
UC Irvine
UC Irvine Electronic Theses and Dissertations

Title
The Effect of Centerline Enrichment for Flexible Low Swirl Burner Flame Stabilization

Permalink
https://escholarship.org/uc/item/4gm3v77w

Author
Leong, Katie Alyson

Publication Date
2017
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/4gm3v77w
https://escholarship.org
http://www.cdlib.org/


 

 

   UNIVERSITY OF CALIFORNIA,  

IRVINE 
 

The Effect of Centerline Enrichment for Flexible Low Swirl Burner Flame Stabilization 

 

THESIS 

Submitted in partial satisfaction of the requirements for the degree of  

 

MASTER OF SCIENCE 

 

In Mechanical and Aerospace Engineering 

 

by 

 

Katie Alyson Leong 

 

 

 

 

 

 

 

Thesis Committee: 

Professor Scott Samuelsen, Chair 

Professor Vince McDonell  

Professor Jaeho Lee 

 

 

2017 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2017 Katie Alyson Leong



 

ii 
 

DEDICATION 

 

This thesis is written in dedication first and foremost to my family that have given 

incredible love and support through my college career. I have worked hard to come this far and 

could not have done so without them, building me up to the person I am today. I wish that my 

grandma and grandpa were able to see this accomplishment too, but I know that they would be 

proud. 

I also want to thank my advisors Professor Samuelsen and Professor McDonell for their 

wisdom and knowledge that has helped me grow to be a great engineer. I also would like to 

express gratitude to Rich Hack for his help in all experimental endeavors, troubleshooting, and 

always for a great laugh and his sense of humor. His love for his work helped motivate me to do 

better.  

I would also like to thank all of my close friends for being there as my support foundation 

and being patient with me during this journey. Not everyone chooses this school or career path 

and I appreciate the understanding of the time commitment it requires.  

Last but not least, I give my thanks to Kevin for being by my side and supporting me all 

the way. Even through conflict I have grown a lot as a person and don’t think I would have 

gained the mental fortitude to keep pressing forward so strongly without those experiences. 

 

 

 



 

iii 
 

Table of Contents 
List of Figures .............................................................................................................................................. v 

List of Tables ............................................................................................................................................ viii 

List of Symbols and Acronyms ................................................................................................................. ix 

Abstract of the Thesis ................................................................................................................................. x 

Chapter 1: Introduction ............................................................................................................................. 1 

1.1 Overview ................................................................................................................................................ 1 

1.2 Goal and Objectives .............................................................................................................................. 3 

Chapter 2: Background .............................................................................................................................. 5 

2.1 Swirl Burner Introduction ................................................................................................................ 5 

2.1.1 High Swirl Burner ............................................................................................................................ 5 

2.1.2 Low Swirl Burner ............................................................................................................................ 6 

2.1.3 Swirl Burner Comparison and Operation ......................................................................................... 7 

2.2 NOx Emissions ................................................................................................................................... 10 

2.2.1 Types of NOx ................................................................................................................................. 11 

2.2.2 Prompt NOx ............................................................................................................................... 11 

2.2.3 Thermal NOx ............................................................................................................................. 12 

2.3 Combustion Applications and Emission Considerations .......................................................... 13 

2.3.1 Emission Mitigation Strategies .................................................................................................. 14 

2.3.2 Lean Premixed Combustion Emission Considerations .............................................................. 17 

2.4 Low Swirl Burner Quarl ................................................................................................................... 18 

2.5 Fuel Enrichment and Piloting Strategies ..................................................................................... 19 

2.6 Rationale for Piloting Strategy in LSB .......................................................................................... 21 

Chapter 3: Approach ................................................................................................................................ 24 

3.1 Task 1:  Characterize LSB ................................................................................................................. 24 

3.2 Task 2:  Experimental Design ............................................................................................................ 24 

3.3 Task 3:  Assemble Test Stand ............................................................................................................ 25 

3.4 Task 4:  Quantitative and Qualitative Analysis ............................................................................... 25 

Chapter 4: Experiment ............................................................................................................................. 27 

4.1 Boiler Rig and Ancillary Equipment ................................................................................................. 27 

4.1.1 Simulated Boiler Rig Combustion Chamber: Upper Section ..................................................... 27 

4.1.2 Simulated Boiler Rig Combustion Chamber: Lower Section .................................................... 29 

4.1.3 Ancillary Equipment .................................................................................................................. 30 



 

iv 
 

4.2 Control Panel ....................................................................................................................................... 31 

4.3 Burner and Quarl ............................................................................................................................... 32 

4.4 Pilot Design .......................................................................................................................................... 33 

4.5 Diagnostics ........................................................................................................................................... 35 

4.5.1 Emissions ................................................................................................................................... 35 

4.5.2 Mixing Measurements................................................................................................................ 36 

Chapter 5: Results and Discussion .......................................................................................................... 39 

5.1 Operation Photos ................................................................................................................................ 39 

5.2 Emissions Results ................................................................................................................................ 45 

5.2.1 Base Case and Quarl Case Emissions ............................................................................................ 46 

5.2.2 Pilot Emissions Results .................................................................................................................. 48 

5.3 Fuel Concentration Profiles Measurements ..................................................................................... 52 

5.3.1 Pilot Mixing Results ..................................................................................................................... 54 

Ch.6 Summary and Conclusions ............................................................................................................. 62 

6.1 Summary .............................................................................................................................................. 62 

6.2 Conclusions .......................................................................................................................................... 63 

6.3 Future Work ........................................................................................................................................ 63 

References .................................................................................................................................................. 65 

Appendix .................................................................................................................................................. A-1 

A. Full Emissions Results ....................................................................................................................... A-1 

B. Additional FID Profiles ....................................................................................................................... B-1 

 

  



 

v 
 

List of Figures 

Figure 1:         Experimental Results for Relating Turbulent Flame Speed to Turbulence Intensity  

                         for Hydrocarbons [13]............................................................................................ 7 

Figure 2:         Velocity Flow Profile of LSB (left) and HSB (right)  [15] ..................................... 9 

Figure 3:         Schematic of Characteristic HSB and LSB Flowfields [16] ................................. 10 

Figure 4:         Effects of ER and Residence Time on NOx [23] .................................................. 12 

Figure 5:         NO formation rate vs. AFT [20] ............................................................................ 13 

Figure 6:         EPA NOx technologies used for dry bottom wall-fired, front-fired or 

                         opposed-fired boilers [25] .................................................................................... 16 

Figure 7:         NOx and CO emissions with ER and temperature [26] ........................................ 18 

Figure 8:         Pilot stabilized lean premixed combustion schematic [39] ................................... 21 

Figure 9:         CAD Model of Simulated Boiler Rig .................................................................... 28 

Figure 10:       Sudden Expansion Plate (left) and Quarl (right) ................................................... 29 

Figure 11:       LSB Housing and Pilot Set-up .............................................................................. 30 

Figure 12:       Fuel Control Panel ................................................................................................. 32 

Figure 13:       17kW Aluminum LSB........................................................................................... 33 

Figure 14:       Mounted Quarl in Combustion Chamber .............................................................. 33 

Figure 15:       Pilot Inserts 1, 5, 7, and 9% ................................................................................... 34 

Figure 16:       FID Probe Mount................................................................................................... 37 

Figure 17:       Aluminum Center Finder....................................................................................... 38 

Figure 18:       Base Case ER Set Point Operating Images  .......................................................... 39 

Figure 19:       1% Pilot ER Set Point Operating Images .............................................................. 40 

Figure 20:       3% Pilot ER Set Point Operating Images .............................................................. 41 



 

vi 
 

Figure 21:       5% Pilot ER Set Point Operating Images .............................................................. 42 

Figure 22:       7% Pilot ER Set Point Operating Images .............................................................. 43 

Figure 23:       9% Pilot ER Set Point Operating Images .............................................................. 45 

Figure 24:       Raw Base Case NOx Data (left) CO data (right) .................................................. 46 

Figure 25:       Raw Quarl Case NOx Data (left) CO data (right) ................................................. 46 

Figure 26:       Base and Quarl Case NOx vs. ER ......................................................................... 47 

Figure 27:       1% Pilot Raw NOx Data (left) CO Data (right) .................................................... 48 

Figure 28:       3% Pilot Raw NOx Data (left) CO Data (right) .................................................... 48 

Figure 29:       5% Pilot Raw NOx Data (left) CO Data (right) .................................................... 49 

Figure 30:       7% Pilot Raw NOx Data (left) CO Data (right) .................................................... 49 

Figure 31:       9% Pilot Raw NOx Data (left) CO Data (right) .................................................... 50 

Figure 32:       NOx Emissions of All Cases ................................................................................. 51 

Figure 33:       Example FID Measurement Relative to Flame ..................................................... 53 

Figure 34:       Low Swirl Combustion Velocity Profile with Flame Brush ................................. 54 

Figure 35:       1, 3, 5, and 7% Pilot LSB Orientation (left) and 9% Pilot LSB Orientation (right)

....................................................................................................................................................... 55 

Figure 36:       FID Measuring Schematic and Mounted LSB ...................................................... 55 

Figure 37:       1% Pilot Axial Profile ........................................................................................... 56 

Figure 38:       1% Pilot Flame Front Profile................................................................................. 56 

Figure 39:       3% Pilot Axial Profile ........................................................................................... 57 

Figure 40:       3% Pilot Flame Front Profile................................................................................. 57 

Figure 41:       5% Pilot Axial Profile ........................................................................................... 58 

Figure 42:       5% Pilot Flame Front Profile................................................................................. 58 



 

vii 
 

Figure 43:       7% Pilot Axial Profile ........................................................................................... 59 

Figure 44:       7% Pilot Flame Front Profile................................................................................. 59 

Figure 45:       9% Pilot Axial Profile ........................................................................................... 60 

Figure 46:       9% Pilot Flame Front Profile................................................................................. 60 

  

  



 

viii 
 

List of Tables 

Table 1:      O'keefe Sonic Orifices [44] ....................................................................................... 31 

Table 2:      Pilot Orifices .............................................................................................................. 34 

Table 3:      Chemkin Equilibrium Set Points ............................................................................... 35 

