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Abstract 

According to US Energy Information Administration coal is predicted to be the dominant source 

of power production in the United States until 2035. With fifty percent of the electricity generated in the 

United States originating from coal, the US produces close to 2 billion tons of CO2 per year from coal-

burning power plants. The Integrated Gasification Combined Cycle (IGCC) offers a cleaner way to 

generate electricity-using coal. IGCC is a process where the feedstock is gasified and converted into to 

syngas (CO-H2) which can then be used as a fuel source to power energy-generating gas turbines. 

Compared to other hydrocarbons, high hydrogen content fuels behave differently because of their much 

higher specific heat, higher diffusivity, flammability limits and higher laminar flame speed. The design 

of a fuel injector plays a vital role in terms of mixing which impacts flame stability inside a high-

pressure gas turbine combustor (HPTC).  The combustor used for experiments in this thesis has the 

capability to operate at pressures up to 1.5 MPa and temperatures up to 2400 K. A detailed and effective 

control and ignition system was developed as part of this work to operate with the combustion chamber. 

The modified ignition system is used to create a pilot flame. A LabVIEW program was introduced to 

operate the combustor remotely. Stability was of interest for the experiments since when designing 

combustion devices it is necessary to know the stability regions, this way stable operation can be 

maintained.  For this thesis flame flashback and flame blowout were defined to be outside of the stable 

operating conditions. The flashback tendency of the flames was determined to be dependent on the 

flame speed of the hydrogen. It was also observed that due to the boundary layer effect the central 

injector ports received the maximum flow rates, resulting in premature flashback in the outer injector 

ports. As the hydrogen concentration was increased, the flame became less susceptible to blowout. The 

production of NOx pollutant emission increased for increasing fuel percentage reaching a maximum 

value at a 40%-60% H2-CO concentration. 
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 : Introduction Chapter 1

In United States the reserve of coal is estimated as one of the largest in the world. 

According to US Energy Information Administration in 2013 over 92% of the coal consumed in 

the United States is used for generating electricity. The United States has around 1,400 coal-fired 

electricity generating units in operation at almost 600 plants across the country. Together, these 

power plants generate 37% of the total net electricity produced in the United States and consume 

more than 800 million short tons of coal [1]. 

Gas turbines have been used for power generation since 1939 and were first explored by 

the Brown Bovery Company located in Neuchâtel, Switzerland [2]. Gas turbines are internal 

combustion engines with rotary motion consists of three main parts: compressor, combustor and 

turbine. In the compressor section air is drawn in and compressed where it is then directed to the 

combustion chamber where fuel is added, ignited, and burned. The hot gases produced are then 

routed to the turbine section where energy from the exhaust gas is recovered in the form of shaft 

power [3].  Current application for gas turbines include the gas and oil industry, emergency 

power generation facilities, independent power production, and a number of other industrial 

applications. Generally gas turbines are designed to be fueled with natural gas and coal .Coal is 

plentiful and fairly cheap relative to the cost of other sources of electricity, but its use produces 

several types of emissions that adversely affect the environment. Coal emits sulfur dioxide, 

nitrogen oxide, and heavy metals (such as mercury and arsenic) and acid gases (such as hydrogen 

chloride), which have been linked to acid rain, smog, and health issues. Coal also emits carbon 

dioxide, a greenhouse gas. In 2012, coal accounted for 31% of the energy-related carbon dioxide 

emissions in the United States. On the production-side, coal mining can have a negative impact 

on ecosystems and water quality, and alter landscapes and scenic views [4].  
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 To solve this challenge associated with coal, Integrated Gasification Combined Cycle 

(IGCC) is used to produce synthetic gas. Integrated gasification combined cycle (IGCC) is the 

process to turn carbon based fuels into syngas and redirects any leftover heat to power a second 

turbine. These kind of Synthetic fuels obtained from the IGCC have the capability to produce 

lower pollutant emission than traditional coal derived power generation technologies [5]. Based 

on these issues a future generation modern gas turbine is required which has the capacity to 

operate with alternative fuels along with different compositions. To extract power from the gas 

turbine it is necessary to stable the flame inside the combustor. Due to the variation of different 

parameters related to combustion leads to flashback, blow off and instabilities. To stable a flame 

inside a next generation gas turbine combustor it is important to have clear understanding of 

combustion with different fuels. 

1.1   Gas Turbine Combustors 

 Gas turbine combustors technology has developed over last 50 years. Inspite of the 

continuous advances of gas turbine combustor technology, it is the main challenge to design an 

ingenuine combustor than even before. In addition the environmental pollutions, energy 

conservation and higher conversions efficiencies remain on the priority list [6]. Modern 

technology are still required to operate the combustor at high pressures and temperatures with 

broader range of fuels. The challenge with the sixties combustor to increase combustor durability 

and power output. The main concern in the seventies to reduce the gasous pollutants. Combustor 

durability and design and development process associated with advanced energy was the main 

issues during eighties. The challenge during ninties was the environmental pollution reduction 

and energy conversion [7]. Advanced combustion technologies are expected to provide 

significant advances both in experimental and computational areas. The future genartion gas 
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turbine combustor should create concerns about energy release rate, turbine inlet temperature, 

pollutant emissions, fuel variability. 

1.2    Combustion 

  A definition of combustion according to Webstar’s Dictionary is as “rapid oxidation 

generating heat, or both light and heat: also slow oxidation accompanied by little heat and no 

light”. Combustion can occur either flame or non-flame modes.  Flame mode can be categorized 

as premixed and non-premixed (diffusion) flame. In case of premixed flame the mixing of fuel 

and oxidizer is occurred before any significant combustion reaction. On the other hand a 

diffusion flame, fuel and oxidizer are initially kept separate and reaction occurs at the interface 

of fuel and oxidizer [8]. 

The exact amount of oxidizer which is needed for complete combustion is known as 

stoichiometric quantity. If the amount of oxidizer is greater than the stoichiometric it is termed as 

lean combustion. Contrarily if the amount of oxidizer is less than the stoichiometric it is known 

as rich combustion. 

1.3   Pollutant Emissions 

One of the major factors to design of a modern combustion system is to control the 

pollutant emissions. The combustion of most of the fuel can produce gaseous pollutants such as 

nitrogen oxides (NOx), sulfur dioxide (SO2), carbon monoxide (CO), volatile organic compounds 

(VOCs), particulate matter, and trace species such as mercury and other metals. The amount and 

type of emissions generated depends on the properties of the fuel as well as the type and 

operating conditions of the combustor [9]. 

They pollute the environment and contribute to the acid rain, smog, and respiratory and other 
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health problems. Hydrocarbons’ emissions include a number of toxic substances such as 

benzene, polycyclic aromatic hydrocarbons (PAHs), butadiene and aldehydes (formaldehyde, 

acetaldehyde, acrolein). Carbon dioxide is the primary greenhouse gas which may aggravate the 

global warming [9]. NOx is a collective term to describe several oxides of nitrogen. The NOx-s 

participates in a chain reaction removing ozone from the stratosphere allowing more ultraviolet 

radiation to reach the Earth’s surface. The NOx is a major contributor of photochemical smog 

and ozone in the urban air. Because of this, NOx emission has become one of the most important 

topics in combustion research. With the steady increase in combustion of hydrocarbon fuels, the 

products of combustion are distinctly identified as a severe source of environmental damage. 

1.4   Alternative Fuels 

The need for fuel flexible ultra-low emission gas turbine combustors is imminent to 

secure future power needs. Distributed combustion technology is demonstrated to provide 

significant performance improvement of gas turbine combustors including uniform thermal field 

in the entire combustion chamber (improved pattern factor) at very high combustion intensity, 

ultra-low emission of NOx and CO, low noise, enhanced stability, higher efficiency and 

alleviation of combustion instability. Fuel variability greatly changes the flame characteristics 

like flame speed, flame shape, flame stability. 
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Figure 1.1: Laminar Flame Speeds of Various Syngas Mixtures (Experimental & Computational) 

Sun et al. [10] 

For different fuels, the flame speed changes with equivalence ratio (Figure 1.1). In 

comparison with other hydrocarbons, hydrogen content fuels behave differently because of its 

much higher specific heat, higher diffusivity, and flammability limits that mean hydrogen has a 

wide range of volume concentrations over which it is flammable, and a higher laminar flame 

speed. These properties induce the flashback in case of high hydrogen content fuel. As the 

hydrogen content in the fuel is decreased the possibility of blow-out increased. 

1.5   Flashback 

When the gas velocity is smaller than the flame speed then the flashback occurs (Figure 

1.2). It is the tendency of the flame to propagate through the upstream premixing section. 

Flashback can cause massive hardware damage, detonation, pollutant emissions etc. one of the 

most important task to stable a flame to avoid flashback. Flashback occurs due to the following: 
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turbulent flame propagation in the core flow, flame propagation in the boundary layer, 

combustion instabilities, or combustion induced vortex breakdown (CIVB). 

 

 

Figure 1.2: Flashback (laminar flame speed SL>air+fuel speed) 

 

The phenomenon of flashback is related with the matching of local flame speed with 

local flow velocity. Flashback is normally considered as a transient event, it occurs when the fuel 

flow is turned off or stopped. The flames will flashback through a burner port that are larger than 

the quenching distance if the flame speed is greater than the flow velocity. However, syngas has 

large flashback propensity because of its hydrogen content. Hydrogen has a high Flame speed  

and low lean flammability which tends to increase the potential for flashback [11]. 

1.6   Liftoff and Blow out 

Another important design criterion for gas turbine combustor is the avoidance of liftoff. It 

is the condition of the flame when it is not attached with the burner port or tube rather than it is 

stabilized at a distance from the port. Flame liftoff is undesirable for several reasons such as 
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most of the time it leads to incomplete combustion due to the escape of unburned gas. It becomes 

sometime hard to control the lifted flame so that poor heat transfer results. It is also very difficult 

to achieve ignition above lifting limits. Flame lifting is influenced by the local flame and the 

flow properties close to the burner or injector port. If the velocity of the gas is increased the cone 

angle of the flame decreased and the flame is stabilized at a certain distance from the port. As the 

velocity increases further beyond the liftoff value, results in increasing the liftoff distance until 

the flame extinguishes. This phenomenon is known as blow out [8]. Liftoff and blow out both are 

the consequences of radical heat loss to the burner port and the dilution with ambient air increase 

the flow velocity (Figure 1.3). 

 

Figure 1.3: Liftoff and Blow Out (laminar flame speed SL< air + fuel speed) 
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1.7   Flame Stabilization 

Stable a Flame in combustion is the main objective of many theoretical and experimental 

studies.  

Burner design is the most important controlling factor for flame stabilization. Burner 

design would be greatly facilitated by knowing the effect of the input parameters such as fuel-air 

ratio, average velocity and its distribution, flame speed and its distribution, and the intensity of 

swirl, on the stability of the flame [12].  

Due to the impossibility of self-propagation of the combustion wave, Bunsen burner 

could not stabilize turbulent flames with high flow velocity. Several attempts had been made to 

improve the flame stability in turbulent flames. Turbulent flames may be stabilized by pilot 

flames, bluff bodies, deflected jets, and swirl jets. Many researchers tried to improve the stability 

of premixed turbulent flames by creating a recirculation zone. This zone affects the transfer of 

mass and energy from the burned gases to the unburned ones, which works as a continuous 

ignition source known as pilot flame. The pilot flame can be used outside or inside the main high 

velocity flow.  

Jensen and Shipman [13] studied the stabilization of flames in high-speed flow using 

pilot flames. The main flow was propane air mixture, while the pilot stream was hydrogen-air 

mixture. They found that, the pilot heat would be sufficient to raise the average temperature of 

19 mm diameter core of the main stream from its initial temperature 288 K to the required 

preheat temperature 414 K. The thermal energy generated is sufficient to supply the required 

preheat to the remainder stream [13]. 

