 LBO could only be evaluated with the manual CRN method. By running 

parameter studies along the different main flow conditions with varying 𝜙,	the LBO limit 

could be found. The blow off equivalence ratio was recorded when temperatures at the 

output point of the model (sampling location) demonstrated no temperature change 

between the inlet and exit of the combustor. Table 9 provides numerical comparison 

between the equivalence ratios at blow off of both the experimental and CRN outputs. 

Both the experiment and model demonstrate with increase in hydrogen, the blow off 

equivalence ratio decreases illustrating a wider operability range. Figure 34 illustrates a 

more visual discrepancy between the model and literature data. The CRN LBO has a 

strictly linear trend, with the addition of hydrogen linearly increasing stability limits. 

Experimental results, however, demonstrate the same overall increase in stability, but at 

a non-linear rate. The experimental stability of the system substantially increases with 
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hydrogen compositions above 20 vol%. Overall, the LBO trend is captured, and the CRN 

model is able to be further evolved. 

Main Fuel Yoshimura LBO 𝜙 CRN LBO 𝜙 
M0 0.44 0.42 
M2 0.42 0.39 
M4 0.35 0.36 
M5 0.31 0.35 

Table 9. CRN LBO Comparison of Non-Piloted Cases 

 
Figure 34. CRN and Yoshimura LBO Comparison 

5.3 CFD and CRN Yoshimura Premixed Model Evaluation 

A model comparison was conducted between the CFD and CRN methods against 

the premixed model combustor emissions values at designated fuel compositions. The 

comparison was initially done to choose a method to move forward with in modeling the 

more complex piloted system. Emissions comparisons could only be conducted for fuel 

compositions of M0, M2, and M4 because at higher hydrogen concentrations (M5, 50% 

natural gas, 50% H2), the CFD experienced convergence issues. The NOx emissions of 

each model are plotted against the Yoshimura recorded emissions values and are found 
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in Figure 35Figure 37. The steepest discrepancy between experimental and predictive 

values occurred for the M0 case at an adiabatic flame temperature of 2000 K. The CRN 

over predicted NOx by 5.7 ppm, while the hybrid CFD-CRN over predicted by 7.2 ppm. 

The CFD model performed better only at the M4 conditions, however, it is important to 

note the experimental, CRN, and CFD-CRN NOx values are all below 3 ppm at these 

conditions. At these low NOx concentration levels, more uncertainty exists in the analysis 

since the gas analyzer used in the experiment, a PG-250, has an uncertainty of 2% the 

full-scale NOx span (approximately 1 ppm). The manual CRN, besides its ability to 

provide LBO results unlike the CFD model, appeared to be a better approach to move 

forward with the piloted system because it predicted NOx emissions better than its CFD 

counterpart. The CRN approach is also advantageous due to its time efficiency when 

compared to the CFD simulations. If the CFD model were evolved into a more complex 

3D configuration to potentially improve the model, computational time would 

significantly increase. The CRN all together allows for faster and more accurate emissions 

and LBO modeling than the CFD approach at its present configuration. 
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Figure 35. Model NOx Emissions  
  Comparison at M0 Conditions 

Figure 36. Model NOx Emissions  
  Comparison at M2 Conditions 

 

 

Figure 37. Model NOx Emissions Comparison at M4 Conditions 

 

5.4 CRN Yoshimura Piloted Model Results 

The manual CRN evolved from being a premixed flame model, to a combined 

diffusion and premixed flame model, for comparison against the piloted model 

combustor. Key responses compared between the model and literature data were LBO 
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equivalence ratios, as well as NOx and CO emissions at conditions of varying pilot fuel 

composition and flow rates. The experimental Yoshimura study analyzed LBO of the 

piloted cases without varying the main flow because of its independent behavior 

demonstrated in Figure 17. LBO and emissions measurements were conducted with a 

main fuel composition kept constant at 60 vol% natural gas and 40 vol% H2.  

The Yoshimura study, unfortunately, did not explicitly record combustor 

temperatures or equivalence ratios. All data from the experiment were evaluated by 

estimating AFTs using CHEMKIN, although the method of development is not stated. 

Qualitatively, however, the study claims LBO equivalence ratio became the leanest at the 

highest pilot flow rate. Table 10, and  

Figure 38Figure 39, illustrate the claimed Yoshimura AFT values in comparison against 

the CRN evaluated AFT values. The graphs correspond to different pilot flow rates from 

Table 4 with reductions of piloting flow rate by 75%, 50%, and 33%.  

