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Abstract of the Dissertation 

NOx Emissions Characteristics in the Wake of an Air Jet Injected into a Fuel Rich Vitiated 

Crossflow 

By 

Howard Hokyung Lee 

Doctor of Philosophy in Environmental Engineering 

University of California, 2014 

Professor G. Scott Samuelsen, Chair 

 

 An air jet injected into a fuel rich vitiated crossflow was studied in order to gain detailed 

understanding of the NOx emissions characteristics in the wake of the reacting jet. The fuel rich 

vitiated crossflow was produced by premixed combustion of methane and air with an 

equivalence ratio of 1.5 at STP condition. Detailed in-situ measurements of NOx emissions and 

CFD simulations were conducted. The varied parameters include location of the sample points 

relative to the jet, the jet-to-crossflow momentum-flux-ratio, and the jet diameter size. The 

resulting matrix consist five cases in which one parameter was varied. All of the cases were 

studied at the same 5 axial distances normalized by the jet diameter. 17 sampling points were 

used at each axial distance separated by 1/16’’ between each point in transverse direction and 

3 distances (0.25’’, 0.50’’, 0.75’’) away from the wall. Total of 5 different testing cases were 

developed based on varying the momentum-flux-ratios or the jet diameters. The horse-shoe 

shape of the NOx emissions levels were found in the majority of the data set especially within 

lower axial distances. However, the horse-shoe shapes were replaced by a shape of parabola at 



xix 

 

a higher axial distance. The locations of the highest NOx emissions levels moved to farther 

downstream from the jet injection plane with increasing distance away from the wall. The 

overall area of the region where significant levels of NOx were found grew in both axial and 

radial directions with increasing distance away from the wall as well. However, both were 

found to be moving higher and growing with decreasing momentum-flux-ratios. As the rate of 

air diffusion remains constant regardless of momentum-flux-ratio, the higher momentum-flux-

ratio causes the jet deformations to occur at a farther distance from the wall and causes the 

outwardly air diffusion along the jet trajectory to occur in the later distance. Hence, the 

distance away from the wall can be normalized by momentum-flux-ratios and can be 

rearranged in the order of jet development along the jet trajectory. The CFD simulations results 

revealed that the reacting jet causes elevated temperature in the wake of the jet. The cross-

section temperature profiles show the evidence that the both jet and the jet influenced high 

temperature zone develop at the same rate. Hence, the shape and the size of the high 

temperature zone can be correlated to the NOx concentrations levels found in the wake of the 

jet explaining the trends with the locations of the highest NOx emissions level and the regions 

of significant NOx levels. The simplified reaction simulation within the CFD simulations revealed 

evidences to support that the Fenimore NO mechanism is occurring in the shear layer of the 

reacting jet while the thermal NO mechanism is occurring in the wake of the jet, especially 

within the high temperature zone.  The current research also found that the momentum-flux-

ratio has the biggest impact on the NOx emissions levels and characteristics in the wake of the 

jet. The varying jet diameters had minimum impact on the NOx emissions behavior but the 

different jet penetration associated with the different jet diameters caused the NOx emissions 
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characteristics to differ. Finally, it was concluded that higher jet penetration is correlated with 

lowering NOx emissions in a full scale RQL combustor based on current research. The higher 

momentum-flux-ratio case returned the lowest NOx levels while the jet diameter size does not 

impact the NOx levels in the wake of the jet near the wall. Also, the previous work done by 

Vardakas in 1999, where the larger jet diameter increased the NOx emissions level in the wake 

of the jet but showed the lowest overall NOx levels when averaged by weighted area. 

Combining these results, the higher jet penetration due to higher momentum-flux-ratio would 

minimize the NOx in the wake of the jet near the wall, and even though the momentum-flux-

ratio is fixed, the larger jet diameter would cause the jet to penetrate farther into crossflow 

causing the area of the lean equivalence ratio in the center of the combustor to increase and 

minimizes the area of high NOx emissions in the wake of the jet.   
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Chapter 1 Introduction 

1.1 Overview 

A broad class of phenomena where a jet of fluid that exits an orifice to interact with the 

surrounding fluid that is flowing across the orifice is referred to as The Jet in Crossflow (JICF). 

The Jet in Crossflow phenomenon can be found in many applications. Some of the examples 

include plumes rising into the atmospheric air, concentrated brine from desalination plant 

discharging into the ocean, and air injections into a gas turbine combustor. The purpose of air 

jet injections into a combustor includes cooling the combustor wall, reducing the combustor 

exit temperatures, and interacting with the reaction zone (e.g., closing it off).  In the case of a 

RQL (Rich-burn, Quick-mix, Lean-burn) combustor, the purpose of air injection is promoting and 

completing further reaction with remaining combustible species produced by the rich 

combustion zone. This dissertation focuses on JICF phenomenon in the context of an RQL 

combustor.  

The RQL combustor is attractive for gas turbines because it features the ability to 

minimize NOx emissions while ensuring high combustion stability. Hence, the RQL combustor 

has been researched and studied extensively in the past. The RQL combustor utilizes a staged 

combustion strategy specifically to avoid the operating regime that produces high NOx 

emissions. As the name suggests, the first section, “Rich-burn,” operates at fuel-rich conditions. 

It results in a relatively low reaction temperature that limits NOx production via Thermal NOx 

mechanism while ensuring combustion stability that can be a concern in competing premixed 

combustion strategies. To complete the extraction of energy from the fuel rich products, 

additional air must be introduced. To accomplish this, multiple air jets enter the combustor. 
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These air jets normally enter the combustor perpendicular to the hot gas created by the earlier 

rich combustion. The JICF phenomenon can be found in this “Quick-mix” section. It is called a 

“Quick-mix” section because the air jets enter the combustor in a short space, resulting in rapid 

mixing between the fresh air and the hot combustion gas. The air injected in the “Quick-mix” 

section consists nominally of 2/3 of the total air used for the combustor and that is enough air 

to shift the overall reaction to fuel-lean. The last stage of RQL combustor becomes “Lean-burn”, 

where it also avoids high reaction temperature and high NOx production.  

Traditionally, the main focus of the RQL analyses has been optimizing mixing 

performance in the “Quick-mix” section between the fresh air jets and the hot gas while 

minimizing NOx emissions. This is a logical choice for analysis because the “Quick-mix” section 

presents the most complex behavior as the reaction condition crosses from the rich to lean 

conditions. Also, the mixing quality has generally been linked to emission levels. In past work, 

much has been revealed regarding the mixing performance, and mixing correlations in an 

attempt to predict NOx emissions and to optimize the RQL combustor design.  

However, a lack of information exists regarding the details of an individual air jet 

reacting in the RQL combustor. Although many RQL combustors, including both can and annular 

configurations, utilize multiple air jet injection points at the “Quick-mix” section in practice, a 

single jet is a good representation of the air jet near its entrance before any jet-to-jet 

interactions occur. While the final NOx emission level is important, it is also crucial to 

understand the intermediate characteristics and formation of NOx in the system. This piece of 

information can answer where and how NOx production occurs in the “Quick-mix” section that 

leads to deeper understanding of the RQL combustor.  
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This dissertation begins with a statement of the research goals and objectives. Then it 

goes on to describe the JICF phenomenon and the RQL combustor along with the highlights of 

past research efforts in both areas. The approach taken for the current research is then 

presented and the experimental and computational fluid dynamics simulations methods are 

explained. Then the results and analyses of the research are provided in detail. Finally, 

conclusions are drawn from the results and analyses, and future work opportunities are 

proposed.  

1.2 Research Goal and Objectives 

The goal of this research is to develop a detailed understanding of NOx emission 

behavior in the near injection region of a single reacting air jet in fuel rich vitiated crossflow. 

Objectives 

 To meet this goal, the following objectives were established. 

Objective 1: Design and Build Test Hardware 

Objective 2: Develop Diagnostic Tools 

Objective 3: Conduct Experiment 

Objective 4: Conduct CFD Simulation 

Objective 5: Develop NOx Emission Correlation  
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Chapter 2 Background 

2.1 Jet-In-Crossflow (JICF) 

 The Jet in Crossflow (JICF) is a term used to describe a phenomenon where a jet of fluid 

that exits an orifice to interact with the surrounding fluid that is flowing across the orifice. 

2.1.1 Vortices 

 When discussing JICF, the vortex structures are one of the key aspects. At least four 

major vortices[1] have been identified: Counter Rotating Vortex Pair (CVP), Horse-shoe vortex, 

Wake vortex and Shear layer vortex. These vortices are shown in Figure 2 - 1. 

 

Figure 2 - 1. Four Major Vortices in JICF [Fric & Rashko (1994)] 

 The Counter Rotating Vortex Pair (CVP) has long been the signature feature of JICF. CVP 

is a vortex occurring in the jet that is induced by the crossflow. As the crossflow is passing over 

the jet, the shear layer of the jet is “tilting and folding”, which means the shear layer is 

experiencing acceleration in the direction of the crossflow, and eventually evolves into CVP 

further downstream. Horse-shoe vortex forms within the crossflow, upstream of the jet’s 



5 

 

leading edge and persist downstream. The boundary layer of the crossflow separates due to 

adverse pressure gradient at the upstream of jet and it results in a spanwise vortex that goes 

around the jet. The wake vortex is the upright vortex observed at the downstream of the jet, 

extending from the wall to the leeward side of jet. This vortex originates from the separation 

events in the crossflow boundary layer downstream of the jet. The shear layer vortex is found 

on the jet circumference and it evolves from the boundary layer in the nozzle and becomes 

distorted as the jet is deflected.  

 

2.1.2 Momentum-flux-ratio 

 Another important parameter of JICF is jet-to-crossflow momentum-flux-ratio which has 

been previously found to correlate mixing behavior. This dimensionless ratio expresses the 

relationship between the jet and the crossflow by combining the fluid material property, 

density (ρ), and the fluid dynamic property, velocity (U). Equation 2 - 1[2] shows the explicit 

equation for momentum-flux-ratio. 

   
    

 

    
  

   = Momentum-flux-ratio 
  = Density of jet fluid 

  = Density of crossflow fluid 
  = Velocity of jet fluid 

  = Velocity of crossflow fluid 

Equation 2 - 1 

 

The momentum-flux-ratio can be used to develop two basic characteristics in JICF: the 

jet trajectory and the maximum penetration. Many studies have been conducted in the past to 

develop equations for both but this research will focus on equations developed by Lefebvre. 
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Equation 2 - 2[2] is the jet trajectory equation and Equation 2 - 3[2] is the maximum 

penetration equation. The θ in Equation 2 - 3 is 90˚ for current research. 

 

  
          

 

  
      

  = Radial penetration of the jet centerline 
  = Diameter of the jet orifice 

  = Momentum-flux-ratio 
  = Downstream distance from the jet orifice 

Equation 2 - 2 

 

            
        

     = Maximum radial penetration of the jet centerline 
  = Diameter of the jet orifice 

  = Momentum-flux-ratio 
  = Entry angle of jet fluid 

Equation 2 - 3 

 

2.2 RQL Combustor 

 This particular research focuses on the air injection into a gas turbine combustor, and 

more specifically, an RQL combustor[3]. It was first introduced in 1980 and it later was adapted 

by National Aeronautics and Space Administration (NASA) to be utilized in the low emission 

aero-propulsion engines.  

 The RQL combustor, which stands for Rich-burn, Quick-mix, Lean-burn combustor, uses 

a staged combustion strategy to reduce oxides of nitrogen (NOx) from the gas turbine 

combustion. An example of a RQL combustor is shown in Figure 2 - 2.The primary zone is 

operated in fuel-“rich” condition, while the majority of the air for the combustion process is 

delivered in a short distance for “quick-mixing” which produces the final overall all fuel-“lean” 

condition. Further dilution can be applied based on the requirements of the turbine inlet 
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condition. The RQL combustion strategy is commercially deployed by Pratt & Whitney in an 

aero-engine industry for its strength in reaction stability while reducing NOx[4].  

 

Figure 2 - 2. Example of RQL Combustor with further Dilution [Samuelsen, NETL Gas Turbine Handbook] 

 The NOx formation rate almost coincides with temperature profile of the combustion 

reaction. The highest temperature occurs on a slightly richer side of the stoichiometric fuel and 

air ratio while the highest NOx formation rate occurs on a slightly leaner side of the 

stoichiometric ratio. Hence, the basic strategy of reducing NOx formation is to avoid the high 

reaction temperature, which is near the stoichiometric ratio. Figure 2 - 3[5] demonstrates such 

strategy in a graphical form.  

 

Figure 2 - 3. Temperature and NOx Formation Curve [Samuelsen, Gas Turbine Short Course] 



8 

 

 The red ellipse on the right side represents the rich operating condition where both the 

temperature and the NOx formation rate are low. Then the operating condition follows the 

purple arrows as majority of the air is introduced in the quick-mix section. It is apparent that 

the time during the purple pathway should be minimized to avoid high N0x emissions as the 

formation rate will be the highest during this period. In other words, for the RQL combustor to 

be successful, it must minimize the time the reaction is operating under the high temperature 

and the NOx formation rate conditions. Once the mixing has occurred, the combustor is 

operating in lean condition, which is represented by the red ellipse on the left side.  

 

2.3 Oxides of Nitrogen Combustion Chemistry 

The oxides of nitrogen are one of six principal pollutants, or also called the “criteria” 

pollutants set by National Ambient Air Quality Standards (NAAQS)[6] as a part of the Clean Air 

Act. The oxides of nitrogen include nitric oxide (NO) and nitrogen dioxide (NO2), which can be 

combined under the common heading NOx. Along with the adverse effects on public health, 

oxides of nitrogen are considered the key ingredients for the ground-level ozone, or smog. The 

predominant compound of NOx emission at high emission levels is NO but NO can quickly form 

into NO2 in the atmosphere. Hence NO2 is considered both primary and secondary pollutant. 

Also, NAAQS uses NO2 as an indicator for all of the oxides of nitrogen. The nitrogen necessary to 

form NOx either comes from the atomic nitrogen in fuel molecule or the nitrogen present in air. 

NOx formed from fuel bound nitrogen is normally associated with solid fuel such as coal. This 

section will focus more on other mechanisms that are more pertinent to gaseous combustion. 
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2.3.1 Zeldovich Mechanism 

 The first NOx mechanism is called Zeldovich, or thermal mechanism[7]. The name 

“thermal” comes from the fact that this mechanism dominates NOx production in high 

temperature condition over a range of equivalence ratio. More specifically, this mechanism 

becomes crucial at temperature above approximately 1750 K. The mechanism consists of 

following two chain reactions. 

O + N2 ↔ NO + N  (2.1) 

N + O2 ↔ NO + O  (2.2.) 

 The relatively large (319,050 KJ/kmol) activation energy of reaction (2.1) requires high 

temperature and leads to a relatively slow reaction (Turns, 2000). However, reaction (2.2) 

occurs nearly instantly once the nitrogen radical (N) is formed in reaction (2.1). Thus it can be 

assumed that the rate of NO formation is simply two times that of rate of reaction (2.1). The 

Zeldovich mechanism can be extended by following reaction. 

N + OH ↔ NO + H  (2.3) 

 This three-reaction mechanism is called the extended Zeldovich mechanism. The 

nitrogen radical from reaction (2.1) can lead to either reaction (2.2) or (2.3). Due to relatively 

slow time scale compared to the fuel oxidation processes, NO produced by the Zeldovich 

mechanism is generally formed in the postflame gases where the temperature is still high. Also, 

NO is traditionally considered “frozen” once it is formed so the best mitigation strategy is not to 

produce it in the first place. It was also found that the Zeldovich NOx is proportional to pressure 

when NOx emissions were seen to increase with pressure for equivalence ratios above 0.7 for 
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natural gas[2]. The increased pressure increases the reaction rate of the combustion, and that 

leads to higher NOx formation due to thermal mechanism.  

2.3.2 The Fenimore Mechanism 

 This mechanism[7] is particularly important in the rich combustion process and it is 

closely linked to hydrocarbon combustion chemistry. Hence, this mechanism is highly relevant 

to RQL combustion since it involves fuel-rich combustion of a hydrocarbon. The mechanism was 

first discovered by Fenimore when he noticed that some NO was produced in the flame zone 

even before there was enough time for thermal NOx can be formed. Hence, the name of 

prompt NO was given. As mentioned before, the prompt NO is formed via hydrocarbon radicals 

reacting with molecular nitrogen to form amines or cyano compounds. These amines or cyano 

compounds are further broken down to intermediate compounds that ultimately lead to the 

NO formation. The Fennimore mechanism of forming amines or cyano compounds starting 

from CH radical can be written as follow. 

CH + N2 ↔ HCN + N  (2.4) 

C + N2 ↔ CN + N  (2.5) 

 For equivalence ratios less than about 1.2, the path of hydrogen cyanide, HCN, to NO 

can be written in chain reactions as follow. 

HCN + O ↔ NCO + H  (2.6) 

NCO + H ↔ NH + CO  (2.7) 

NH + H ↔ N + H2  (2.8) 

N + OH ↔ NO + H  (2.3) 
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 The cyano compound in reaction (2.5) can react with O2 molecule or OH radical to form 

NCO found in reaction (2.7) and follow the rest of the chain reactions. Also, notice that the final 

step that actually produces NO is the same as the extended Zeldovich mechanism, reaction 

(2.3). Fenimore concluded that the prompt NO is proportional to square root of pressure in his 

first study.  