Bluff-body, reflected jets and swirl jets provide recirculation zone occurs immediately 

downstream of each of them and works as a pilot. Energy and mass are transferred from the 
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burned gases of this zone to the unburned portion in the main stream. Failure of flame 

propagation is due to quenching effect of hot gases due to rapid mixing with the cold unburned 

combustible main flow. Beltagui and Maccallun [14] studied the effect swirl on the stability of 

premixed town gas-air flames in a furnace. They used vanes which was placed at 15", 30°, 45" 

and 60" to jet axis. They found that the central recirculation zone (CRZ) is established with 

swirlers, 45", 60°, but not with either the 15" or 30" swirlers. They also found that in the case of 

creating the CRZ the spread of the jet is more rapid than in the free case, hence, the flame is 

more stable. 

One advanced concept developed in the nowadays is to apply a “multiple-injection burner 

(cluster burner)”[15]. This type of burner consists of multiple fuel nozzles and a perforated plate 

with holes which are coaxially installed. In this burner, air sheathed fuel jets from the injection 

points join each other and become an annular swirling jet, and fuel is rapidly mixed with air 

within a short distance because of the turbulence at the entrance and exit of the air passages [16]. 

Another way to stabilize a turbulent flame is to use bluff body inside a burner. The bluff 

body provides excellent turbulent mixing characteristics, which improves the flame stability, and 

ease of combustion control. It decreases the tendency of liftoff and blow out of a flame. A bluff 

body can be placed inside a single or multi-tube injector to reduce the flow velocity which in 

turns will be helpful to stabilize the flame on the body. The flame structure produced by bluff-

body burners is complex and dominant by time-varying large-scale mixing structures. 

Axisymmetric bluff body stabilized flames have been studied by several investigators [17][18], 

improve mixing rates, reduced flame lengths and enhanced burner stability and efficiency. The 

aerodynamic interaction between the injected fuel (in jet or other form) and the primary 
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recirculation in bluff body system was conductive to flame stabilization over a wide range of air 

velocities and fuel injection rates [19]. 

1.8   Objectives 

This study mainly based on the stability of flame inside a gas turbine combustor for high 

hydrogen content fuel for future power generation purposes. One of the important goals of this 

work is to reduce the pollutant emissions. In this work an optically accessible high pressure 

combustor is used inside which the flame stability regime of high hydrogen content fuel along 

with emission behavior is observed. To accomplish these goals the main objective is to: 

1. Development of a LabView controlled remote control system which can deliver fuel 

oxidizer. 

2. Development of a LabView controlled remote ignition system to stabilize a flame. 

3. Investigate the effect of multi-tube  injector geometry on flame stability  

4. Measurement of pollutant emissions of syngas fuel  by using the designed high pressure 

gas turbine combustor          

1.9   Practical Relevance 

The development of control and ignition systems will help flow the fuel and oxidizer into 

the combustion chamber and initiate the spark respectively. The experimentation will generate 

data which will aid to increase the understanding of combustion at high pressure and temperature 

at gas turbine operating conditions. Flame characteristics such as flame velocity, flame 

propagation, as well as flashback and blowout propensity can be examined using these systems. 

This understanding is fundamental for the advancement of gas turbines and the development of 

the next generation combustors. 
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1.10 Thesis Organization 

Chapter 1 covers brief description about combustion, fuel variability, flashback and 

blowout and the main objective and practical relevance of this research. 

Chapter 2 provides a literature review on current operational combustors operating at comparable 

conditions, different ignition system, NOx emission and syngas and bluff body flame 

stabilization used in similar research.  

Chapter 3 will cover the detail description of experimental setup and design of the control and 

ignition system along with the design of multi-tube bluff body injector. 

Chapter 4 will cover the results and discussion of the experiment. 

Chapter 5 will cover summary of the work and future work needed. 
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Chapter 2 : Literature Review 

Different types of past studies as well as ongoing research related to this work were 

presented in this chapter. Since the work this thesis is presenting uses a high pressure combustor, 

it is also important to investigate combustor designs. A background for combustor design is 

presented in this chapter. Another important part of this work is to establish an effective ignition 

system; hence a design of an ignition system is also discussed here. This chapter will also review 

the descriptions of past experiments and work on analyzing different flame stability conditions 

related to combustion such as flashback, blowout and liftoff. To eradicate these different types of 

flame characteristics related to combustion, a multi-tube injector was used to stabilize the flame. 

Some detailed background study was also included in this chapter related to injector design for 

flame stabilization. 

2.1  Previous Combustor Designs 

  At the UTEP cSTER currently there is an operational optically accessible atmospheric 

pressure combustor operational, some work performed in this combustor can be found in the 

reference by Bidhan et. Al [20]. This atmospheric combustor was later used to design the high 

pressure combustor that is used for the experiments presented in this thesis. The main focus of 

the atmospheric pressure combustor was to analyze flashback properties in syngas fuels. 

Different fuel mixtures have been used in the combustor including different synthetic gas 

mixtures. The combustor rig is shown in Figure 2.1 and is set up using four configurable models: 

(i) the inlet manifold, (ii) static mixer, (iii) swirler burner with quartz tube, and (iv) the 

combustion chamber. There are three quartz windows located on the main combustion section 

allow for high speed imaging of flashback characteristics.  
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Figure 2.1: Ambient Combustor 

Tomezak et al., 2002 [21] also made a combustor that could operate duel phase fuel 

operation (liquid and gaseous) under 1MPa Pressure. The combustor consists of an alloy steel 

pressure vessel, designed in modular form, utilizing a lamination valve at the exit to control the 

pressure in the combustor (figure 2.2). The flame is stabilized using a combination of a swirler 

device operating with 8 holes for fuel injection as well as recirculation of air. The combustor 

temperature operating range is 400 to 1200 °C. Pressure transducers are used to measure pressure 

fluctuation for this combustor. 

 

Figure 2.2: Reverse Flow Combustion Chamber 
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The University of California Irvine Combustion Laboratory (UCICL)  [22] has two 

operational combustors for testing (figure 2.3). One is used for high pressure combustion 

experiments with optical access. Another one is used for long duration experiments. The flow 

rate and pressure is up to 1 kg/s and 15 bar respectively. 

 

Figure 2.3: Elevated Pressure Facility 

The National Energy Technology Laboratory (NETL)  [23] has two operational high-

pressure combustor facilities. An optically accessible dynamic gas turbine (figure 2.4) with 

operating pressures of up to 10 bar and air flow at .75 kg/s for both natural gas and liquid fuels. 

The second combustion facility (figure 2.5) is also optically accessible used for computational 

fluid dynamic testing and modeling of combustion operates under 22 bar pressure (National 

Energy Technology Laboratory). 
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Figure 2.4: Dynamic Gas Turbine Combustion Test Rig 

 

 

Figure 2.5: Sim Val Test Rig 
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  2.2  Previous Ignition System Designs 

An ignition source is needed to stabilize a flame along with fuel and oxidizer. An external 

ignition source, such as a flame or spark, must have sufficient energy in the form of heat to ignite 

the mixture. In Poland Ptasinski and Zeglen [24] investigated methane-air mixtures by multiple 

capacitor discharges. Under continuous flow of the mixture Ignition tests were performed  at 

various compositions. It is consisted of an ignition chamber with stainless steel 19 electrodes of 

10 mm in diameter and a separation between 0-10 mm with resolution to 0.01 mm. 

Lewis and Von Elbe [25] studied mostly on minimum energies for igniting hydrocarbon 

gases with various oxygen-nitrogen atmospheres for short durations. The setup consisted of a 

spark circuit with low capacity high voltage condensers. The charge was transferred from the 

power unit through a resistor to the spark circuit. Gas is introduced and ignited to a test bomb 

where electricity was delivered. It was found that the energies shift toward the rich side as the 

number of carbon atoms is increased.  

Usually ignition systems operate with capacitance and inductance components in its 

electric spark. The spark duration is approximately 0.5 μs. It is operated by changing the values 

of its resistance and capacitance. Kono et al. [26] used a long duration composite spark. In their 

experiment they used composite spark of a capacitance spark circuit with dc or ac discharge. The 

spark electrodes were 0.3 mm diameter tungsten wire with a 30° half angle cone. A 3.0 mm 

diameter steel rod tipped at 45° half angle cone for a high quenching effect.  They experimented 

that the optimum spark duration varies from 50 to 300 μs. The optimum spark duration depended 

on the mixture and quenching of the electrodes. 

Multi point ignition tests were carried out by Morsy and Chung [27]. Experimentation 

was done using a single shot laser with two conical cavities to introduce the methane-air mixture. 
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The combustion chamber was kept at a constant volume. Laser-induced ignition technique is 

used in which the unfocused laser beam irradiated into the conical cavity in the combustor wall. 

Multiple reflections of the laser beam along the surface permits ignition through gaseous 

breakdown.  

Weinrotter et al. [28] carried out experiments engine like conditions under high pressure, 

constant volume chamber (up to 25 MPa) at an initial temperature of 473 K and initial pressures 

up to 3 MPa. Multi-point laser-induced spark ignition of hydrogen-air mixtures and Laser-

induced spark ignition of lean methane-hydrogen-air mixtures were also investigated using Q-

switched Nd:YAG laser at 1064nm with a pulse duration of about 5 ns. The two point ignition 

system reduced the peak pressure almost 50% in comparison to one point ignition. Three point 

ignitions were done with diffractive lens which separated the laser beam into three focal points 

with a mutual distance of about 5mm. 

For the present study, a laser ignition system was not viable since previous experience in 

the laboratory and cost restrictions lead to the implementation of a spark ignition in the current 

combustor.  

2.3  Flame Flashback Studies 

Flashback is a dangerous issue which can lead to serious hardware damage and increased 

the pollutant emissions. One of the major tasks was to design an injector to prevent flame 

flashback from occurring. Laminar flame speed of hydrogen/carbon monoxide fuel mixtures over 

a large range of fuel compositions was analyzed by Dong et al. [29]. Syngas, a combination of 

carbon monoxide and hydrogen, was used a fuel in their experiments at various equivalence 

ratios, from lean to rich conditions. These authors also derived different empirical equations to 
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calculate laminar flame speeds of hydrogen, carbon monoxide, and hydrogen/carbon monoxide 

mixtures from their experimental results. 

Dam et al. [30] investigated the flashback propensity of H2–CO mixtures with the effects 

of N2 dilution on the critical velocity gradient of H2–CO mixtures. Additionally, they also 

analyzed some preliminary flashback propensity data of H2–CO mixtures in a swirl stabilized 

combustor. 

Blesinger et al. [31] studied the turbulent burning along the vortex axis as well as 

combustion induced vortex breakdown. Their main focus was on the effect of geometrical 

scaling of flashback on a cylindrical premixing zone.  They also compared two geometrically 

scaled burners at equal Reynolds number.  

To determine flashback limits and operability issues of a modern gas turbine engine 

Daniele et al. [5] performed experiments at gas turbine like conditions. They also described and 

discussed the dependence on the combustion parameters such as pressure, inlet temperature, and 

inlet velocity on characteristic flame behaviors. 

Eicheler et al. [32] measured the turbulent flashback limits for atmospheric hydrogen-air 

mixtures in an unconfined tube burner and compared with literature results. Additionally, 

flashback limits were measured in a quasi-2D channel flow, which represents the confined 

situation of a flame already burning inside a duct. The tube burner was modified to allow the 

flame to enter the tube prior to flashback, which was comparable to the physical situation inside 

the channel setup. 

Laminar burning velocities of hydrogen-air and hydrogen-methane-air mixtures at 

variable equivalence ratios were studied by Ilbas et al.  [33]. Flame speeds were measured using 
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a high-speed Schlieren photographic technique. Flame propagation was also studied with the 

optical access for filming.  