Table 4:      Horiba PG 350 Emissions Ranges ............................................................................. 36 

Table 5:      PG 350 Calibration .................................................................................................... 36 

Table 6:      FID Estimates ............................................................................................................ 38 

Table 7:      Summarized Emissions Results ................................................................................. 50 

Table 8:      Flame Front Height Estimates ................................................................................... 53 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

ix 
 

List of Symbols and Acronyms 
ϕ Equivalence Ratio 

LSB Low Swirl Burner 

ADG Anaerobic Digester Gas 

NOx Nitrogen Oxides 

NO Nitric Oxide 

NO2 Nitrogen Dioxide 

N2O Nitrous Oxide 

CO Carbon Monoxide 

LBNL Lawrence Berkeley National Laboratory 

HSB High Swirl Burner 

DLN Dry-low NOx  

PM Particulate Matter 

RQL Rich-burn, Quick-mix, Lean-burn 

LNB Low-NOx Burners 

OFA Over-fire Air 

FGR Flue Gas Recirculation 

SCR Selective Catalytic Reduction 

SNCR Selective Non-Catalytic Reduction 

LBO Lean Blow-off  

CRZ Central Recirculation Zone 

CDZ Central Divergence Zone 

ORZ Outer Recirculation Zone 

ISL Inner Shear Layer 

OSL Outer Shear Layer 

HC  Hydrocarbon 

 

 

 



 

x 
 

Abstract of the Thesis 
 

The Effect of Centerline Enrichment for Flexible Low Swirl Burner Flame Stabilization 

by 

Katie Alyson Leong 

Master of Science in Mechanical and Aerospace Engineering 

University of California, Irvine, 2017 

Professor Scott Samuelsen, Chair 

 

This study examines the potential for developing a geometrically flexible low swirl 

burner (LSB) flame stabilization system. Until now, the use of a quarl has been the accepted 

form of flame stabilization and emissions reduction for the low swirl burner. However, this 

method is limited by the fixed geometry of the quarl and is relying on the effectiveness at all load 

conditions. The proposed stabilization method is use of a centerline pilot to induce local fuel 

enrichment from a small percentage of the load to improve performance. The pilot is expected to 

help stabilize the flame by ensuring the presence of a locally rich zone to maintain a flame even 

in leaner conditions without interrupting the central divergent zone. The goal is to have a 

sufficient fuel enrichment to sustain the stability without generating locally high levels of CO or 

NOx emissions. The performance was assessed by a direct comparison of the enrichment strategy 

applied to the sudden expansion case with the quarl at the same overall load conditions. The 

piloted cases showed evidence of lean blow off limit extension with increase in pilot flow rate. 

NOx emissions achieved at the leanest points were as low as 3 ppm with the pilot though CO 

spikes up to 7000 ppm are also observed due to incomplete combustion. Quarl emissions results 

show a minimum NOx emissions value of 14 ppm while still maintaining low CO emissions. The 



 

xi 
 

pilot performance was comparable to the quarl results and proves to be an effective alternative 

for flame stabilization.
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Chapter 1: Introduction 
 

1.1 Overview 

 
Combustion applications occur in a range of sectors, from residential and industry to 

transportation and power generation. These applications all share one primary challenge: 

reducing emissions without compromising efficiency and performance. Typically, this 

balance is obtained through careful control of fuel concentration and air flow. With emissions 

standards growing increasingly stringent and the rapidly depleting fossil fuel sources, the 

need for more efficient and sustainable options becomes crucial.  

Prior to the existence of emissions regulation standards, non-premixed stoichiometric 

combustion was regarded as the norm across all combustion applications. This was largely 

due to the fact that stoichiometric conditions allowed for stable flames and maximum power 

output [1]. Lean combustion refers to combustion conditions where the equivalence ratio, ϕ, 

is less than 1. In this case, the air to fuel ratio in the reaction is higher than necessary to 

achieve complete combustion.  Operating lean was first considered for the purpose of 

reducing CO and HC emissions. Following the 1970 Clean Air Act Amendments, NOx 

regulations were introduced and lean combustion gained prevalence as a reliable technology 

for its ability to eliminate soot, lower reaction temperatures and subsequently decrease NOx 

[2].  

Lean combustion can be accomplished in a number of ways – staging, varied diluents, 

etc. However, boilers and furnaces most commonly employ swirl burners for stabilization. 

Burners that impart swirl can shorten the flame length and increase combustion intensity. 

One ultra-low emission control strategy is to utilize lean premixed combustion with a low 
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swirl burner (LSB). Premixed combustion has drawbacks with regard to safety, but the 

homogeneity of the mixture allows for more control of the adiabatic flame temperature and 

equivalence ratio to better predict and control resulting emissions. The LSB’s operating 

concept is dictated by a divergent propagating flame that settles at the point where the local 

flow velocity matches the turbulent flame speed [3]. Since this flame speed is fuel dependent, 

the versatile nature of the LSB makes it a promising candidate for use with a variety of fuels. 

Its ability to operate under lean conditions with carbon-neutral fuels such as anaerobic 

digester gas (ADG), allows for emissions like nitrogen oxides (NOx) to reach single digit 

values while also keeping carbon monoxide (CO) emissions low.  

Some sudden expansion cases performed in the UCI Combustion Lab have displayed the 

LSB’s operating range to be relatively small (LBO ~ ϕ = 0.78) [4]. Though the LSB does not 

rely on recirculation, recirculation still occurs in the outer corners beneath the lifted flame. 

This recirculation paired with acoustic and thermal oscillations causes flame instabilities. The 

more widely accepted method of LSB flame stabilization comes from the use of a quarl to 

eliminate the small pockets of recirculation and help to mitigate oscillations. In normal 

operating conditions for a given fuel, the quarl provides sufficient stabilizing effects. 

However, a quarl is of fixed geometry and may not be optimal for various types of fuel in a 

fuel flexible system.  Thus, an alternative method for improving performance of this 

particular type of system may be necessary. Trials of increasing pilot concentrations to 

invoke slightly more rich fuel zones in the flame will be investigated. For the purposes of this 

thesis, a low swirl burner provided by LBNL will be used in testing and analysis of an LSB 

operating on natural gas for a proof-of-concept experiment.  
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1.2 Goal and Objectives 

The goal of this research is to develop and demonstrate a fuel injection strategy in a low-

swirl burner that induces fuel rich zones to improve the overall stability and emissions of the 

reaction. The LSB will be tested in a 400K Btu/hr (117 kW) boiler environment using pilots 

based on percent of main bulk load (1, 3, 5, 7, and 9%). The point of enrichment is approx. 0.25” 

from the central channel perforated plate. A base case of pure natural gas will be used to evaluate 

the feasibility of this stabilization method. Cases for sudden expansion and quarl without a 

centerline pilot will be compared to each with a pilot. Proof of performance and future 

optimization of this piloting strategy will thereby give an adaptable stabilization method less 

limited by geometry that still achieves low NOx emissions.  

Necessary tasks to meet the goals:  

1. CHARACTERIZE LSB 

 Conduct preliminary emissions and stability tests via base cases with and 

without quarl (no fuel split)  

2. EXPERIMENTAL DESIGN 

 define variables, test matrix, and methodology 

3. ASSEMBLE TEST STAND 

 Assemble test stand for easy installation and interchangeability with quarl 

set-up 

4. QUANTITATIVE AND QUALITATIVE ANALYSIS 
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 Test different types of fuel injection (i.e. orifice size and fuel split %s) 

 Analyze results using various quantitative and qualitative measurements 

for mixedness, flow profile, and emissions.  

 Compare to current performance with and without use of a quarl. Draw 

conclusions on feasibility of piloting strategy 

 

 

 

 

 

 

 



 

5 
 

 Chapter 2: Background 

2.1 Swirl Burner Introduction 

2.1.1 High Swirl Burner 

 

 Combustion injector designs have gone through a long history of variations for increasing 

performance and emissions. Flame stabilization can be done in numerous ways, but for the 

purposes of this paper, stabilization via swirl will be the primary topic of discussion. For 

decades, combustion has heavily relied on turbulence for central recirculation zones that have 

been regarded as crucial for flame stabilization. The high swirl burner (HSB) is a characteristic 

technology that capitalizes on this method for stabilization. The HSB is defined by the intense 

swirl that is induced through tangential jets or swirl vanes. The swirl number is a dimensionless 

number used to describe the ratio of axial flux between angular momentum and axial 

momentum. Generally speaking, a swirl number, S > 0.5 [5] or 0.6 is indicative of a highly 

swirling flow that allows for vortex breakdown when Reynold’s numbers are sufficiently high 

[6]. To ensure sufficient turbulence to induce a strong central recirculation zone, the HSB 

typically utilizes a swirl number ~ 1 [7]. High swirl intensity has greater prevalence over the 

non-swirling counterpart due to its ability to reliably stabilize the flame and operate with both 

non-premixed and premixed fuel. In the non-premixed situation, this recirculation zone is the 

primary mechanism for enhancing the mixing of the fuel and air for more complete combustion 

[8]. Non-premixed flames tend to rely more on the fuel concentration gradient for stability but 

the consequence is often in the form of higher emissions. For the premixed case, the recirculation 

zone entrains the incomplete combustion radicals and maintains the flame by supplying fresh 

reactants in the absence of a concentration gradient.  
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Historically, HSB have been designed only for a single fuel for operation due to current 

market demand [9]. With increasingly stringent emissions regulations, high swirl burners are 

moving towards leaner operation and the ability to utilize different fuels. However, the HSB’s 

reliance on a recirculation zone for stability poses a challenge when trying to modify the design 

for fuel flexibility. The strength and size of a recirculation zone is directly correlated to the 

heating value of a fuel, making it sensitive to fuel changes especially in lean operation. Thus far, 

most applications for varying fuel in HSBs require adjustments to the premixing, fuel handling, 

and injection aspects of the system [9]. 

2.1.2 Low Swirl Burner 

 

An alternative option for premixed flame stabilization is the low swirl burner (LSB).  