The CRN model consistently, at all flow rates, indicated that with an increase in 

H2 vol% in the pilot, LBO 𝜙 would decrease, proving to benefit the stability limits.  The 

leanest conditions, based off the CRN model, occurred at the highest full pilot flow rate, 

followed by the 75%, 50%, and 33 % flow rate reduction, respectively These trends can 

be observed in the last column of Table 10.   
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Pilot Yosh.-AFT (K) CRN-AFT (K) CRN LBO-𝜙 
P0 1291 1297 0.215 
P1 1301 1289 0.220 
P2 1318 1284 0.224 
P3 1345 1228 0.202 
P4 1363 1201 0.200 

P0  (3/4) 1309 1313 0.230 
P1  (3/4) 1298 1313 0.235 
P2  (3/4) 1319 1260 0.216 
P3  (3/4) 1343 1229 0.208 
P4  (3/4) 1353 1200 0.202 
P0  (1/2) 1418 1332 0.248 
P1  (1/2) 1369 1284 0.230 
P2  (1/2) 1371 1277 0.230 
P3  (1/2) 1377 1250 0.222 
P4  (1/2) 1397 1220 0.212 
P0  (1/3) 1447 1350 0.263 
P1  (1/3) 1403 1348 0.264 
P2  (1/3) 1403 1294 0.242 
P3  (1/3) 1379 1269 0.233 
P4  (1/3) 1400 1238 0.222 

Table 10. Pilot CRN LBO Comparison 
 

The CRN and literature data, when compared against each other, had conflicting 

trends. Generally, the Yoshimura and CRN AFT’s showed similar values until the 50 

vol% hydrogen cases where significant divergence occurred. At low pilot flow rates, of 

50% and 33% original pilot flow, the AFT trends  at blow off between the CRN and 

Yoshimura appear to both decrease with increased hydrogen addition ( 

Figure 38). At the higher flow rates of 75% original flow rate, and the original flow rate, 

the CRN and Yoshimura AFT trends tend to differ (Figure 39). The CRN maintained a 

consistent trend across all flow rates, with an increase in hydrogen, AFT values always 

decreased. The lower AFTs occurred because of the lower blow off equivalence ratios 

reached. Experimentally, however, increasing the hydrogen content at higher pilot flow 
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rates increased the AFT as depicted in Figure 39. The experimental data is depicted in 

black, while the CRN data is depicted in blue. The evaluation is coducted across trend 

lines rather than exact values. The pilot injection at both the original and 75% flow rates 

for the range of fuel compositions were approximately 90 m/s and 66 m/s, respectively. 

The 50% and 33% pilot flow rate reductions, in which trends were able to be properly 

captured, were approximately 45 m/s and 30 m/s, respectively. From the experimental 

comparison, it is apparent that pilot flow rate must be carefully considered when adding 

hydrogen to natural gas. Trends regarding the flow rate of the pilot are nontrivial. It 

appears that the CRN cannot fully capture the fluid dynamics of the system and is 

missing key jet momentum dynamics that play a significant role on LBO at the higher 

flow rates. The high jet velocities between 66 m/s and 90 m/s may be the threshold of 

important fluid dynamic interaction that the CRN cannot capture.  

 
Figure 38. Pilot (1/2) and Pilot (1/3) AFT Comparison 
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Figure 39. Full Pilot and Pilot (3/4) AFT Comparison 

Figure 40Figure 43 illustrate the comparison between the experimental and CRN 

values of both CO and NOx emissions. Again, black represents the experimental data, 

while blue represents the CRN data. The bold dash lines represent CO emissions trends, 

while the fine dotted lines represent NOx emissions trends. All emissions are dry and 

have been corrected to 15% O2 levels for direct comparison.  

At lean conditions with adiabatic temperatures of approximately 1600 K, both CO 

and NOx were recorded to be in the single digits, making it a desirable range of 

operation. At all flow rates, trends of NOx and CO emissions between the experimental 

and CRN data sets were consistent and in good agreement, demonstrating the piloted 

CRN was able to properly capture emissions trends. The addition of hydrogen did not 

significantly vary CO emissions, as demonstrated by both the CRN and experimental 
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results’ flat trendlines. The addition of hydrogen, at the higher flow rates of 75% and full 

pilot flow rates, demonstrated a reduction of NOx with higher %vol H2. The higher pilot 

flow rates did, for both the experiment and CRN, increase system NOx. The most 

significant discrepancy of emissions between the CRN and experiment occurred for NOx 

results at the full pilot flow (Figure 43). This may be due to the same discrepancy that 

occurred in the LBO analysis in which the CRN was not able to capture jet momentum 

dynamics at higher flow rates. The CRN not capturing the fluid dynamics may play a 

role in the underprediction of emissions at the high flow rates because it cannot capture 

the fluid momentum and mixing of the reaction that may affect emissions outputs. 