2.3.3 The N2O Intermediate Mechanism 

 This is an important mechanism[7] for a fuel-lean, less than 0.8, and low temperature 

conditions. For example, lean premixed combustion system can still produce NO via this 

mechanism even though it avoided thermal NO by avoiding high reaction temperature. The 

three step chain reactions can be written as follow. 

O + N2 + M ↔ N2O + M  (2.9) 

H + N2O ↔ NO + NH  (2.10) 

O + N2O ↔ NO + NO  (2.11) 

 The “M” found in reaction (2.9) is a third body specie.   

2.3.4 N-N-H Pathway 

 This is a relatively new NO formation pathway facilitated by the NNH radical[7]. The 

chain reaction for this mechanism can be written as follow. 

N2 + H ↔ NNH  (2.12) 

NNH + O ↔ NO + NH  (2.13) 

 The nitrogen molecule reacting with hydrogen radical forms NNH radical. Then this 

radical also reacts with O atom to ultimately produce NO. This mechanism is known to be 

important for residence time less than ~1ms at all temperatures[8]. 
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2.3.5 NO2 Formation Chemistry 

 As mentioned before, NO2 is used as an indicator for all of NOx for NAAQS because it is 

important for producing acid rain and smog. Ultimately, most of NO emitted from combustion 

processes oxidizes into NO2 via photochemical reaction [7]. However, some NO2 are still 

produced in the combustion processes especially in low temperature conditions. The formation 

of NO2 in the combustion processes can be written as follow. 

NO + HO2 ↔ NO2 + OH  (2.14) 

The HO2 radical found in reaction (2.14) is formed by following reaction. 

H + O2 + M ↔ HO2 + M  (2.15) 

 The formation of HO2 also occurs in relatively low temperature regions. So, NO2 

formation occurs when NO molecules move to the low temperature regions rich with HO2 

molecules. However, NO2 can also be destructed back to NO in high temperature regions via 

following reactions. 

NO2 + H ↔ NO + OH  (2.16) 

NO2 + O ↔ NO + O2  (2.17) 

 This NO2 destruction also contributes to high NO emissions at high temperature 

conditions.  

 

2.4 Previous Efforts in JICF including RQL Combustor 

 A broad range of Jet in Crossflow research has been carried out in the past. The focus 

has been divided into three major areas that are pertinent to the current research for more in 
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depth review: 1) single jet in crossflow including both earlier works and single reacting jet in 

crossflow, 2) RQL combustor including both can and annular configuration, and more recently, 

3) “distributed” combustion.  

 

2.4.1 Single Jet in Crossflow – Earlier Works 

 JICF research dates back to early 1900’s. The initial research was interested in 

qualitative explanations of problems like plume dispersion and effluent disposal in free stream. 

Then the research evolved to investigating jet engine combustor cooling jets and reaction 

control jets. It wasn’t until 1940’s when research in JICF really bloomed as those researches 

were related to V/STOL (Vertical and/or Short Landing) aircraft. Many configurations of this 

vehicle use jets for take-off and landing with varying forward velocities[9]. All of the researches 

at the time focused on charactering JICF features such as trajectory, shape, flow-field, pressure-

field and vortices.  

 For example, Chang et al. in 1942[9] conducted an analytical study with a circular jet of 

fluid injected normal to a very deep, broad stream, the subsequent jet deflection, and the 

shape change of the separation boundary between the jet fluid and the free stream fluid. Chang 

computed the deformation of the boundary and only one-half of the jet circumferences are 

shown in Figure 2 - 4. The contour of CVP formation is shown as time step is moving forward 

from 0 to 14.  
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Figure 2 - 4. Rolling up of the Vortex Flow by a Crossflow for Half of the Jet Circumference [Chang et al. (1942]] 

 Another example of early JICF work that focuses on characterizing the features of the jet 

is done by Fearn and Weston in 1978[9]. This particular work developed a correlation of jet 

trajectory and vortex curve with measured data. This correlation is shown in Figure 2 - 5. The R 

value shown in the plot is the square root of momentum-flux-ratio and the open circle, square, 

diamond and triangle are the measured data points used to develop the correlation. The solid 

line represents the vortex curve while the dashed line represents the velocity centerline, or jet 

trajectory. The correlation was developed using the R value with an empirical power equation. 

This reaffirms that a form of momentum-flux-ratio is an important parameter when discussing 

JICF. 
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Figure 2 - 5. Jet Trajectory and Vortex Curve Correlation with Measured Data [Fearn & Weston (1978)] 

 

2.4.4.1 Single Jet in Crossflow – Single Reacting Jet 

 Reviewing previous studies in single reacting jet in crossflow is particularly important to 

the current research since the current research involves a single reacting jet in crossflow too. 

However, the difference between the works reviewed here and current research is the material 

of jet and the crossflow. All of the previous single reacting Jet in crossflow research involves a 

fuel jet in air crossflow. The current research involves an air jet in rich combustion product 

crossflow.  

 Botros et al. in 1979[10] studied lifted reacting propane fuel jet in air crossflow. This 

study investigated the velocity field of the jet using pitot tube and developed a theoretical 

prediction of the velocity field. 

 Karagozian et al. in 1986[11] developed an analytical model of heat release and flame 

distortion of a reacting jet in a crossflow. This study predicted that the combustion process in a 

jet proceeds in a bifurcated flame due to a vortex pair. It also determined that the heat release 

from the reaction decreases the jet penetration because the density of the jet is also 

decreased. The decrease in density also reduces vortex strength. 
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 Fairweather et al. in 1991[12] developed a model that predicts mean temperature 

contour of a methane reacting jet in air crossflow. The mean temperature contours show that 

the core of jet is hotter, at 1600K, while the outer of the jet is relatively cold, at 600K. 

 Huang et al. in 1994[13], [14] studied the stability of a propane jet in air stream in wind 

tunnel. The study concentrates on “never-lift” flame category, which can be found with high 

crossflow velocities with low fuel jet velocities. The study identifies five different stability 

characteristic modes: down-wash flame, flashing flame, developing flame, dual-flame, flickering 

flame and pre-blow off flame.  

 Continued study from Huang et al. in 1996[15] measured the mean temperature profile 

of a reacting jet with a thermocouple and presented cross-section temperature of the jet to 

identify the jet structure. This study also measured the concentration level of major species 

with a sampling probe and a gas analyzer to develop a concentration profile of the jet. The 

major species are CO, CO2 and O2. Huang developed the temperature and concentration profile 

for each of five stability modes mentioned above. Figure 2 - 6 shows an example of 

concentration profile for dual-flame stability mode. Relative to the current research, this study 

notably lacked NOx information. 
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Figure 2 - 6. An Example of Concentration Profile of CO, CO2 and O2 for Propane Reacting Jet (dual-Flame) [Huang et al. 

(1996)] 

 Hasselbrink et al. in 1998[16] studied the structure of stabilization of a lifted methane 

jet flame. The study utilized CH chemiluminescence and OH planar laser-induced fluorescence 

images to capture the jet structure. It also measured a velocity field near the flame base. The 

mean conditional velocity component normal to the mean flame base is three times the 

laminar flame speed while the crossflow velocity is 4.8 times the laminar flame speed. The 

study concluded that the low-velocity regions created by jet-crossflow interaction play key roles 

in flame stabilization.  

 Continued work, done by Hasselbrink in 2001[17], performed detailed measurements of 

velocity field in jet in crossflow using particle image velocimetry. Combined with the previous 
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work, it concluded that the flame/flow interaction is stronger near the lifted flame-base, but 

increasingly weaker further downstream.  

 Bandaru et al. in 2000[18] studied a high velocity fuel jet in crossflow air where fuel 

types are propane, ethylene, methane and CO/H2. This study is especially relevant to the 

current research because it is one of the rare previous works that studied emissions from a 

single reacting jet. This particular work studied emissions of unburned hydrocarbons, CO and 

NOx indices. However, Bandaru only measured emissions at the end of the combustor with 

sample further diluted with air. Figure 2 - 7 shows the NOx indices vs. momentum-flux-ratio 

developed by Bandaru et al.  It was found that, with exception of ethylene, the NOx indices are 

not strongly depended on momentum-flux-ratio or the magnitude of the crossflow velocities. 

 

Figure 2 - 7. NOx indices vs. Momentum Ratio for Various Fuel Jets [Bandaru et al. (2000)] 

 Han et al. in 2003[19] studied the mixing and combustion processes of a jet flame 

injected into crossflow using the simultaneous PIV and CH PLIF. The jet flames were injected at -

45˚, 0˚ and 45˚. The biggest finding of this study is that the deflected-jet flames showed 

premixed flame characteristics at lee side of the jets.  

 Grout et al. in 2011[20] studied 3-D direct numerical simulation of a nitrogen diluted 

hydrogen fuel jet into heated air crossflow. The most important finding of this work was the 
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core of heat release of the flame is found approximately 2 jet diameters downstream, and 

approximately 4 nozzle diameters away from the wall. This region is between the counter 

rotating vortex pair where the average flow velocity magnitude is locally low and the average 

mixture fraction is found to be near stoichiometric.  

 Additional works cited are not directly related to the current research but they are 

included for completeness.  

 Ahmed et al. in 2008[21] investigated the viability of transverse slot jet in a crossflow 

that produces recirculation bubble similar to rearward-facing step for flame stability. Ahmed 

concluded that the slot jet may provide more advantages by producing high turbulence level in 

a short stream-wise distance compared to the rearward-facing step flow. It was also found that 

the momentum-flux-ratio is the most important governing parameter for the slot jet. 

 Kim et al. in 2008[22] studied the ignition characteristics and stability of a methane jet 

flame in crossflow air with plasma charges. Kim concluded that the best location of igniting the 

jet flame is on the leeward side of the upstream near-field region due to low strain rate, 

adequate concentration of both fuel and air, and low concentration fluctuation.  

  

2.4.2 RQL Combustor 

 The RQL combustor can have two architectures: can and annular. The can combustor 

has a cylindrical shape where the quick-mix section has a ring of jets entering the combustor. 

The annular combustor comprises of two concentric cylindrical liners where the space between 

the two “cylinders” is the combusting zone. Hence the cross-section of the annular resembles a 

rectangle. The quick-mix section of an annular combustor has rows of air jets entering from 
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either side of wall. Much work has been done with a can configuration but little has been done 

with annular configuration. 

 

2.4.2.1 RQL Combustor – Can Combustor 

 Holdeman, from NASA, conducted a thorough investigation of mixing of non-reacting 

multiple jets with a confined crossflow in 1993[23]. This work investigated the mixing of single, 

double, and opposed rows of jets with an isothermal or variable temperature. Holdeman 

concluded that the momentum-flux-ratio was the most significant flow variable, and that the 

temperature distributions were similar, independent of orifice diameter, when the orifice 

spacing and the square-root of the momentum-flux-ratio were inversely proportional. 

Holdeman in 1997[24] also conducted a computational study that had a similar conclusion with 

the experimental works.  

 Extensive works in can style RQL combustors with reaction were carried out at UCI 

Combustion Lab with sponsorship from NASA. A few key studies are discussed in this section.  

 Leong et al. in 2000[25] studied mixing of jet air into fuel-rich reacting crossflow. Five 

different configurations, consisting of 8, 10, 12, 14, and 18 round holes, were investigated. The 

study measured the temperature and species concentration of O2, CO2, CO and HC at different 

axial locations. From this information, spatial mixedness and the extent of chemical reaction 

were deduced. Figure 2 - 8 shows the equivalence ratio profile at various planes on the left and 

the corresponding planes on the right. Leong concluded that the bulk of the mixing was 

completed between the jet air and reacting crossflow by plane 5, which is one duct radius 

downstream of jet injection. Leong later developed an equation for number of jet orifices that 
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produces the optimal mixing. This relationship is shown in Equation 2 - 4, where n denotes the 

number of round orifices, J denotes momentum-flux-ratio and C is a constant value of 2.5. 

Based on this relationship, the optimal number of orifices for Leong’s experiment was 13. 

 

Figure 2 - 8. Equivalence Ratio Profile at Various Planes (Left) and the Measurement Planes (Right) [Leong et al. (2000)] 

          
  - number of round orifices 
  – momentum-flux-ratio 

  - Constant = 2.5 

Equation 2 - 4 

 

 Vardakas et al. in 1999[26] investigated the effect of air preheat on the formation of 

NOx in the RQL combustor. This work has the same experimental setup and the measurement 

planes as Leong’s work. Total of three different preheat cases were investigated: main flow 

only, air jet only and both main and air jet. Vardakas concluded that preheating the main air 

flow has the biggest impact on NOx formation. Figure 2 - 9 shows NOx distribution plots for 

main and jet preheated condition at plane 5 from Leong’s work.  
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Figure 2 - 9. NOx Distribution Plots for Different Jet Configuration at Plane 5 (Figure 9) [Vardakas et al. (1999)] 

 Here, another interesting aspect of NOx formation was found which involved the spatial 

location of the NOx emissions levels. It can be seen that the highest NOx level was found near 

the wall, especially in the wake of air jet (The location of the jets are indicated in Figure 2 - 9). 

This trend is especially highlighted with 8 hole module, which has bigger jet diameter than any 

other modules. Figure 2 - 10 shows the area weighted planar average of NOx emissions levels 

from the plots in Figure 2 - 9.  

Jets 
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Figure 2 - 10. Area Weighted Planar Average of NOx Emissions Level shown in Figure 10 [Vardakas et al. (1999)] 

 Vardakas concluded that the production of NOx is relatively insensitive to the number of 

jets at fixed momentum-flux-ratio and mass-flow ratio. However, it is interesting to note that 

the best mixing configuration, the 12 and 14 hole modules produced the most NOx. Instead the 

8 hole case produced the least amount of NOx even though the difference between the highest 

NOx level and the lowest was only 3 ppm.  

 The similar finding was also found by Sullivan-Lewis in 2012[27] from the same UCI 

group. Sullivan-Lewis investigated the performance assessment of a can RQL combustor 

operating under vitiated conditions and its effect on the emissions and found that an RQL 

combustor performed well under such conditions. Sullivan-Lewis also found that when the 

number of the orifices at the quick-mix section was varied with 5, 15 and 24 holes, the 5 holes 

produced the least NOx with 11 ppm while the 24 holes produced the most NOx with 13 ppm. It 

was a single point emission measurement at a downstream location. Similar to Vardakas’ work, 

Sullivan-Lewis also found that the less number of orifices had better NOx emissions 

performances, even though the difference was not substantial. 
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 In summary, mixing and NOx emission performance have been investigated quite 

thoroughly in a can combustor configuration. A relationship for optimal number of orifices for 

the best mixing was developed. However the lowest NOx emissions levels were found with the 

least number of orifices configuration rather than the best mixing configuration. Another 

important finding was the high NOx concentration levels found near the wall in the wake of jet. 

It was hypothesized by Vardakas that the high level of NOx in line with the jet was caused due 

to lengthened residence time created by jet induced recirculation associated with the wake 

behind the jet.  

 

2.4.2.2 RQL Combustor – Annular Combustor 

 The most representative examples of annular RQL combustors are found in aero-engine 

researches carried out by Pratt & Whitney. It should be noted that the fuel used in aero-engines 

is liquid fuel.  

 McKinney et al. in 2007[4] carried out a study to develop a new version of low NOx RQL 

combustor called Talon X. The study focused on improving four fundamental characteristic of 

the RQL concept. 

 A uniform rich primary zone 

 Optimized quench mixing 

 Advanced cooling technologies 

 Reduced combustor residence time 

 McKinney was able to demonstrate the newly developed Talon X, achieving the four 

improvements on the combustor, improved its NOx emission level compared to previous RQL 



25 

 

combustors as shown in Figure 2 - 11. The green diamond represents the NOx level for Talon X 

but this work only measured the final emission level at the combustor exit.  

 

Figure 2 - 11. LTO NOx vs. CO for Various P&W RQL Combustors [McKinney et al. (2007)] 

 

2.4.3 Distributed Combustion 

 “Distributed combustion” is a recent combustor design concept that has been 

investigated for only a few years. It is premixed fuel and air injected as a jet into a lean 

combustion product crossflow to distribute heat release evenly along the axial distance of a 

combustor. That is why it is called distributed combustion, or it is also sometimes called late 

lean injection. The idea is to take advantage of the diluents generated by the combustion to 

help suppress NOx formation conditions as the additional fuel and air are introduced. An 

example of distributed combustion apparatus developed by Purdue University is shown in 

Figure 2 - 12. Another example of distributed combustion rig developed in Germany is shown in 

Figure 2 - 13. 
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Figure 2 - 12. Distributed Combustion Apparatus in Purdue University [Lamont et al. (2012)] 

 

Figure 2 - 13. Distributed Combustion Rig in Germany [Schimitt et al. (2013)] 

 Only a few studies have been reported in distributed combustion. The primary focus of 

research varies from investigating jet flame structure using chemiluminescence emissions, 

investigating ignition and flame stability, quantifying mixing, CFD modeling, and limited NOx 

emission collection. Distributed Combustion is fundamentally different from the current 

research in that it uses premixed fuel and air as a jet while the current research uses only air as 

a jet.  