Contrary to the operating concept of the high swirl burner, the LSB does not rely on a 

recirculation zone for flame stabilization. Instead, the LSB utilizes the propagating wave 

characteristic of premixed flames and a unique divergent flow. By operating under the vortex 

breakdown threshold, the LSB’s flame is allowed to stabilize at a point above the injector where 

the local bulk velocity matches the turbulent flame speed in a phenomena known as flame liftoff 

[10]. Normally, conventional combustion insinuates that liftoff is a form of instability that is a 

precursor to blow-off [11] but is actually the foundation for the LSB’s robust operation. 

Concerning safety, the lifted flame helps to mitigate the chance of flashback by having an ample 

overall flow velocity at the exit greater than the flame propagation speed. Changes in flow 

velocity with load fluctuations don’t change the divergent flow and the position of the flame 

adjusts itself due to matched adjustments of turbulent flame speed to the flow velocity. This 

unique flame is what gives the LSB its most attractive quality – the potential for fuel flexibility 

with little system modification in lean conditions. The LSB can accommodate different fuels 
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with similar flame speeds (methane and heavier hydrocarbons have consistent turbulent flame 

speeds) by adjusting the height of the flame from the exit of the injector. For instance, the LSB 

has been proven to be fuel flexible among hydrocarbons because of their similar heat release 

rates and laminar flame speeds to natural gas. The figure below depicts the LBNL test results 

showing that the turbulent flame speed, ST increases linearly with turbulence intensity, u’ [12]. 

This trend was consistent among various fuel compositions with a wide range of bulk flow 

velocities. In Figure 1, the LSI and LSB labels are used interchangeably and the Jet LSB 

describes an LSB that utilized air jets. The overall graph shows that results from several different 

studies have the same correlation.  

  

Figure 1 Experimental Results for Relating Turbulent Flame Speed to Turbulence Intensity for Hydrocarbons [13] 

2.1.3 Swirl Burner Comparison and Operation 
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The fundamental difference between the HSB and the LSB as described in the previous 

section is the reliance on a central recirculation zone vs. usage of a divergent flow field. 

Structurally, a common dry-low NOx (DLN) gas turbine HSB iteration has a solid centerbody 

with one main flow passage that allows for recirculation and vortex breakdown and a series of 

swirler vanes [14]. In the LSB, the solid centerbody is removed and is replaced instead by a 

perforated non-swirling center that creates the divergent flow field and prevents the central 

recirculation zone from forming. This divergent flow field has a linearly decaying velocity 

profile as the fuel mixture moves further from the exit. In the figure below, the velocity profile, 

injector geometry and flames are compared:  
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Figure 2 Velocity Flow Profile of LSB (left) and HSB (right) [15] 

Figure 2 shows that the injector in the low swirl case is placed lower in its mount to allow for 

better flow field development prior to the exit. In the HSB case, the injector is flush with the exit 

and the flame is attached.  
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Figure 3 Schematic of Characteristic HSB and LSB Flowfields [16] 

Figure 3 shows the general flow profile of an HSB compared to an LSB. As mentioned 

before, the HSB is reliant on the central recirculation zone (CRZ) while the LSB has a central 

divergent zone (CDZ). In order for the LSB to operate in low swirl before the vortex breakdown, 

swirl numbers greater than 0.4 but less than 0.55 are used [15]. Operating at low swirl numbers 

effectively increases the width of the jet flow. As swirl is increased further (0.4 < S < 0.6), jet 

growth, entrainment, and decay all increase [17]. Both burners exhibit inner (ISL) and outer 

shear layers (OSL) as well as outer recirculation zones (ORZ). The outer recirculation zone can 

sometimes cause stability issues in the sudden expansion cases for the LSB which will be 

elaborated further in a later section. 

2.2 NOx Emissions  

 NOx emissions are a primary consideration when developing and implementing 

combustion technology. NOx is the combined term used to describe the oxides of nitrogen: nitric 

oxide (NO) and nitrogen dioxide (NO2) that act as indirect greenhouse gases. Though the term is 

comprised of both gases, NOx is typically a majority NO through various combustion processes 
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discussed in later sections. NO2 is primarily formed from NO in either the low temperature 

mixing regions of non-premixed systems [18] or in ambient air conditions post-emissions [19]. 

Both chemicals are toxic and highly reactive. They contribute to smog, particulate matter (PM) 

formation, stratospheric ozone depletion, tropospheric ozone formation, acid rain, and respiratory 

diseases. The easiest way to control NOx is to mitigate the creation at the source since many 

complex mechanisms result in the adverse effects following its release into the atmosphere. 

2.2.1 Types of NOx 

 There are four major types of NOx – fuel NOx, prompt NOx, nitrous oxide (N2O) route 

and thermal NOx. These categories are reasonably defined and act as the main drivers for NOx 

abatement techniques. The N2O path is primarily relevant for high pressure situations [20] and is 

not a consideration for this thesis where the experiment is in an atmospheric boiler environment. 

Since the main fuel in consideration for this experiment is natural gas (CH4), NOx that results 

from inherent nitrogen content in the fuel is also irrelevant for the purposes of this paper.  

2.2.2 Prompt NOx 

 Prompt NOx (or Fenimore NOx) is formed at the flame front at lower temperatures 

(around 1000 K) when combined with CH radicals that come from hydrocarbon-based fuels [20]. 

Formation is characterized by the following chemical steps: 

CH + N2  HCN + N 

HCN + N  …  NO 

Or 

N + O2  NO + O 
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2.2.3 Thermal NOx 

 Thermal NOx is the endothermic reaction resulting in the creation of NO at higher 

temperatures of about 1850 K [21]. The NO production is defined primarily by the extended 

Zeldovich reaction, initially proposed by Zeldovich (1946) and extended by Fenimore and Jones 

(1957) [22]:  

O2 = 2O 

N2 + O = NO + N 

N + O2 = NO + O 

N + OH = NO + H 

NO peaks below stoichiometric (ϕ < 1) conditions due to atmospheric nitrogen competing with 

fuel for the available oxygen in the reaction despite the lower reaction temperature. Less NO is 

formed when the equivalence ratio, ϕ > 1 because the fuel predominantly uses all of the available 

oxygen [21] as seen in Figure 4. 

 

Figure 4 Effects of ER and Residence Time on NOx [23]  
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Thermal NOx is one of the most crucial to control since it has an exponential relationship with 

temperature and residence time. Figure 4 shows that smaller residence time exposes atmospheric 

nitrogen to the high temperatures for a smaller time frame thus inhibiting NO formation. The 

relationship of NO formation to adiabatic flame temperature at atmospheric conditions is 

depicted in Figure 5: 

 

Figure 5 NO formation rate vs. AFT [20] 

2.3 Combustion Applications and Emission Considerations 

 Depending on the combustion application several different methods of emissions 

mitigation are considered. Swirl burners range from usage in boilers, furnaces, and gas turbines 

to name a few. Gas turbines often use options like staging techniques (i.e. Rich-burn, Quick-mix, 

Lean-burn or RQL) to utilize the low NOx regime operating at or above stoichiometric 

conditions. Rich flames (ϕ ≥ 1) are typically characteristic of non-premixed conditions however, 

and tend to result in near maximum flame temperatures and massive NOx production. For a 

boiler application, running under lean conditions is more feasible, especially when considering 
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the usage of a premixed low swirl burner. In this section, methods for emissions mitigation will 

be discussed and the challenges that follow.  

2.3.1 Emission Mitigation Strategies 

 Previously, water injection has been used as a form of reaction temperature reduction but 

posed the threat of equipment damage. The term “dry low-NOx” technology was coined post-

water injection to describe mitigation techniques that don’t rely on water.  A common method 

involves operating extra-fuel lean resulting in dilution associated with excess air. Running at 

such lean conditions poses new challenges of their own, such as acoustic and thermal 

oscillations. For a boiler application, there are two main ways to mitigate emissions: 1) 

Combustion controls and/or 2) treatment of the boiler exhaust. 

 2.3.2.1 Combustion Controls 

 Combustion controls are a broad category used to describe the usage of interchangeable 

burners, over fire air (OFA), and flue gas recirculation (FGR). These methods focus on the 

combustion chamber and use various methods to control factors like temperature and oxygen 

availability as discussed in the 2.2.3. Other methods that utilize the same fundamental concepts 

are not the focus of the present work, and are not discussed. 

  Changing out the existing burner is the least expensive option for NOx mitigation since it 

does not involve changing of any other furnace or boiler components [24]. This option allows for 

emissions reductions of up to 60% with air or fuel staging techniques or sub-10 ppm emissions 

with “ultra-low NOx burners”. Air staging involves the creation of a relatively rich fuel flame to 

limit oxidation of N2 by supplying less oxygen to the reaction. The remaining air is injected 

outside of the main flame to complete the combustion reaction. Alternatively, fuel staging is 
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done in the opposite fashion. A portion of the full load is introduced into the combustion 

chamber with the full flow of air. This lowers the reaction temperature and creates a highly 

oxidizing environment to abate both thermal and prompt NOx. Lastly, burners that introduce both 

air and fuel together in a premixed or non-premixed strategy and achieve lower emissions by 

operating in lean conditions can be substituted. Thus far, premixed has proven to be the most 

efficient for lean combustion since a fully premixed system negates a fuel concentration gradient 

within the flame resulting in a homogeneous mixture. 

 OFA is similar in concept to the air staging technique. This method injects a portion of 

the combustion air flow above the main combustion zone allowing for a rich flame that limits 

NOx and completes the CO oxidation with the rest of the air before exiting the stack. This 

method reduces NOx emissions by 30 – 50 % but requires changes to the overall furnace.  

 FGR recycles flue gas from the stack back to the air source that acts as a diluent and 

provides some of the combustion air. The inert CO2 and moisture lower the flame temperature 

which helps to reduce NOx formation. Additionally, in another rendition of FGR, the flue gas is 

injected directly into the flame thus lowering the BTU content of the fuel which acts as another 

facet of NOx mitigation. This method often requires an additional fan and/or separate ducts for 

redirecting of the flue gas [24]. 

 2.3.2.2 Exhaust Treatment Strategies 

For treatment of exhaust, two strategies are primarily used in boilers and furnaces. 