 

Figure 40. CO and NOx Emissions Comparison of Pilot at 33% Original 
Pilot Flow 
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Figure 41. CO and NOx Emissions Comparison of Pilot at 50% 
Original Pilot Flow 

 

Figure 42. CO and NOx Emissions Comparison of Pilot at 75% 
Original Pilot Flow 
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Figure 43. CO and NOx Emissions Comparison of Pilot at Full 
Original Pilot Flow 

5.5 Solar Titan-130 CRN Results 

After modeling the Yoshimura combustor and yielding similar trends especially 

for lower pilot flows of experimental LBO, and NOx and CO emissions, the CRN was 

applied on the Solar Titan-130 design. The initial tests run assumed a 60 F ambient 

condition (different ambient conditions would require different combustor inlet 

conditions). The initial fuel compositions tested were both the 100% natural gas case, and 

70% natural gas with 30% hydrogen blends. The pilot flow rate varied between 9, 17, and 

23% of the total fuel rate. Conditions for scaled turbine loads of 20, 35, and 50% were 

used to initially understand the general lean blow off trend. 
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Turbine 
Load 

LBO 𝜙 
9% Pilot Flow 17% Pilot Flow 23% Pilot Flow 

20 0.34 0.32 0.31 
35 0.32 0.30 0.29 
50 0.31 0.29 0.27 
Table 11. 100% Natural Gas Pilot/Main Fuel CRN Solar Titan 130 LBO 

Turbine 
Load 

LBO 𝜙 
9% Pilot Flow 17% Pilot Flow 23% Pilot Flow 

20 0.3 0.28 0.27 
35 0.29 0.26 0.25 
50 0.27 0.25 0.24 

Table 12. 70% Natural Gas & 30% Hydrogen Pilot/Main Fuel CRN Solar 
Titan 130 LBO 

The piloted CRN model indicates with increased flow rate of the pilot, stability 

limits always increase. Stability limits also increase with turbine load because of the 

higher inlet temperature and flow rates required. By comparing the LBO limits between 

Table 11 and Table 12, it can also be seen that the addition of hydrogen improves the 

stability for each sample case. According to the CRN, increasing hydrogen content, 

increasing flow rate of the pilot, and the inlet conditions for higher turbine loads all 

increase the lean blow off limits of the combustion process. These results align with the 

conclusions made by the Yoshimura experiment, however, scaled up to turbine 

conditions.  

5.6 DOEx- 3 Level Factorial Response Surface 

To extend and generalize the results to assist the SwRI Solar Titan-130 

experiment, the statistically design DOEx test matrix was also applied through the CRN.  

The factors in the test matrix were coded as: A) % H2, B) % Pilot, and C) % turbine load 
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scaled for operation at 1 atm. The three-level factorial design was applied to yield further 

trend information and to also estimate any non-linearity in the responses vs factors 

studied.  Performance responses that were determined from the simulation approach 

were: equivalence ratios, adiabatic flame temperatures, and NOx emissions at the blow 

off point. 

The DOEx test cases and LBO responses are documented in Table 13. Important 

CRN trends that were observed were, with increase in hydrogen composition of the fuel, 

𝜙LBO decreased, as well as AFTs and NOx emissions. This trend occurred for each load 

case, as well as each variation of pilot flow except at the 30% H2, 23% pilot flow, and 35% 

load case. In addition, with increased piloted flow, the flame stability also increased. 

Higher turbine load also increased stability which is intuitive to gas turbine operation. 

By analyzing the DOEx results, the optimal point of extended flame stability is the 30% 

H2 composition, 23% pilot flow, and 50% turbine load configuration. This is the leanest 

point of operation with a CRN equivalence ratio of 0.239, and an adiabatic flame 

temperature, AFT, of 1371 K. If turbine load is the limiting factor, however, and flame 

stability is to be improved at the low loads, the highest hydrogen concentration (30 vol%), 

and highest pilot flow rate (23 %) should be utilized.  
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Variable A B C  
Run % Hydrogen % Flow to Pilot % Load LBO 

1 0 9 20 0.343 
2 15 9 20 0.323 
3 30 9 20 0.304 
4 0 17 20 0.322 
5 15 17 20 0.311 
6 30 17 20 0.279 
7 0 23 20 0.314 
8 15 23 20 0.291 
9 30 23 20 0.271 
10 0 9 35 0.317 
11 15 9 35 0.308 
12 30 9 35 0.292 
13 0 17 35 0.299 
14 15 17 35 0.283 
15 30 17 35 0.262 
16 0 23 35 0.291 
17 15 23 35 0.243 
18 30 23 35 0.254 
19 0 9 50 0.311 
20 15 9 50 0.274 
21 30 9 50 0.269 
22 0 17 50 0.289 
23 15 17 50 0.254 
24 30 17 50 0.248 
25 0 23 50 0.272 
26 15 23 50 0.243 
27 30 23 50 0.239 

Table 13. DOEx1 CRN Run Responses 

Design Expert was used on the 27-test run matrix to conduct an analysis of 

variance (ANOVA). According to the ANOVA regarding stability, factor C (% load), had 

the most significance with an F-value of 116.92, followed by factor A (%H2) with an F-

value of 104.87, and factor B (% pilot flow) with an F-value of 95.82. The high F-values 
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indicate each factor is significant and contributes to the output response. A linear model 

was produced from the results with the following predictive blow off equivalence ratio 

model equation: 