 Galeazzo et al. in 2012[28] conducted a CFD modeling of the distributed combustion 

system to evaluate mean mixing fraction, mean reaction progress variable and mean 
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temperature. An investigation of the jet flame structure using chemiluminescence emissions 

was also performed. It was found that as the equivalence ratio of the jet moves towards 

stoichiometric ratio, the combustion zone became compact and the distance between the 

orifice and the reaction zone decreased. 

 Lamont et al. in 2012[29] investigated the time evolution of reaction structure of the 

same jet using chemiluminescence emissions. This work also measured NOx emission data at a 

downstream location (see Figure 2 - 12) by varying jet equivalence ratio and jet-to-crossflow 

momentum-flux-ratio. The NOx results are shown in Figure 2 - 14. The red marks indicate the jet 

conditions showing benefits of distributed combustion with low NOx level.  

 

Figure 2 - 14. NOx Level in Relation to Jet Equivalence Ratio (Left) and to Jet Momentum Ratio (Right) [Lamont et al. (2012)] 

 Schimitt et al. in 2013[30] investigated the ignition capability and reaction stability of 

the distributed combustion system by taking reaction images at different jet equivalence ratio. 

It was found that the jet gas ignites immediately upon entering the hot crossflow gas and the 

penetration of the jet gas is greater for a reacting flow compared to the cold flow.  
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 From the same group, Kolb et al. in 2013[30] conducted an experiment to determine the 

mixture fraction of the distributed combustion system. This work was able to create contour 

map of mixture fraction at different temporal and spatial resolution. 

 Ahrens et al. in 2014[31] investigated the same distributed combustion system from 

Schimitt and Kolb. This work measured temperature, mixture fraction and NOx emissions at a 

downstream location with some spatial resolution. Some modeling work with Cantera was 

conducted in parallel. Ahrens concluded that the NOx reduction using distributed combustion 

strategy can be achieved and that mixing is a major key in reducing NOx.  

 Hoferichter et al. in 2014[32], working parallel with Ahrens, conducted the modeling 

work using Cantera in both atmospheric and gas turbines operating condition. Hoferichter 

concluded that the atmospheric model was able to successfully reproduce the experimental 

results by Cantera model and the elevated pressure model also demonstrated a potential for 

NOx reduction with distributed combustion.  

 

2.5 Summary 

 After reviewing various facets of previous works in JICF researches, it can be concluded 

that open questions exist regarding NOx emission information in the wake of a reacting jet. Past 

research has focused on the final NOx level for a purpose of designing a successful low NOx 

combustor. However, it is important to understand the origin and the evolution of the NOx 

emissions in the JICF. It is also important to understand the characteristics and behavior of the 

NOx emission trend in the intermediate space. Figure 2 - 15 gives a visual aid of the missing 

“GAP” of information location, which is in the immediate wake of the jet near the wall.  
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Figure 2 - 15. The "GAP" in NOx Emission Information 

 The NOx behavior and its characteristics in the wake of the jet near the wall is applicable 

to both can and annular RQL combustors because, 1) NOx level near the wall definitely 

contributes to final NOx level and 2) single jet is a good representative for both combustor 

designs near the wall in the near leeward side of an air injection before jet-to-jet interaction 

becomes relevant. This dissertation addresses this gap in knowledge by carefully analyzing the 

reacting air jet in rich crossflow, both experimentally and computationally, and sheds light on 

the NOx behavior in the region that has not been previously studied. A summary of key previous 

research and the current research is organized in Table 2 - 1.   
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Table 2 - 1. Summary of Previous Works and Current Research 

Single Jet RQL Distributed 
Combustion 

Current Research 

Conditions 

 1 Jet 

 Fuel Jet 

 Air Crossflow 

Conditions 

 Multiple  Jets 

 Air Jets 

 Rich Crossflow 

Conditions 

 1 Jet 

 Fuel + Air Jet 

 Lean Crossflow 

Conditions 

 1 Jet 

 Air Jet 

 Rich Crossflow 
Focused on 

 Trajectory 

 Shape 

 Flow-field 

 Modeling 

Focused on 

 Mixing 

 Emission  

 Concentration 

 Modeling 

Focused on 

 Trajectory 

 Shape 

 Flow-field 

 Modeling 

 Concentration 

 Mixing 

 Emission 

Focused on 

 NOx emission 

 Reaction 
Mechanism 

 Modeling 

Lacking on 

 Concentration 

 Emission 

Lacking on 

 Trajectory 

 Shape 

 Flow-field 

  

Emissions 

 Single point at 
far downstream 
with diluted air 

Emissions 

 Multiple points 
measurements 
available 

 But at far 
downstream 

Emissions 

 Single point at far 
downstream 

Emissions 

 Multiple 
points 

 Near the jet 

 At various 
lengths in 
different axis 

Purpose 

 Flame Structure 

Purpose 

 Combustor 
Design 

Purpose 

 Combustor 
Design 

Purpose 

 NOx data and 
behavior 
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Chapter 3 Approach 

 This section describes the approach taken to achieve the goal of developing a detailed 

understanding of NOx emission behavior in the wake of single reacting air jet in rich crossflow 

near the wall with varying parameters, and ultimately determine the evolution of the NOx 

emissions in this Jet-in-Crossflow (JIC) configuration. The five objectives required to accomplish 

the goal are restated here in the form of tasks which are described in detail. 

 

Task 1:  Design and Build Test Hardware 

 A new experimental rig that satisfies specific requirements to accomplish the goal of the 

effort was developed. The major requirements are as followed: 

 Capability of in-situ diagnostics – both sampling probe and optically accessible – at the 

test section 

 Reliable rich combustion product crossflow generation 

 Option to inter-change different diameters of jet 

 The test section for this research is where an air jet is injected into the rich crossflow. It 

is crucial to have an optically accessible test section because that provides a visual evidence of 

reaction structure. The window also needs to transmit wide range of wavelengths that a 

reacting flame emits to allow collection and analysis of reaction chemiluminescence emissions. 

It is also important to measure the NOx emissions level at the test section. So the test section 

needs to accommodate an insertion of an emission sampling probe to the test section. The 

experimental rig also requires a rich combustion product crossflow and that crossflow needs to 
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be uniform throughout the cross-section of the rig. Although the main part of the experiment is 

the jet, a reliable and uniform crossflow is crucial for consistent results.  

 

Task 2:  Develop Diagnostic Tools 

 Each of the diagnostics tools needs to be developed with a specific analysis method in 

mind. The analysis of the reacting jet and its structure requires visual diagnostics tools. One of 

the visual diagnostics tools was a high speed camera to capture the overall jet reaction in the 

test section. Another visual diagnostics tool was a Cassegrain optical system that captures the 

chemiluminescence emission to determine the local equivalence ratio in the reacting jet. 

Another analysis for the research was the NOx emissions measurement. A sampling probe and a 

gas analyzer were needed to conduct spatially resolved NOx emissions measurement.   

 

Task 3:  Conduct Experiments 

 Conducting an experiment was the major part of the current research. The previously 

developed diagnostics tools were used for the experiment. The main experimental efforts 

included 1) analyzing the reacting jet and its structure and 2) collecting NOx emissions at various 

locations with small increments with varying conditions. A visual inspection of the reacting jet 

included determining the local equivalence ratios at different locations of the reacting jet by 

collecting chemiluminescence emission from the reaction. This required a light collection 

apparatus with various components to separate the wavelengths and determine its intensity. 

The NOx emissions collection was done through a probe where the sampling gas is pumped 

from the location and analyzing that sample with a gas analyzer. This particular aspect needed 
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to be timed-average to capture the reliable steady NOx level at the location. Such sampling was 

done at numerous locations with only small distance apart to carefully map out the NOx 

emissions behavior in the location of interest.  

 

Task 4:  Conduct CFD Simulations 

 To provide details not conveniently measured, CFD (Computational Fluid Dynamics) was 

used to add details regarding the behavior of the JICF. It is always important to support the 

experimental work with a theoretical model. In this research, capturing the cross-section shape 

of the jet was pertinent. The CFD model (ANSYS FLUENT) was used to determine the cross-

section shape of the reacting jet. The velocity vectors at the same location of the NOx 

measurement were also determined by the CFD model. Lastly, different NOx formation 

mechanisms were simulated to determine the impact of each mechanism.   

 

Task 5:  Develop NOx Emission Correlation 

 The experimental data and CFD data gathered from Task 3 and 4 were evaluated to 

determine the NOx emission behavior and its origin. The axial and radial distance was 

normalized by the jet diameter. The NOx emission level from the experiment and the velocity 

data from the CFD model were combined to determine the NOx emissions flux. Both the NOx 

emissions level and the NOX emissions flux were used to determine the shape, trend and 

location of NOx emission in the wake of the jet. The CFD results of different NOx formation 

mechanism provided insights of possible characteristics of NOx production of the RQL 
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combustor. The results provided the missing information of NOx emission behavior in the wake 

of the jet before the overall NOx level is determined.  
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Chapter 4 Experiment 

 The accomplishments associated with Task 1, 2 and 3 are presented in this chapter. 

 

4.1 Experimental Rig 

 An upward firing experimental rig was developed for the current research. The overall 

cross section of the rig is a rectangle with a dimension of 3.5 in X 1.5 in. The rig was designed to 

have no lips or perturbations in the flow-field by maintaining the same dimension throughout 

the rig, starting from the rich section, through the quick-mix section and up to the lean-burn 

section. The rich-burn section is 12’’ long. It was purposefully designed to be long enough to 

ensure fully developed flow of rich combustion gas traveling up to the quick-mix section. The 

quick-mix (test) section is 4’’ long and is equipped with multiple quartz windows. More details 

on the quick-mix section will be discussed shortly. The lean-burn section is 6’’ long and the 

section was necessary in order to isolate the test section. The amount of air injected in the 

quick-mix section is not enough to react all of the combustible gas created in the rich-burn 

section. Such left over combustible gas ultimately exits the rig and reacts with the surrounding 

air. If the lean-burn section is missing, that reaction will occur right above the test section, 

which can cause an interference with the reacting jet. Overall, the rig essentially becomes an 

upward firing RQL combustor. The fuel, natural gas and air are premixed in the premixing 

section. The premixed reactants are injected into the rich burn section after passing through a 

sintered plate. The sintered plate prevents flashback by having small openings and also ensures 

uniform flow of reactants into the rich combustion zone. The equivalence ratio of premixed gas 

is constant at 1.5. Figure 4 - 1 shows the experimental rig and the cut-away. 
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Experimental Rig Experimental Rig Cut-away 

  

Figure 4 - 1. Experimental Rig Picture (Left), Experimental Rig Cut-away (Right) 

 The details of the quick-mix, or the test section, are explained here. This dissertation will 

refer to this particular section of the rig as both quick-mix and test section depending on its 

appropriate context.  

 The most unique features of the test section are the two quartz windows comprising of 

the two full sides. The quartz windows used has dimensions of 3.9’’ wide X 3.4’’ tall X 3mm 

thick. It is worth noting that the width of the quartz window is wider than the width of the rig of 

3.5’’. This was done by design to have visual access of the jet reaction including the inlet plane. 

It is important to capture the jet inlet region because this research is focused in the area near 

the wall.  

7’’ 
Premixing 

12’’ 

4’’ 

6’’ 
Lean-burn 

Rich-burn 

Quick-Mix 

(Test) 
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 The test section was also designed with various options in mind. First, it has an option of 

having different jet diameter by inserting in different sized tubes. The most outer tube with 

0.51’’ ID was welded on the test section and that is the largest orifice size this rig can have. 

However, any other tubes with 0.50’’ OD with different ID sizes can be slid into the most outer 

tube giving flexibility of orifice sizes. The default orifice of the experiment is 0.26’’ ID tube. 

Second, air jets can be delivered from opposed side of each other to potentially create a jet-to-

jet interaction. Although this research aims to understand the single reaction jet configuration, 

a second jet can be added if desired. The wall opposite of welded jet tube is designed to be 

removed to accommodate this option. This removable wall has its own 0.51’’ tube welded on it 

and allows the same mechanism for different jet sizes. Third, another removable wall is 

prepared that is equipped with two round quartz windows instead of another jet tube. The 

“third window” wall allows optical access from yet another angle to analyze the reaction jet. 

This particular wall can help analyze the jet from the front of the reacting jet where the 

resulting image would have jet coming out of the page. Figure 4 - 2 shows the details of the test 

section. 
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Two Opposed 

Jets 

 

 

One jet with 

“Third Window” 

 

Figure 4 - 2. Details of Test Section: Two Opposed Jet Configuration (Top), One Jet with Third Widow Configuration (Below) 

4.2 Facility Attributes 

4.2.1 Test Stand 

 The test stand used for the experiment is in the atmospheric pressure facility and it 

consists of a rectangular frame constructed from aluminum. The test stand has flexibility to 

accommodate various experimental activities. One of the key attribute of the test stand is its 

ability to traverse in all three directions and it is surrounded by large aluminum optical benches. 

The optical benches are equipped with rectangular array of ¼’’ – 20 bolt holes arranged on 1’’ 

spacing for mounting various measurement and diagnostic components. Overall, the rig that 

sits on the test stand is traversing in all three directions while other equipments like emission 

probe or a camera are fixed in one location. The spatially resolved measurements were possible 

due to this traverse capability. The test stand also sits under a 5’ X 5’ fume hood and blower 

that exhaust possibly harmful gases created by an experiment out of the facility. The test room 

also has various sensors that can detect the dangerous levels of flammable or poisonous gases 

for safety purposes.  

Interchangeable 
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4.2.2 Air and Fuel Circuits 

 The main fuel for this study is natural gas. And that natural gas will react with dry air. 

The test facility is equipped with both air and natural gas lines at typical pressure of 145 psig 

and 40 psig, respectively. The compressed air goes through series of filters and results in clean 

dry air. The typical gas composition of natural gas that feeds into the facility is close to 97% 

methane with other gases like ethane, propane, and butane making up the rest. For simplicity, 

this dissertation will assume the fuel is 100% methane for any analyses. Both air and natural gas 

flow rates were measured and controlled with Alicat Scientific mass flow controllers (2 MC-

Series and 1 MCR-Series). The maximum flow rate for MC-series is 50 SLPM (Standard Liter Per 

Minute) and MCR-series is 250 SLPM. One of key features of Alicat mass flow controller is its 

pre-existing on-board gas calibration for 30 different gases including air and methane. This 

feature eliminates separate calibration for different gases and its calibration accuracy is within 

+/- 0.4%. The small scale MC-series are used to control natural gas flow and jet air flow. The 

large scale MCR series is used to control the main air flow at the premixing section. Figure 4 - 3 

shows the Alicat mass flow controllers.  

 

Figure 4 - 3. Alicat Mass Flow Controllers 



40 

 

 

4.3 Experimental Diagnostics 

4.3.1 Reaction Imaging 

 The capability to document the reaction shape and its location was important to the 

current research including some screening tests. It is important to sustain a stable jet reaction 

within the test section viewing window. If the jet reaction is highly fluctuating or blows off, the 

research becomes impossible to carry out. Also the basic JICF features, including penetration 

and trajectory behavior, can be confirmed with the reaction imaging capability. The high speed 

camera was chosen to visualize the reaction considering all of previous requirements.  

 The high speed camera used for the current research is Vision Research Phantom high 

speed camera v7.1. Lambert Instruments HICATT (High-speed Intensified Camera Attachment) 

was used to intensify the images. The current research used 512 X 512 viewing window. 

Although Phantom camera can capture images at a very high rate, the current research limited 

the rate to 1000 frames per second because that rate was high enough to capture all the details 

of the reacting jet. A narrow bandwidth filter (3 nm @ WHM) centered at 308nm (OH* radical) 

was used to determine possible difference between visible reaction shapes compared to 

chemiluminescence based reaction shape.  The Figure 4 - 4 shows the high speed camera with 

the intensifier attached. 
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Figure 4 - 4. Phantom High Speed Camera and the HiCATT 

 

4.3.2 Cassegrain Optical System 

 The current research utilized a Cassegrain optical system to collect the 

chemiluminescence and analyze the intensities to determine the local equivalence ratio of 

reacting jet in rich crossflow.  The Cassegrain optical system consists of both concave and 

convex mirrors instead of lenses to eliminate chromatic aberration. This specific approach was 

chosen for the current research because of its purported spatial resolution. The Cassegrain 

optic system collects electromagnetic radiation from a small volume of 0.2mm in diameter X 

1.6mm long and refocuses at a pinhole so such light can be delivered by fiber optics cable for 

detection and analysis. This optical approach has been used for combusting flows to determine 

the local equivalence ratio by Akamatsu and Hardalupas. The Figure 4 - 5 shows the overall view 

and the detail dimensions of the Cassegrain optics.  



42 

 

  

Figure 4 - 5. Cassegrain Optics; Overall View (Left); Details of Cassegrain Optics (Right) 

 The Cassegrain optics collect electromagnetic radiation emitted from the reacting jet. 