Selective catalytic reduction (SCR) and selective non-catalytic reduction (SNCR) that treats the 

NOx after it is formed before emitting it to the atmosphere. Both options will use a reagent such 

as ammonia or urea to convert NOx into diatomic nitrogen. SCR uses reagent on a catalyst such 
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as titanium oxide or even platinum in relatively low flue gas temperatures (350 – 1200F 

depending on design type) to reduce NOx by 80 – 90% from unmitigated emissions. SNCR 

utilizes higher temperatures (1500 – 2100F), reducing NOx by 40 - 60% but generally requires 

less maintenance and equipment than SCR [24]. However, compared to many of the combustion 

control technologies (especially changing of the burner), both are still more costly to retrofit the 

exhaust, add subsequent equipment, and provide maintenance.  

All methods described are a condensed description primarily focusing on boiler 

applications. According to a 1999 report on NOx abatement technologies from the EPA, an 

extended summary of strategies used are given below: 

 
 

Figure 6 EPA NOx technologies used for dry bottom wall-fired, front-fired or opposed-fired boilers [25] 

 

NOx Abatement Method Techniques Now Available Efficiency

1. Reducing peak temeperature Flue Gas Recirculation (FGR)                

Natural Gas Reburning (NGR)                      

Low NOx Burners (LNB)                 

Combustion Optimization                    

Burners Out Of Service (BOOS)                

Over Fire Air (OFA)                                         

Less Excess Air (LEA)                                    

Inject Water or Steam                          

Reduced Air Preheat 

50-70%

2. Reducing residence time at peak temperature Air Staging of Combustion                           

Fuel Staging of Combustion                     

Inject Steam

50-70%

3. Chemical reduction of NOx Selective Catalytic Reduction (SCR) 

Seletive Non-Catalytic Reduction (SNCR) 

Fuel Reburning (FR)                                        

Low NOx Burners (LNB)

35-90%

4. Oxidation of NOx with subsequent absorption Inject Oxidant                                                               

Non-Thermal Plasma Reactor (NTPR)
60-80%

5. Removal of nitrogen Ultra-Low Nitrogen Fuel No Data

6. Using a sorbent Sorbent In Combustion Chambers      

Sorbent in Ducts
60-90%
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2.3.2 Lean Premixed Combustion Emission Considerations  

 Lean premixed combustion systems suffer a constant tradeoff between stability and 

emissions. As discussed in the previous section, a majority of NOx formed is due to thermal NOx 

that is heavily reliant on reaction temperature. Having a lean flame (ϕ < 1) means that there is a 

higher concentration of air than there is fuel. The larger bulk flow allows the temperature of the 

reaction to lessen, but decreases the competition between the fuel and nitrogen for available 

oxygen. The leaner the flame, the lower the NOx created, but the less stable the flame. The 

tendency of a flame to blow out when there is too little fuel-to-air ratio to maintain a flame is 

called the lean blow-off limit (LBO). Thus, a narrow operating regime in which a reliable flame 

can remain lit while lowering NOx emissions exists. 

 Though not given a dedicated section, it is also important to note the presence of carbon 

monoxide emissions which is also toxic to human health. CO readily forms in rich conditions 

which is only a serious concern with non-premixed systems. However, CO formation also has 

relevance in the lean premixed situation. Two main causes of CO are due to a quenching of the 

reaction or near the lean blow off limit. If the temperature drops in certain regions of the 

combustion chamber, the oxidation of the CO may be quenched and it will remain as CO when 

moving into the exhaust without being oxidized [21]. The other condition at the blow off limit is 

the result of incomplete combustion where insufficient burning rates cause exponential peaks of 

CO. This is exemplified by Figure 7. 
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Figure 7 NOx and CO emissions with ER and temperature [26] 

2.4 Low Swirl Burner Quarl 

As described in 2.3.2, the lean blow off limit is an important consideration for stability. 

Blow off is one result of acoustic and thermal oscillations [27] and can occur in primarily two 

ways: due to excess air causing the lean blow off or due to an increased fuel jet velocity. Lean 

blow off occurs at the point where the reactants are diluted and the reaction cooled beyond the 

point that a flame can be sustained [28]. Blow off from increased fuel velocity is due to the fact 

that the flame can no longer propagate against the jet velocity and is correlated to the lift off 

height [20]. After the flame detaches from the burner exit, small perturbations to the fuel flow 

can displace the flame enough to cause extinction [29].  However, a drawback of premixed 

burners is the potential for premature blow off if the turbulence intensity is too strong. Premature 

blowoff can also occur more unpredictably due to the fact that the instability limit and lean blow 

off limit are nonlinear functions of the Reynolds number [9]. This characteristic results in large 

flame instabilities since lean operation may cause the system to operate near these limits.  
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A primary method of stabilization to help mitigate some of the acoustic oscillations and 

extend the lean blow off limit of the LSB is the usage of a quarl. Quarls have historically been 

used in numerous coal, oil, and gas fired furnaces. In each case, the primary function is to 

stabilize the flame via heat retention through the refractory walls of the quarl [30]. The heat is 

radiated back to the flame and prevents overcooling to ensure ample conditions to maintain 

ignition [31]. Generally, the quarl is in the form of a diverging funnel-like structure that expands 

outward into the combustion chamber allowing for smooth flame transition. For medium and 

high swirl burners, the quarl seems to help induce or accentuate recirculation [31,32] due to the 

low pressure area at the exit of the burner [30]. One study found an increase in size and strength 

of the internal recirculation with increase in quarl angle [32]. For the low swirl case, the quarl’s 

purpose is to help mitigate formation of a shear layer and its subsequent interactions with the 

combustion chamber wall that cause thermal oscillations. The diverging quarl does so by 

providing a smooth transition into the combustion chamber and guides the divergent flow [33]. 

The quarl also eliminates the outer recirculation zone pockets that form beneath the lifted flame. 

Previous experiments conducted at UCI have shown better performance and an extension of the 

lean blowoff limit in the quarl case compared to sudden expansion [4]. 

2.5 Fuel Enrichment and Piloting Strategies 

 Though a quarl has been used for many applications and provides a reliable form of 

stabilization, it is limited by its fixed geometry. Currently, this is relied on to cover the entire 

range of burner operation. With advancements in combustion technology, fuel flexibility is a 

major focus to allow a system to operate on more than just one fuel in addition to load variance. 

As such, finding alternative, more versatile methods of stabilization is necessary.  
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 Many furnace applications have generally utilized a piloting strategy for flame 

stabilization of premixed flames. Non-premixed flames are already stabilized with a 

concentration gradient and are typically attached to the burner head during operation resulting in 

an overall more stable system. Pilots have been used however, for stabilizing a system during 

load transients and low load operation [34]. Premixed flames offer a lower emission alternative 

but are prone to multiple points of instability and blow off primarily from factors due to the 

homogeneous mixture. Most premixed flames cannot operate in the fully turbulent regime of Re 

> 2000 without supplementary stabilization [35]. Piloting strategies help to offset this 

characteristic by providing a fuel enriched zone with a higher equivalence ratio than the main 

flame. The pilot provides additional heat and fuel radicals to prevent blow-off but also causes an 

increase in NOx emissions due to increased flame temperatures in the non-premixed flame [36].  

 Some examples of pilot usage are found in various industrial applications. The Siemens 

SGT6-5000F can-annular DLN gas turbine engine combustor utilizes a main central non-

premixed pilot that forms a recirculation zone from high swirl. This highly turbulent rich pilot 

effectively stabilizes the main flame zone that is created from partially premixed low swirl 

nozzles that surround the pilot. This variation between the compact, intense flame and the long 

premixed flames allows for time lags that help mitigate acoustic oscillations [37].  

Solar Turbines Inc incorporated their SoLoNOx lean premixed combustor into their Mars 

engine in 1994. The engine has 14 premixed injectors with 60% of the reaction air fed through 

the injectors and 40% used for wall cooling. This combustor design uses a pilot for start-up, low 

power operation and as a means of stabilization in conjunction with the air bleed valve system. 

The pilot would provide a diffusion flame for high combustion stability while the air bleed 

valves opened to lower the equivalence ratio. The pilot helps stabilize the flame while a larger 
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influx of air is added to the reaction. Once this stabilizes, the pilot fuel flow is reduced, followed 

by a decrease in emissions levels. Testing yielded results showing that increased pilot flows 

helped dampen combustor oscillations due to increased stability and a subsequently hotter 

recirculation core [38]. The basic lean premixed combustion concept used by Solar Turbines is 

outlined below and serves as a fairly representative graphic for many turbine applications:  

 

 
Figure 8 Pilot stabilized lean premixed combustion schematic [39] 

2.6 Rationale for Piloting Strategy in LSB 

 In contrast to previous iterations of the pilot applications, the LSB has a lifted flame 

which poses an additional challenge. Thus far, the quarl method has been the accepted form of 

LSB flame stabilization and a pilot has not been investigated. As such, there were 3 main aspects 

considered when designing the pilot for implementation to the LSB system – pilot location, fuel 

type, fuel flow velocity, and % fuel split. 

 Considering that the LSB flame is an overall uniform, premixed flame the pilot location 

was designated to be the centerline so as to disturb the overall distribution as little as possible. As 

seen by examples in the last section, the pilot is often placed along the center. In high swirl cases 



 

22 
 

or diffusion flames, this is to ensure a recirculation zone adequately forms and evenly pulls in the 

reactants and incomplete combustion products. Having the pilot in a point of symmetry also 

allows for even heat distribution to the flame. With the pilot in the center however, new concerns 

with flashback and flame attachment arise.  