𝜙-(). = 0.393 − 0.00126(𝐴) − 0.002571(𝐵) − 0.001330(𝐶)                  (1)                                    

Figure 44 is a plot of the equivalence ratio at LBO predicted by the ANOVA model 

(Eq (1)) compared against the Chemkin CRN determined (actual) equivalence ratio. The 

R2 value of the expression produced against the CRN results was approximately 0.93.   As 

displayed, the statistical model provides a reasonable estimate of the actual CRN value, 

thus providing a convenient expression that can be used to determine the LBO condition 

for various levels of load, pilot percentage and amount of hydrogen. The statistical model 

is a method that allows for navigation of factors on the responses. The negative values in 

the Eq (1) indicates with an increase in H2, pilot flow allocation, and turbine load, the 

equivalence ratio at blow off will be lower, extending operability ranges. AFT response 

was also analyzed, and the only significant factor that contributed to AFT values was 

percentage H2 with an F-value of 116.13. At blow off conditions, fuels with increased 

hydrogen had lower AFTs since equivalence ratios were lower. NOx emissions also only 

demonstrated hydrogen dependence with an F-value of 41.75. The NOx emissions were 

all evaluated at blow off conditions and were extremely low (<1 ppm). Overall, the effect 

of hydrogen, based off the CRN’s modeling, a) lowered equivalence ratios, b) lowered 

AFTs, and c) NOx emissions at the blow off point. 
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Figure 44. Calculated (Eq (1)) vs CRN Predicted Equivalence Ratio 

 

5.7 CRN Model and SwRI Experimental Comparison 

With the experimental data taken at SwRI, a more accurate assessment of the CRN 

model was able to be made. The initial 3 level factorial DOEx statistical model produced 

from the CRN outputs served to be compared and evaluated against the SwRI LBO data 

collected. SwRI was able to collect air to fuel ratios at the blow off point of the Solar Titan-

130 which was then translated to equivalence ratios for a direct comparison.  

Unfortunately, no emissions data was gathered for network model evaluation. 

Figure 45 illustrates the predicted 𝜙/01  from Eq (1) compared to the normalized 

experimental 𝜙/01 recorded at the various test points. It is important to note the SwRI 
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test conditions were not necessarily the exact conditions evaluated by the CRN, but the 

experimental conditions were able to be inputted into the statistical model to predict the 

blow off equivalence ratios for evaluation. For example, the pilot flow rate was varied 

between 7, 12, and 20% instead of the CRN evaluated 9,17, and 23% flows. The SwRI LBO 

data is confidential, requiring values of comparison to be normalized. Each LBO data 

point was normalized to the experimental equivalence ratio at blow off at the 50% turbine 

load, 100% methane, and 7% pilot flow condition. Values greater than 1 would indicate 

the equivalence ratio is lower than the set condition and demonstrates an improvement 

of operability. The agreement between the statistical model and the experimental data is 

fair, with an R2 value of 0.6397. Figure 45 illustrates the CRN was able to generally predict 

trends of 𝜙/01 values, however, here is some scatter across the predictive vs actual 

boundary line. 
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Figure 45. Calculated (Eq (1)) vs Actual (Experimental) LBO 
Equivalence Ratio 

The SwRI experimental data was also able to be evaluated separately to conduct 

an isolated analysis of variance. The approach requires inputting the conditions as factors 

and inputting the response data under a historical data design matrix in Design Expert.  

Eq (2) is the new historical design’s predictive equation for equivalence ratio at blow off, 

based on the experimental data’s ANOVA. The model equation suggests significant 

factors of influence on LBO are the hydrogen composition and pilot flow, with respective 

F-values of 73.41 and 103.17. Figure 46 illustrates the normalized 𝜙/01 predicted using 

the new ANOVA correlation (Eq (2)) against the normalized experimental 𝜙/01. The 

agreement between the new ANOVA based model from the historical data design 

analysis and experimental test points is reasonable, with an R2 value of 0.7581.  
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𝜙-().,+$(3*4%5). = 0.82 + 0.0057(𝐴) + 0.016(𝐵) + 0.0021(𝐶)                  (2) 

 

Figure 46. Calculated (Eq (2)) VS Actual (Experimental) LBO 
Equivalence Ratio 

Both the CRN and experimental data analysis created provided two different 

predictive LBO equivalence ratio equations. Eq (1) from the CRN, showed all controllable 

factors, % H2, % pilot flow rate, and % turbine load, were significant in the model. Eq (2) 

showed all controllable factors, except turbine load, were significant. Both equations 

were plotted against each other at the experimental conditions and are found in Figure 

47. The models both output similar predictive LBO equivalence ratios and have good 

agreement with an R2 value of 0.83. The good agreement indicates the CRN statistical 
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model is providing similar outputs when compared to the model created from the 

ANOVA from only interpreting the experimental turbine data.   