Further components are needed to analyze the collected light to determine the local 

equivalence ratio. The current research uses the intensity ratio of OH*/CH*to estimate the local 

equivalence ratio; hence the Cassegrain optical system focuses on separating the light into two 

different wavelengths: 310 nm and 430 nm. The system starts with a fiber optic cable (UM22-

100, Thorlabs) that is connected to the Cassegrain optics to capture and convey the EMR 

emission. The delivered light then needs to be separated and filtered to the desired 

wavelengths. Instead of using multiple lenses and optical components on an optical table, 

“optical blocks” made by Hamamatsu were utilized. The optical blocks are small units that can 

contain the necessary optical components. These optical blocks include a fiber optic adaptor 

(A10037-10, Hamamatsu), a dichroic mirror block (A11214, Hamamatsu) and filter adaptor 

blocks (A11213, Hamamatsu). The optical blocks are designed to be simply connected to each 

other which ensures near perfect alignment. The delivered light from the fiber optic cable first 

passes through a dichroic mirror (340DCLP, Omega Optical) that reflects light with 310 nm 

wavelength while passes through 430 nm wavelength light. Once the light is separated into two 

paths, each light path passes through a bandwidth filter, 310 nm (67819, Edmund Optics) and 
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430 nm (65137, Edmund Optics), to isolate for desired wavelengths. Finally, the intensity of 

each isolated wavelength is measured by Photo Multiplier Tubes (H10723-210, Hamamatsu). 

The analog signal from the PMTs are converted to digital signals and collected by 16-bit DAQ 

board (NI USB-6341, National Instruments). These signals are recorded by personal computer 

running LabVIEW. The raw data are then corrected by the transmission efficiency of each 

component in the optical system. The Figure 4 - 6 illustrates the overall Cassegrain optical 

system where the white diagonal line indicates a dichroic mirror and the black dashed line 

represents the path of light. The Table 4 - 1 shows the transmission efficiency of each optical 

component in the system. 

 

Figure 4 - 6. The Cassegrain Optical System 
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Table 4 - 1. Transmission Efficiency of each Optical Component 

  OH* CH* 

fiber optic cable 95.70% 87% 

Collimating lens 90% 91% 

Dichroic mirror 98% 85% 

Bandwidth filter 18% 95% 

  

 The method of analyzing the chemiluminescence intensity follows the method 

developed by Hardalupas et al. (2004). While Hardalupas used a counter-flow burner, the 

current research developed a calibration curve using a jet flame to relate the OH*/CH* and 

equivalence ratio. The sampling rate is 50 kHz like that used in Hardalupas’ work[33]. The 

collected intensity data show intermittent peaks from each wavelength. Hardalupas used a 

temporal “tolerance” of 2/fs, where fs was the sampling frequency, where only the peak signals 

within the tolerance are used for analysis. This temporal tolerance was applied to make sure 

the peak intensity from each wavelength is emitted from the same flamelet. Similar to 

Hardalupas’ work, the time it takes for fluid to pass through the control volume is significantly 

smaller than the time of 1/50 kHz for the current project. Hence the current research uses the 

same temporal tolerance of 2/fs. While Hardalupas collected data for 1.64 seconds, the current 

research collected data for at least 10 seconds per data point. The calibration jet burner is 

operated with premixed natural gas and air at room temperature. The last note regarding the 

jet flame is that the most reliable data are collected when the control volume is focused at the 

lateral edges. When the control volume is focused at other locations, light can be collected 

from the front and behind of the control volume[34]. An example is given in Figure 4 - 7 where 
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the control volume is focused in the center of the jet flame but light is also getting collected 

from both sides of the control volume.  

 

Figure 4 - 7. Example of Control Volume Focused in the Center of Jet 

 A calibration curve was developed and can be seen in Figure 4 - 8. A total of 3 sets of 

data were collected in 3 different days. The actual data point is the average of three sets and 

the error bars indicate the range of ratios for given equivalence ratio. The errors decrease as 

equivalence ratio increases. This is due to jet flame growing more stable as equivalence ratio 

increases.  

 

Figure 4 - 8. Calibration Curve 
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4.3.3 Emissions 

 The capability of reliable measurements of emissions produced by the jet reaction was 

the most critical aspect of the research.  

 The collection of NOx emission was done with a water-cooled probe where sampled gas 

is pumped into the gas analyzer. The sample goes through water drop out system of ice bath to 

condense out water in the sampling gas. The gas analyzer used for this research is PG-250 from 

Horiba. The test rig is on 3-D traverse that allows sampling from different locations.  

4.3.3.1 Sampling Probe 

 The sampling probe used for the research is water-cooled. It is made with three 

different sizes of stainless steel tubes that are concentric with one another. The smallest tube 

has a diameter of 1/16’’ and it carries the sample gas. The next size tube has a diameter of 

3/16’’ and the largest tube has a diameter of 3/8’’. The smallest tube sticks out at the tip and is 

welded with the largest tube with a cap. This creates a continuous pathway between the space 

between the 1/16’’ and 3/16’’ tube, and the space between 3/16’’ and 3/8’’ tube. These tubes 

are also joined by different fittings to accommodate water line connection. The cold water 

flows within 3/16’’ tube to ensure cold water cools the sampling tube. The heated water then 

leaves through 3/8’’ tube, creating a continuous water flow through the entire probe. Figure 4 - 

9 shows flow configuration of the water-cooled sampling probe. 
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Figure 4 - 9. Sampling Probe Configuration 

4.3.3.2 Horiba PG 250 

 The gas analyzer used for the research is Horiba PG 250 shown in Figure 4 - 10. It is a 

portable gas analyzer capable of measuring NOx, SO2, CO, CO2 and O2. Only NOx level was 

measured and recorded for two reasons. First, NOx is the only emission of interest for the 

current research. Second, although O2 level is required to adjust NOx level, the rich combustion 

flow in the test section results in constant zero O2 level. PG 250 uses Chemiluminescence 

Detection Method (CLD) to measure NOx levels. The analyzer was zeroed and spanned before 

each test. Drift test was also conducted after each test and it was less than 1% variation in 

average.  

 

Figure 4 - 10. PG 250 
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4.3.3.3 Sampling Method 

 The emission sampling was done from total of 17 data points in YZ plane near the wall. 

The sampling was done within ½’’ away from the center location in Z direction with 1/16’’ of 

increment. The measurements were done in total of 5 different planes in X direction. The 

lowest location in X direction is the upper edge of the jet and increases with 1dj (jet diameter) 

increment except between distance 1dj and 2dj. The same 5 set of measuring planes are 

duplicated at in Y directions. The distance between these different 5 set of planes are ¼’’. 

Hence the measuring locations in Y directions are ¼’’, ½’’ and ¾’’ from the wall. Figure 4 - 11 

shows the sampling locations visualized in both top view and side view. The red ellipses indicate 

the mimicked reaction locations while the dash lines indicate each sampling location. Data from 

each sampling location is time averaged for 2 to 3 minutes to ensure a steady-state 

measurement.  
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Figure 4 - 11. NOx Emission Sampling Locations; Top View and Side View 

 

4.4 Overall Experimental Procedure 

 The current research aimed to achieve the most stable testing condition as possible. The 

condition included achieving thermal equilibrium of the test rig while keeping all the gas flows 

relatively constant. A thermo-couple attached to the rich-burn section played a huge role in 

achieving thermal equilibrium of the rig while ensuring a rich reaction inside. The experiment 

starts with an ignition of the rich-burn section at an equivalence ratio of 1.2. The equivalence 

ratio increases slowly until the target of 1.5 is achieved. The timing of the equivalence ratio 

change was based on the rich-burn section metal temperature. The final thermal equilibrium of 

the experimental rig is achieved when the rich-burn section metal reached 590 ˚F. The cooling 

water for the sampling probe was also turned on during the ignition to achieve overall thermal 
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equilibrium. This method of arriving at the target condition also allows gas flow rates to be very 

stable by the time data were taken. Although the Alicat MFCs are fast response units, the PID 

nature of the control system limits the variation of the flow after longer operating hours. Also, 

the emission measurements, Cassegrain measurements and imaging were all done separately 

at a same condition to limit interferences. For example, a sampling probe in the test section 

could have caused another object to appear in reaction imaging process. Figure 4 - 12 shows 

the overall schematics of the experiment.  

 

Figure 4 - 12. Overall Experimental Schematics 
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Chapter 5 Simulations 

 This Chapter presents the tasks completed associated with Task 4 of conducting 

Computerized Fluid Dynamics (CFD) Simulations. 

 

5.1 Domain and Mesh 

 A transient Large-Eddy-Simulation (LES) was carried out using Software ANSYS FLUENT 

version 15.0.7 in 3-D. The domain of the simulation was limited to only the test section for 

simplicity. The jet air entrance is represented as a simple circle on a side rather than a long tube 

for further simplicity. The fluid body has a rectangular shape with dimensions of 3.5’’ X 1.5’’ X 

4’’ tall. The jet air entrance is located on one side with the center of circle placed at 1’’ from the 

bottom. The geometry of the domain matches the geometry of the test section. The mesh 

consists of 2,778,046 hexahedral cells with 5e-4m (0.5 mm) length in all directions. The cell size 

was determined based on the Kolmogorov length scale of the jet flow. The Kolmogorov length 

scale in a pipe is calculated using Equation 5 – 1. 

            
  - Kolmogorov length scale 

  – diameter of pipe 
   – Reynolds number 

Equation 5 - 1 

  

 For example, a case with 0.26’’ jet diameter with 4 slpm flow rate translates to 0.0066 m 

for the jet diameter and 1003 for Reynolds number. These values return the Kolmogorov length 

scale of 0.00012 m (0.12mm). The initial attempt to create a mesh with 0.1mm in length failed 

due to limited computational resources. After consulting with different CFD experts, a mesh 

dimension of 5 times the Kolmogorov length scale was recommended. The mesh cell size of 
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0.5mm was sufficiently fine to carry out a successful LES. Figure 5 - 1 and Figure 5 - 2 show the 

mesh used for the simulations. Notice the blue circle on the side for an air jet entrance, 1 inch 

above the bottom plane.  

 

Figure 5 - 1. Detailed View of the Mesh 

 

Figure 5 - 2. Overall View of the Mesh 
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5.2 Boundary Conditions 

 There are total 4 boundary conditions for the simulations including 2 inlets, 1 outlet and 

the wall. From the rectangular domain shown in Figure 5 - 1, one inlet is the jet air inlet (shown 

in blue circle) and another inlet is the crossflow inlet on the bottom plane. The outlet of the 

domain is shown in red. The wall boundary is made on the rest of the outer planes.  

 Both inlet boundary conditions are mass-flow-inlet types. The mass flow rate was 

entered into the simulation in units of [kg/s]. The mass flow rate for a jet air inlet is calculated 

from the volumetric flow rate through the jet. A simple unit conversion from slpm [L/min] to 

[kg/s] is done using the density of air at room temperature (300 K) and cross section area of the 

jet using the discharge coefficient of 0.6 (Cd = 0.6). For example, 4 slpm of air injected by 0.26’’ 

jet at temperature 300 K converts to 8 e -4 kg/s of mass flow rate. The size of the jet inlet on 

the mesh is represented smaller than the actual size by factoring in the discharge coefficient of 

0.6. For example, 0.26’’ diameter jet is represented by 0.2’’ circle on the mesh. The species 

make up of the jet air consists of 23% O2 and 77% N2 by mass fraction. The second inlet, 

crossflow inlet, consists of combustion product created by reacting natural gas and air. The 

combustion product gases were limited to CO, CO2, H2O, O2, N2 and CH4. This list of gases is the 

same as the list of gases used for “methane-air-2step” model that uses two governing chemical 

reactions to model volumetric reaction. The first reaction has two reactants of CH4 and O2 and 

two products CO and H2O. 

CH4 + 1.5 O2 → CO + 2 H2O  (5.1) 

Then the second reaction has CO and O2 as reactants, and CO2 as a product.  

CO + 0.5 O2 → CO2  (5.2) 
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The fuel, CH4, is converted to CO and then further oxidizes into the final product CO2. These 

simple two reactions capture the major heat release in hydrocarbon combustion. The details of 

the combustion models used for this research will be discussed further in the later section. The 

crossflow is produced by premixed combustion of methane and air at equivalence ratio of 1.5, 

which include many reactive radical species that can react with the fresh air jet. For simplicity 

and limitation in computational resources, all of the reactive species were represented as 

methane. The mass fraction of each gas was calculated by running Reaction Design CHEMKIN. 

The calculation condition was a premixed methane-air reaction in a 12’’ plug-flow reactor with 

a matching flow rates from the experiments. The reaction mechanism GRI-Mech 3.0 was used. 

It was assumed that the mass fraction for methane was the remaining fraction after 5 

remaining species were subtracted from 1. The resulting mass fractions for each species are 

given in Table 5 - 1. The flow rate at this inlet is the sum of both methane and air volumetric 

flow rates converted to mass flow rates. These flow rates are fixed for all cases; 50 [L/min] of 

air is converted to 0.001 [kg/s] and 7.8 [L/min] of methane is converted to 0.000086 [kg/s]. 

These flow rates make up an equivalence ratio of 1.5.  

Table 5 - 1. Species Mass Fraction for Crossflow Inlet 

Species Mass Fractions 

CH4 0.008486 
O2 0.000314 

CO2 0.0734 
CO 0.0898 
H2O 0.123 

N2 0.705 

 



55 

 

 The boundary condition of the outlet is the pressure-outlet type and all the settings 

were left as default values. The boundary conditions of the “wall” are non-slip condition with an 

adiabatic condition for simplicity.  

 

5.3 Fluent Settings 

 The simulation is pressured based, transient and 3-D. The LES model was used for 

viscous model with a WMLES (Algebraic Wall-Modeled LES Model) as the Subgrid-Scale model. 

Two different Species (reaction) models were used: Laminar Finite-Rate model using methane-

air-2step mixtures and Non-Premixed Combustion. Both models will be explained in the next 

section. The SIMPLE solver is used for the Pressure-Velocity Coupling. The second order Spatial 

Discretization methods were used for all variables except gradient, momentum and transient 

formation. The Least Squares Cell Based method was used for gradient, the Bounded Central 

differencing for momentum and the Bounded Second Order Implicit for transient formation. 

These methods were all recommended by FLUENT solver better accuracy. A single time step 

size was set at 1e-5 second with of 10,000 time steps or 15,000 time steps for total of 0.1s or 

0.15s. The simulated flows became stable quite rapidly and the calculated values were very 

similar between time 0.1s and 0.15s.  

 

5.4 FLUENT Models 

 The major models used for the simulations are further explained here. The selected 

major models include the LES model and the both combustion models: Laminar Finite-Rate 
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model and Non-Premixed Combustion model. All of the information in this section was taken 

from the Fluent Theory Guide[35].  

5.4.1 Large Eddy Simulation (LES) Model 

 The main idea of LES model is to resolve the large eddies directly, while small eddies are 

modeled. The governing equation of LES is obtained by filtering the time-dependent Navier-

Stokes equations for the small eddies which are smaller than the grid spacing. This overall 

filtering process can be represented by Equation 5 – 2. 

     
D

)dx'x')G(x,(x'  

  - Fluid Domain 
  - Filter Function 

Equation 5 - 2 

 
 ANSYS FLUENT utilizes the finite-volume discretization to implicitly provide the filtering 

operations. When the Navier-Stokes equation is filtered, following equations are obtained. 

  

  
 

 

   
        

Equation 5 - 3 

 

  
      

 

   
        

 

   
      

  

   
 

    

   
 

Equation 5 - 4 

 

    in Equation 5 – 4 is the stress tensor, and     is the subgrid-scale stress. These are defined by 

following equations. 

       
   

   
 

   

   
   

 

 
 
   

   
    

Equation 5 - 5 

                Equation 5 - 6 
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The equation 5 – 6, subgrid-scale stress needs to be modeled due to filtering. The Boussinesq 

hypothesis was employed, as in the RANS model, to compute the stress using the following 

equation.  

    
 

 
               

Equation 5 - 7 

The subgrid-scale turbulent viscosity,   , was modeled by WMLES model. The Algebraic Wall-

Modeled LES (WMLES) is used in the case where modeling of wall boundary layers is too costly. 

It employs RANS portion of the model in the inner part of the logarithmic layer and the outer 

part of the part is calculated by the modified LES formulation. ANSYS FLUENT recommends this 

model for a low Reynolds number flow and this research falls into that category.  

5.4.2 Laminar Finite-Rate Model 

 It is one of the models that compute the reaction rate that appears as a source term in 

conservation equation for chemical species transport equation in Equation 5 - 8.  

 

  
          

 
        

  
        

  - Mass fraction of each species 

  
  – Diffusion flux of species   

   - Net rate of production of species   
   - User-defined source term 

Equation 5 - 8 

  

 The Laminar Finite-Rate model ignores the effect of turbulent fluctuation and the 

reaction rates are solved by Arrhenius kinetic expressions. This is a good starting point for any 

combustion model, and according to Fluent Theory Guide, it is suitable for wide range of 

applications including non-premixed flames. The low Reynolds number for current research’s 

flow also makes it suitable to use this model.  
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The net reaction source of chemical species   can be computed as the sum of the Arrhenius 

reaction sources over the    reactions, and shown in Equation 5 – 9. 