 Many studies using hydrogen dopant and injection to improve stabilization and reduce 

emissions have been done. Hydrogen lacks hydrocarbons thus reducing (hydrocarbon) HC or CO 

emissions. Hydrogen addition is also a means of providing more H radicals to the hydrocarbon 

combustion reaction thus increasing the oxidation of CO to CO2 [40]. With a broader 

flammability limit, it is an attractive option for extending the LBO of a system and reducing NOx 

emissions [41]. However, hydrogen has a much higher flame speed than that of NG and requires 

adjustment to the LSB’s swirl number compared to hydrocarbon operation. In a study of LSB 

operation on hydrogen, the flame was found to propagate closer to the nozzle exit and even 

attach to the rim with hydrocarbon/hydrogen mixtures of > 50% hydrogen [12]. As is with the 

centerline position, potential for flame attachment increases if the pilot fuel split is too 

significant. Usage of hydrogen would further increase this risk and that of flashback which poses 

a safety hazard, especially in a premixed system. Testing of hydrogen may be a good 

consideration for future study of centerline enrichment with an LSB, but adds complexity to a 

practical system with regards to having an ample supply of hydrogen. In a lab setting, hydrogen 

can be easily obtained via cylinders, but a practical system would require a larger and more 

reliable supply. This may be done through partially reformed natural gas for example, but is 

more expensive and complex to implement. Since investigation of the pilot for use with an LSB 

is relatively new, NG was chosen as both the main fuel and the pilot fuel. 
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 When determining the % fuel split for the pilot, a literature review was conducted for past 

applications. One report noted that DLN pilots will generally have 2-5% flow at full load [42] 

while on the higher end for a pilot burner 15% mass flow rate is used at full load in a DLN gas 

turbine [43]. In a study of blowout for premixed flames, the piloted burner had a circumferential 

array of 24 pilots that utilized a fuel fraction from 5% to as low as <1% with varied equivalence 

ratios between 0.7 and 1.3 [44]. From these studies and others, the fuel split was determined to 

be in increments of 2% starting from 1% up to 9%.  

 As shown in the literature review of previous applications, a vast majority of literature for 

piloting in gas turbine applications was found and few cited for boilers and furnaces or in 

conjunction with the LSB. The potential of a pilot as a flexible stabilizing method for the LSB 

would give rise to greater fuel flexibility and operating range options if proven to be comparable 

to the current fixed geometry quarl. This study aims to further research previously conducted 

with an LSB in the UCI simulated boiler environment. Past results mentioned in Chapter 1 

showed that the LSB operating in the simulated boiler environment through sudden expansion 

had a relatively small operating range and short LBO (ϕ = 0.78) contrary to leaner operation 

exhibited in other studies [14, 15, 28, 27] where the LBO occurs roughly between 0.55 ˂ ϕ ˂ 0.6. 

It is hypothesized that the pilot enrichment will extend the LBO in the sudden expansion case. 

However, analysis of the effects of the pilot on other factors must be conducted. This thesis aims 

to answer other open questions such as the effect of the pilot on the characteristics of the flame, 

subsequent emissions, and effects of mixing as a result of pilot flow.  
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Chapter 3: Approach 

 The approach to meet the goal of the thesis encompasses the following four tasks: 

3.1 Task 1:  Characterize LSB 
 

 Initial tests will be conducted to measure emissions, determine relative LBO limits, and 

observe the flame behavior within the chamber using both sudden expansion and a quarl. 

Overall, the quarl has been shown to extend the LBO limit. On the NOx curve shown in Figure 4, 

this makes a significant difference in emissions values, since there is an exponential increase 

from ϕ ≥ 0.7. From Figure 7, CO is essentially negligible for most test points up until the LBO in 

both cases since the generally stable operating range is at ϕ < 1.However, a spike in CO 

emissions marks either incomplete combustion or nearing the LBO. Since the sudden expansion 

case and quarl case have different operating ranges without a pilot, the LBO will provide a 

distinct indicator for influence of the pilot. Depending on efficacy of the pilot to extend the 

operating range of the sudden expansion case, there may only be a few points at which the quarl 

case and sudden expansion can be directly compared.    

3.2 Task 2:  Experimental Design 
 

 Upon completion of Task 1, the test matrix and methodology can be better defined. The 

major variable for consideration is the % fuel split that will be used for piloting. Based on 

extensive literature review, it was determined to use relatively low percentages compared to the 

total fuel load to minimize risk of flashback and flame attachment. Additionally, base case 

results can help outline the specific equivalence ratios needed for light off and operation with the 

unaltered sudden expansion case and will be used for direct comparison when implementing the 
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pilot. Additional points by similar increments are to be collected in the event that the fuel split 

proves to extend the LBO limit of the sudden expansion case. Fuel split flows, velocities, and 

orifice sizes were calculated to minimize flashback potential based on the set load bulk flow. 

Based on the given model of LSB, plans for a relatively flexible test stand will be determined for 

interchangeability of fuel split orifices and quarl vs. sudden expansion. Measured emissions, 

designation of LBO, pictures for flame characteristic comparison, and FID samples for 

measuring mixedness will be used for experiment diagnostics. Together, these results will define 

the effects of a fuel split on the general profile of the reactants, flame, and subsequent reaction. 

Results will be compared and supported by Chemkin equilibrium solver. 

3.3 Task 3:  Assemble Test Stand 
 

 The main combustor chamber chosen is a 117 kW boiler environment. The LSB is 

currently implemented in boiler and furnace environments and the simulated boiler provides a 

relatively simple environment compared to more costly and complex applications like turbines. 

Design of fuel and air mixing trains are to provide proper mixing to limit variables that may 

affect the LBO other than the use of a pilot. All fuel flows come from the same main source and 

sonic orifices are to be calibrated to supply accurate flow rates. This specific test stand will be 

made to accommodate a removable pilot for easy access to orifices used for each fuel split 

percentage case. Quartz windows for optical access into the chamber are used when necessary 

for verifying light off and capturing pictures during operation.  

3.4 Task 4:  Quantitative and Qualitative Analysis 
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 Results of the diagnostic tests will be compiled and used to validate the piloting strategy 

via fuel load split for flame stabilization and improved performance. Results between cases are 

compared to current stabilization method for LSB to determine efficacy.  
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Chapter 4: Experiment 
 

4.1 Boiler Rig and Ancillary Equipment 

 The main boiler is divided into two main sections of interest: the upper section consisting 

of the combustion chamber and exhaust stack, and the lower section that has the injector, mixing 

mechanism, and pilot housing. Ancillary equipment includes fuel and air supplies, and the 

emissions probe.  

4.1.1 Simulated Boiler Rig Combustion Chamber: Upper Section 

 The main combustion chamber consists of an octagonal enclosure with an exhaust stack 

that is fitted on top by bolts. The walls are 3’ x 12” stainless steel and the 37.9” tall stainless steel 

stack fits the octagonal structure at its base but shrinks in a conical shape to a 12” diameter 

cylinder. The base of the chamber is approximately 2’ in diameter and rests atop a 41” square 

aluminum plate with a 6.5” diameter center hole for insertion of a burner. Surrounding the 6.5” 

hole are ½” thick high temperature calcium silicate slabs. The aluminum base is secured to a 3-

dimensional traverse that allows for adjustments of position when necessary for optical access, 

laser alignment, etc.  

Around the bottom circumference of the chamber walls are 11” tall cutouts that allow for 

placement of windows. These windows are 9 7/8” x 7 7/8” and are secured by ¾” thick stainless 

steel frames that are 9” x 10.5”. These metal frames are secured by wing nuts threaded on ¼ - 20 

bolts that extend out from the enclosure. For safety precaution, the windows were changed to 

steel blanks. One modified blank was fixed with a 2” diameter quartz viewing window for 

monitoring light off, operation, and flame out. During emissions tests, one blank was also 
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switched to a full fused quartz viewing window for taking sample photos of each designated 

operating point under varied fuel split conditions for comparison.  

About 2” above the windows and placed around the circumference of the octagonal 

chamber are eight 12” x 23” water jackets that circulate chilled water for simulating a boiler 

environment by supplying cooled walls for better heat transfer. The cooling loops cycle out the 

heated water and replace it with the chilled water from the campus during operation. Below is a 

representative model of the simulated boiler rig. 

 

Figure 9 CAD Model of Simulated Boiler Rig 

 In the exhaust stack is a water-cooled probe that is cooled by the same water that 

circulates through the water jackets. The probe is ½” stainless steel tubing and is inserted into the 

stack via a bored-through ½” Swagelok fitting. Multiple small ports are drilled into the probe for 

sample to be taken and pumped through a water dropout into a Horiba PG-350 emissions 

analyzer. 

3D Traverse 

Exhaust stack 

Viewing Windows 

Water Jackets 
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The pilot torch used for light off was modified to be embedded in the sudden expansion 

plate and quarl. An Autolite AR3933 spark plug is connected via the high voltage cable to 

provide ignition to the hydrogen blend fuel supply.  

 

Figure 10 Sudden Expansion Plate (left) and Quarl (right)  

 

4.1.2 Simulated Boiler Rig Combustion Chamber: Lower Section 

 

 Beneath the aluminum table attached to the sudden expansion plate (or quarl) is the LSB 

mounted within a 2.5” diameter threaded aluminum section of pipe 2.5” long. This piece is 

threaded into a female coupling that is butt-welded onto the sudden expansion plate or threads 

directly into the quarl. The LSB housing is connected on the other side to a reducer that connects 

to an 18” section of 2” diameter steel pipe. On the end of the steel pipe is a 2” cross that acts as 

the rejoining point for the two 2” diameter premixed fuel and air flexible lines. At the bottom of 

the cross is a 2” male pipe fitting with a female ¾” NPT for fitting the ½” pilot tube up the 

centerline of the 2” steel center pipe. Figure 10 depicts the LSB housing and pilot set-up.  

 

 spark plug 

 Ignition fuel 
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Figure 11 LSB Housing and Pilot Set-up 

 

4.1.3 Ancillary Equipment 

 High pressure air is supplied to the test cell via the Ingersoll Rand air compressor. Within 

the test lab, air is controlled via a manual regulator that adjusts the supply pressure to a 0.4” 

sonic orifice used to supply air at flow rates of 60 – 250 scfm. 

 A thermocouple in the exhaust stack monitors the exhaust temperature for ensuring pilot 

light off and emissions temperatures. This is monitored primarily to ensure that operation runs 

smoothly.  

Premixed Fuel/Air 

Pilot 

LSB 

Premixed Fuel/Air 
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 Natural gas fuel is supplied to the test cell at higher pressures from the Ingersoll Rand 

compressor. The supply pressure enters the room at approx. 100 psi to ensure ample pressure for 

the sonic orifices on the fuel control panel.  