 

Figure 47. Experimental Predictive LBO Model (Eq (2)) vs CRN 
Predictive LBO Model (Eq 1)) 

5.8 DOEx2-I-Optimal Mixture Response Surface 

With the basic CRN modeling approach validated to a reasonable extent, 

additional studies were carried out to study the effects of air humidity and higher 

hydrocarbons. Essentially, the first DOEx was augmented to include ethane in the fuel to 

represent the presence of higher hydrocarbons and humidity in the combustion chamber. 

The new second DOEx, an I-optimal mixture response required a 65-test run 

configuration. Parameters were varied between the factors maximum and minimum 

values found. The test matrix can be found in the Appendix. 
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The new I-optimal DOEx test conditions were run through the reactor network 

as an extension of the study, the conditions were not run experimentally at SwRI. The 

prior work indicated good model agreement between the reactor network model and the 

experimental data analysis allowing this analysis to continue forward. The I-optimal 

DOEx ANOVA indicated that a linear model was sufficient for capturing LBO 

equivalence ratios. Several two-factor interactions were shown to influence the lean blow 

off limit. The type of fuel, coupled with humidity, pilot flow rate, or turbine load affected 

the equivalence ratio results. The developed correlation had an R2 value of 0.92, also 

indicating good agreement between the ANOVA statistical model and the CRN 

predicted equivalence ratios at LBO.  The model comparison can be found in  Figure 48. 

Each factor is coded by the letters shown in Table 7, and are used for all developed 

model equations. The linear model produced from the results of the ANOVA yielded the 

following predictive LBO equation: 

𝜙-(). = 0.38(A)+0.26(B)+0.30(C)+0.0030(AD)-0.0019(AE)-0.0010(AF)+0.017(BD)-        

0.0012(BE)-0.0013(BF)+0.0082(CD)-0.0021 (CE)-0.0023(CF)                                   (3) 

 Eq 3 contains only terms that had p-values below 0.006. The most significant 

factors are fuel composition (factors A, B, C) and the interaction between hydrogen 

content and the amount of pilot used. Interpretation of this result is a bit challenging. For 

example, added hydrogen (Factor C) was previously shown to reduce the equivalence 

ratio at blowoff, yet the coefficient of Factor C (% H2) is positive. This is due to each factor 
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having a coefficient, but there not being any constants in the equation. Similar tendencies 

are expected for added ethane which is expected to improve stability. However, because 

of the interaction of these factors with others, simple inspection of the correlation can be 

misleading. Equation 3 can be used to carry out optimization by fixing parameter values 

at desired levels and allowing other parameters to vary to minimize 𝜙pred. 

 

Figure 48. Calculated (Eq (3)) vs CRN Predicted LBO Equivalence Ratio  

To illustrate some specific results as examples, if the minimum CRN equivalence 

ratio is desired at blowoff (i.e., most stable flame situation), the following combinations 

of factors are suggested: 

1) 71% CH4, 10% C2H6, 19% H2, 0% Humidity, 30% of total flow to the pilot, 

and at 50% turbine load conditions. 
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2) 70% CH4, 0% C2H6, 30% H2, 2% Humidity, 30% of total flow to the pilot, and 

at 48% turbine load conditions. 

As illustrated, increasing ethane and/or hydrogen content, reducing humidity, 

and maximizing pilot flow yields the best performance at approximate 50% loading 

conditions. Similarly, to minimize equivalence ratios at LBO of low load conditions of 

20%, the following combination yields the leanest condition. 

• 70% CH4, 0% C2H6, 30% H2, 0% Humidity, 30% of total flow to the pilot 

While not apparent from inspection of the correlation, further analysis and 

optimization generates some generalities which are summarized below. The key 

takeaways (besides the important interactions between factors) are:  

• Increased hydrogen improves stability. 

• Increased ethane improves stability. 

• Increased pilot flow improves stability. 

• Increased load improves stability. 

• Increased humidity degrades stability. 

These general observations are consistent with intuition and illustrates that the 

model captures trends. However, the more interesting effects are the interactions 

between the factors. Further, while the results are intuitive, the CRN model can quantify 

the LBO at different loads. For example, while trends are similar, at 20% load, the 𝜙LBO, is 

9% higher than it is for 50% load. 
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To better interpret the effect of fuel composition, Figure 49 and Figure 50 present 

a contour mapping of different fuel compositions and their influence on 𝜙LBO. From top 

to bottom, CH4 composition decreases from 100% to 70%, while from left to right, C2H6 

decreases between 15% and 0%, and from right to left H2 decreases in composition from 

30% to 0%. Constant fuel composition lines of hydrogen and ethane have been labeled to 

assist in determining fuel compositions along the contour graph. To show contrasts, 

Figure 49 is the contour of LBO for various fuel compositions at 5% humidity, 10% pilot, 

and 20% turbine load, while Figure 50 is the contour of LBO for various fuel compositions 

at 5% humidity, 30% pilot, and 20% load. These cases were compared as a hypothetical 

scenario in which humidity and load cannot be controlled. These values were chosen as 

they have demonstrated to be conditions in which blow-off equivalence ratios are higher. 