             

  

   

 

  - Reaction Source Term 
     – Molecular weight of species   

      - Arrhenius molar rate of creation/destruction of 

species   in reaction   
   - Number of reaction 

Equation 5 - 9 

 

The Arrhenius molar rate term       is calculated by Equation 5 – 10. 

            
       

              
     

      
   

 

   

  

    
   - Stoichiometric coefficient for reactant   in reaction   

    
  - Stoichiometric coefficient for product   in reaction   

     - Molar concentration of species   in reaction   

    
  - Rate exponent for reactant species   in reaction   

    
   - Rate exponent for product species   in reaction   

Equation 5 - 10 

 
The forward rate constant for reaction  ,     , is computed by Equation 5 – 11. 

        
          

   - Pre-exponential factor 
   - Temperature exponent 

   - Activation energy for the reaction 
  - Universal gas constant 

Equation 5 - 11 

 
All of these variables are either provided by the user or can be found in the database based on 

the mixture materials.  

5.4.3 Non-premixed Combustion 

 The fuel and oxidizer enter the reaction zone in different streams in non-premixed 

combustion. This can be applied to current research as the fuel, rich combustion product 



59 

 

crossflow, enters from the bottom while the oxidizer, air jet, enters from the side. The basis of 

non-premixed combustion model approach is that the instantaneous thermo-chemical state of 

the fluid can be represented by a single conserved scalar quantity known as mixture fraction. 

This means an individual species is not resolved but the concentration and reaction progress is 

calculated from the mixture fraction. The mixture fraction is shown in Equation 5 – 12. 

  
        

             
 

  – Mixture fraction 
   - Element mass fraction for element   

Equation 5 - 12 

 
The transport equations for the mixture fraction can be reduced to a single equation for the 

mixture fraction under the assumption of equal diffusivities. The mixture fraction is the 

conserved quantity and the general Favre mean, density-averaged, mixture fraction is shown in 

Equation 5 – 13.  

 

  
                 

  

  
             

Equation 5 - 13 

 
   is a source term due to mass transfer into the gas phase from liquid fuel droplet and       is 

a source term provided by the user. Since no user source term is provided, both terms can be 

neglected for current research. ANSYS FLUENT also computes for the mixture fraction variance 

term,    . For LES, the mixture fraction variance term is calculated by Equation 5 – 14. 

          
     

 
 

      -Constant, default value of 0.5 
   - subgrid length scale 

Equation 5 - 14 
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 Lastly, a probability density function (PDF) is applied to predict the averaged values of 

the instantaneous values of the species fraction, density and temperature under chemical 

equilibrium. The probability density function is calculated using Equation 5 – 15. 

          
   

 

 
   

 

 

     - Probability density function (PDF) 
  - Time scale 

   – Amount of time that   spends in the    band 

Equation 5 - 15 
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Chapter 6 Results and Discussion 

 This chapter discusses the experimental and the simulation results of the NOx 

characteristics of a single reacting jet in rich crossflow. The materials covered in this chapter 

match the tasks of 3, 4 and 5 in the Approach chapter. This chapter is divided by the results 

from the screening test, the results from each diagnostics tools including the reaction imaging, 

the Cassegrain Optical System and the emissions, and the CFD simulation results.  

 

6.1 Screening Test 

 The preliminary screening test was conducted once the experimental rig was built for its 

operability and determination of test settings. The most important aspect of the operability was 

achieving a stable jet reaction inside the Quick-mix (test) section within the viewing window. 

Two screening tests were conducted. The first screening test was determining the test 

conditions including the fuel and air flow rates to achieve a stable rich combustion. The second 

screening test was determining the jet air flow rate that ultimately creates a stable jet reaction 

inside the Quick-mix section.  

6.4.1.1 Rich-burn Section Flow 

 The first screening test was tried with 100 slpm of air flow rate at an equivalence ratio of 

1.5. Ignition occurred at the equivalence ratio of 1.2 and increased to 1.5. It was found that 

increasing the equivalence ratio too rapidly caused the rich reaction to travel upward and 

stabilize at the exit of the lean-burn section. A new method of increasing the equivalence ratio 

slowly was implemented. This new method was able to successfully anchor the rich reaction 

inside the rich-burn section. However, the location of the rich reaction became unstable when 
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the operating time was elongated. To ensure very stable rich combustion the crossflow 

behavior, the air flow rate was reduced to 50 slpm. The natural gas flow rate was decided at 7.8 

slpm to create the equivalence ratio at 1.5. The method of slowly increasing the equivalence 

ratio to 1.5 was also utilized. 

6.4.1.2 Uniformity Test 

 It was important to investigate the uniformity in the flow of rich crossflow before it 

enters the test section. The experiment requires an evenly uniform flow. To quantify the 

uniformity, CO emission levels were measured at the exit of the rich-burn section in various 

locations at an equivalence ratio of 1.6, rather than 1.5. The CO measurements ranged from 

10600 ppm to 11080 ppm with an average of 10821 ppm. These results translated to 

differences of -0.68% and +0.8% from the average value. The CO measurements suggested a 

great uniformity of the flow exiting the rich-burn section and entering the test section. Figure 6 

- 1 shows the measured raw CO levels on the left and the % difference from the average on the 

right. The different colors for the lower right corners look like much higher CO levels were 

found in those regions. However, it has been demonstrated by the actual raw range and the % 

different range that all the CO data are very close in values. These color levels were chosen to 

show that only a minor non-uniformity existed in the crossflow.  
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Raw range: 10600 – 11080 ppm % Diff. range: -0.68 - +0.8% 

  

Figure 6 - 1. Uniformity Test with CO Measurements 

6.4.1.3 Jet Air Flow 

 After determining the rich crossflow flow rate and demonstrating a good uniform flow, 

the second screening test was carried out to determine the jet air flow rate. The jet trajectory 

(Equation 2 – 2) was resolved using the jet momentum-flux-ratio (Equation 2 – 1). The density 

and the velocity of both the crossflow and the jet flow are necessary to determine the 

momentum-flux-ratio. The density of the crossflow was determined by conducting a simple 

CHEMKIN model of natural gas reaction at an equivalence ratio of 1.5 using a plug flow. The 

calculated density at the equivalence ratio 1.5 was 0.159 [kg/m3]. The 50 slpm of air and 7.8 

slpm of natural gas were converted to mass flow rates. Then the sum of the two mass flow 

rates was divided by the new density value to calculate a volumetric flow rate at a reaction 

condition. This volumetric flow rate was finally divided by the cross-section area (3.5’’ X 1.5’’) to 

determine the velocity of the crossflow entering the test section. The calculated crossflow 

velocity was 2.02 [m/s]. The density of the jet air is the nominal air density at room 

temperature of 1.2 [kg/m3]. The jet velocity can be calculated by dividing the volumetric flow 
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rate of the jet air by the cross-section area of the jet with a discharge coefficient of 0.6 (Cd = 

0.6). The momentum-flux-ratio and ultimately the jet trajectory equation were all dependent 

on the jet flow rate. With a goal of 50% penetration or better as a starting point, the necessary 

air flow rate was back calculated. For a jet with a diameter of 0.26’’, the calculated air jet flow 

rate was 3.77 slpm. Ultimately, a starting point for the jet air flow rate was decided to be 4 slpm 

because it achieved a reasonable penetration of over 50% and the nice round number was 

easier to handle in the experiment. The jet air velocity of 4 slpm volumetric flow was 3.24 [m/s]. 

Hence the momentum-flux-ratio value, J, was determined to be 19.54. Plugging in this J value 

for the jet trajectory equation, the penetration distance, Y, was calculated to be 1.9875’’. This 

penetration level was equal to 53% from the inlet (1.9875 / 3.75 ≈ 0.53). The example of a 

successful reacting jet in the test section is demonstrated in the next section.  

 The jet air flow rates were varied for the current research to either vary the 

momentum-flux-ratio or to match the momentum-flux-ratio for varied jet diameters. The flow 

rate of 5 slpm was used for higher momentum-flux-ratio and 3 slpm was used for lower 

momentum-flux-ratio. The flow rate of 2.61 slpm was used to match the momentum-flux-ratio 

of 19.54 for a jet diameter 0.21’’ and 1.92 slpm was used for a jet diameter 0.18’’. The table 

with all the jet air flow rates and the corresponding information including jet diameters, 

velocities, momentum-flux-ratios, penetration level and Reynolds number are shown in Table 6 

- 1.  
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Table 6 - 1. The Jet Air Flow Rates for all the Cases for the Current Research 

Jet Diameter 
[inch] 

Air Flow Rate 
[SLPM] 

Velocity  
[m/s] 

J Penetration 
[%] 

Reynolds 
Number 

0.26 4 3.24 19.54 53 1003.99 
0.26 5 4.05 30.52 66 1254.99 
0.26 3 2.42 10.99 40 752.99 
0.21 2.61 3.24 19.54 46 811.08 
0.18 1.92 3.24 19.54 41.5 696.10 

 
 Based on the different jet air flow rates, 5 different testing cases were established. The 

5 different testing cases are shown in Figure 6 - 2. 

 

Figure 6 - 2. 5 Different Testing Cases 

 The experiment was conducted with only one parameter varying at a time. The baseline 

case is the important case where it shares at one common parameter with all of the other 

cases. When the momentum-flux-ratio was varied, the jet diameter was kept constant and vice-

versa when the jet diameter was varied. The names of the cases were selected to be self 

explanatory. For example, the higher momentum-flux-ratio cases features higher jet air flow 

rate that results in higher momentum-flux-ratio than the baseline case. When the jet diameter 
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was varied, both of the diameters were smaller than the baseline case. Hence, the denotation 

of I and II were assigned.  

6.2 Reaction Imaging 

 The reaction imaging testing was carried out using a high speed camera to observe the 

overall behavior of the jet reaction. This testing was also instrumental in verifying the screening 

test results. As mentioned before, the case of 4 slpm flow rate for the jet air entering with a 

diameter of 0.26’’ at an equivalence ratio of 1.6 was recorded to verify its operability. First, it 

was examined for its ability to achieve a stable reaction. The reaction looked quite stable with a 

small periodic oscillation. The high speed camera at 1000 frames per second also confirmed the 

stability of the reaction. The small periodic oscillation was most likely caused by the PID 

behavior of the MFC. Figure 6 - 3 shows an example of the jet reaction image.  

 

Figure 6 - 3. The Jet Reaction Image 
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 Second, it was examined if the jet reaction follows the theoretical jet trajectory given by 

Equation 2 – 2. For this particular case with 0.26’’ diameter jet flowing at 4 slpm of air at an 

equivalence ratio of 1.6, the momentum flux ratio becomes 20.15. Plugging these values into 

the Equation 2 – 2, the predicted trajectory was determined. The theoretical jet trajectory line 

was drawn in yellow in Figure 6 - 4. As evident in the figure, the jet reaction and the predicted 

trajectory were in an excellent agreement with each other. This result was important because it 

meant the periodic oscillation did not cause the jet reaction to alter its behavior.  

 

Figure 6 - 4. Jet Trajectory Agreement with Equation 2 – 2 

 Third, it was examined if the jet reaction follows the theoretical maximum penetration 

given by Equation 2 – 3. The image captured with the high speed camera was analyzed by 

MATLAB code to determine the reacting structure of the jet. Each pixel in the image carries 

light intensity information. A different threshold was tried to successfully separate the jet 

reaction and the black background in the image. Once the separation was completed, MATLAB 
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code found the minimum and maximum locations in X and Y direction of the reaction. Figure 6 - 

5 shows the MATLAB processed image where the white zone represents the reacting jet and 

blue and green lines represent the minimum and maximum locations of the reaction. The 

height represents the difference between two green lines and width represents the difference 

of two blue lines. When applying Equation 2 - 3, with J = 20.15, dj = 0.26 and θ = 90˚, Ymax value 

is 1.34. The distance in X direction is 240 according to the image, so the theoretical max 

penetration should be 321 pixels. The actual penetration was at 299 pixels. That predicted 

penetration was only 7% higher than the actual penetration. It must be noted that the 

maximum penetration correlation was developed with non-reacting jet in a crossflow. And it is 

safe to say that the reaction would alter the jet penetration level. It was found in previous 

researches[11] that a reacting jet penetrates less than the non-reacting jet with varying 

degrees. Also the 7% difference in maximum penetration was constant regardless of the 

threshold picked.  
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Figure 6 - 5. MATLAB Processed Maximum Penetration of Reacting Jet 

 It was concluded from the reaction image testing that the jet reaction for current 

research behaves like the typical JICF and that its results can be related to any other researches 

in JICF in both the past and the future.  

 

6.3 Cassegrain Optical System 

 The Cassegrain optical system was applied to the reacting jet at two different viewing 

angles. The first angle is the side view where jet is injected from the left to right. A total of four 

locations were chosen to determine local equivalence ratio within the reacting jet. The four 

locations (in red) span the entire reacting jet and are shown in Figure 6 - 6. 
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Figure 6 - 6. Four Measurement Locations from the Side View 

 It is important to note that the first location, at the bottom of the jet, is the most 

reliable point because it is at the edge of the reacting jet and thus no ambiguity regarding the 

contribution of reaction in front or behind the sample volume arises. As Figure 6 - 6 shows, the 

bottom location has the ratio of 3.4 that corresponds to equivalence ratio of 1.07. Thus, the 

leading shear layer of the jet is found to be reacting at near stoichiometric condition. Even 

though the other three data points may include some contribution from the reaction in the 

front and behind the sample volume, the indicated equivalence ratio is becoming leaner as the 

location moves up into the jet. The control volume is focused on the center of the air jet where 

much more air is present.  Thus it seems like the Cassegrain optical system is at least capturing 

the expected trend that such locations should be leaner than stoichiometric ratio. Table 6 - 2 



71 

 

shows the OH*/CH* ratios and corresponding equivalence ratios for each location from the side 

view. 

Table 6 - 2. OH*/CH* Ratio and Corresponding Equivalence Ratio at each Location from the Side View 

Location Ratio Equivalence Ratio 

1, Bottom 3.4 1.07 
2 4.48 0.75 
3 4.24 0.79 

4, Top 4.38 0.77 

 

 The second angle at which the Cassegrain optical system measurement was made is the 

front view where the air jet is “coming out of the page.” Again, four locations were chosen for 

measurements. The four measurement locations span the reacting jet from left to right. Figure 

6 - 7 shows the four measurement locations in red while the location of actual air orifice is 

shown in green.  



72 

 

 

Figure 6 - 7. Four Measurement Locations from the Front View (Air Orifice Indicated in Green) 

 The first thing to note in Figure 6 - 7 is how that the reaction structure is significantly 

larger than the actual orifice size. The brightest edge of the reaction is found to have larger 

radius than the actual orifice. This suggests that the air from the jet may be diffusing outward 

and reacts at a larger radius away from the orifice center. Just like the side view, the edge 

measurements are the most reliable. The first location, far left edge, has a ratio of 3.53 that 

corresponds to an equivalence ratio of 0.99. The last location, the far right edge, shows a ratio 

of 3.54 that corresponds to equivalence ratio of 1.00. The Cassegrain optical system 

measurements show that the edge of the jet is reacting at near stoichiometric condition. 

Measurement locations, 2 and 3, within the air jet, indicate leaner equivalence ratios as 

expected. These values correspond well with the values from the side view case. Table 6 - 3 
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shows the OH*/CH* ratios and corresponding equivalence ratios for each location from the 

front view. 

Table 6 - 3. OH*/CH* Ratio and Corresponding Equivalence Ratio at each Location from the Front View 

Location Ratio Equivalence Ratio 

1, Left Edge 3.53 0.99 
2 4.61 0.73 
3 4.21 0.80 

4, Right Edge 3.54 1.00 

 

6.4 Emissions 

 The results of NOx emissions levels in the physical region of interests were key to 

accomplishing the goal of this research. The NOx emissions level was collected for different 

parameters including different locations, momentum-flux-ratio, and different jet diameters. 

The baseline case was developed with 0.26’’ jet diameter, a momentum-flux-ratio of 19.54, and 

the equivalence ratio of the crossflow at 1.5. The jet diameter was fixed when the momentum-

flux-ratio was varied and the momentum-flux-ratio was fixed when the jet diameter was varied. 

The NOx emission levels are presented at three different distances away from the wall (¼’’, ½’’ 

and ¾’’) where each distance has 5 different axial planes of measured data.  

6.4.1 Baseline case (Djet = 0.26’’, J = 19.54) 

 The NOx emissions levels for the baseline case are presented in this section. The jet 

diameter was 0.26’’, the momentum-flux-ratio was 19.54 and the equivalence ratio of the 

crossflow was 1.5. The reaction imaging and the Cassegrain optical system results, however, 

were all completed with the conditions similar to the baseline case except the equivalence ratio 

of the crossflow was 1.6 rather than 1.5.  
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6.4.1.1 0.25’’ Away from the wall 

 The raw NOx concentration, presented in ppm (parts-per-million, volumetric dry), at 

0.25’’ away from the wall is shown in Figure 6 - 8. 