4.2 Control Panel 

 One main control panel regulates the fuel flow, air supply, ignitor switch, fuel shutoff 

solenoid, and pilot fuel. An array of O’Keefe sonic orifices are used to supply natural gas to the 

premixing system. In order to achieve a full load flow rate of 6.59 ft3/min (scfm), two sonic 

orifices were used in series. One alone was not able to consistently achieve high enough 

pressures to provide the full load flow rate. The main fuel supply orifices were size 67 and size 

70. The fuel split pilot was also plumbed to come from the same source as the other sonic 

orifices but utilizes varied sized orifices for supplying the proper pilot flow rate. Table 1 below 

summarizes the sonic orifices used:   

Table 1 O'keefe Sonic Orifices [45] 

O'keefe Sonic Orifices   

Size Orifice Diameter (in.) Rated Air Flow Rate (scfm) Actual Fuel Flow (scfm) 

11 .011 .05 - 0.18 .04 - .21 

21 .021 0.16 - 0.64 .14 - .77 

67 .067 1.73 - 6.92 1.45 - 6.38 

70 .07 1.95- 7.80 1.47 - 6.41 
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Figure 12 depicts the sonic orifice arrangement on the control panel. From the figure, there is one 

main ½” stainless steel fuel source that splits into the three sonic orifices used at one time (1 for 

pilot and 2 for the main fuel). Exiting the regulators and the sonic orifices are ¼” stainless steel 

pipes that lead into the main fuel stream that feeds to the premixing system. One main shut off 

valve stops the supply in the event of blow off or flashback. Smaller shut off valves downstream 

of the sonic orifices control flow between cases (pilot/no pilot). 

 

Figure 12 Fuel Control Panel 

The fuel meets the air supply 10.5’ upstream of the 18” steel pipe. This length of piping was used 

to ensure that the bulk fuel and air mixture was fully premixed.  

4.3 Burner and Quarl  

 The LSB used was a 2.25” diameter model specifically outfitted for the simulated boiler’s 

full load of 400,000Btu/hr (117kW). The LSB has 16 thin curved swirl vanes with a constant 

radius and swirl vane angle, α, of 37ᵒ with a swirl number S = 0.47 [33].  The LSB is mounted in 

a 2.5” diameter threaded nozzle that is 2.7” in length for ample flow development. The nozzle 

threads into the bottom of the aluminum quarl that was modeled after previous renditions. It 
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starts at a 2.25” diameter and expands to 6.75” at a 30ᵒ angle. Figure 13 shows the LSB in the 

threaded aluminum mount.  

 

Figure 13 17kW Aluminum LSB  

The quarl was designed to be bolted into the aluminum table from the bottom so that it 

sits flush with the bottom of the combustion chamber. Having the quarl sit lower in the chamber 

allowed for better viewing of the flame exiting the quarl from the quartz viewing window 

(Figure 14).  

 

                   Figure 14 Mounted Quarl in Combustion Chamber 

4.4 Pilot Design 

As mentioned in Section 4.1.2 Simulated Boiler Rig Combustion Chamber: Lower Section the 

pilot is a section of ¼” tubing inserted up the center of the main premixed fuel/air bulk flow pipe. 
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At the end of the pilot, interchangeable 1
8⁄ ” NPT high pressure threaded hex plugs with 

predetermined orifice sizes are set for each case. The orifice sizes were chosen based on 

calculations at a leaner set point (~ ϕ = 0.68). The main bulk velocity was calculated and the 

pilot flow rate was determined from matching this flow velocity and assuming a discharge 

coefficient of 0.7. Since this study has not been done extensively precautionary measures were 

taken to avoid flashback. . In concept, flashback occurs when the flame speed exceeds that of the 

bulk velocity of fuel and air. The reasoning for this method was to ensure a velocity for the pilot 

matching or exceeding that of the bulk flow which has undergone tests from the baseline 

previously at these conditions. At a leaner point, there is a higher bulk velocity due to higher 

bulk flow from additional air flow. Table 2 below summarizes the orifice sizes, velocities, and 

pilot flow rates based on a percentage of the total load flow rate. 

Table 2 Pilot Orifices 

 

The actual drilled pilot orifices were as close as possible to the calculated values but were chosen 

to be smaller to ensure ample pilot velocity. Figure 15 depicts the pilot inserts: 

 

Figure 15 Pilot Inserts 1, 5, 7, and 9% 

ER = 0.85 Load 400kBtu Full load NG flow: 6.59 scfm

% Fuel 

Flow

NG Flow 

(ft3/min)

Total Flow 

(ft3/min)

Bulk 

Velocity 

[ft/s]

Pilot Flow 

Rate [ft3/s]

Effective area 

[ft2] Orifice size [in]

Actual Drilled 

Orifice Size [in]

1 6.52 80.32 61.36 0.0011 1.79E-05 0.062 0.059

3 6.39 80.19 61.26 0.0033 5.38E-05 0.107 0.106

5 6.26 80.06 61.16 0.0055 8.98E-05 0.138 0.136

7 6.13 79.93 61.06 0.0077 1.26E-04 0.163 0.161

9 6.00 79.80 60.96 0.0099 1.62E-04 0.185 0.185
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4.5 Diagnostics 

 Several instruments were used for conducting the necessary diagnostics for measuring 

emissions, mixedness, and the lean blow off limit. Chemkin was used to determine the 

characteristics of the set points and compare results to simulation. The specific experimental set 

up is described in this section.  

4.5.1 Emissions  

 CHEMKIN is a program that solves complex chemical kinetics problems. Chemkin was 

used for the chemical equilibrium solver to determine the expected O2 and CO2 percentage 

values in the exhaust corresponding to specific equivalence ratios. The model was defined as a 

constant pressure enthalpy problem and solved as a parametric study with precision to the 

thousandths. While measuring emissions, the set points were verified according to these values 

and leaner points were determined from the reference table generated. Table 3 shows some 

sample points used during experiment.  

Table 3 Chemkin Equilibrium Set Points 

 

A Horiba PG-350 analyzer was used to measure emissions and verify the experimental 

points set forth by Chemkin. The analyzer measures emissions for NOx, SO2, CO, CO2, and O2. 

Chemiluminescence is used for detection of NOx. SO2, CO, and CO2 are detected through Non-

ER AFT O2% CO2 %

0.87 2095.608 2.85 9.83

0.85 2068.533 3.28 9.63

0.83 2040.379 3.71 9.42

0.81 2011.284 4.16 9.2

0.79 1981.355 4.61 8.98

0.77 1950.674 5.06 8.75

0.75 1919.304 5.51 8.51

0.73 1887.296 5.96 8.51

0.71 1854.685 6.41 8.04
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Dispersive Infrared Absorption (NDIR). Lastly, the O2 is measured through either galvanic or 

zirconia method. Table 4 outlines the ranges reported by Horiba. 

Table 4 Horiba PG 350 Emissions Ranges 

 

 

 

 

 

 

 

Table 5 outlines the calibration span gases and emission ranges used for the LSB experiments. 

Calibration span gases were determined based on past/expected results and obtained through 

Airgas.  

Table 5 PG 350 Calibration 

 

4.5.2 Mixing Measurements  

Mixing of the pilot in the bulk flow stream was determined using a Horiba FIA-236 

flame ionization analyzer/detector (FID). The samples were taken through an extractive probe to 

measure the local fuel-to-air ratio at each determined position.  

Emission Type PG 350 Range Calibration Value Uncertainty

NOx 50 ppm 40.56 ppm ±1%

CO 500 ppm 302.5 ppm ±2%

CO2 5% 4.02% ±2%

O2 25% 14.01% ±2%

 Ranges (Standard models) 

NOx A-range  0-25/50/100/250/500/1000/2500ppm（standard spec.） 

B-range  0-50/100/250/500/1000/2500/5000ppm 

SO2 0-200/500/1000ppm 

CO A-range  0-200/500/1000/2000/5000ppm （standard spec.） 

B-range  0-0.5/1/5/10/15 vol% 

（B-range is not available for PG-350） 

CO2 0-5/10/20 vol% 

O2 0-5/10/25 vol%（Galvanic or Zirconia method) 

0-10/25 vol%（Paramagnetic method） 
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 In order to ensure precision of measurements, Mitutoyo linear scales and digital readout 

were used to measure the changes in distance made by the traverse gear adjustments. The 

injector outlet is ~2.4” in diameter and measurements were taken in ¼” increments. Samples 

were taken at varying heights at the centerline, as well as radially across the injector outlet. For 

added accuracy, rulers were taped along the linear scales and marked for starting reference 

points. The FID probe consists of a ¼” stainless steel tubing connected through a ¼” Swagelok 

fitting connected to ¼” PTFE Teflon tubing. The probe was fixed to the part of the aluminum 

workbench that does not move with traverse adjustments. Figure 16 depicts the probe 

arrangement. 

 

 

Figure 16 FID Probe Mount 

The FID mount is adjustable in height and can be fixed to any of the ¼-20 holes on the 

workbench. The probe window is made of acrylic and was cut to allow the traverse to move 

freely in 2 dimensions within the range of measurement. The true center was found using a 

center finder made from an aluminum cylinder modeled after a plug with the same center 

diameter as the injector outlet. The center is drilled and a piece of threaded steel rod with a 
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needle point at the end is used as reference. Figure 17 depicts the center finder plug and 

reference plate.  