Fu et al. [34] studied laminar flame speed and flame structure of syngas with different 

compositions of 20% to 80% of hydrogen from equivalence ratios from 0.5 to 1.2  using OH-

PLIF and mass spectrograph. Kinetic simulations were done using CHEMKIN-II. It was 

determined that the laminar flame speed and flame shape were affected by syngas compositions 

and a good correlation was achieved between the experimentally measured laminar flame speeds 

and simulated ones. 

Noble et al. [35] experimented that flashback limits upon syngas fuel composition. 

Syngas fuels are typically composed primarily of H2, CO and N2 and may also contain smaller 

amounts of CH4, O2, CO2 and other higher order hydrocarbons. It was also studied that flame 

speed appears to be the key parameter describing tendencies.  

 2.4  Flame Blowout Studies 

Zhue et al. [36] experimentally investigated the flow field, reaction zone, and the flame 

structure properties for a flame near the lean blowout (LBO) limit. Measurements in the flame 

were made with a 2D-PIV, which is a nonintrusive, laser-based diagnostic technique for velocity 

measurements. For radical imaging, a laser system was used to excite and cause OH* chemi-

luminescence and the information captured using an ICCD camera. This data was then analyzed 

to generate some key mechanistic conclusions about LBO in methane and hydrogen-enriched 

flames. The main goal of their study was to expand the knowledge base concerning the 

fundamental controlling processes associated with LBO in hydrogen-enriched premixed 

combustion. 
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Lean blowout limits were measured for premixed methane/hydrogen/air flames with a 

preheating temperature of 673 K and 773 K and high pressures in a study by Griebel et al. [37]. 

Fuel mixtures of 0–20% hydrogen by volume in methane were tested. Additionally, LBO was 

measured also for some hydrogen piloted cases. This stimulated the experimental investigation 

of lean blowout LBO limits for lean premixed methane/hydrogen/air flames in a generic 

combustor at conditions relevant to modern, low-emission, and stationary gas turbines. The 

results showed that premixing of hydrogen can extend the lean stability limit significantly. This 

extension of the LBO limit is linearly dependent on the hydrogen content of the fuel. Because of 

a higher OH radical concentration, which leads to a higher global reaction rate and a higher 

flame speed, the equivalence ratios where LBO is observed were lower with hydrogen 

enrichment.  

Wang et al. [38] studied the effect of hydrogen addition on early flame growth of lean 

burn natural gas–air mixtures both experimentally and numerically. The authors used a Schlieren 

photographic technique in order to obtain the propagating photos of premixed combustion and 

direct-injection combustion. Different hydrogen fractions (from 0% to 40% in volumetric 

fraction) at overall equivalence ratio of 0.6 and 0.8, respectively were used to get pressure 

derived initial combustion. The results showed that hydrogen enrichment to natural gas, 

enhanced both premixed combustion and direct-injection combustion. Hydrogen addition 

enhanced the initial combustion process significantly for both laminar premixed and direct-

injection turbulent combustion at lean mixture condition. The OH and O mole fraction was 

increased by hydrogen addition and the position of maximum OH and O mole fraction moved 

closer to the unburned mixture side. Spark ignition enhancement of lean natural gas–air mixtures 

with hydrogen addition were attributed to the increase of OH and O mole fraction in the flames. 
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 2.5  Flame Studies Emitted from a Tubular Injector 

Kushari et al. [39] studied the effect of injector's geometry on the performance of an 

internally mixed, air-assisted, liquid injector. In this type of injector a small amount of air was 

injected into a liquid stream within the injector. The interaction of the liquid with the atomizing 

air inside the injector induced atomization. The results showed that the size of the droplets 

produced by the investigated injector decreases with a decrease in the air injection area. This is 

due to the increase in atomizing air injection velocity that accompanied the decrease in the air 

injection area, which improved atomization.  

Dodo et al. [40] applied a “multi-injection burner” as shown in figure 2.6 concept to a 

preliminary burner for hydrogen-rich syngas simulating that from integrated coal gasification 

combined cycle (IGCC) with carbon dioxide capture and storage (CCS). In a preliminary 

experiment, the multi-injection burner worked without any flashback or any blowout under 

atmospheric pressure. A prototype multi-cluster combustor based on the results of that 

preliminary study was made to be a dry low NOx combustor for hydrogen-rich syngas of IGCC 

with CCS.  

 

Figure 2.6: Schematic View of Flat Multi-Cluster Injector 
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Litllejohn et al. [41] conducted experiments   to investigate the fuel effects on the 

turbulent premixed flame produced by a gas turbine low-swirl injector (LSI) (figure 2.7). The 

lean-blow off limits and flame emissions for seven diluted and undiluted hydrocarbon and 

hydrogen fuels show that the LSI is capable of supporting stable flames. Velocity statistics 

shows that the non-reacting and reacting flow fields of the LSI exhibit similarity features. The 

overall effect of the flame is that of an aerodynamic blockage against the flow supplied through 

the LSI obtained from the analyses of the non-reacting and reacting flow-fields. The net result is 

a systematic shift of the divergence flow into the LSI, increases in the divergence rates and 

increases in the mean axial and radial velocities in the swirl annulus region. These effects are 

weaker for the flames with lower heat releases. 

 

Figure 2.7: Schematic and Photograph of the Injector 

York et al. [42] designed a fuel injector as shown in figure 2.8  for low-NOx combustion 

of high-hydrogen fuels like carbon-free syngas. The multi-tube mixer utilized jet-in-cross flow 

mixing of the fuel and air inside of small-diameter tubes at many locations. The multi-tube mixer 

was tested in a small-scale single nozzle rig where realistic gas turbine conditions were used. The 

multi-tube mixer concept was employed in full-can combustion system designed for high-
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hydrogen fuel based on encouraging single nozzle emissions and operability. The scale up to a 

multi-nozzle combustor was successful for 100 hrs of operating experience with more than 90% 

hydrogen in the reactants.  

 

Figure 2.8: Large Scale Multi-tube Mixer with Single Nozzle 

2.6  NOx Pollutant Emission Studies 

Gobbato et al. [43] studied  a CFD steady state analysis on the reverse-low combustor of 

a medium size heavy duty gas turbine (about 10 MW). The combustor features steam injection to 

reduce the pollutant emissions. The model of the combustor was conceived for a thermo         

acoustic analysis requiring unsteady simulations to be performed over an operational period of 

several seconds. Thus a very coarse mesh and low CPU-usage numerical models were employed 

in order to reduce the computational effort. This study predicted the overall emissions of the 

combustor by applying a NOx post-processing approach on the frozen reactive flow field. The 

numerical concentrations were compared with the concentrations measured at the discharge of 

the combustor. The comparison was made against the amount of steam injected when the 

combustor was fed by natural gas or hydrogen. 
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Lyra et al. [44] experimented with a premixed methane air jet flows into a cylindrical 

combustion chamber. The combustion air was preheated. The combustor geometry induced hot 

recirculation of gases which aids the flame stabilization. On the other hand CFD solutions 

obtained using a simple global reaction scheme to capture the pollutant emissions. The 

Equivalent Reactor Network (ERN) approach used gave an accurate reproduction of the flame 

position and concentrations of CO and NOx. 

Ghenai et al. [45] analyzed a three-dimensional CFD model of syngas fuel combustion in 

a gas turbine can combustor. Five syngas fuel mixtures with different fuel compositions were 

tested in this study. The syngas fuels were produced by different gasification processes using 

different feed stocks (coal, biomass, waste). The k-ε model was used for turbulence modeling, 

mixture fractions/PDF model for non-premixed gas combustion, and P-1 for radiation modeling. 

Baseline fuel (methane) combustion: the results of the gas temperature, velocity field, swirling 

strength and CO2 and NOx emissions show that gas turbine can combustor burns the fuel 

efficiently, reduces the emissions, and, lowered the wall temperature. The predicted maximum 

temperature of methane fuel combustion compared well with the theoretical adiabatic flame 

temperature. 

Giles et al. [46] used a counter flow configuration to simulate syngas combustion and 

characterize the effects of diluents on NOx emission in syngas non-premixed flames. Two 

representative syngas mixtures, namely 50%H2/50%CO and 45%H2/45%CO/10%CH4 by 

volume, were selected using data from various syngas power generation facilities around the 

world. Based on the presence of these diluents during the gasification, refinement, and 

combustion of syngas, three diluents, namely N2, H2O, and CO2, were selected. The 

effectiveness of these diluents was characterized in terms of their ability to reduce NOx 
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emissions from syngas flames. Syngas non-premixed flames are characterized by relatively high 

temperatures and high NO concentrations and emission indices. The presence of methane in 

syngas decreases the adiabatic flame temperature and thus the thermal NOx, but increases the 

formation of prompt NOx significantly. 

Fichet et al. [47] studied that the numerical prediction of NOx emissions from gas 

turbines generated from the Computational Fluid Dynamics (CFD), a Reactor Network (RN). 

The NOx emissions predicted are in good agreement with the measured data (at pressure 15 bar). 

At last the RN methodology has proved to be the most efficient method to estimate the NOx 

emissions with a short response time and small CPU requirements. 
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Chapter 3 : Experimental Procedure and Design Methodology 

3.1 Combustion Chamber 

A laboratory scale high-pressure gas turbine combustor (HPTC) was used to study the 

effects of flame stability as well as emissions produced by syngas at high pressures. The 

combustion chamber has four configurable modules: (1) Inlet manifold, (2) Front cap, (3) 

Optically accessible combustion chamber and (4) End cap. 

3.1.1 Inlet Manifold 

The inlet manifold (Figure 3.1) is composed of three modular sections. The first acts as 

the fuel/air inlet and mixture section. The second is a removable static mixture section which is 

composed of honeycomb located inside the chamber that removes irregularities and straightens 

the flow. This section is then attached to the third section (front cap) which connects the inlet 

manifold to the main combustor section. Flanges are used as connections between the inlet 

manifold and three modular sections and the use of 0.635 cm stainless steel bolts connect the 

inlet manifold to the combustor connecting front cap. There is also a pressure blowout valve 

located at the third modular section to provide a level of safety in case of malfunction and an 

increase of pressure. The given dimension of the inlet manifold is 97.79 cm with the three 

modular section composed of  30.48 cm length of the inlet/initial mixture zone, 30.48 cm length 

of the static mixture section, and 30.48 cm length of  the connecting section. The inner diameter 

of the piping is 5.08 cm with a 0.635 cm thickness for all three sections. Since improper mixing 

leads to incomplete combustion causing more CO2 emission, the combustor developed 

incorporates a pre-mixing manifold. The fuel-air mixture passes through the static mixture 

section to eliminate injection induced flow irregularities and insures proper mixing. Also inlet 

manifold is designed such a way so that it can incorporate different configurations of fuel 



27 
 

injectors. After mixing, the fuel and air pass to the combustion chamber which can accommodate 

multiple geometrical configurations including a non-swirl stabilized, swirl flow, and center-body 

stabilized swirl flow flame. 

 

 

 Figure 3.1: Inlet Manifold 

3.1.2 Front Cap of Combustor  

The purpose of the front cap (Fig. 3.2) is to act as a connection between the inlet 

manifold and the main combustion chamber. The front cap also houses the removable swirler 

and an igniter composed of a spark ignition source and a methane tube line that will act as a pilot 

flame. A 0.635 cm inner hole located in the center of the front cap houses the swirler on other 

fuel injection unit. The front cap is connected to the main combustion chamber with the use of 

21.59 cm stainless steel bolts. The inlet manifold is connected to the front cap through the use of  

0.635 cm stainless steel bolts and a half flange configuration in the inlet manifold. The use of an 

inner circular grove on the front cap is implemented with an inner diameter of 12.96 cm and 
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outer diameter 23.11 cm to be used to accommodate the quartz tube in future experiments. Two 

instrumentation ports are also incorporated having a 0.635 cm diameter and will allow the use of 

pressure transducers, thermocouples, or any other configurable instrumentation device needed. 