 

Figure 6 - 8. Raw NOx Concentration of the Baseline Case at 0.25'' Away from the Wall 

 The plot contains 5 different sets of NOx concentrations data, each from different axial 

location. The flow of the crossflow, or the axial direction, is in the X direction. The flow of the 

air jet is in the Y direction. Lastly, the Z direction is perpendicular to both the crossflow and the 

air jet. The plot shows NOx emissions on the XZ plane. All of the axial and radial direction 

distances are normalized by the jet diameter. The lowest axial distance location is at X/D = 0, 

which is at the upper edge of the air jet. This location is presented in yellow squares. The next 

distance is at X/D = 1 and it is presented in purple circles. The X/D = 1.5 distance is presented in 
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blue diamonds, X/D = 2 in red squares and finally X/D = 3 is presented in green triangles. All of 

the following graphs with the same axial locations will be presented with the same colors and 

shapes for consistency. The first characteristic to notice about the NOx data is the shape. The 

shape of the NOx data resembles the classic horse-shoe shape of the JICF where a peak exists 

on each side of the half. This shape is shown most clearly at X/D = 1, 1.5 and 2axial distances. 

The data sets at X/D = 1.5 and 2 axial distances show clear peaks at each half of the jet with a 

single maximum point, while the data set at X/D = 1 axial distance shows more flat peaks on 

each half of the jet. The data sets at X/D = 1 and 1.5 axial distances have a clear local minimum 

in the center of the jet while the data set at X/D = 2 axial distance shows a local maximum at 

the center of the jet. The near 0 ppm NOx levels can be found at the X/D = 0 axial distance, 

which resulted from the effect of the air jet. The oxygen was detected within -1 < Z/D < 1, 

ranging from 10% in the center until it reaches 0% at Z/D = ±1 location. These 7 data points 

were the only ones with oxygen levels detected out of 85 data points in the rest of the plot, so 

the rest of the NOx emissions data were presented in raw NOx levels. The largest average NOx 

emissions level was found at the X/D = 2 axial distance while the average NOx emissions level at 

the X/D = 1.5 axial distance not too far behind. The average NOx emissions level increases with 

increasing axial distances until the X/D = 2 axial distance. The average NOx emissions level 

decreases at axial distance X/D = 3. The difference between the maximum NOx emissions level 

at the each peak and the NOx emissions level at the center of the jet increases until the X/D = 

1.5 axial distance and it decreases until the difference is negligible at X/D = 3 axial distance. 

Considering a local maximum at the center at X/D = 2 axial distance and no clear peak at X/D = 
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3 axial distance suggest that the shape of the NOx emissions level at further downstream would 

resemble a parabola with the highest NOx level found at the center of the jet.   

6.4.1.2 0.50’’ Away from the wall 

 The raw NOx concentration of the baseline case at 0.50’’ away from the wall is shown in 

Figure 6 - 9. It must be noted that the sampling probe tip was actually within the reacting jet 

when the X/D = 0 axial distance was measured.  

 

Figure 6 - 9. Raw NOx Concentration of the Baseline Case at 0.50'' Away from the Wall 

 The basics of the graph are the same as the Figure 6 - 8. The color and shape schemes 

were kept the same for different axial distances and the range of NOx concentration was shown 

up to 14 ppm for a direct comparison. The same general shapes of horse-shoe for the NOx 

emissions levels are found at 0.50’’ away from the wall too. However, the local maximums of 
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the NOx emissions level at the center of the jet are found at all axial distances except the X/D = 

0 axial distance. Similar near 0 ppm of NOx emissions levels were observed at X/D = 0 near the 

center of the jet. The oxygen level was nearing 20%, which is close to the nominal air. Unlike 

the 0.25’’ away from the wall, the maximum NOx emissions levels are found at X/D = 3 axial 

distance. Similar to 0.25’’ from the wall location, the high NOx emissions levels are nearing 

closer to the center with increasing axial distances. This is evident especially at X/D = 3 axial 

distance where the maximum NOx emissions level is found at Z/D = ±1 while the maximum NOx 

emissions level found at other axial distances are found at Z/D > ±1. The average NOx emission 

level for each axial distance increased linearly except between the X/D = 2 and X/D =3 axial 

distances. The average NOx emissions level at the X/D = 3 is only slightly higher than the NOx 

emissions level at the X/D = 2 axial distance. The shorter distance between the peak and the 

center of the jet is observed at the X/D = 3 axial distance. An interesting observation for this 

location is the local maximum of NOx emissions level in the center of the jet at all axial distances 

except at the X/D = 0 and 3 distances. The similar NOx trend was observed in Vardakas’ work in 

1999 where the highest NOx level was measured directly above the jet inlet near the wall.   

6.4.1.3 0.75’’ Away from the wall 

 The raw NOx concentration of the baseline case at 0.75’’ away from the wall is shown in 

Figure 6 - 10. The sampling probe tip was further submerged in the reacting jet nearing the 

bottom of the jet. 
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Figure 6 - 10. Raw NOx Concentration of the Baseline Case at 0.75'' Away from the Wall 

 At 0.75’’ away from the wall, the typical horse-shoe shapes are not found in any axial 

distances. Instead, the highest NOx emissions levels are found in the center of the jet at all axial 

distances, except X/D = 0. However, a peak in NOx emissions level at each half of the jet is not 

completely lost because a small increase of NOx emissions levels can be found at three of axial 

distances of X/D = 1, 1.5 and 2. The near 0 ppm of NOx similar to other two locations is also 

found at 0.75’’ away from the wall. The average NOx emissions level increases with the 

increasing axial distances. The difference from the 0.50’’ from the wall location is that the gap 

in NOx level for each axial distance is similar for all of them. The average NOx emissions level 

difference between X/D = 2 and X/D = 3 is similar to the differences in any other axial distances. 
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This is due to increase in NOx emissions level at X/D = 3 axial distance because the emission 

level for X/D = 2 distance is in the same range as other two locations.  

6.4.1.4 Baseline case Summary 

 The 3D evolution of the NOx emissions levels for the baseline case with increasing 

distance from the wall is presented in Figure 6 - 11. The contour plots of the NOx emissions 

data were created and placed at the corresponding distances away from the wall. The X, Y, Z 

axes are not to scale with each other to show all three planes at a reasonable distance apart. 

The black line represents the location of the leading shear layer of the jet. Hence it starts from 

X/D = -1 axial distance where the bottom edge of the orifice is located. 
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Figure 6 - 11. The 3D Evolution of the NOx Emissions Levels for the Baseline Case with Increasing Distance from the Wall 

 At 0.25’’ away from the wall, the location of the highest NOx emissions level is between 

X/D = 1.5 and 2 in the axial direction and Z/D = ±1 in the radial direction. The highest level is 

found to be around 11 ppm. At 0.50’’ away from the wall, the highest NOx emission level can be 

found at X/D = 3 in the axial direction and Z/D = ±1 in the radial direction. The highest NOx 

emissions level was found near 13 ppm. The local peak in the center of the jet can also be 

seen with higher level of contour in the center along the same axial distance. Overall, both the 

average NOx emissions levels and the axial distance of maximum emissions levels were 

increased from the 0.25’’ distance away from the wall. At 0.75’’ away from the wall, the highest 
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NOx emissions level can be found at X/D = 3 in the axial direction and Z/D =0 in the radial 

direction. The highest NOx emissions level was found near 12 ppm. The NOx emissions levels are 

very low in the lower axial distances all across the radial directions. 

 In summary, the highest NOx emissions level at each location and the location of the 

highest NOx emissions levels were moved further downstream from the jet plane as the 

distance from the wall increased. Also, the regions of the significant NOx emissions and the near 

0 NOx emissions in the lower axial distances both grew in size with the increasing distance from 

the wall. The region of near 0 NOx emissions correspond with the jet deflection occurring 

farther away from the wall. However, the highest NOx regions moved closer to the center of the 

jet with increasing distance from the wall. 

6.4.2 Higher Momentum-Flux-Ratio case (Djet = 0.26’’, J = 30.52) 

 The NOx emissions level for the higher momentum-flux-ratio case is presented in the 

section. The diameter of the jet is kept the same at 0.26’’ but the air jet flow rate was increased 

to 5 slpm, which equates to momentum-flux-ratio of 30.52 (J = 30.52). It is 25% increase in 

volumetric flow rate and about 56% increase in momentum-flux-ratio. The same three 

locations, 0.25’’, 0.50’’ and 0.75’’ from the wall, consist the testing sections.  

6.4.2.1 0.25’’ Away from the wall 

 The NOx concentration of higher momentum-flux-ratio case at 0.25’’ away from the wall 

is shown in Figure 6 - 12.  
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Figure 6 - 12. Raw NOx Concentration of the Higher Momentum-Flux-Ratio Case at 0.25'' Away from the Wall 

 The general horse-shoe shape is only found at the X/D = 1.5 axial distance. The rest of 

the axial distances exhibit more of a parabola shape with the maximum NOx emissions levels 

found near the center of the jet. The same near 0 ppm at X/D = 0 axial distance is also found at 

this location. It is interesting to find the highest NOx emission level for this location is at the X/D 

= 1.5 axial distance. However, the emissions levels for X/D = 1.5 and X/D = 2 are close in values. 

Overall, the high NOx emissions levels found at all axial distances are closer to the center of the 

jet compared to the same 0.25’’ away from the wall for the baseline case. Also, the highest NOx 

emissions levels are found in the lower axial distance than the baseline case as the highest NOx 

emissions levels for the baseline case at 0.25’’ away from the wall was found at the X/D = 2 

axial distance.  
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6.4.2.2 0.50’’ Away from the wall 

 The NOx concentration of higher momentum-flux-ratio case at 0.50’’ away from the wall 

is shown in Figure 6 - 13. The sampling probe tip was within the reacting jet when the X/D = 0 

axial distance was measured like the baseline case. 

 

Figure 6 - 13. Raw NOx Concentration of the Higher Momentum-Flux-Ratio Case at 0.50'' Away from the Wall 

 The general horse-shoe shapes are not found in all of the axial distances but instead, the 

NOx data at all axial distances show a maximum in the center of the jet. The two farthest axial 

distances, X/D = 2 and 3, exhibit slight peak of NOx emissions level at each of the jet but the 

peaks are found very close to the center of the jet. The maximum emissions levels were found 

at X/D = 2 axial distance, which is the lower axial distance than the same 0.50’’ away from the 

wall location for the baseline case but higher than the 0.25’’ away from the wall location for the 
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higher momentum-flux-ratio case. The highest NOx emissions at the X/D = 3 axial distance is 

similar to the highest level found at the X/D = 1.5 axial distance. This makes total of four tiers of 

emission levels for this location. The X/D = 0 axial distance is the lowest tier understandably, 

and the X/D = 1 axial distance is the next highest tiers. The next highest tier is found at X/D = 

1.5 and X/D = 3 axial distances. Finally, the highest tier is found at X/D = 2 axial distance. 

However, the NOx emissions levels found at the X/D = 1.5 axial distance exhibit higher levels 

much farther in radial directions while the NOx emissions levels found at the X/D = 3 axial 

distance exhibit considerable drop as the radial distances increase away from the center of the 

jet. This suggests that the effect of the jet on the NOx emissions level is reducing to only the 

center of the jet as the axial distance increases. This is expected because the crossflow would 

eventually be undisturbed by jet with enough axial distances.  

6.4.2.3 0.75’’ Away from the wall 

 The NOx concentration of higher momentum-flux-ratio case at 0.75’’ away from the wall 

is shown in Figure 6 - 14. The sampling probe was further submerged into the reaction air jet 

than the 0.75’’ away from the wall location.  



85 

 

 

Figure 6 - 14. Raw NOx Concentration of the Higher Momentum-Flux-Ratio Case at 0.75'' Away from the Wall 

 The general horse-shoe shape is not found at any of the axial distances. Instead the 

peak NOx emission levels are all found in the center of the jet except the lowest axial distance 

at X/D = 0. But the same near 0 ppm NOx emissions levels are found in the center of the jet. The 

average NOx emissions levels increase as the axial distance increases. The peak emission level at 

each axial distance also increases with the axial distances but the increase is impeded for axial 

distances at X/D = 1.5 and beyond. The radial width of high NOx emissions levels found near the 

center of the jet is increasing with the axial distances. The maximum NOx emissions level at the 

center of the jet has reached a plateau at around 13 ppm but the gradient of NOx emissions 

level to the next high emissions radial distance is getting smaller with the increasing axial 

distance. It looks like an umbrella is opening up from the X/D = 1 to X/D = 3 axial distances. 
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Although the highest NOx emissions levels are found at X/D = 3 for this location, the difference 

between the X/D = 2 axial distance is much smaller than any other axial differences. The wide 

parabola shape is most likely due to greater jet expansion associated with farther distance away 

from the wall. 

6.4.2.4 Higher Momentum-Flux-Ratio Case Summary 

 The 3D evolution of the NOx emissions levels for the higher momentum-flux-ratio case 

with increasing distance from the wall is presented in Figure 6 - 15. Again, the contour plots 

were created and the black line represents the location of the leading shear layer of the jet.  
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Figure 6 - 15. The 3D Evolution of the NOx Emissions Levels for the Higher Momentum-Flux-Ratio Case with Increasing 

Distance from the Wall 

 At 0.25’’ away from the wall, the highest NOx emission level can be found at X/D = 1.5 in 

the axial direction and Z/D is slightly less than ±1 in the radial direction. The highest NOx 

emissions level was found near 8 ppm. From the contour plot, the NOx emissions level is 

decreasing from the highest location, about the center of the testing zone, in all directions 

including decreasing axial distance from X/D = 1.5.  The gradient of NOx emissions level from 

the highest location to the edges is evenly distributed in all directions. The location of the 

maximum emission level is found is lower in axial distance compared to the baseline case at 
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0.25’’ away from the wall. The less matured jet deformation due to higher penetration may 

have caused the lower NOx emissions level via JICF interaction. At 0.50’’ away from the wall, the 

highest NOx emission level can be found at X/D = 2 in the axial direction and near the center of 

the jet. The maximum NOx emissions level found at this location is about 11 ppm. The contour 

plot clearly shows the radial distances at which the high NOx emissions levels are found are 

limited to near the center of the jet after the X/D = 2 axial distance but expanded to beyond Z/D 

> ±1 before the X/D = 2 axial distance. At 0.75’’ away from the wall, the highest NOx emission 

level can be found at X/D = 3 in the axial direction and near the center of the jet. The highest 

NOx emissions level width at the center of jet is expanding with the increasing axial distance 

starting from the X/D = 1.5 axial distance. The maximum NOx emissions level found at this 

location is about 13 ppm. 

 In summary, the similar trend was found for the current case as the baseline case. The 

highest NOx emissions level and the location of the highest NOx emission levels were found 

further downstream from the jet entry with increasing distance from the wall. The region of the 

significant NOx emissions grew in size in all directions with increasing distance from the wall as 

well. While the near 0 NOx emissions zones grew with the increasing distance from the wall, 

they were significantly smaller than the baseline case for each distance. The overall NOx 

emissions level for the current case was lower than the baseline case.  

6.4.3 Lower Momentum-Flux-Ratio Case (Djet = 0.26’’, J = 10.99) 

 The NOx emissions level for the lower momentum-flux-ratio case is presented in the 

section. The diameter of the jet is kept the same at 0.26’’ but the air jet flow rate was increased 

to 3 slpm, which equates to momentum-flux-ratio of 10.99 (J = 10.99). It is 25% decrease in 
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volumetric flow rate and about 44% decrease in momentum-flux-ratio. The same three 

locations, 0.25’’, 0.50’’ and 0.75’’ from the wall, consist the testing sections.  

6.4.3.1 0.25’’ Away from the wall 

 The NOx concentration of lower momentum-flux-ratio case at 0.25’’ away from the wall 

is shown in Figure 6 - 16. 

 

Figure 6 - 16. Raw NOx Concentration of the Lower Momentum-Flux-Ratio Case at 0.25'' Away from the Wall 

 The general horse-shoe shapes are found at all axial distances for the lower momentum-

flux-ratio case at 0.25’’ away from the wall. The local maximum NOx emissions levels at the 

center of the jet are not found at this location for the lower momentum-flux-ratio case. The 

highest NOx emission levels are found at the X/D = 3 axial distance and the emissions levels 

increase with the increasing axial distances. The near 0 ppm of emission level at the X/D = 0 
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axial distance near the center of the jet is also found at the location. Compared to the other 

momentum-flux-ratio cases, the magnitude of NOx emissions level is the highest for the lower 

momentum-flux-ratio case at the same distance away from the wall. The radial distance of peak 

NOx emissions levels is also the largest among all momentum-flux-ratio case at the same 

location. The jet for the lower momentum-flux-ratio case is the least penetrating jet so the 

diffusion of air in the radial direction and the deflection of the jet occur closer to the wall than 

other cases. These factors influence the wider and longer shape of the NOx emissions level 

characteristics. However, similar to other cases, the radial distance between the peaks on each 

half of the jet decreases with increasing axial distance.  