 

Figure 17 Aluminum Center Finder 

The FID analyzer in particular was modified for the UCICL to read upwards of 100,000 

ppmv (or 10% vol). For purposes of the FID tests, set point conditions were first validated by 

completing the emissions experiments. Following this, only the pilot fuel was used for the FID 

measurements. Only air was used for the bulk flow under the assumption that the bulk flow is 

fully premixed. Calculations were done to determine the baseline premixed fuel at each set 

condition and the minimum value that the pilot could exhibit assuming it fully premixed with the 

air. Table 6 outlines the premixed flow estimates:  

Table 6 FID Estimates 

NG Bulk 
Flow 

% fuel 
split 

Flow Rate of 
Pilot Fuel 
(ft3/m) 

Mol Frac 
Pilot (fully 
premixed) ppm equ 

Mol Frac 
Bulk ppm equ 

6.59 0 0 0 0.00 0.078 775.19 

6.5241 1 0.0659 0.000850 850.12 0.077 768.04 

6.3923 3 0.1977 0.002546 2546.02 0.076 764.80 

6.2605 5 0.3295 0.004236 4236.18 0.075 747.85 

6.1287 7 0.4613 0.005921 5920.62 0.073 733.26 

6.005 9 0.5931 0.007599 7599.37 0.072 718.62 
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Chapter 5: Results and Discussion 

5.1 Operation Photos  

 Below are the compilations of each case’s photos at the set ER points. The flame shape 

drastically changes as the flame gets leaner. Generally speaking, the LSB characteristic flame is 

in that of a bright “W-shape” and as the flame gets leaner the shape changes to look more like a 

dimmer “V”. All images were taken with a Nikon D90 camera mounted on a tripod for 

consistency. Taking single shot images were not sufficient to capture the flame clearly in the 

dark room. Exposure time was set to 1/80 s and may be the cause of slightly wider looking 

flames. Despite this, keeping other variables constant helps to validate the trend seen at each 

point. Figure 18 depicts the base case images. In the last image the flame looks dimmer and more 

unstable. All other points show a reddish hue and a bright blue flame indicative of a strong, 

richer reaction.  

 

 

Figure 18 Base Case ER Set Point Operating Images  

0.869 0.849 0.829 0.809 

0.79 0.77 0.748 0.729 
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 Figure 19 1% pilot does not show much deviation in the flame shape or position 

compared to the base case. However, when near and leaner than the base case LBO, the images 

show a consistent bright flame.  

 

    

   

Figure 19 1% Pilot ER Set Point Operating Images 

 

0.869 0.849 0.829 0.809 0.789 

0.77 0.749 0.73 0.71 

0.871 0.85 0.829 0.809 
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Figure 20 3% Pilot ER Set Point Operating Images 

 The 3% pilot case begins to show more of an effect on the flame shape as it extends the 

LBO by ~ 0.1. At ER < 0.7, the flame is a deeper, dimmer blue and the flame appears thinner 

and shorter.  

 

 

0.789 0.768 

 

0.749 0.729 

0.709 

0.849  0.87 0.829 0.809 0.79 

0.769 0.749 0.729 0.71 0.694 

0.692 0.673 0.652 
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Figure 21 5% Pilot ER Set Point Operating Images 

 The 5% pilot case continues to show the dimming and thinning of the flame at leaner 

conditions. However, at 5% the flame seems to lengthen for all the points after those achieved by 

the 3% pilot. This behavior shows evidence of a greater influence by the pilot on maintaining the 

flame.  

 

0.673 0.654 0.642 0.634 0.615 

0.599 0.585 

0.87 0.848 0.829 0.811 0.789 
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Figure 22 7% Pilot ER Set Point Operating Images 

0.769 0.749 0.729 0.708 0.693 

0.676 0.664 0.648 0.634 0.621 

0.61 0.602 0.592 0.578 0.564 

0.547 0.537 0.513 0.475 
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0.869 0.848 0.829 0.809 0.79 

0.77 0.749 0.729 0.71 0.695 

0.68 0.67 0.654 0.639 0.626 

0.612 0.602 0.594 0.584 0.572 
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Figure 23 9% Pilot ER Set Point Operating Images 

7% and 9% pilot cases show that increasingly lean operation thins the flame at ER < 0.6. 

Through all cases the flame height does not appear to change by much if at all. The 7% pilot 

seems to be dimmer than the 9% with leaner conditions.  

 From the operating images, the flame characteristics are easily seen at each set point. Key 

takeaways from operation using the pilot include:  

1. Centerline enrichment extends the LBO by providing a richer reaction zone to sustain 

the flame. LBO is leaner at higher pilot fuel flows.  

2. Higher concentrations of pilot fuel cause the flame shape to thin at leaner conditions. 

When the bulk flow is too lean, the flame seems to only be maintained by the rich 

pilot.  

5.2 Emissions Results  

 All emissions tests were conducted using the same natural gas source. Natural gas and air 

flows were calibrated using laminar flow elements (LFE) and incline manometers relevant to 

their respective flows. Emissions were monitored until they reached the Chemkin set points 

(within ±.05 O2%) then data were logged every second. Raw data includes the transition points 

logged between the set points. All data are plotted against ER that is post-processed and 

determined from the Chemkin reference results. 

0.543 0.481 0.456 
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5.2.1 Base Case and Quarl Case Emissions  

 Figure 24 and Figure 25 depict the raw data taken for the base sudden expansion case and 

the quarl case. Both exhibit expected trends for NOx and CO spikes at LBO are consistent.  

 

 

Figure 24 Raw Base Case NOx Data (left) CO data (right) 

  

Figure 25 Raw Quarl Case NOx Data (left) CO data (right) 

 The base case with sudden expansion exhibits a lean blow off limit of 0.709 while the 

quarl case LBO is 0.671. Comparing emissions, the NOx values in the quarl case have much 

higher emissions (>100 ppm) and CO emissions were vastly inconsistent at the different ERs. 
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The sudden expansion case displays NOx emissions at a peak of about 60 ppm. Overlaying the 

two cases with the condensed averages and 95% confidence intervals, we see this comparison in 

Figure 26.  

 

Figure 26 Base and Quarl Case NOx vs. ER 

From the bar graph, it is evident that the quarl case starts at much higher emissions than 

that of the sudden expansion base case. Confidence intervals were calculated from the standard 

deviation and number of values for each data set at each set point. For the base case, the values 

are between .029 and 0.130 and .161 to 1.828 for the quarl case. However, at lower ER the NOx 

emissions decrease at a steeper rate for the quarl. Another note to make is the seeming shift in 

peak of the emissions at different ER. The quarl case shows a higher peak at the richest point (ϕ 

= 0.87) whereas the peak for the sudden expansion seems to occur at ϕ = 0.85.  
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5.2.2 Pilot Emissions Results 

 As described in Ch.4, the pilot cases were defined as 1, 3, 5, 7, and 9% of the full load. 

Below are the raw data sets plotted against ER.  

  

Figure 27 1% Pilot Raw NOx Data (left) CO Data (right) 

 The 1% pilot shows similar results to that of the sudden expansion case, but has a LBO of 

0.687 compared to the 0.701. Additionally, the CO spike at blow off was less than that of the 

base case. NOx emissions minimum is lower by ~10 ppm. 

  

Figure 28 3% Pilot Raw NOx Data (left) CO Data (right) 

 The 3% case further decreases the NOx values and the lean CO spike. NOx peak occurs at 

ER ~ 0.83 compared to the 0.85 for the 1% case.  LBO is extended to 0.652.  
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Figure 29 5% Pilot Raw NOx Data (left) CO Data (right) 

 In the 5% pilot results, the NOx emissions are comparable to the 3%, and the LBO is 

significantly extended to 0.585. However, the CO byproduct due to incomplete combustion at the 

leaner conditions spikes higher than the previous cases by about a factor of 10.

 

Figure 30 7% Pilot Raw NOx Data (left) CO Data (right) 

 At 7% of fuel load, the NOx emission peak does not differ much from all previous cases 

but the minimum decreases even further by about ~ 5 ppm. LBO is extended drastically to 0.475 

with a subsequent spike in CO near blow off. The spike becomes significantly greater than even 

5% into the thousands of ppm. This is most likely due to insufficient mixing at the leanest 
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conditions. Such exponential increase in CO emissions is likely due to a combination of 

incomplete combustion from the bulk flow in conjunction with a hot center from the rich pilot. 

 

Figure 31 9% Pilot Raw NOx Data (left) CO Data (right) 

 The final 9% pilot results support the theory that the 7% and 9% are too large of a flow in 

the center at the leaner conditions to maintain a balance between low NOx and CO emissions. 

The 9% pilot exhibits the lowest NOx emissions of all cases as well as the highest CO emissions 

at ϕ = 0.456. Through visual investigation of the flame, these trends are supported by the ensuing 

flame shape. Picture evidence will be discussed in the next section. Table 7 summarizes key 

points from all cases.  

Table 7 Summarized Emissions Results 

Case Peak 

NOx 

Min 

NOx 

Peak 

CO 

Min 

CO 

LBO 

ER 

Base 59.56 26.73 98.84 0.49 0.709 

Quarl 102.66 14.24 0.75 0.27 0.672 

1% 59.43 14.15 4.04 0.09 0.687 

3% 55.73 10.31 5.18 0.33 0.652 

5% 53.82 6.23 68.65 0.23 0.585 

7% 53.79 3.41 5718.10 0.33 0.475 

9% 50.03 3.29 7233.40 0.39 0.456 
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Figure 32 NOx Emissions of All Cases 

 Figure 32 shows the full trends and the resulting shifts that result from the increasing 

pilot flow. Aside from the 9% pilot, all other pilots show a NOx peak shift at increasingly lower 

ER (from ~ 0.85 down to 0.79). The 9% pilot seems to be similar to the base and quarl cases, in 

that the peak occurs at a higher ER than 0.85. However, among all pilots the NOx levels decrease 

with higher fuel flow %. The CO graphs are not included or plotted with NOx because of the near 

blow off spikes being magnitudes higher so that the NOx trends are no longer visible. Full tables 

and plots with error bars are included in the Appendix for reference.  

 Preliminary theories for the emissions trends stem from the increasing pure fuel flow 

being supplied through the pilot. To maintain the same load, the air flow rates for the bulk flow 

in all cases was kept fairly constant (varies slightly when tuning the emissions to match 

designated points of interest). The values for air changed slightly with each case, ~5% max 

deviation – based on richest point (±3.5 scfm max from no pilot case). Since the bulk air flow is 

catered to the full load fuel conditions, the bulk flow becomes increasingly dilute with each pilot 

case and leaner condition. Despite the rich center (which would provide a hot reaction zone), the 
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bulk flow seems to provide ample cooling and/or dilution to lower NOx emissions significantly 

by the time it exits the exhaust as the operating condition gets leaner. However, at 7 and 9% 

pilots, a massive surge of CO is observed. This is likely due to the pilot flow being too 

significant to the point it becomes self-sustaining and continues to burn in extremely lean 

conditions. Despite this, the pilot flame is small enough that the flame temperature is lowered to 

bring down NOx to low single digit values. However, with the rich center the reacting zone at 

lean conditions has poor mixing compared to lower pilot flow rates. 