Given the undesirable high humidity, and low load conditions, it is demonstrated that 

the Figure 50 design map has lower equivalence ratios at blow off than Figure 49. A 

design parameter that can improve stability is the allocated pilot flow rate. The desired 

lower equivalence ratios occur for the higher pilot allocation (30%) as opposed to the 

lower pilot allocation (10%). Through each design map, it is evident to improve LBO 

conditions and minimize 𝜙LBO, increasing the hydrogen composition yields the lowest 

𝜙LBO. Coupled together, if load and humidity cannot be controlled, it would be suggested 

to increase the pilot flow allocation, and to increase the hydrogen in the fuel stream. 
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Figure 49. LBO Contour 5% Humidity, 10% Allocated Pilot Flow 
Rate, and 20% Turbine Load 

 



98 
 

 

Figure 50. LBO Contour 5% Humidity, 30% Allocated Pilot Flow 
Rate, 20% Turbine Load 

The effects of the factors on CO emissions were also investigated. Trends for CO 

emissions tend to increase as LBO is approached, as expected. Indeed, CO emissions may 

limit the lower load rather than stability—though clearly both are linked. From the 65 

runs, CO emissions varied between 77 and 238 ppm. The ANOVA suggested an inverse 

square root transform on the system. With the transform, a liner model for both the 

mixture components (fuel composition) and the other factors is applied. The model had 



99 
 

an R2 value of 0.86. The linear model produced from the results of the ANOVA yielded 

the following predictive carbon monoxide equation: 

!
"#!.#	

 = 0.088 (A) + 0.11 (B) - 0.010 (C) -0.16 (AB) + 0.18(AC) + 0.0031(AD) -

0.00022(AE) + 0.00060 (AF) + 0.16 (BC) + 0.022(BD) -0.00059(BE) -0.00025 (BF) + 

0.0049(CD) + 3.5e-05(CE) - 0.00077(CF) + 7.7e-05 (DE) + 2.8e-05(DF) - 1.3e-06(EF) 

- 0.00079(D2) + 1.5e-06(E2) - 5.2e-06 (F2)                         (4) 

 

Table 14 illustrates each variable and variable interaction’s F- and P-values. The model 

(eqn. 4), demonstrates a high F-value of 13.73, indicating its significance. Variables with 

p-values less than 0.05 also indicate their significance and are boldened in Table 14. The 

terms of significant importance in CO emissions are: A, B, C, AD,AF, BD, CD, and D2.  

The results indicate that CO is minimized with higher humidity and at higher 

turbine loads. The most important factor interaction, with the lowest p-value of less than 

0.0001, was the interaction between C2H6 and the humidity of the chamber. The effects of 

fuel composition as well as humidity had the most significance in the model. The effects 

of pilot flow rate and turbine load were deemed not significant in CO emissions 

consisting of p-values greater than 0.1. Figure 51 illustrates the model comparison 

between the predicted and actual CO results executed at the  6
71!.#	

 condition because the 

ANOVA required an inverse square root transformation of the data. 
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Table 14. F-Values and P-Values of Corresponding DOEx Factors 
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Figure 51. Calculated (Eq (4)) VS CRN Predicted CO 

 The I-optimal DOEx illustrated additional factors that may influence gas turbine 

systems such as higher hydrocarbons and humidity. The 6 factor DOEx became more 

complicated to decipher from the ANOVA model created because factor interactions 

became a role that affected both LBO and emissions. The ANOVA equations developed 

are an excellent design tool when any of the 6 factors varied become “uncontrolled” in 

real world applications. Typically, turbine loads are set given power demand, and if 

demand were to be low, an optimization can be conducted by evaluating the ANOVA 

equations and controlling other factors such as fuel composition and pilot flow rate.  
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6 
SUMMARY, CONCLUSIONS, RECOMMENDATIONS 

 

6.1 Summary 

The present work illustrates the evolution of a numerical study created to 

evaluate the use of hydrogen in a full-scale gas turbine combustor. A time efficient 2D 

RANS-based CFD model with species transport and eddy dissipation was developed to 

initially mimic conditions and data from a model combustor with a premixed flame. The 

CFD model was able to capture emissions trends, but not LBO trends. Similarly, a 

chemical reactor network (CRN) was created to mimic conditions and data from a model 

combustor with a piloted and premixed flame. The CRN model, unlike the CFD, was 

able to capture both the emissions and LBO trends.  