Modifications had to be made on the front cap in order to accommodate an entrance for the 

ignition system. A 1.91 cm hole was drilled 3.81 cm center to center from the main combustion 

line to allow a threaded entrance for the ignition system. The entrance port was made at a 10 

degree angle in order for the igniter flame to hit the main combustion line.  

 

 

Figure 3.2: Front Cap Outer Side (left) Inner Side (Right) 

3.1.3 Optically Accessible Combustion Chamber 

The main combustion chamber, Fig. 3.3, houses the combustion of the air and fuel 

mixture. As mentioned previously the combustor section dimensions were determined based on 

FEA design calculations. The combustor has an inner diameter of 28.35 cm with an 8.61 cm 

thickness. The total length of the combustor is 64.77 cm, determined by the expected flame 

length for the premixed and non-premixed type flames that would be tested. Three window ports 
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are located on the two sides and top of the combustor evenly spaced by 90 degrees off their 

center. The three windows span nearly the entire length of the chamber and were selected to 

allow optical access to flame behaviors, specifically designed for use with OH-PLIF and PIV 

measurements. This configuration allows for the laser signal to pass through the test section of 

interest and exit through the opposite facing window. The third window was included to capture 

flame images using an externally located camera system. The rectangular window slots have 

dimensions of 31.75 cm by 10.16 cm in length and width with a thickness of 5.08 cm. These 

dimensions again were based on the FEA calculations and optically accessibility. The 

rectangular quartz windows fitted into these slots with a tolerance of 3 mm so that expansion of 

steel and glass did not lead to cracking as temperature increased. Window covers were also 

designed to accommodate high temperatures; these covers have outer dimensions of 16.51 by 

38.1 cm. Three circular ports were also built into the main body of the combustor. These ports 

having a 5.08 cm diameter allow for instrumentation devices or additional windows to be added 

at a future date. 

 

Figure 3.3: Combustion Chamber 
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3.1.4 End Cap 

The end cap shown in Fig. 3.4 was designed into two separate modular sections. These 

two sections include the converging nozzle and outer cap which connects the end cap to the main 

combustion chamber. This end cap connects the combustion chamber to the exhaust system. The 

outer dimensions of the cap system are 45.97 cm and are attached to the main combustor by 

21.59 cm stainless steel bolts similar to the front cap. The end cap also has a 5.08 cm diameter 

port for the converging nozzle exhaust port. The nozzle allows for the control of the pressure 

drop in the combustor. In order to reach a maximum pressure of 1.5 MPa in the combustor, the 

throat area was calculated using Eq. (3) and was found to be 161.29 mm
2
.  
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Figure 3.4: End Cap 
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3.1.5 Swirler 

In this work a center body swirler with 12 vanes is used. Its center body is made from 

stainless steel and the vanes are from anodized aluminum for higher temperature resistance (Fig 

3.5). A swirl number of 0.97 is used. Swirl number is defined as the axial flux of swirl 

momentum divided by the axial flux of axial momentum, times the equivalent nozzle radius 

using the following equation. The swirl number has a direct effect on the flames size, shape, 

stability, and combustion intensity as previous studies have proven. In Figure 3.5 it is shown that 

how the swirler is integrated in the high pressure gas turbine combustor. 
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Where dh and d are the hub diameter and swirler diameter respectively. 

 

 

Figure 3.5: Swirler 
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Figure 3.6: Schematic for the High Pressure Gas Turbine Combustor Integrated with Swirler 

3.1.6 Injector 

Injector consists of three different parts-(1) Injector head. (2) Connecting tube. (3)  Base. 

All the components are made of Stainless Steel 410. Injector head as shown in Fig 3.7 is made 

out of a converging disc. This disc is converged from diameter 0.05 to 0.03 m. 

 

Figure 3.7: Injector Head 
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It consists of 13 holes having diameter of 0.004 m (Fig 3.8) and depth of 0.02 m, closest 

orifices are apart by 0. 01 m, while the distant orifices are apart by 0.007 m. 

Connecting tube is used to connect the injector head with the injector base. Connecting 

tube has diameter of 0.03 m and height of 0.1 m. a grouping was made as shown in Fig 3.9 at the 

bottom side of the injector to wield it with``` the connector.  

 

Figure 3.8:: Bottom Surface of Injector 

Head 

Figure 3.9: Connectiong Tube 
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Figure 3.10: Injector Base 

Figure 3.10 connects the injector to the front cap of the combustor. The base has the 

diameter of 0.02 m. Figure 3.11 illustrates how the injector is integrated inside the high pressure 

combustor. 

 

Figure 3.11: Schematic of the High Pressure Gas Turbine integrated with Injector 
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3.2 Control System 

 

The Control system consists of proportional control valves, solenoid valves, needle 

valves and flow meters (Fig. 3.12).  

 

Figure 3.12: Schematic for the Control System 

This system is operated remotely using Lab View. Proportional flow control valves are 

used to regulate the flow using voltage as input. According to the voltage input the valves are 

opened. Solenoid valves are also known as shut off/on valves. These valves are installed to shut 

off the lines as per need using LabVIEW. Needle valves are installed in order to regulate the 

flow precisely. Flow meters are used for recording the flow. A manual emergency shut off button 

is integrated with the solenoid valves. The emergency button will be used to shut off the solenoid 

valves all together. 
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3.2.1 Proportional Flow Control Valves  

The Proportional Control Valves (PVC) will control the flow of H₂, CO, Air and the 

ignition fuel respectively.  

 

Figure 3.13: KZ Valve EH2 Series 

The EH2 series PVCs from KZ Valve are powered with 12VDC (Fig. 3.13). These valves 

are rated at 6895 kPa (approx. 69 bars) and are capable of being regulated with an output of 0-10 

V. 

3.2.2 Solenoid Valves 

The Solenoid Valves (SV) from Jefferson Valves are actuated with 120 VAC (Fig. 3.14). 

These SVs were selected due to their pressure differential of 1550 kPa (Approx. 15 bars) and a 

1.91cm connection that allows high flow rates. They are made of 316 Stainless Steel and 

normally closed two way valves. 
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Figure 3.14: Jefferson Valves 1314 Series 

 

3.2.3 Flow Meters 

Flow meters are used to measure the gas flow. These flow meters are from Omega and 

FMA 1843-1845. These flow meters are selected based on their flow measurement capacity as 

per required for the experiment. Flow meters are connected to the USB 6008 DAQ 1 and to the 

power supplies. In order to power the flow meters and communicate with the computer, Pins 

number 2-5 were used as shown in Fig. 3.15. They require an excitation voltage of 12 VDC and 

current of 0.2 ampere per flow meter. 
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Figure 3.15: Pin out of the Flow Meter 

Numeric displays as shown in Fig. 3.16  allow the visual observation of the flow rate that 

allows comparing the flow rate with the graphical interface. 

 

Figure 3.16: Flow Meter 
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3.2.4 Pressure Transducer 

Pressure transducers are also installed in the system in order to have the line pressure. 

Omega pressure transducers PX309-300G5V as shown in Fig. 3.17 were integrated into the 

system. This pressure transducer requires an excitation voltage of 9-30 VDC. 

 

Figure 3.17: Pressure Transducer Omega PX309-300G5V 

3.2.5 Needle Valves 

A needle valve (Fig 3.18) is a type of valve having a small port and a threaded, needle-

shaped plunger. It allows precise regulation of flow, although it is generally only capable of 

relatively low flow rates. 

 

Figure 3.18: Needle Valves 
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3.3 Electrical Characteristics of HPC Components 

A detailed analysis is done to define requirement for the control of the flow. The 

requirements for proportional flow control valves, solenoid valves, flow meters and pressure 

transducers are different. The characteristics of each part of the instrumentation are shown in the 

Table 3.1. 

Table 3-1: Electrical Characteristics of the Components 

Purpose Hardware components Number Electrical characteristics 

Control solenoid valves 4 Excitation:120 VAC 

proportional control valves 4 Excitation:12VDC 

Output: 0-10 VDC 

Measurement pressure transducers 3 Excitation: 9-30DC 

Output: 0-5 VDC 

Mass flow meters 4 Excitation: 0-12 VDC 

Output: 0-5 VDC 

 

3.4 Power Supply 

Two power supplies are used to meet up the demand for power of the control system. An 

EXTECH Instrument model number 382270 (Fig. 3.19) is used to deliver power to flow meters 

and pressure transducers.  

 

Figure 3.19: EXTECH Instrument Model Number 382270 
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Extech power supply has four outputs: two 0 to 30 V with a maximum of 5 A, one 3 to 

6.5 V with a maximum of 3 A and one 8-15 V with a maximum of 1A. MASTECH DC power 

supply as shown in Figure 3.20 is used to provide power to proportional flow control valves. 

 

Figure 3.20: MASTECH Instrument 

3.5 Hardware Components for Solenoid Valves 

This PCI (Fig 3.21) card is used to control the solenoid valves with the mechanical relay 

outputs via LabVIEW. The NI PCI-6521 has eight mechanical relay outputs (Fig 3.22) and can 

output 150 Volts AC or DC. The PCI 6521 is solely a relay card which was used to actuate the 

solenoid shut off valves as well as the igniter coil. 

 

Figure 3.21: PCI 6521 Card 
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Figure 3.22: PCI Pin Position for Solenoid Valves 

3.6 Hardware Components for Proportional Flow Control Valves, Flow meters and 

Pressure transducers 

Two USB-6008s are used in order to control proportional valves, flow meters and 

pressure transducers. The USB-6008 (Fig 3.23) has eight ±10 V analog inputs and two 0-5 VDC 

analog outputs.  The USB 6008 has both analog outputs and inputs. First DAQ (Fig 3.24) is used 

for flow meters and two proportional valves and second DAQ (Fig 3.25) is used for pressure 

transducers and two proportional control valves. 
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Figure 3.23: USB DAQ-6008 

 

 

Figure 3.24: USB DAQ-6008 (DAQ-1) 
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Figure 3.25: USB DAQ-6008 (DAQ-2) 

3.7 Ignition System 

Ignition system is used to produce spark inside the high pressure gas turbine combustor. 

This system consists of 12 V battery, ignition coil, signal generator and modified spark plug. The 

ignition system and its components is discussed below: 

3.7.1 Modified Spark Plug 

The spark plug is modified and extended in order to meet a length of 45.72 cm. The 

haynes 230 rod was chosen and it is welded to the spark plug in order to achieve the extension 

needed and the ground electrode insulator was cut as shown in figure 3.26. Haynes 230 was 

selected as the central electrode material due to its low resistivity and high melting point. 
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Figure 3.26: Ignitor Design 

Ceramic thermocouple insulator from Omega was selected to insulate the electrode due to 

its high temperature resistance. It is made of mullite type ceramic which can withstand 

temperatures up to 1650°C. Resbond was also used to attach the insulators to the spark plug. 

Figure 3.27 shows the components of the spark plug and figure 3.28 demonstrates the complete 

assembly of the igniter. 

 

Figure 3.27: Components of the Spark Plug 
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Figure 3.28: Igniter Assembly 

3.7.2 Ignition Coil 

MSD 8285 multi-spark coil (Fig 3.29) is chosen to produce the discharge needed for the 

spark plug. The frequency of 100 Hz and 5V voltage are provided by using a signal generator 

and a 12 V battery respectively. There are four connector pin (Fig 3.30) inside the ignition coil as 

shown in the figure. The connections of the connector pin are described as follows: 

 12 V connector pin point to the 12 V battery positive.  

 Coil input to PCI 6521 card  

 Coil ground to 12 V battery negative 
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F 

Figure 3.29: MSD 8285 Ignition Coil 

 

Figure 3.30: Ignition Coil Connection Pin Out 
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3.7.3 Battery 

A 12 V battery (Fig 3.31) is used to supply current for the spark plug. As it is described 

in the ignition coil section, the positive connection is used as the voltage for the ignition coil. 

The negative connection of the battery is used as ground for the coil as shown in the figure 3.31. 