6.4.3.2 0.50’’ Away from the wall 

 The NOx concentration of lower momentum-flux-ratio case at 0.50’’ away from the wall 

is shown in Figure 6 - 17. 
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Figure 6 - 17. Raw NOx Concentration of the Lower Momentum-Flux-Ratio Case at 0.50'' Away from the Wall 

 The general horse-shoe shapes are found at all axial distances except the X/D = 1 axial 

distance. Although the NOx emissions levels at X/D = 1 axial distance show a peak on each half 

of the jet, a local maximum is also found at the center of the jet. The increase of average NOx 

emissions levels between each axial distance is fairly constant starting from the X/D = 1.5 to the 

X/D = 3 axial distances. The radial distance where the horse-shoe peak is found is farther away 

from the center compared to the 0.25’’ away from the wall. However, similar to rest of the 

locations for other cases, the radial distance between the horse-shoe peaks are getting smaller 

with increasing axial distances. This result is most likely due to weaker influence of the jet on 

the crossflow with the increasing axial distances.  
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6.4.3.3 0.75’’ Away from the wall 

 The NOx concentration of lower momentum-flux-ratio case at 0.75’’ away from the wall 

is shown in Figure 6 - 18. 

 

Figure 6 - 18. Raw NOx Concentration of the Lower Momentum-Flux-Ratio Case at 0.75'' Away from the Wall 

 The peak NOx emissions level found at each half of the jet is found at all axial distances 

but the local maximums at the center of the jet are also found. The horse-shoe peaks are found 

even farther from the center in the radial directions. The average NOx emissions levels increase 

with the axial distance except the X/D = 0 and X/D = 1 axial distances. The increase between 

these two axial distances is negligible as they are all below 2 ppm range. The difference 

between the maxima and the minima in the NOx emissions level for each axial distance is 

increasing with the increasing axial distances.  
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6.4.3.4 Lower Momentum-Flux-Ratio Case Summary 

 The 3D evolution of the NOx emissions levels for the lower momentum-flux-ratio case 

with increasing distance from the wall is presented in Figure 6 - 19. Again, the contour plots 

were created and the black line represents the location of the leading shear layer of the jet. The 

leading shear layer of the jet for the current case is protruding the bottom of the test section at 

0.75’’ away from the wall. This is consistent with an observation made during the experiment 

where the under penetrating jet caused the tip of the sampling probe to be located all the way 

at the leading shear layer. 
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Figure 6 - 19. The 3D Evolution of the NOx Emissions Levels for the Higher Momentum-Flux-Ratio Case with Increasing 

Distance from the Wall 

 At 0.25’’ away from the wall, the highest NOx emissions level can be found at X/D = 3 in 

the axial direction and Z/D is slightly less than ±1 in the radial direction. The maximum NOx 

emissions level found at this location is about 13 ppm. The trend of the peak NOx emissions 

levels found at each half of the jet getting closer in the radial direction is more evident with the 

contour plot. The peak NOx emissions levels found at X/D = 1.5 axial distance are found at Z/D 

slightly larger than ±1 and that width decreases with the increasing axial distance as the peak 

NOx emissions levels found at X/D = 3 axial distance are found at Z/D slightly smaller than ±1. 
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Compared to the other two cases at 0.25’’ away from the wall, the lower momentum-flux-ratio 

case demonstrates the biggest area of significant NOx emissions levels within the testing 

section. At 0.50’’ away from the wall, the highest NOx emission level can be found at X/D = 3 in 

the axial direction and Z/D slightly larger than ±1 in the radial direction. The maximum NOx 

emissions level found at this location is about 13 ppm. It is more evident with the contour plot 

that the peak NOx emissions levels found at each axial distance is getting closer in radial 

direction with the increasing axial distance. The peak NOx emissions level found at X/D = 1.5 

axial distance is near Z/D = ±2 and that distance becomes closer at X/D = 3 axial distance where 

the peak NOx emissions levels are found near Z/D = ±1. At 0.75’’ away from the wall, the highest 

NOx emission level can be found at X/D = 3 in the axial direction and Z/D close to ±2 in the radial 

direction. The maximum NOx emissions level found at this location is about 10 ppm. The 

significant NOx emissions zone has move up even further in the axial direction above the X/D = 

1.5 and 2. At the same time, the significant NOx emissions zone still remains wide, filling all the 

way up to Z/D = ±2. These results are most likely due to the jet’s even further diffusion and 

deflection from the previous location.  

 In summary for this case, the location of the highest NOx emissions levels has moved too 

far downstream that it looks like it has left the testing section at 0.75’’ away from the wall. Also, 

the earlier jet deflection caused the near 0 NOx emissions zone in the lower axial distance to 

grow that half of the testing section exhibits near 0 NOx emissions levels at 0.75’’ away from the 

wall.  



96 

 

6.4.4 Smaller jet diameter case I (Djet = 0.21’’, J = 19.54) 

 The effect of varying jet diameter on the NOx emission level in the wake of the jet is 

studied. The jet diameters were decreased from the baseline case of 0.26’’ to avoid the effect 

of the wall experienced by the larger jets. The momentum-flux-ratio was fixed at 19.54 to keep 

it constant with the baseline case. The air flow rate was adjusted to 2.61 slpm to match the 

momentum-flux-ratio of the baseline case. The rest of the experimental conditions were kept 

constant including the crossflow conditions. Lastly, the smaller jet tube, 0.25’’ OD and 0.21’’ ID, 

was inserted into the existing 0.26’’ jet tube used for the baseline case. Since the same 1/16’’ of 

increment was used for the smaller jet diameter cases, the normalized Z-direction lengths were 

increased due to dividing by smaller jet diameter. Lastly, the measurements were done at same 

three Y-direction locations of 0.25’’, 0.50’’ and 0.75’’ away from the wall.  

6.4.4.1 0.25’’ Away from the wall 

  The NOx concentration of smaller jet diameter case I case at 0.25’’ away from the wall is 

shown in Figure 6 - 20. 
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Figure 6 - 20. Raw NOx Concentration of the Smaller Jet Diameter Case I at 0.25'' Away from the Wall 

 As mentioned above, the data set in the Z-direction reaches beyond ±2 due to 

normalized by a smaller jet diameter. At a first glance, the Figure 6 - 20 closely resembles the 

NOx concentration levels for the baseline case in Figure 6 - 8. The same momentum-flux-ratio at 

the same location of 0.25’’ away from the wall produced very similar NOx emissions levels and 

trends. The highest NOx emissions levels are found at the X/D = 2 axial distance but the NOx 

emissions levels found at the X/D = 1.5 are very close to the levels found at the X/D = 2 axial 

distance. The next tier of NOx emissions levels are found at the X/D = 1 and 3 axial distances but 

the levels at X/D = 1 axial distance exhibit horse-shoe shape while the levels at X/D = 3 axial 

distance exhibit a parabola shape. The same near 0 ppm NOx emissions levels are also found at 

the center of the jet at X/D = 0 axial distance. Lastly, the NOx emissions levels found at both X/D 
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= 1.5 and 2 show the horse-shoe shapes as well but a local maximum is found at the center of 

the jet at the X/D = 2 axial distance.  

6.4.4.2 0.50’’ Away from the wall 

 The NOx concentration of smaller jet diameter case I case at 0.50’’ away from the wall is 

shown in Figure 6 - 21. 

 

Figure 6 - 21. Raw NOx Concentration of the Smaller Jet Diameter Case I at 0.50'' Away from the Wall 

 The similarity between the current case and the baseline case at the same location is as 

clear just like the 0.25’’ away from the wall location. The NOx emissions levels found for the 

baseline case at 0.50’’ away from the wall show a local maximum at the center of the jet for all 

axial distances except the X/D = 0 axial distance. However, the current NOx emissions levels 

show only one axial distance with a local maximum at the center of the jet at the X/D = 1 axial 
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distance. Also, in Figure 6 - 9, the width of the NOx emissions level plot at the X/D = 3 axial 

distance has decreased from the X/D = 2 axial distance but Figure 6 - 21 shows that the width 

continues to increase with the axial distance. All of these differences are most likely due to 

difference in the maximum jet penetration of the two cases because as the Equation 2 – 3 

shows, the maximum penetration is proportional to the jet diameter. However, major 

similarities between the baseline case and the current case still exit. The increase in the average 

NOx emissions levels with the increase in the axial distances is exhibited in both cases. Also, the 

general shape at each axial distance that shows more of uniform NOx emissions level in the 

radial direction is found in both cases.   

6.4.4.3 0.75’’ Away from the wall 

 The NOx concentration of smaller jet diameter case I case at 0.75’’ away from the wall is 

shown in Figure 6 - 22. 
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Figure 6 - 22. Raw NOx Concentration of the Smaller Jet Diameter Case I at 0.75'' Away from the Wall 

 Again, the similarity between the current case, shown in Figure 6 - 22, and the baseline 

case, shown in Figure 6 - 10, at 0.75’’ away from the wall can be seen with some differences. 

The general shape of the NOx emissions levels at each axial distance with a local peak in the 

center of the jet and two peaks consisting of the horse-shoe shape are found at the axial 

distances X/D = 1, 1.5 and 2 for both cases. The near 0 ppm NOx emissions levels found at the 

X/D = 0 axial distance and the parabola shape found at the X/D = 3 axial distance are the same 

for both cases too. However, the average NOx emissions levels at X/D = 1, 1.5 and 2 axial 

distances for the baseline case are higher than the current case with a smaller jet diameter. The 

highest NOx emissions level found at the axial distance X/D = 2 is 6 ppm or lower for the current 
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case but the baseline case levels exceeds 10 ppm at the X/D axial distance. However, the shape 

and the actual levels found at the X/D = 3 axial distance are the same for the both cases.  

6.4.4.4 Smaller Jet Diameter Case I Summary 

 The 3D evolution of the NOx emissions levels for the smaller jet diameter case I with 

increasing distance from the wall is presented in Figure 6 - 23. Again, the black line represents 

the location of the leading shear layer of the jet. The contour plots were created cropped at Z/D 

= ±2 to match the rest of the contour plots from earlier. 

 

Figure 6 - 23. The 3D evolution of the NOx emissions levels for the smaller jet diameter case I with increasing distance from 

the wall 



102 

 

 At 0.25’’ away from the wall, the location of the highest NOx emissions levels is between 

X/D = 1.5 and 2 in the axial direction and Z/D = ±1 in the radial direction. The highest NOx 

location is the same as the baseline case at the same location, although the actual highest level 

is found to be around 10 ppm compared to 11 ppm of the baseline case. The trend of lower NOx 

concentrations found at the edges of the testing range in all directions is also found at the 

smaller jet diameter case I. At 0.50’’ away from the wall, in contrast to the baseline case at the 

same distance, the location of the highest NOx emissions levels is found in the center of the jet. 

The highest NOx emissions found for the current case is near 13 ppm. However the NOx 

gradient between each axial distance is very similar in both cases. Also, the increases in NOx 

emissions levels with increasing axial distances are found in both cases. At 0.75’’ away from the 

wall, the highest NOx emission level can be found at X/D = 3 in the axial direction and near the 

center of the jet. The highest NOx emissions level found for the case was near 12 ppm. 

Compared to the baseline case at the same distance, the both contour plots exhibit low NOx 

emissions levels in lower axial distances all across the radial directions. The increase in NOx 

emissions levels with increasing axial distances are clearly shown in both contour plots. The 

difference between the actual emissions levels found at the intermediate axial distances are 

shown as the high emissions levels are detected in lower axial distance for the baseline case 

while the high emissions levels are only limited to the X/D = 3 axial distance for the smaller jet 

diameter case I. However, the overall shape and trends are very similar for both cases at the 

same 0.75’’ away from the wall location except a minor difference of emission level gradient.   

 In summary, the general observation is that this figure closely resembles the one for the 

baseline case. The region of significant NOx emissions is growing outwardly while moving 
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further downstream from the jet entry with increasing distance from the wall. The actual 

highest NOx emissions level and the locations of the highest NOx emissions level moved 

downstream with increasing distance from the wall too. Lastly, the near 0 NOx emissions zone 

extended further downstream from the jet entry as the distance from the wall increased.  

6.4.5 Smaller jet diameter case II (Djet = 0.18’’, J = 19.54) 

 The NOx emissions level for the smaller jet diameter case II is presented in the section. 

The diameter of the jet is reduced further to 0.18’’ and the air flow rate was also adjusted to 

keep the momentum-flux-ratio of constant at J = 19.54. The same three locations, 0.25’’, 0.50’’ 

and 0.75’’ from the wall, consist the testing sections. 

6.4.5.1 0.25’’ Away from the wall 

 The NOx concentration of smaller jet diameter case II case at 0.25’’ away from the wall is 

shown in Figure 6 - 24. 
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Figure 6 - 24. Raw NOx Concentration of the Smaller Jet Diameter Case II at 0.25'' Away from the Wall 

 It can be first noticed that the range of the data in the Z-direction reached up to Z/D = 

±3, which is the largest range for all jet diameter cases. It also looks like the high NOx emissions 

zone is smaller than the other jet diameter cases. However, this is due to data points taken with 

the same 1/16’’ increment for all jet diameter cases but the results are very similar when 

normalized by the jet diameter. Just like the other two jet diameter cases at the same 0.25’’ 

away from the wall location, the highest NOx emissions levels are found at X/D = 1.5 and 2 axial 

distances with the next tier of emissions levels found at X/D = 1 and 3 axial distances. The 

horse-shoe shapes found at all axial distances except the X/D = 3 axial distance is also the same 

with the rest of the cases. 
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6.4.5.2 0.50’’ Away from the wall 

  The NOx concentration of smaller jet diameter case I case at 0.50’’ away from the wall is 

shown in Figure 6 - 25. 

 

Figure 6 - 25. Raw NOx Concentration of the Smaller Jet Diameter Case II at 0.50'' Away from the Wall 

 The similarities between the raw NOx concentration levels of the smaller jet diameter 

case I shown in Figure 6 - 21 and the smaller jet diameter case II shown in Figure 6 - 25 are 

evident. The highest NOx emissions levels are found at the X/D = 3 axial distance and the 

average emissions levels increase with the increasing axial distances. The small local maximum 

of the NOx emissions level at the center of the jet is found at X/D = 1 and 1.5 axial distances, 

which is different from two other jet diameter cases at the same distances away from the wall. 

The baseline case exhibited the local maximums at the axial distances X/D = 1, 1.5 and 2, while 
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the smaller jet diameter case I exhibited the local maximum only at the axial distance X/D = 1. 

Despite some minor differences, the overall characteristics of the NOx emissions levels for the 

current case are very similar to the baseline case and the 0.21’’ jet diameter case at the same 

location. This can be seen more clearly with the contour plot of the emissions level. 

6.4.5.3 0.75’’ Away from the wall 

 The NOx concentration of smaller jet diameter case I case at 0.75’’ away from the wall is 

shown in Figure 6 - 26. 

 

Figure 6 - 26. Raw NOx Concentration of the Smaller Jet Diameter Case II at 0.75'' Away from the Wall 

 Again, the general characteristics found in Figure 6 - 26 are similar to the characteristics 

found in Figure 6 - 10 and in Figure 6 - 22. The near 0 ppm NOx emissions levels found near the 

center of the jet in the two lowest axial distances of X/D  =0 and 1 are found in all three cases. 
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The increasing average NOx emissions levels with the increasing axial distances are also found in 

all three cases. Some of the minor details are not exactly the same among the cases, such as 

the axial distances where the local maximum in the center of the jet exist are different for all 

cases. Also the general ppm range of NOx emissions levels between X/D = 1 and X/D = 2 are 

different for the cases. However, the highest NOx emissions levels found at the X/D = 3 axial 

distance for all cases were little over 13 ppm with the same parabola shapes.  

6.4.5.4 Smaller Jet diameter Case II Summary 

 The 3D evolution of the NOx emissions levels for the smaller jet diameter case II with 

increasing distance from the wall is presented in Figure 6 - 27. Again, the contour plots of the 

NOx emissions levels were created and the black line represents the location of the leading 

shear layer of the jet. It must be noted that the deflected jet is again protruding the test section 

at 0.75’’ away from the wall. The current case would result in the lowest penetration of all jet 

diameter sizes because the absolute magnitude of the jet penetration is proportional to the jet 

diameter. It was also observed that the sampling probe was very close to the jet shear layer at 

0.75’’ away from the wall. 
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Figure 6 - 27. The 3D evolution of the NOx emissions levels for the smaller jet diameter case II with increasing distance from 

the wall 

 At 0.25’’ away from the wall, it is very clear that the smaller jet diameter case II 

characteristics are the same as the smaller jet diameter case I and the baseline case. The 

significant NOx emissions levels are found near the center with low emissions levels towards the 

edges. And the highest NOx emissions levels are found at X/D = 1.5 and 2 axial distances and at 

Z/D = ±1 radial directions. The only difference among the different jet diameter cases is the 

value of the highest NOx emissions level where the smaller jet diameter case II exhibits the 

lowest level with 8 ppm. However, it is clear that the NOx emissions trend and characteristics 



109 

 

are the same for the same momentum-flux-ratios with negligible effect of the jet diameter 

when all the distances are normalized by the jet diameter values. At 0.50’’ away from the wall, 

the current case looks very close to the contour map of the smaller jet diameter case I at 0.50’’ 

away from the wall. The highest NOx emissions level was found at the center of the jet at the 

X/D = 3 axial distance. The highest NOx emissions level was 13 ppm. The difference, though, is 

that the width of regions where the emission levels exceed 13 ppm or higher is wider for the 

smaller jet diameter case I compared to the current case. However, the general range of the 

emissions level found in the same testing zone and the shapes of the contour maps are too 

similar to dismiss. At 0.75’’ away from the wall, the highest NOx emissions level, around 12 

ppm, in the center of the jet is found at the X/D = 3 axial distance. Again, the similarities were 

found among the baseline case, smaller jet diameter case I and the current case. 