The chemical reactor network, after validation against a prior piloted model 

combustor, was scaled up in size to correctly account for a full-scale Solar Titan-130 gas 

turbine configuration. To assist in guiding the experimental Solar Titan-130 tests 

conducted at Southwest Research Institute, a three level three factor full factorial test 

matrix was created. Factors that were varied in the design space consisted of hydrogen 
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composition, allocated pilot flow rate, and turbine load. The factor’s effects were studied 

regarding LBO and emissions of the system.  

From the results of the test matrix inputs into the CRN, an Analysis of Variance 

(ANOVA) was used to develop a predictive correlation. The correlation was used to 

predict the blow off equivalence ratios of the Solar Titan-130 under specific turbine 

conditions. According to the ANOVA in regard to stability, the turbine load had the 

most significance of the controlled factors, followed by hydrogen fuel content, followed 

by pilot flow allocation. The CRN model of the Solar Titan-130 was also evaluated for 

NOx information. The only factor with significance in NOx results was the fuel variation 

of hydrogen. Increased hydrogen demonstrated a minimization of NOx because of the 

lower flame temperatures at blow off. 

 A comparison was also conducted between the CRN ANOVA’s predictive 

model and the actual experimental conditions at blow off. There was decent agreement 

between the two, indicating the model was able to capture key stability trends. 

Additional factors were further evaluated to study their influence on LBO and emissions 

by using the CRN. An I-Optimal mixture response surface test matrix was developed to 

run new conditions through the reactor network. The new test matrix included 

additional factors of ethane fuel composition and humidity of the combustion chamber. 

The new factors resulted in a test matrix consisting of 65 runs. The model developed 

indicated a significant importance of factor interaction between hydrogen composition 
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and pilot flow rate. The ANOVA from the I-Optimal mixture response matrix 

constructed was able to form an optimization design space to best extend turbine 

operability. The ANOVA serves a design tool when any of the factors, fuel composition, 

pilot flow rate, turbine load, or humidity, become uncontrolled in real world 

applications.  

 

 

6.2 Conclusions 

• The CRN developed in this study can predict LBO and emissions of a piloted 

gas turbine combustor.  

The CRN developed successfully captured equivalence ratios at LBO conditions 

of a model gas turbine combustor, except at higher flow rates. The CRN developed, when 

appropriately scaled up for application of a full-scale annular gas turbine combustor, 

captured the experimental LBO trends with reasonable agreement. The developed CRN 

was also captured the NOx and CO emission trends of the model combustor.  

• Statistically significant Design of Experiments (DOEx) models developed were 

successful in estimating the LBO of a gas turbine combustor. 

DOEx models developed assist in understanding the leading factors of 

importance in extending turbine operability (stability) and reducing emissions. The use 

of hydrogen is evaluated and is demonstrated to improve operability at all loading 
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conditions and can be used as a method to assist low-load turbine conditions. An increase 

in pilot flow rate is also demonstrated to increase turbine operability. The DOEx models 

can predict, given certain conditions, the system equivalence ratio at blow off.  

 

 

• Statistically significant DOEx models can be used as a design tool to guide 

turbine operation. 

The extended DOEx created to analyze fuel composition of methane, ethane, and 

hydrogen, as well as effects of humidity, pilot flow rate, and turbine load can be used as 

a design tool for gas turbine operation. LBO mapping can be conducted given certain 

constrained conditions, such as turbine load and humidity. With the ANOVA model 

developed, a guide of improving operability can be made as a function of fuel 

composition and pilot flow rates. The extended DOEx maps the critical role H2 has in 

minimizing LBO equivalence ratios, a desired trait.  
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6.3 Recommendations 

• In the present work, a very time efficient CFD results was used, primarily to 

inform the development of the CRN. It was not formally intended to be able to 

capture transient effects such as blow off. It is likely that a more sophisticated 3-

D time resolved simulation (e.g., LES) can better capture blow-off. But such 

simulations are still quite time intensive. The CRN approach used here offers a 

time efficient approach to study various parameters at the design level.   

• The current pilot CRN developed was able to capture most emissions and 

stability trends of the model combustor, however, it was not able to capture jet 

momentum effects attributed to higher pilot flow rates. Further refinement of the 

model may be conducted to assist this problem and improve the LBO modeling.  

• CRN modeling can be evaluated with different kinetics mechanisms to best 

capture LBO and emissions trends of piloted combustors.   

• CFD modeling of the Solar Titan 130 could be evaluated if geometries became 

available to better distribute the CRN PSR sizing to provide more accurate 

modeling. 

• NOx and CO emissions could be recorded experimentally of the Solar Titan-130 

rig to have an emissions model comparison against actual recorded emissions. 

• All CRN and experimental tests were conducted at 1 atm. The CRN conditions 

can be scaled up to higher relevant gas turbine pressure conditions. An evaluation 
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of LBO and emissions can be conducted at this more accurate gas turbine pressure 

condition. 