The negative battery connector was also grounded to the power supplies in order to avoid any 

undesired current. Figure 3.32 demonstrates the battery connector with all its components. The 

two green cables are used as ground and each one connects to one power supply for safety 

purposes.  

 

Figure 3.31: 12 V Battery 

 

 

Figure 3.32: Battery Connectors 
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3.7.4 Signal Generator 

A BK Precision 4012A signal generator, Fig 3.33, is selected to produce 100 Hz 

frequency which is the requirement for the coil. A square signal is sent via a transistor-transistor 

logic (TTL) channel. It is very important to connect only to the TTL channel because the output 

channel gives 14 V which can burn the coil. Another reason, the coil will not turn on unless the 

TTL 5V signal is sent via LabVIEW. The Bayonet Neill-Concelman (BNC) cable was used in 

order to connect the positive and negative wires.  

 

Figure 3.33: Signal Generator 

Figure 3.34 demonstrates the complete assembly of the ignition system with all of its 

components 

 

Figure 3.34: Ignition System 
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3.8 Integration of the Control and Ignition Components 

All the hardware equipment is configured with LabVIEW software. LabVIEW has 

graphical user interface that helps remote operation and controlling. Both USB DAQ and PCI 

card are configured with this software. Figures 3.35 and 3.36 show the configuration of the flow 

meters for CO, H2, CH4, air and proportional control valves for CO and H2 with DAQ 1. Figures 

3.37 and 3.38 demonstrates the configuration of the pressure transducers for CO, H2, air and 

proportional control valves for CH4 and air with DAQ 2. Figure 3.39 shows PCI card 

configuration of the solenoid valves for CO, H2, CH4 and air. 

 

Figure 3.35: USB DAQ 1 Configuration for Flow meters 
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Figure 3.36: USB DAQ 1 Configuration for Proportional Control Valves 

 

Figure 3.37: USB DAQ 2 Configuration for Pressure Transducers 
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Figure 3.38: USB DAQ 2 Configuration for Proportional Control Valves 

 

 

Figure 3.39: PCI Card Configuration 
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3.8.1 Logic for Solenoid Valves 

The relay card diagnostics is programmed after the array as an indicator to visually 

inspect the channel that is being used. Figure 3.40 demonstrates the logic for the solenoid valve 

control that the four solenoid valves are getting signals from the relay card. 

 

Figure 3.40: Logic for Solenoid Valve Control 

3.8.2 Logic for Proportional Valves 

A numeric controller controls the proportional valves and then it is converted into 

dynamic data. Figure 3.41 illustrates the logic for proportional control valves. 

 

Figure 3.41: Logic for Proportional Valves 
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3.8.3 Data Acquisition and Recording 

In Lab View using the “Write to Measurement File” tool data is recorded and saved in a 

series of files indicating the date and time of testing which allows further investigation of data. 

Data is acquired using DAQ 1 for flow meters and DAQ 2 for pressure transducers. The signals 

come in as voltage for the flow meters and pressure transducers and it is converted to L/min and 

bar respectively. Figure 3.42 illustrates respectively data acquisition and recording of flow 

meters and pressure transducers. 

 

Figure 3.42: Data Acquisition and Recording Logic 
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3.8.4 Graphical User Interface Configuration 

All proportional controls valves, solenoid valves and ignition system are controlled with 

the GUI window. With the help of this window the data are recorded for flow meters and 

pressure transducers. By changing the voltage from 0-5 volts, expected flow control can be 

maintained by proportional control valves. Solenoid valves can be actuated using the control 

panel. When the valves are open a green light will be tuned on. Under the HPC Flow Diagnostics 

section all the readings for flow meters and pressure transducers can be seen. Coil power button 

is used to turn on the spark in the beginning. Figure 3.43 demonstrates the graphic interface 

panel for the control and ignition system. 

 

Figure 3.43: Graphic User Interface for LabView 

3.8.5 Integration of PCI, USB DAQ and Power Supplies  

Figure 3.44 represents the integration of PCI 6521 and two USB 6008 DAQ to the control 

system, ignition system and also the power supplies. Red cables deliver the 120 V to the positive 

lines, and black cables deliver the 120 V to the negative lines. Starting from the left, first 16 
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terminal blocks are used for flow meters, next 16 terminal blocks are used for proportional 

control valves and last 12 terminal blocks are used for pressure transducer. A movable cart (Fig 

3.45) is used to accommodate solenoid valves, proportional control valves, flow meters and 

needle valves.  

 

Figure 3.44: PCI, DAQ and Power Supplies 

 

 

Figure 3.45: Valves in cart 
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3.9 Description of Gas Analyzers 

3.9.1 Principle Operation for NOx Analyzer 

In this experiment to measure NOx pollutant emission the Model 42i High Level 

Chemiluminescence NO-NO2-NOx Analyzer (Fig. 3.46) is used. This instrument combines 

proven detection technology, easy to use menu-driven software, and advanced diagnostics to 

offer unsurpassed flexibility and reliability.[48] 

 

Figure 3.46: Model 42i High Level NO-NO2-NOx Gas Analyzer 

The gas analyzer Model 42i High Level operates on the principle that nitric oxide (NO) 

and ozone (O3) react to produce a characteristic luminescence with intensity linearly proportional 

to the NO concentration. Infrared light emission results when electronically excited NO2 

molecules decay to lower energy states. Specifically, Nitrogen dioxide (NO2) must first be 

transformed into NO before it can be measured using the chemiluminescent reaction. NO2 is 

converted to NO by a stainless steel NO2-to-NO converter heated to about 625 °C (the optional 

molybdenum converter is heated to 325 °C). 

The sample flows through a capillary, and then to the mode solenoid valve. The solenoid 

valve routes the sample either straight to the reaction chamber (NO mode) or through the NO2-
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to-NO converter and then to the reaction chamber (NOx mode). A flow sensor prior to the 

reaction chamber measures the sample flow. Dry air enters the Model 42i High Level through the 

dry air bulkhead, passes through a flow switch, and then through a silent discharge ozonator. The 

ozonator generates the ozone needed for the chemiluminescent reaction. At the reaction chamber, 

the ozone reacts with the NO in the sample to produce excited NO2 molecules.  

A photomultiplier tube (PMT) housed in a thermoelectric cooler detects the luminescence 

generated during this reaction. From the reaction chamber, the exhaust travels through the ozone 

(O3) converter to the pump, and is released through the vent. 

The NO and NOx concentrations calculated in the NO and NOx models are stored in 

memory. The difference between the concentrations is used to calculate the NO2 concentration. 

The Model 42i High Level outputs NO, NO2, and NOx concentrations to the front panel display, 

the analog outputs, and also makes the data available over the serial or Ethernet connection. 

3.9.2 Calibration for NOx Analyzer  

Before starting the calibration it is necessary to verify the following parameters: 

1. Bench Pressure = 220 – 250 mmHg (HL=35-40mmHg) 

2. Sample Flow = 0.7 LPM; 0.35 w/lag volume option 

3. Internal Temp~ 30 
o
C 

4. Chamber Temp = 50 
o
C 

5. PMT Voltage = >-1050 V 

After verifying the above parameters the calibration is started. The calibration procedure has six 

steps mentioned as following: 
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1. Calibrate Input Board – 3 KHz to 6 KHz 

 Zero air is flown to the instrument. As there is a filter inside the instrument so 

no need to filter the air, ambient air can be used as zero air. A pipe is 

connected with the sample port and it is kept in the ambient air. 

 Turn on >Instrument as well as the Pump 

 In the Main Menu Instrument Controls is chosen 

 Instrument Controls > Ozonator > turn off ozonator 

 Instrument Controls > PMT Supply > turn off PMT 

 In the Main Menu, choose Instrument Controls > Service Mode > Turn on 

Service  

 Main Menu > Service  > Input Board Calibration > Automatic Input Cal  

 Press RUN PB, NO & NOx should read zero 

2. PMT Test 

 Main Menu > Instrument Controls > PMT Supply >turn PMT back on 

 Any increase in readings is the dark current ( noise ) 

 Increase should not exceed 15 ppm in the single or LO range or 1ppm in the 

HI range 

 If readings are good the PMT is good. Usually the dark current is very high 

when the PMT fails. In this case the variation is very little so the readings are 

good to consider. 

3. Contamination test – for instrument or zero gas 

 Main Menu > Instrument Controls > Ozonator > turn ozonator back on. If the 

reading goes low, the zero air is contaminated. If the readings stay high, the 
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reaction chamber is contaminated and needs to be cleaned. Also, replace Perm 

Dryer and tubing on the input side of the Reaction Chamber.  

 The reading from the instruments stays same. So there is no need to change 

anything in the instruments.  

4. Adjust PMT Voltage 

 Calibration Factors > NO & NOx BKG > Set NO & NOx Backgrounds to 0.00   

 Calibration Factors > NO, NO2, NOx Coefficient > Set NO, NO2, NOx 

Coefficients to 1.000. 

 Calibration Factors > Reset User Cal Defaults 

 Check that PMT supply and Ozonator is ON 

 To flow the sample gas inside the analyzer an experimental setup (fig. 3.47) is 

required. 

 

Figure 3.47: Schematic Diagram for the Calibration of the NOx Analyzer 

In this setup there are three shut-off valves, one needle valve, two T-connectors and a 

flow meter. The shut-off valves are used to turn on or turn off the flow. The needle valve is used 

to control the flow rate and the flow meter is for recording the flow. From the schematic it can be 
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also observed that there is a suction line to vent off the excess gas after running the calibration. 

After setting up the valves the sample gas is flown from the cylinder to the exhaust. 

 Full scales NO gas of 70%-90% is flown to the SAMPLE port. Later the 

instrument needs to stabilize  

 PMT Voltage (if DUAL MODE, use HI range) is adjusted until display reads 

NO concentration +/- 2ppm. 

 Service > PMT Voltage Adjustment 

 PMT voltage should be  >-1050 volts 

5.  Calibrate NO & NOx Background 

  Zero gas is flown to the SAMPLE port 

 Instrument is stabilized at the background value 

 BKG value is less than 12.5ppm, if higher: noise problem in PMT or Input 

Board 

 Calibration Menu > NO BKG > Set BKG to 0 

 NOx BKG > Set BKG to 0 

6. Calibrate NO & NOx Coefficients 

Span Concentration can be calculated  

Range > Read NO > Reading *(80-90)%= Span concentration 

Range > Read NOx > Reading * (80-90)%= Span concentration 

 NO gas is connected to the SAMPLE port 

 The instrument needs to stabilize for NO reading 

 From the cylinder of the sample gas is entered inside the analyzer 

 ENTER button is pressed to save 
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3.9.3 Principle Operation for CO2 Analyzer 

The Model 410i (figure 3.48) operates on the principle that carbon dioxide (CO2) absorbs 

infrared radiation at a wavelength of 4.6 μm. The sample is drawn into the Model 410i through 

the sample bulkhead, as shown in. The sample flows through the optical bench. Radiation from 

an infrared source is chopped and then passed through a rotating optical wheel alternating 

between sample and reference filters. The radiation then enters the optical bench where 

absorption by the sample gas occurs. The infrared radiation then exits the optical bench and falls 

on an infrared detector. The chopped detector signal is modulated by the alternation between the 

filters with amplitude related to the concentration of CO2 in the sample cell. Because infrared 

absorption is a non-linear measurement, it is necessary to transform the basic analyzer signal into 

a linear output. The Model 410i uses an internally stored calibration curve to accurately linearize 

the instrument output over any range up to a concentration of either 10000 ppm (Standard) or 

25% (High Level). The Model 410i outputs the CO2 concentration to the front panel display, the 

analog outputs, and also makes the data available over the serial or Ethernet connection. 