 In conjunction with the results seen in Section 5.1, key conclusions can be drawn and 

supported: 

1. The exponential spike in CO emissions at increasingly lean conditions is likely due to the 

insufficient mixing at the reaction zone. The flame is the result of incomplete combustion 

and a highly concentrated center.  

2. NOx emissions are still kept low despite the CO peaks. The flame at very lean conditions 

results from the centerline pilot being sufficient to sustain combustion. The CO spike and 

low NOx is consistent with the trends expected of a highly concentrated rich flame (ϕ > 

1).  

5.3 Fuel Concentration Profiles Measurements 
 

 FID measurements were taken in two ways – by axial traverse along the centerline and by 

radial traverse at an estimated flame front height. Additionally, other radial traverses were taken 

for investigation of potential axial and radial concentration decrease. The flame front height was 

estimated by using a program called Image J. The pixel scale was determined from the known 

diameter of the injector outlet. The photos from Section 5.2 were used as reference for the best 
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possible estimate. Table 8 summarizes the flame front height estimates found from the pictures at 

ER = 0.81 for each pilot case. Measurements were taken at each point, allowed to stabilize and 

then collected over a period of 10 seconds each. Figure 33 shows an example of the mixing 

measurements relative to the operating image. The inlet of the extractive probe was placed at the 

approximate flame front heights and generated a profile as seen below.  

Table 8 Flame Front Height Estimates 

 

 

Figure 33 Example FID Measurement Relative to Flame 

Case

Flame Front Height 

[in]

Base 0.659

1% 0.657

3% 0.647

5% 0.843

7% 1.103

9% 0.649
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 With higher pilot flow rates, a slight flame instability was observed during operation. At 

the richer ER points, the flame would flicker and “bounce” – possibly the cause of the higher 

flame front heights in the 5 and 7% cases. In a study by Dr. Robert Cheng [46], an experiment 

with similar LSB parameters (diameter = 2in, α = 37°, S = 0.53, methane/air flame @ ER = 0.8) 

a velocity vector profile displayed the approximate flame front/brush:  

 

Figure 34 Low Swirl Combustion Velocity Profile with Flame Brush 

The values seen in Figure 35 (~ 0.39 – 0.98 in) corroborate with the estimated values found from 

the images.  

5.3.1 Pilot Mixing Results 

The shape of the profile changed a little with the orientation of the LSB in the aluminum 

mount. The orientation was consistent for all cases except the 9%. When switching the pilot 

injectors, the LSB was also tightened in the mount and rotated slightly. Figure 36 depicts the 

LSB orientation for each pilot.  
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Figure 35 1, 3, 5, and 7% Pilot LSB Orientation (left) and 9% Pilot LSB Orientation (right) 

 All of the following plots show the bulk fully premixed concentration in orange to serve 

as a baseline for what the total profile would look like. Full load fuel for pilot and bulk flow were 

not used for safety and emissions concerns. The averaged measured data is shown by the blue 

data set and has the calculated 95% confidence intervals (+/-) associated with each case. The 

zero position for all cases refers to the center of the sudden expansion plate at the outlet. For the 

axial profiles, positive Z height position refers to points above the sudden expansion outlet and 

the negative values refer to lowering the probe into the LSB nozzle as shown below in Figure 36.  

 

 

Figure 36 FID Measuring Schematic and Mounted LSB 
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Figure 37 1% Pilot Axial Profile 

 

Figure 38 1% Pilot Flame Front Profile 
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Figure 39 3% Pilot Axial Profile 

 

Figure 40 3% Pilot Flame Front Profile 
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Figure 41 5% Pilot Axial Profile 

 

Figure 42 5% Pilot Flame Front Profile 
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Figure 43 7% Pilot Axial Profile 

 

Figure 44 7% Pilot Flame Front Profile 
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Figure 45 9% Pilot Axial Profile 

 

Figure 46 9% Pilot Flame Front Profile 

 Overall, all FID results show the same trend. In the axial profile, an obvious decrease in 

HC concentration occurs with increasing distance from the LSB within the nozzle. For the 1 and 

3% pilot cases, the concentration of hydrocarbons is fairly level within the nozzle and a more 
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pronounced decrease is observed following the nozzle exit. As the pilot flow increases, an axial 

concentration decay within the nozzle and a less steep decrease following the exit becomes 

clearer. With each pilot, the overall concentration increases.  

 The radial profiles show that there is some minor deviations in the profile due to 

mounting of the LSB within the aluminum nozzle section. The 1 and 3% profiles show a higher 

peak in HC concentration at the radial position of 0.25” as opposed to the center. The 5, 7, and 

9% pilot cases exhibit the peak at the center position. Common to all cases is the mostly 

symmetrical profile that results from radial concentration decay as measurements were taken 

further away from the center.  

The results when looked at as a whole allow for conclusions to be drawn: 

1. The unique design of the LSB used results in slightly changed mixing profiles because of 

the non-symmetric center perforations. 

2. Concentration values as a whole indicate less mixing of the pilot flow into the bulk flow 

by the nozzle exit. Despite the gap of the pilot from the center blockage plate, the pilot 

maintains a fairly significant concentration.  

3. Section 5.1 and 5.2 findings are supported by the concentration profiles. Radial profiles 

suggest that the center is richer than the concentration seen further from the center.  
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Ch.6 Summary and Conclusions 

6.1 Summary 

 This thesis provides a proof of concept experimental analysis for the efficacy of a pilot as 

a variable geometry method of flame stabilization for the low swirl burner as opposed to the 

fixed geometry quarl. Many studies have been done on the effects of piloting high swirl burners, 

but not for the low swirl burner. This study addresses the open question regarding the effects of a 

pilot on the characteristic lifted flame for the LSB configuration. Emissions, LBO limits, visual 

observation of the flame, and mixing tests were conducted to assess preliminary effects of the 

pilot on operating conditions.  

 The test rig was that of a simulated boiler, in which the LSB is most commonly found. 

The pilot was fitted for ease of access to change the different pilot orifices between cases. Long 

mixing lines were used to ensure fully premixed bulk flow and to eliminate extraneous variables 

that may influence the results. Pilot orifices were chosen based on estimated pilot flow velocity 

matching or exceeding that of the bulk flow to mitigate chance of flashback during operation. 

Fuel flow rates were determined from a literature study on previously used percentages of full 

load conditions and were determined to be between 1 – 10%. Chosen values were 1, 3, 5, 7, and 

9% of the total load of 400,000Btu/hr (117 kW). For safety, natural gas was used for both the 

bulk and pilot fuel. Sonic orifices were used to supply air and fuel to the test rig and expected 

operating condition emissions were obtained through Chemkin to guarantee the desired operating 

conditions and to verify the lean blowoff limits post-experiment. Photos were taken during 

operation at each set point to monitor the flame shape and flame height for comparison between 

cases. Lastly, FID measurements were taken to characterize the mixing profile that results from 

introduction of a pilot.   
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6.2 Conclusions 

The conclusions of this thesis are as follows:  

 Centerline pilot strategy was designed and executed  

Operation with the pilot design was executed successfully and safely. Pilot orifices were 

easily changed between cases for the pure natural gas pilot. Emissions during operation 

were stable and show gradual decrease. 

 Piloting is proven to provide performance comparable to the quarl 

The pilot proved its ability to extend the LBO and lower NOx emissions levels equal or 

less than that of the quarl operation. The 5% pilot results in particular displayed the 

closest results to that of the quarl’s leanest point. Side effects of the pilot show higher 

spikes in CO at leaner conditions prior to blowoff, but are more consistent with the pilot 

than that of the quarl.  

 Pilot provides a more flexible stabilization method 

The pilot is not limited by geometry in the same way that a quarl is. An improved design 

can potentially change the size and flow of the pilot during operation. Doing so allows for 

things like extending the LBO, but can also potentially dampen acoustic and thermal 

instabilities by offsetting the operating frequency of the chamber and LSB alone. 

6.3 Future Work 

 Pilot may prove to be a better option than quarl if another fuel is used  
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One of the primary drawbacks observed during this experiment was the increase in CO 

emissions due to the pilot. Hydrogen blended fuels can be considered to help lower the 

CO emissions by decreasing the carbon content in the fuel.  

 Pilot can be made of an adjustable diaphragm set to change between the different 

orifice sizes  

Eliminating the need to change the pilot orifice every time for different operating 

conditions will vastly improve the prospects of pilot implementation instead of a quarl. 

 Tests for usage of pilot in conjunction with quarl 

Potential greater benefits from the guiding effects of the quarl for emissions and flame 

stability. Pilot in conjunction can ensure stable light off despite heat transfer to the quarl. 

 Conduct other diagnostic tests 

Particle image velocimetry (PIV) or laser Doppler velocimetry (LDV) can be used to 

characterize the resulting velocity stream profile and compare to standard operation.  

  Dilute the pilot by addition of air 

Slight dilution of the pilot may lower the CO emissions that occur at leaner conditions 

while still maintaining single digit NOx values. If the pilot orifice is adjustable, it can 

possibly operate at varying concentrations based on need (pure fuel pilot at richer 

conditions, dilute pilot at leaner conditions).   
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Appendix  

A. Full Emissions Results 

 Below are the emissions plots that depict the 95% confidence intervals for the piloted cases. 

Scatter plots don’t show the confidence intervals, but the data sets did not all have the same ER points 

after taking the PG 350 averages and thus could not be plotted on the same bar graph.  
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B. Additional FID Profiles 

 Additional profiles were conducted to investigate effects of different Z axis values on the 

radial concentration profiles. Below are the results that were not included in the main body of the 

thesis but are included for reference. 95% confidence intervals are included in the following 

graphs as error bars.  
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