• The CRN can be used to evaluate the possible benefit of injecting hydrogen into 

only the pilot circuit vs both circuits. 
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APPENDIX 

Run 

Component 1 Component 2 
Component 

3 Factor 4 Factor 5 Factor 6 

A: CH4 B: C2H6 C: H2 
D: % 

Humidity E: % Pilot Flow F: % Load 
1 0.841 0.019 0.139 0.00 30.00 50.00 
2 0.926 0.074 0.000 5.00 10.00 50.00 
3 0.789 0.150 0.062 2.00 10.00 36.95 
4 0.700 0.000 0.300 2.48 20.40 35.60 
5 0.700 0.008 0.293 0.00 28.00 37.40 
6 0.700 0.000 0.300 0.00 19.90 46.85 
7 0.715 0.000 0.285 5.00 21.30 50.00 
8 1.000 0.000 0.000 0.45 10.00 25.10 
9 0.700 0.091 0.209 0.00 10.00 20.00 

10 0.799 0.081 0.119 3.03 19.12 20.00 
11 0.816 0.059 0.125 5.00 10.00 30.50 
12 0.709 0.098 0.192 0.00 30.00 50.00 
13 0.727 0.000 0.273 1.17 11.40 38.23 
14 0.700 0.105 0.195 5.00 22.90 50.00 
15 0.700 0.150 0.150 2.85 19.40 22.05 
16 0.790 0.150 0.060 5.00 10.00 50.00 
17 0.790 0.150 0.060 0.00 17.50 50.00 
18 0.833 0.023 0.143 5.00 30.00 20.00 
19 0.700 0.000 0.300 0.13 10.00 26.00 
20 0.782 0.150 0.068 0.00 10.00 20.00 
21 0.914 0.086 0.000 2.50 10.00 35.15 
22 0.809 0.146 0.046 5.00 10.00 20.00 
23 1.000 0.000 0.000 2.75 10.00 49.10 
24 0.920 0.080 0.000 0.00 30.00 50.00 
25 0.792 0.150 0.059 3.10 30.00 50.00 
26 0.709 0.150 0.141 3.50 16.10 43.40 
27 0.700 0.000 0.300 0.13 29.40 23.00 
28 0.727 0.006 0.266 5.00 10.00 31.25 
29 1.000 0.000 0.000 5.00 30.00 27.05 
30 0.945 0.055 0.000 1.50 30.00 20.00 
31 0.700 0.093 0.207 1.90 10.00 50.00 
32 0.700 0.090 0.210 2.75 29.70 36.50 
33 0.787 0.150 0.063 5.00 30.00 20.00 
34 0.840 0.021 0.138 0.00 18.61 36.65 
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35 0.850 0.150 0.000 2.66 20.80 21.50 
36 0.700 0.000 0.300 2.13 30.00 47.75 
37 0.700 0.000 0.300 5.00 30.00 27.50 
38 0.912 0.083 0.005 0.00 10.00 20.00 
39 0.700 0.101 0.199 0.00 30.00 20.00 
40 0.823 0.040 0.137 5.00 22.70 50.00 
41 0.700 0.093 0.207 5.00 30.00 20.00 
42 0.934 0.000 0.066 5.00 10.00 31.40 
43 0.836 0.029 0.135 0.00 30.00 20.00 
44 0.778 0.008 0.214 2.48 10.00 26.15 
45 0.804 0.150 0.046 5.00 21.80 37.10 
46 0.964 0.000 0.036 5.00 22.40 50.00 
47 0.700 0.120 0.180 5.00 10.00 31.85 
48 1.000 0.000 0.000 0.00 18.50 46.10 
49 0.926 0.074 0.000 2.85 22.00 49.47 
50 0.837 0.020 0.143 1.90 10.00 50.00 
51 0.906 0.080 0.014 0.00 10.00 50.00 
52 1.000 0.000 0.000 2.00 30.00 47.00 
53 1.000 0.000 0.000 0.23 29.50 24.05 
54 0.919 0.081 0.000 5.00 30.00 35.60 
55 0.700 0.094 0.206 0.13 19.00 36.50 
56 0.700 0.030 0.270 3.20 18.00 20.00 
57 0.917 0.083 0.000 0.10 21.00 33.80 
58 1.000 0.000 0.000 2.75 19.80 35.75 
59 0.700 0.000 0.300 2.48 10.00 49.70 
60 0.867 0.000 0.133 2.80 19.40 22.25 
61 0.936 0.064 0.000 2.75 11.00 20.00 
62 0.962 0.038 0.000 4.88 17.20 20.00 
63 0.838 0.019 0.143 0.00 10.00 20.00 
64 0.799 0.150 0.051 0.00 30.00 31.10 
65 0.842 0.020 0.137 2.80 30.00 36.50 

 