 

Figure 3.48: Model 410i CO2 Gas Analyzer 
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3.9.4 Experimental Setup for Multipoint Calibration Test 

In this setup figure 3.49 there are three shut-off valves, two needle valves, two flow 

meters, three T-connectors, sample gas cylinder CO2 and Nitrogen N2 gas cylinder for dilution 

purposes. The shut-off valves are used to turn on or turn off the flow. The needle valve is used to 

control the flow and flow meters to measure the flow. From the schematic it can be also observed 

that there is a suction line to vent off the excess gas after running the calibration. After setting up 

the valves the sample gas is flown from the cylinder to the exhaust. 

 

 

Figure 3.49: Schematic Diagram for Multipoint Calibration of the CO2 Analyzer 

3.9.5 Calibration for CO2 Analyzer:  

Before starting the calibration it is necessary to verify the following parameters: 

1. Bench Pressure = 740 mmHg 

2. Sample flow = 0.85 – 1.20 LPM 

3. Internal Temp = 30° C 
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4. Bench Temp = 47° C – 49° C 

 

1. Instrument Set-Up 

 Zero air is flown to the Sample port ( Zero port on Z/S option ) 

 Range = 2000 ppm (410i-D) or 20% (410i-E) pg. 3-14 

 Averaging time = 30 seconds 

 BKG to 0.000 & COEF to 1.000 

 Main Menu > Calibration  Factors > Reset User Cal Defaults 

 Pressure Compensation “ON” 

 Main Menu > Instrument Controls 

 Temperature Compensation “ON” 

 Main Menu > Instrument Controls 

 

2. Set the Detector/Pre-amp Board Gain 

   To Set the Raw Intensity: 

 Service Mode is put inside the Main Menu 

Main Menu > Instrument Controls > Service Mode 

 The Pre-amp Board Cal screen is accessed 

Main Menu > Service > Preamp Board Cal 

 Up/Down PB is pressed to increase or decrease S/R frequencies 

The two numbers should be an average of 150,000Hz – 165,000Hz 

To View the AGC frequency: 

 Main Menu > Diagnostics > AGC Intensity 
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 It should be read 195,000Hz to 205,000Hz. In this case the reading is 

196000 Hz. 

3. Save the Initial S/R value 

 Zero air is flown to sample port for 10 to 15 minutes 

 CURRENTLY value to the MEASURED value 

 Main Menu > Service Menu > Initial S/R ratio 

 Initial S/R value should be 0.800 – 1.2 

 

4. Reset Multipoint Cal Coefficients 

 Main Menu > Service Menu > Multipoint Cal > Default Coeff 

 Enter PB is pressed to reset the default values 

 

5. Multi-Point Cal/Linearity Test – requires gases of 80%, 50%, 20% F/S 

 Full scale 80% gas is flown to the sample port.  

                               Main Menu > Service Menu > Calibrate Point 1 > Set Cal Gas Pt  

       Calibration gas is sent to the analyzer (calculates cal factor 1) 

                       ENTER is pressed 

 Again the process is repeated for 50% and 20% gas to calculate cal 

factor 2 and 3. 

6. Calibrate CO2 background 

 Zero air is flown to the Sample port ( Zero on Z/S option ) 

Main Menu > Calibration > Cal Background 

If > 2.0 ppm, re-run Initial S/R setting. 
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7. Calibrate CO2 ( Span ) 

 70%-90% F/S gas is entered. 

 Main Menu > Calibration > Cal Coef 

 Cal Gas 1 concentration on cylinder and Enter PB is pressed to store. 

 Cal Factor should be 0.90 – 1.10. Cal Factor for present experiments 

was 0.95. 

3.9.6 Principle Operation for CO Analyzer 

 

The Model 48i High Level operates on the principle that carbon monoxide (CO) absorbs 

infrared radiation at a wavelength of 4.6 μm. Because infrared absorption is a non-linear 

measurement technique, it is necessary to transform the basic analyzer signal into a linear output. 

The Model 48i High Level uses an internally stored calibration curve to accurately linearize the 

instrument output over any range up to a concentration of 20,000 ppm. The sample is drawn into 

the Model 48i High Level through the sample bulkhead, as shown in figure 3.50.  

 

Figure 3.50: Model 48i-HL CO Analyzer High Level 
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The sample flows through the optical bench. Radiation from an infrared source is 

chopped and then passed through a gas filter alternating between CO and N2. The radiation then 

passes through a narrow bandpass interference filter and enters the optical bench where 

absorption by the sample gas occurs. The infrared radiation then exits the optical bench and falls 

on an infrared detector. The CO gas filter acts to produce a reference beam, which cannot be 

further attenuated by CO in the sample cell. The N2 side of the filter wheel is transparent to the 

infrared radiation and therefore produces a measurement beam, which can be absorbed by CO in 

the cell. The chopped detector signal is modulated by the alternation between the two gas filters 

with an amplitude related to the concentration of CO in the sample cell. Other gases do not cause 

modulation of the detector signal since they absorb the reference and measure beams equally. 

Thus, the GFC system responds specifically to CO. The Model 48i High Level outputs the CO 

concentration to the front panel display, the analog outputs, and also makes the data available 

over the serial or Ethernet connection. Experimental setup for multipoint calibration test for CO 

Analyzer is same as the CO2 analyzer. Only difference is the sample gas will be CO2 instead of 

CO gas. 

3.9.7 Calibration for CO Analyzer 

Before starting the calibration it is necessary to verify the following parameters: 

Chapter 4 Bench Pressure = 740 mmHg 

Chapter 4 Sample flow = 0.85 – 1.20 LPM 

Chapter 4 Internal Temp = 30° C 

Chapter 4 Bench Temp = 46° C – 50° C 

Instrument Set-Up 

 Zero air is flown to the Sample port ( Zero port on Z/S option ) 
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 Range = 30 ppm  

 Averaging time = 30 seconds 

 BKG to 0.000 & COEF to 1.000 

 Main Menu > Calibration  Factors > Reset User Cal Defaults 

 Pressure Compensation “ON” 

 Main Menu > Instrument Controls 

 Temperature Compensation “ON” 

 Main Menu > Instrument Controls 

 

Set the Detector/Pre-amp Board Gain 

      To Set the Raw Intensity: 

 Service Mode is put inside the Main Menu 

Main Menu > Instrument Controls > Service Mode 

 The Pre-amp Board Cal screen is accessed 

Main Menu > Service > Preamp Board Cal 

 Up/Down PB is pressed to increase or decrease S/R frequencies 

The two numbers should be an average of 150,000Hz – 160,000Hz 

  To View the AGC frequency: 

 Main Menu > Diagnostics > AGC Intensity 

 It should be read 195,000Hz to 205,000Hz. In this case the reading is 

197,780 Hz. 

 

Save the Initial S/R value 

 Zero air is flown to sample port  
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 CURRENTLY value to the MEASURED value 

 Main Menu > Service Menu > Initial S/R ratio 

 Initial S/R value should be 1.13 – 1.18 

 

Reset Multipoint Cal Coefficients 

 Main Menu > Service Menu > Multipoint Cal > Default Coeff 

 Enter PB is pressed to reset the default values 

 

Chapter 4 Multi-Point Cal/Linearity Test – requires gases of 80%, 50%, 20% F/S 

 Full scale 80% gas is flown to the sample port.  

                               Main Menu > Service Menu > Calibrate Point 1 > Set Cal Gas Pt  

       Calibration gas is sent to the analyzer (calculates cal factor 1) 

                       ENTER is pressed 

 Again the process is repeated for 50% and 20% gas to calculate cal 

factor 2 and 3. 

Chapter 4 Calibrate CO background 

 Zero air is flown to the Sample port ( Zero on Z/S option ) 

Main Menu > Calibration > Cal Background 

If > 2.0 ppm, re-run Initial S/R setting. 

Chapter 4 Calibrate CO ( Span ) 

 70%-90% F/S gas is entered.  

 Main Menu > Calibration > Cal Coef.  

 Cal Gas 1 concentration on cylinder and PB is pressed to store.  

 Cal Factor should be 0.90 – 1.10. Cal Factor was 0.97. 
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3.10 Emission Measurements 

The combustion of syngas produces gaseous pollutants such as nitrogen oxides (NOX), 

carbon dioxide (CO2), carbon monoxide (CO), volatile organic compounds (VOCs), particulate 

matter, and trace species such as mercury and other metals. The laboratory syngas used in the 

present experiments is composed of CO and H2 results in production of primarily CO, CO2, and 

NOx. Additionally, other unburned hydrocarbons that may be produced in larger quantities for 

rich combustion are only in trace amounts since lean combustion was considered for all test 

conditions. In this work emissions are measured by collecting gas sample from the exhaust of the 

combustor using 0.00635 m diameter tube at the top of the condenser (figure 3.51). Inside the 

condenser the sample gas is condensed with water and is collected inside the gas collector flask. 

Three gas analyzers are used to measure the emissions for NOx, CO2 and CO.  A 42i High level 

analyzer for NOx, a 410i analyzer for CO2 and 48i analyzer for CO are used to measure the 

emission. The emission measurement principle and calibration process for the analyzers are 

described in the previous sections. 

 

Figure 3.51: Complete Experimental Setup for Emission Measurements  



71 
 

Chapter 4 : Results and Discussions 

4.1  Visual Observation of the Flame 

Experiments are conducted to visualize the flame at flashback and blowout conditions for 

20%, 30%, and 40% H2 in the syngas mixture. Some flashback images are presented in Fig 4.1. 

From the images it can be seen that the flame is first attached to the injector face. The flame on 

the injector tube heats the tube wall and increases the temperature of the upstream fuel-air 

mixture. The flame then rapidly moves inside the injector to cause a flashback. From the below 

figure it is visible that the outer flame is not anchored and the inner flame surrounding the inner 

port is attached to the faceplate. This is because of the boundary layer effect the inner injection 

ports getting more flow than the outer orifice. As the flow rate is very low, the outer portion does 

not have a high velocity. The inner flames hold the flame of the produced on the outer section. 

This process ultimately leads to flame flashback along the inner portion of the injector.  

 

 

Figure 4.1: Flashback from inner holes of the Injector 
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Experiments are also conducted to visualize the flame images at a blowout conditions for 

20%, 30% and 40% H2 in the syngas mixture are presented in Fig 4.2. From the images it can be 

seen that the flame is first attached to the injector face. Heat is then transferred to the injector 

face causing the flame to quench, ultimately resulting in blowout. 

 

 

Figure 4.2: Blowout Condition for almost all holes 

 

4.2  Stability Map 

Flashback and blowout both are unstable conditions in combustion. Flashback and 

blowout will lead to more pollutant emissions and possibly cause a catastrophic failure of the 

system. To mitigate the flashback and blowout condition it is required to obtain stable flames 

Fig. 4.3.  
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Figure 4.3: Stable Flame 

Several experiments are performed in order to obtain the flame stability region. The 

experimental conditions are changed by changing the flow rates which is dependent on bulk 

velocity. The stability region of the composition of 20% H2 and 80% CO for synthesis gas is 

discussed.  

As the combustion chamber can accommodate a wide range of fuel variety, and for the 

present experiments fuel percentage (% F) varied from 13.3 to 23. To determine the stability map 

the experiments are conducted at different flow rates shown in Table 4-1. In the Table 4-2 the 

mass flow rate is increased to change the flow rates. The bulk velocity in this work is calculated 

based on the flame speed of the outer holes. When the mass flow rate is increased to 0.2 g/s  the 

flame is observed to flashback and when increased to 0.27 g/s this total flow rate causes a 

blowout condition. This same procedure is followed to determine the stability region for different 

fuel percentage.  
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Table 4-1: Test Results for 20% H2 & 80% CO (Φ=0.6) 

 Φ=0.6 

 

 

 

 

 

 

 

20% H2 - 

80% CO 

Bulk 

Velocity  

(m/s) 

H2 

Flow(L/min) 

CO flow 

(L/min) 

Air Flow 

(L/min) 

Total Mass 

Flow 

(g/s) Test Result 

0.856 0.33 1.34 6.53 0.16 

Lifted unstable 

flame 

1.07 0.42 1.68 8.17 0.20 

Stable about 

flashback 

1.284 0.50 2.01 9.80 0.24 
Stable liftoff 

1.498 0.58 2.35 11.43 0.27 

Stable about to 

blowout 

1.925 0.75 3.02 14.70 0.35 Blowout 

2.353 0.92 3.69 17.97 0.43 Blowout 

2.781 1.09 4.36 21.23 0.51 
Blowout 

 

Table 4-2: Test Results for 20% H2 & 80% CO (Φ=0.7) 

 Φ=0.7 

 

 

 

 

20% H2 - 

80% CO 

Bulk 

Velocity 

(m/s) 

H2 Flow 

(L/min)  

CO 

flow 

(L/min) 

Air 

Flow 

(L/min) 

Total Mass 

Flow 

(g/s) Test Result 

1.165 0.52 2.07 8.66 
0.24 Near flashback 

1.332 0.59 2.37 9.89 
0.30 Unstable 

1.665 0.74 2.96 12.37 
0.37 Stable 

1.998 0.89 3.55 14.84 
0.43 Stable 

2.331 1.03 4.14 17.31 
0.55 Stable 

2.997 1.33 5.33 22.26 
0.67 

Stable Almost 

blowout 

3.663 1.62 6.51 27.21 
0.79 Almost Blowout 

4.328 1.92 7.70 32.15 
0.91 Blowout 

 



75 
 

For these experiments at different fuel percentage the flashback and blowout points were 

detected visually. This stability map developed based on these observations will help to avoid the 

flashback and blowout condition for the multi-tube injector. From Fig. 4.4 it is visible that 

stability increases with fuel percentage. It is because as the equivalence ratio increases the bulk 

velocity which broadens the stability region for the lean combustion. 

 

Figure 4.4:  Mass Flow Rate vs % F (20% H2 & 80% CO) 

 Similarly the stability region for 30% and 40% H2 is determined and shown in Fig. 4.5 

and 4.6.  Hydrogen has a higher flame speed thus as hydrogen concentration is increased it is 

required to increase the velocity to stabilize the flame. That is why the stability range increases 

with higher hydrogen concentration. 
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Figure 4.5: Mass Flow Rate vs % F (30% H
2
 & 70% CO) 

 

 

Figure 4.6: Mass Flow Rate vs % F (40% H2 & 60% CO) 

 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

12 14 16 18 20 22 24

M
as

s 
F

lo
w

 R
at

e 
(g

/s
) 

% F 

30%H2 & 70% CO 

Blowout 

Stablity Field 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

12 14 16 18 20 22 24

M
a
ss

 F
lo

w
 R

a
te

 (
g
/s

) 

% F 

40% H2 & 60% CO 

Blowout 



77 
 

4.3  NOx Emission Measurements 

The primary pollutants that are associated with premixed combustion are the oxides of 

nitrogen, carbon monoxide, unburned and partially burned hydrocarbons and soot. Sulfur oxides 

are emitted based on the concentration of sulfur contents in the fuel. As syngas contains very 

small amounts sulfur it is anticipated that there will be no SOx emissions. This work is only 

focused on premixed lean combustion. In lean combustion there will be excess in air. Therefore, 

it is considered that all carbon monoxide is transferred to CO2 for the following calculations.  

4.3.1 NOx Formation Mechanism: 

The expression NOx represents all the oxides of nitrogen. The most important pollutants 

are the nitrogen dioxide (NO2) and nitrogen monoxide (NO). Four types of mechanisms are 

found to contribute to the formation of nitrogen oxides. (i) thermal NO (ii) prompt NO (iii) fuel 

NO, and (iv) nitrous oxides N2O. Nitrous oxide (N2O) is generally a minor constituent of NOX 

except in certain combustion devices that operate at lower temperatures, such as fluidized bed 

combustors. For this study it is assumed that Nitric oxide (NO) is generally the most commonly 

emitted NOX species from combustion process 

Thermal NO forms because of the oxidation of molecular nitrogen (N2) in the combustion 

air at high temperature. The fundamental steps which are involved in the formation of thermal 

NO are given by the extended Zeldovich mechanism. 
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Extended Zeldovich mechanism reactions involve different radical species (O, N, H, 

OH). These radical species initially formed through decomposition or abstraction reactions. Due 

to the inherent stability of the N2 molecule, considerable energy is required to oxidize N2, and 

thus thermal NO is only formed in appreciable quantities at elevated combustion temperatures 

(>1370°C,2500°F). Thermal NOx is primarily produced in the flame region that has both high 

temperature and high concentrations oxygen and OH radical. The temperature distribution in this 

region is determined by the chemical kinetics and fluid mechanics. When the O and H species 

are at equilibrium levels, the extended Zeldovich mechanism is also known as the thermal 

mechanism. Below the temperature of 1800°C the thermal reactions are relatively slow. To 

reduce the thermal NOx emission most common approach is to reduce the combustion 

temperature in combustion process. 

Prompt NO forms very quickly in the flame the mechanism is followed by a sequence of 

reactions converting HCN to NO. NO emission will be dominated by formation through HCN 

route due to high hydrogen concentrations and absence of hydrocarbon content. In modern gas 

turbine systems in which syngas are used are now commonly regulated with very low NOx 

levels. So it very important to take accounts the prompt mechanism. The prompt mechanism 

sometimes is known as ‘Fenimore-prompt’ or only ‘Fenimore’. 
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Fuel NO is produced from the oxidation of nitrogen bearing species. These species are 

basically HCN and NH3. These species (HCN, NH3 etc.) are converted to NO in the presence of 

oxygen at combustion tempertures. 

               

             

Nitrogen dioxide (NO2) emissions are more serious health and environmental risk than 

NO. NO2 generally produced from the oxidation of NO. It is a secondary oxidation reaction after 

the primary oxidation reaction of nitrogen. NO2 emission is risky because it can produce ozone 

after further chain reactions. 

A 42i NO-NO2-NOx analyzer is used measure the NOx emission in the experiments for 

stable flame conditions. 20%, 30% and 40% H2 composition for different % F in lean condition 

are used to measure the emissions. All the experiments are executed from % F 15.2 to 23 for the 

stability map. The stability region is very narrow when the percentage of fuel is low. Figures 4.7, 

4.8 and 4.9 show NOx concentrations for 20%, 30% and 40% H2. It was observed that NOx 

emission increases as % F increased. This is due to a high flame temperature, which can be 

estimated based on the adiabatic flame temperature, and excess oxygen is available for formation 

of nitrogen with oxygen. 
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Figure 4.7: NOx emission for 20% H2 & 80% CO 

 

 

Figure 4.8: NOx Emission for 30% H2 & 70% CO 
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Figure 4.9: NOx Emission for 40% H2 & 60% CO 
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Chapter 5 : Summary and Conclusion 

This present work can be summarized by the following points:  

(1) The development of the control system to flow the fuel syngas, pilot fuel methane and air 

for the existing high pressure combustor was developed 

(2) The project presented an effective ignition system to initiate spark and pilot flame 

(3) The project demonstrated the control and ignition system with combustor 

(4) A LabVIEW program was implemented with control and ignition system to perform the 

experiments remotely 

(5) A multi-tube injector was designed and tested, tests included measurements of flame 

stability of different synthetic gas mixtures at different equivalence ratios 

(6) The pollutant emissions were evaluated for flames from the novel multi-tube fuel injector 

Overall, flashback and blowout characteristics of syngas mixtures emitted from a novel 

multi-tube injector have been studied for syngas from 20% to 40% hydrogen concentrations in 

carbon monoxide (CO).  

Three different conditions were tested for these compositions:  

 Equivalence ratio changed from 0.6 to 0.9 in terms of percentage change 

in fuel 

 Bulk velocity was varied according to the flame speed 

Measured parameters for these experiments: 

 Stability map was plotted to show the flashback, blowout and stability 

field of the synthetic gas fuel 

 NOx emission was measured to determine the pollutant emissions out of 

this multi-tube injector. 
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Results were presented included: 

 The flashback tendency of the flames dependent on the flame speed of the 

hydrogen. Because of the boundary layer effect the central holes of the 

injector received the maximum flow rates. The bulk velocity is calculated 

based on the outer holes. The bulk velocity through the outer holes is kept 

equal to the flame speed so that it could sustain the flame 

 The degree of blowout tendencies decreased with increasing hydrogen 

concentration for this multi-tube injector for all three conditions.  

 NOx emission increases with the increase of equivalence ratio for all three 

condition of hydrogen concentration. 

In future work different hydrogen composition of syngas can be tested in order to characterize 

the flame stability. Also CO emissions can be determined with the help of CO analyzer. As the 

NOx emission depends on the flame stability so that a new injector can also be designed based on 

the data from this present multi-tube injector. 
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Glossary 

  = Throat Area m
2
 

 ̇   Mass Flow Rate kg/s 

  = Radius of the tube m 

    Temperature at throat k 

  = Specific heat ratio - 

    Pressure at throat MPa 

    Mach Number - 

  = Equivalence ratio - 

    Bulk Velocity m/s 
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Appendix A 

Experimental Procedure 

Hardware & Software Requirements 

Ensure that the system meets the following criteria: 

1. Computer set-up:          

 

 

 

 

 

 

 

 

 

 

 

2. Lab View Software- Installed In PC       

 

 
 

 

Windows   

  Run-Time Engine 

Processor Pentium III/Celeron 866 MHz or equivalent 

RAM 256 MB 

Screen Resolution 1024 x 768 pixels 

Operating System Windows 8/7/Vista (32-bit and 64-bit) 

Windows XP SP3 (32-bit) 

Windows Server 2003 R2 (32-bit) 

Windows Server 2008 R2 (64-bit) 

Disk Space 382 MB 
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Equipment Requirements 

Ensure that the following equipment is installed in the system. Refer to the equipment manual.   

Equipment/Instruments Quantity X 

Power supply- EXTECH Instruments 382270 1  

Power Supply- 1  

USB Ni-6008 Dev3 1  

USB Ni-6008 Dev6 1  

PCI 6521 Relay Card 1  

Ignition Coil- MSD 8287 PN 121-8287 ( or equivalent) 1  

12 V Battery / 11 amp 1  

BK Precision 4012A Signal Generator (or equivalent) 1  

KZ Valve EH2 Series (“P”) 4  

Jefferson Valve 1314 Series (“S”) 4  

Omega FMA Series 1700/1800 Flow meters (“FM”) 0-5      lpm 1  

Omega FMA Series 1700/1800 Flow meters (“FM”) 0-30    lpm 1  

Omega FMA Series 1700/1800 Flow meters (“FM”)0-500   lpm 1  

Omega FMA Series 1700/1800 Flow meters (“FM”)0-1000 lpm 1  

Video Camera (with TV connection) 1  
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Television (with Video Camera Connection) 1  

120V wall connection    

 

Nomenclature 

Instrument/equipment is identified with the following nomenclature: 

 

 

 

 

 

 

Assign a testing gas/fuel to a corresponding number. Refer to Set-up Diagram in page 3. 

 

 

 

 

Equipment/Instrument Nomenclature 

Proportional Control Valve P 

Solenoid Valve S 

Flow Meters F 

Needle Valve N 

High Pressure Combustor HPC 

Pressure transducer PT 

Gas  Number 

Code 

Methane-CH₄ 1 

Nitrogen- N₂ 2 

Air 3 

Ignition, Methane CH₄ 4 
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  System set-up Diagram 

 

Testing Requirements 

Ensure that the following is available before testing. The amount of material/gas depends in the 

testing needs.  

 

 

 

 

 

 

 

 

 

Gas  Quantity X 

Methane-CH₄   

Nitrogen- N₂   

Air Wall  

Ignition, Methane CH₄   
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Set-up Procedure 

Follow these tasks in order to set-up the HPC system for testing. 

# TASK RESULT IF ADVERSE 

RESULT 

X 

or 

N/

A 

COMPUTER SET-UP 

1 Turn ON Computer Verity computer is ON N/A  

2 Open “New_HPC” Lab View 

File 

Lab view program appears 

in the computer desktop 

screen 

 Verify lab view 

is installed 

 Verify lab view 

is running 

 

EQUIPMENT SET-UP 

1 Connect the following equipment 

to 120V wall outlet: 

 Power Supplies 

 Signal Generator 

N/A N/A  

2 Turn ON Power Supplies Verify numbers appear in 

screen 

Check Electricity 

Connection 

 

3 Verify FM are turned ON Check for numbers in the 

display screen 

Refer to FM 

troubleshooting 

document. 

 

4 Allow FM to warm-up 10-15 

min 

Numbers in display screen 

approximate 0.0 +/- 5% of 

total volume flow rate of 

FM  after warm-up 

Refer to FM 

troubleshooting 

document. 

 

Locate MSD ignition coil 

5 Connect MSD ignition coil to the 

spark plug located at the HPC 

front cap if not connected. 

N/A N/A  

6 Connect cables to MSD ignition 

Coil if not connected.  

(Refer to Electrical diagram for 

MSD ignition coil) 

N/A N/A  

Locate 12V battery, Green and Red Alligator Clamps and Signal Generator 

7 Connect Green clamp to the (-) 

terminal of the 12V battery 

N/A N/A  

8 Connect Red clamp to the (+) 

terminal of the 12V battery 

N/A N/A  

9 Turn ON the Signal Generator Check for Number in the 

screen display 

Verify the signal 

generator is 

connected to the 

120V outlet 

 

1 Set-up 100HZ frequency in the “100” should be displayed Adjust as necessary  
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0 signal generator using the knobs 

under the screen 

in the screen 

# TASK RESULT IF ADVERSE 

RESULT 

X 

or 

N/

A 

1

1 

Push the “Step Function” button N/A N/A  

EQUIPMENT TEST 

1

2 

Run Lab View Program 

“New_HPC” 

N/A N/A  

The following tasks will be executed using Lab View  

1

3 

Activate S1 Must hear “Click” sound 

and current should be 

supplied to the solenoid 

Refer to the 

troubleshoot guide 

 

1

4 

Deactivate S1 Solenoid will close and 

current is no being 

supplied 

Refer to the 

troubleshoot guide 

 

1

5 

Activate S2 Must hear “Click” sound 

and current should be 

supplied to the solenoid 

Refer to the 

troubleshoot guide 

 

1

6 

Deactivate S2 Solenoid will close and 

current is no being 

supplied 

Refer to the 

troubleshoot guide 

 

1

7 

Activate S3 Must hear “Click” sound 

and current should be 

supplied to the solenoid 

Refer to the 

troubleshoot guide 

 

1

8 

Deactivate S3 Solenoid will close and 

current is no being 

supplied 

Refer to the 

troubleshoot guide 

 

1

9 

Activate S4 Must hear “Click” sound 

and current should be 

supplied to the solenoid 

Refer to the 

troubleshoot guide 

 

2

0 

Deactivate S4 Solenoid will close and 

current is no being 

supplied 

Refer to the 

troubleshoot guide 

 

2

1 

Supply 5V to P1 (enter value in 

Lab View) 

 Must hear opening 

sound for P. 

 Verify the Red arrow 

on top of the P is not 

perpendicular to the 

line. 

Refer to the 

troubleshoot guide 

 

2

2 

Enter value 0 volts for P1 in Lab 

View 

 Must hear closing 

sound for P. 

 Verify the Red arrow 

on top of the P is 

Refer to the 

troubleshoot guide 
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perpendicular to the 

line. 

2

3 

Supply 5V to P2 (enter value in 

Lab View) 

 Must hear opening 

sound for P. 

 Verify the Red arrow 

on top of the P is not 

perpendicular to the 

line. 

Refer to the 

troubleshoot guide 

 

2

4 

Enter value 0 volts for P2 in Lab 

View 

 Must hear closing 

sound for P. 

 Verify the Red arrow 

on top of the P is 

perpendicular to the 

line. 

 

Refer to the 

troubleshoot guide 

 

# TASK RESULT IF ADVERSE 

RESULT 

X 

or 

N/

A 

2

5 

Supply 5V to P3 (enter value in 

Lab View) 

 Must hear opening 

sound for P. 

 Verify the Red arrow 

on top of the P is not 

perpendicular to the 

line. 

Refer to the 

troubleshoot guide 

 

2

6 

Enter value 0 volts for P3 in Lab 

View 

 Must hear closing 

sound for P. 

 Verify the Red arrow 

on top of the P is 

perpendicular to the 

line. 

Refer to the 

troubleshoot guide 

 

2

6 

Supply 5V to P4 (enter value in 

Lab View) 

 Must hear opening 

sounds for P. 

 Verify the Red arrow 

on top of the P is not 

perpendicular to the 

line. 

Refer to the 

troubleshoot guide 

 

2

7 

Enter value 0 volts for P4 in Lab 

View 

 Must hear closing 

sound for P. 

 Verify the Red arrow 

on top of the P is 

perpendicular to the 

line. 

Refer to the 

troubleshoot guide 

 

Once this tasks have been completed, proceed to “Leak Test” 
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HPC Leak Test Procedure  

Note: The valve names are defined in the LabVIEW program generated by the HPC team. As of 

10/24/2013 the file name is “New_HPC”. The file can be found in the cSETR lab computer 

designated to this experimental setup. For additional information refer to the LabVIEW block 

diagram.   

1. Open the exhaust damper and ensure the exhaust system is running 

2. Connect the shop airline hose to the main airline regulator (Refer to the plumbing diagram. 

The air supply should be connected to the line that has the P3, N3, S3 and F3 installed. Set 

the regulator pressure to 40 psig). 

I. Open P3 

o Apply snoop leak detection solution to all line joints between the airline hose 

connection and N3.  

o Tighten necessary joints or apply Teflon accordingly until leak has sopped. 

II. Open N3 

o Apply snoop leak detection solution to all line joints between N3 and S3. 

o Tighten necessary joints or apply Teflon accordingly until leak has sopped. 

III. Open S3 

o Plug the HPC exhaust hole in order to ensure a pressure buildup across the line 

and combustor 

o Apply snoop leak detection solution to all line joints between S3 and inlet 

manifold. 
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A through leak test of the combustor can be performed now by applying the leak detection 

solution to all the combustor joints and window panels. This step is recommended before initial 

experimentation and is thereafter left to the discretion of the user. 

3. Repeat step 2 for all the remaining lines that will be utilized during experimentation 

 

Setting Desired Flow Rates (10/24/2013) 

Note: The following procedure should be deemed relevant or not based on the required flow 

rates needed for experimentation. It is up to the user to determine whether it is necessary or not 

to control the flow rates using the N3, N4 and N1 valves. The flow should not exceed ±10% of 

the maximum flow the meter can measure. 

1. Connect the shop airline hose to the main airline regulator (Refer to the plumbing diagram. 

The air supply should be connected to the line that has the P3, N3, S3 and F3 installed. Set 

the regulator to the desired pressure). 

I. Turn on and allow the flow meters to stabilize.  

o Turn on both power supplies (one for flow meters and another for valves) 

o The flow meters will initially read a value near their maximum. No flow 

should be allowed to pass through until they have stabilized at a value of 0 

L/min. 

II.  Open P3 and S3 

o Set N3 so that F3 reads the value dictated by the test matrix 

2. Repeat step 1 for all the lines with needle valves installed in them 
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Test Procedure 

Note: The leak test procedure and the flows must be set based off the experimental test matrix 

before performing the experimental procedure. Two separate methane cylinders are used in the 

setup, one for the main fuel line and another for the pilot flame. This test procedure is meant for 

a maximum flow rate of air of 50 L/min and a maximum CH4 flow rate of 10 L/min at an 

equivalence ratio of .9. 

1. Connect the shop airline hose to the main airline regulator (Refer to the plumbing diagram. 

The air supply should be connected to the line that has the P3, N3, S3 and F3 installed. Set 

the regulator to 40 psig). 

2. Connect the main CH4 cylinder tank to the main fuel line  

I. As of 10/24/2013 the main fuel line is the one with P1, N1, S1 and F1 installed (Refer 

to plumbing diagram) 

3. Connect the CH4 tank to the pilot flame line 

I. As of 10/24/2013 the pilot fuel line is the one with P4, N4, S4 and F4 installed (refer 

to plumbing diagram)  

II. The flow meter for the pilot flame line should not exceed 5.5 L/min or be less than .5 

L/min 

4. Connect the N2 tank to the emergency purging line 

I. As of 10/24/2013 the N2 purging line is the one with P2, PT, S2 and F2 installed 

(refer to plumbing diagram) 

II. The N2 tank could be replaced by standard shop air and it is left up to the user 

discretion. 
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5. Ensure the HPC exhaust damper is open and the exhaust system is running and functioning 

properly 

I. The HPC exhaust damper should be the only one open at the time of experimentation. 

All other dampers should be closed with the consent of the other students working in 

the lab 

II. No other experiment should be using the exhaust while HPC experimentations are 

taking place. 

6. Set the camera and ensure a clear image in the remote monitor is visible. The injector face 

and pilot flame port should be clearly visible 

I. Camera should always be set to recording to keep it from switching to sleep mode 

7. Place Kevlar walls around the set up 

I. A total of 4 Kevlar walls should be placed around the HPC 

8. Open the CH4 tanks and N2 tank and set line pressure to 40 psig 

9. Activate the ignition coil 

I. A spark should be heard and seen through the remote monitor 

10. Open S4 and P4 (Pilot line) 

I. A diffusion flame should be visible and anchored to the pilot flame port after 3 

seconds of opening P4 

11. Open S3, then open P3  

12. Open S1, then open P1 

I. A flame should be generated at the injector face for evaluation after 5 seconds of 

opening P1     
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Appendix B 

Statistical Analysis of Experimental Data  

For experimental results it is required to identify the specifications for measuring systems. 

While taking measurement it is observed some randomness into measured data even if the same 

measurement has taken repeatedly. This randomness mainly caused by uncontrolled variables, less 

precision of measuring instrument. This randomness can make an effect on drawing a conclusion 

from measured data table.  Thus, before using experimental data it is obvious to make a statistical 

analysis of those. Table below shows 31 data set of NOx emission (unit=ppm) for 20% H2 & 80% CO 

at 23% fuel condition. 

Experimental Data Set of 20% H
2 

& 80% CO for 23 % fuel  

22.5 25.7 27.6 28.9 29.3 

29.8 29.7 33.1 33.1 33 

29.4 29.1 28.8 28.8 29 

25 23.6 24.5 25.9 27.7 

28.4 29.1 28 26 28.9 

28.9 28.8 30 23 28.3 

28.3         

 

Thirty second interval were taken before taking each data. Basic statistics of measured 

data has shown in the following table. 

Statistical Description of measured data 

Number of Measured 

Data 

Minimum 

Value 

Maximum 

Value Mean Value Median 

Standard 

Deviation 

31 22.5 33.1 28.14 28.8 2.63 
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From statistical analysis it is found that standard deviation is 9.4 Pa. Standard deviations are 

considered as statistically significant normal random error.  

Error Analysis 

Mean, ppm Random Error 

28.14 2.63 

Errors in % 9.34 

 

On the other hand following figure shows a statistical histogram of NOx emission with 

bin width range 3 ppm 

 

Histogram for NOx Emission 
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An error was also calculated for measurements using a 95 % Confidence interval by using t-

distribution table. Our measured data have 30 degrees of freedom. For a 95% confidence interval and 

for degree of freedom 30 our required value from t-distribution table is 2.042. Finally, from standard 

procedure our lower and upper ranges were found. The ranges are 27.17 to 29.1 ppm.  

t-distribustion table 
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