 In summary, the similar trends found at the other cases are also found in the current 

case. The highest NOx emissions level and the location of the highest NOx emissions level both 

moved downstream from the jet entry plane while the high NOx emissions level zone has 

moved to the center of the jet with increasing distance from the wall. The near 0 NOx emissions 

region has grown in the lower axial distances due to jet deflection. It is also interesting to note 

that the jet penetration is similar to the lower momentum-flux-ratio case because of the effect 

of the smaller jet diameter for the current case. 

6.4.6 Summary of Raw NOx Concentrations 

 The raw NOx concentration levels were sampled and measured with various parameters 

including the momentum-flux-ratios, the jet diameters and the spatial locations in all three 

dimensions.  
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 The axial and the radial spatial locations, X and Z direction respectively, of where 

significant NOx emissions levels were found were dependent on the distance away from the jet 

entrance wall and the momentum-flux-ratio of the air jet. The side-by-side comparisons of the 

NOx emissions level contour plots with varying momentum-flux-ratios are shown in Figure 6 - 

28. The blue circle on each of the contour plot indicates the location of the orifice on the wall 

relative to the testing section. The blue circles do not represent the location or the shape of the 

actually reacting jet correctly.  

  



111 

 

 

 

 
 

Figure 6 - 28. Side-by-side Comparison of the NOx emissions level contour plots with varying momentum-flux-ratios: Y = 

0.25’’ (First row), Y = 0.50’’ (Second row), Y = 0.75’’ (Third row) 

 The first trend to note is that the highest NOx emissions levels were found at higher axial 

distances and towards the center of the jet as the distance increased from the wall. Also, the 

region of significant NOx emissions grew in size with increasing distance from the wall. This 

trend can easily be noticed on the figure above. For each given column, the locations of the 

highest NOx emissions levels continued to move higher in the axial distance from top to bottom. 
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For the lower momentum-flux-ratio (J = 10.99) case, the movement has taken the red zone out 

of the viewing window of the testing section. The second trend to note is that the same trend 

of can be applied to the decreasing momentum-flux-ratio of the air jet with the same jet 

diameter size. The comparison must be made at each row in the figure above for the effect of 

the momentum-flux-ratio. At all distances from the wall, as moving right to left at each row, the 

locations of the highest NOx emissions levels continued to move higher in the axial distance and 

closer to the center of the jet. This is the most evident at 0.25’’ away from the wall, where the 

location of the highest NOx emissions levels for the higher momentum-flux-ratio (J = 30.52) case 

starts at the X/D = 1.5 axial distance moved higher to the X/D = 2 axial distance for the baseline 

(J = 19.54) case and finally found at the X/D = 3 axial distance for the lower momentum-flux-

ratio (J = 10.99) case. In a meanwhile, the peak locations have gotten closer together in the 

center of the jet too.  

With different jet diameter sizes, it was found that the axial and the radial spatial locations 

where significant NOx emissions levels were found were the same with the same distance away 

from the wall with the same momentum-flux-ratios. The side-by-side comparisons of the NOx 

emissions level contour plots with varying jet diameters are shown in  

Figure 6 - 29.  
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Figure 6 - 29. Side-by-side Comparison of the NOx emissions level contour plots with varying Jet Diameters  

Y = 0.25’’ (First row), Y = 0.50’’ (Second row), Y = 0.75’’ (Third row) 

 It can be clearly seen from the figure above that the size of the jet diameter had no 

impact on the NOx emissions characteristics levels in the wake of the jet when the jet to 

crossflow momentum-flux-ratios are kept constant and the spatial locations are normalized by 



114 

 

the jet diameter values. With the exception at 0.50’’ away from the wall, the contour plots in all 

three rows look almost identical to each other. This is the most evident at 0.25’’ away from the 

wall, where the shape and the size of the significant NOx emissions levels are the same for all jet 

diameters and the locations of the highest NOx emissions levels were also constant at the X/D = 

1.5 axial distances. The NOx emissions data collapsed into one homogenous data set when the 

axial and the radial distances were normalized by the jet diameter size. 

6.5 CFD Simulations 

 The CFD simulations were carried out in parallel to the experiments. The CFD simulation 

results were used to add details regarding the behavior of the JICF to provide information that 

are not conveniently measured. The CFD simulation results include the velocity information, 

NOx flux data, temperature profile and shape, and some evidences of NOx production 

mechanisms.  

6.5.1 Velocity 

 Understanding the fluid dynamics at the interested area under the testing conditions is 

important to the success of this research. The velocity information, especially the axial velocity, 

can be useful in understanding the axial flux of the NOx species through the test section. The 

axial velocity values at the sampling locations were collected to match the experimental data at 

time = 0.1s. The velocity values at 0.1s and 0.15s were compared along with the non-reacting 

case velocities to test the validity of using the data at time = 0.1. Figure 6 - 30 shows the axial 

velocity values for the baseline case at 0.25’’ away from the wall at X/D = 0 axial distance. 

Figure 6 - 31 shows the axial velocity values for the baseline case at 0.25’’ away from the wall at 

X/D = 1.5 axial distance. 
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Figure 6 - 30. Axial Velocity Values for Baseline Case at 0.25’’ Away from the Wall at X/D = 0 Axial Distance 
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Figure 6 - 31. Axial Velocity Values for Baseline Case at 0.25’’ Away from the Wall at X/D = 1.5 Axial Distance 

 According to Figure 6 - 30, there are essentially no differences between the non-reacting 

and reacting velocities and no differences between the 0.1s and 0.15s velocities for the X/D = 0 

axial location. However, at different axial locations, the non-reacting velocities do not capture 

the perturbation of the velocity field caused by the reaction. Yet, the difference between the 

0.1s and 0.15s velocities are minute. Hence, it was determined to limit the CFD simulations up 

to 0.1s to achieve the stable flow conditions while limiting the computational cost. 

6.5.2 NOx Flux 

 Another method to present the NOx emissions and its characteristics is to evaluate NOx 

flux at different axial distances. The NOx flux would explain the flow of the mass of NOx through 

a physical space per time. The unit of NOx flux is mass of NOx per length squared times time, 
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 . The current research used the unit of milligram per meter squared times second,  

  

    
 . 

The conversion of the NOx data starts with the measured data in ppmvd, parts-per-million 

volumetric dry. So the NOx emissions levels presented in previous section would be multiplied 

by     . The resulting volume of the NOx concentration becomes 
              

         
. Then 

assuming the ideal gas law of       , the number of moles for NOx can be calculated. The 

pressure is 101,325 Pa, the universal gas constant is 8.314 [J/mol·K], and the temperature is 

1900 K to match the CFD simulations. The total mass of NOx can be calculated by multiplying 

the number of moles, n, with the molecular weight of NOx. For simplicity, the NOx measured in 

the experiments are considered to be in form of NO. The molecular weight of NO is 30.01 

[g/mol]. Finally, the mass of NO in 1 cubic meter of gas is calculated in the units of  
 

   .The unit 

can be converted to milligram by multiplying by 1000 and obtain 
  

   . This volumetric mass is 

then multiplied by the axial velocities at the sampling locations to determine the NOx flux, 

 
  

    
 , in the testing section. The NOx flux can be calculated at all the experiment locations and 

cases.  

6.5.2.1 Baseline case (Djet = 0.26’’, J = 19.54) 

 The NOx flux information at three different experimental locations will be presented in 

this section. 

6.5.2.1.1 0.25’’ Away from the Wall 

 Similar to the emissions section, the graph and the contour plot of the NOx flux at 

different axial distances will be presented. Since the NOx flux requires axial velocity information 
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as well, the axial velocities at different axial distance are also presented. The axial velocity 

values for the baseline case at 0.25’’ away from the wall are shown in Figure 6 - 32. 

 

Figure 6 - 32. Axial Velocity Values for Baseline Case at 0.25’’ Away from the Wall 

 The general trend of axial velocities at all axial distance is the lowest axial velocity is 

found in the center of the jet and it rapidly increases as moving away from the center. The axial 

velocities level off once the Z/D reaches ±1 distance. The most outer velocities are similar in 

values for all axial velocities because the location is dominated by the crossflow. The axial 

velocity at the center of the jet for X/D = 0 axial distance has negative sign, which suggests 

downward velocity vector. The center velocities increase with the increasing axial distance until 

X/D = 1.5, where the differences become much smaller. The NOx flux for the baseline case at 

0.25’’ away from the wall is shown in Figure 6 - 33. 
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Figure 6 - 33. The NOx flux for the baseline case at 0.25’’ away from the wall 

 The horse-shoe shape of JICF cross-section is quite visible with the NOx flux data for all 

axial distances. The highest NOx flux is found at X/D = 1.5 and X/D = 2 axial distances due to 

influence from the raw NOx emissions level data. However, the difference between the 

maximum and minimum flux value for a given axial distance is greater than the raw NOx 

emissions data due to influence from the axial velocity data. For example, the raw NOx 

emissions data at X/D = 2 axial distance showed more of a evenly leveled emissions behavior 

but the NOx flux data at the same distance show a clear horse-shoe shape with no local 

maximum at the center the jet.  
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6.5.2.1.2 0.50’’ Away from the wall 

 The plot of the axial velocity, the plot of the NOx flux and the contour map of the NOx 

flux at 0.50’’ away from the wall are presented in this section. The axial velocity values for the 

baseline case at 0.50’’ away from the wall are shown in Figure 6 - 34. 

 

Figure 6 - 34. Axial Velocity Values for Baseline Case at 0.50’’ Away from the Wall 

 The axial velocities near the center of the jet for all axial distance exhibit random 

behaviors and many data points have downward velocity vectors. In fact, the X/D = 0 axial 

distance shows the least amount of random behavior and the highest velocity at the center of 

the jet is found at the axial distance too. The rapid increase in axial velocity as moving away 

from the center of the jet is shown at this location too but the increase is in much shorter 

distance due to random behavior near the center. The axial velocities near the center for all 
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axial distances except the X/D = 0 do not exhibit the symmetrical behavior like the earlier 

location at 0.25’’ away from the wall. The NOx flux for the baseline case at 0.50’’ away from the 

wall is shown in Figure 6 - 35. 

 

Figure 6 - 35. The NOx flux for the baseline case at 0.50’’ away from the wall 

 In general, the peak on each half of the jet is present at all axial distances. The random 

behavior from the axial velocity data influenced the NOx flux near the center too. The raw NOx 

emission level plot in Figure 6 - 9 showed the highest average NOx emissions level was found at 

X/D = 3 axial distance. However, the highest axial velocity is found at X/D = 2 axial distance. 

That influenced the NOx flux and the highest NOx flux can be found at X/D = 2 axial distance.  
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6.5.2.1.3 0.75’’ Away from the wall 

 The plot of the axial velocity, the plot of the NOx flux and the contour map of the NOx 

flux at 0.75’’ away from the wall are presented in this section. The axial velocity values for the 

baseline case at 0.75’’ away from the wall are shown in Figure 6 - 36. 

 

Figure 6 - 36. Axial Velocity Values for Baseline Case at 0.75’’ Away from the Wall 

 The axial velocities at the axial distances X/D = 1.5, 2 and 3 near the center show near 

zero velocities until Z/D = ±1 in the radial direction. Then the axial velocities increase rapidly to 

the stable crossflow velocity values. The X/D = 1 axial distance exhibit a symmetrical velocity 

characteristics with the lowest velocity found at the center of the jet. That center of the jet 

velocity is showing near 0 too. The X/D = 0 axial distance show symmetrical velocity 
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characteristics but the center velocity is not the lowest. The NOx flux for the baseline case at 

0.75’’ away from the wall is shown in Figure 6 - 37. 

 

Figure 6 - 37. The NOx flux for the baseline case at 0.75’’ away from the wall 

 The horse-shoe shapes are found in X/D = 1.5, 2 and 3 axial distances. The rest of the 

two axial distances show gradual increase in NOx flux from the center of the jet as Z/D 

increases. The near 0 axial velocities near the center of the jet caused the local maximum found 

at the center of the jet for the raw NOx concentrations levels to disappear in the flux plot. 

However, the average NOx flux increases as the axial distance increases, just like the raw NOx 

data.  
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6.5.2.1.4 Baseline Case Summary 

 The 3D evolution of the NOx flux for the baseline case with increasing distance from the 

wall is presented in Figure 6 - 38. Again, the contour plots of the NOx emissions level data were 

created the black line represents the location of the leading shear layer of the jet. 

 

Figure 6 - 38. The 3D evolution of the NOx flux for the baseline case with increasing distance from the wall 

 At 0.25’’ away from the wall, the highest NOx flux can be found between X/D = 1.5 and 

X/D = 2 in the axial direction and at Z/D = ±1. The maximum NOx flux found at these locations is 

between 6 to 7  
  

    
 . Overall, the contour map of the NOx flux and that of NOx emissions levels 

for this location look similar because both of their plots show horse-shoe shapes. This also 
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suggests that the influence of NOx emissions characteristics is stronger than the velocity 

characteristics for the baseline case at 0.25’’ away from the wall. At 0.50’’ away from the wall, 

the highest NOx flux can be found at X/D = 2 axial distance and at Z/D = ±1.5. The maximum NOx 

flux found at these locations is about 7  
  

    
 . The NOx flux near the center of the jet from the 

X/D = 0 and X/D = 2.5 axial distances is relatively low compared to further radial distances. The 

contour plot shows the NOx flux is concentrated further away from the jet in both axial and 

radial directions compared to the earlier location. This may be influenced from the 

development of the jet with increased distance from the wall. At 0.75’’ away from the wall, the 

highest NOx flux can be found at X/D = 3 axial distance and at Z/D close to ±2. The maximum 

NOx flux found at these locations is about 7  
  

    
 . It can be seen from evolution of the contour 

map of the NOx flux that the highest flux values are found further away from the jet in both 

axial and radial directions as the jet penetrates into the crossflow. The highest NOx flux found 

at 0.25’’ away from the wall is found between X/D  =1.5 and 2 axial distances, at 0.50’’ away 

from the wall is found at X/D = 2 axial distance and finally the highest NOx flux found at 0.75’’ 

away from the wall is found at X/D = 3 axial distance. In the radial direction, the highest NOx 

flux found at 0.25’’ away from the wall is found at Z/D = ±1, at 0.50’’ away from the wall is 

found at Z/D = ±1.5 and finally at 0.75’’ away from the wall is found at close to Z/D = 2. This may 

be due to the fact that the air jet is expanding in all directions as it further penetrates into the 

crossflow. The near zero NOx flux is also found further away from the jet in the axial direction 

with the jet penetration.  

 In summary, the clear peak on each side of the jet suggests the NOx flux data were in the 

shapes of horse-shoe shapes. The distance between the peaks and the near 0 NOx flux region 
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that is found in the center of the jet increased with increasing distance from the wall. The 

location of the highest flux moved further downstream with increasing distance from the wall. 

Some of the near 0 NOx flux regions in the center of the jet exhibited backward flow indicating 

the flow of NOx is moving upstream back to the jet entry plane at times. Ultimately, the NOx flux 

is found farther away from the jet in both axial and radial directions as the distance from the 

wall increased.  

6.5.2.2 Higher Momentum-Flux-Ratio Case (Djet = 0.26’’, J = 30.52) 

 The NOx flux information at three different experimental locations will be presented in 

this section. 

6.5.2.2.1 0.25’’ Away from the wall 

 The plot of the axial velocity, the plot of the NOx flux and the contour map of the NOx 

flux at 0.50’’ away from the wall are presented in this section. The axial velocity values for the 

higher momentum-flux-ratio case at 0.25’’ away from the wall are shown in Figure 6 - 39. 
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Figure 6 - 39. Axial Velocity Values for the Higher Momentum-Flux-Ratio Case at 0.25’’ Away from the Wall 

 The general shape and trend of the axial velocities for this case is very similar to the 

baseline case at the same 0.25’’ away from the wall. The lowest axial velocity is found in the 

center of the jet and it rapidly increases as moving away from the center. The axial velocities 

level off once the Z/D reaches ±1 distance. The most outer velocities are similar in values for all 

axial velocities because the location is dominated by the crossflow. The center velocities 

increase with the increasing axial distance until X/D = 1.5, where the differences become much 

smaller. However, the difference is that the axial velocities at X/D = 2 and 3 are visibly higher 

than at the previous axial distances. The Figure 6 - 32 shows the axial velocities at X/D = 2 and 3 

at almost the same magnitude but the Figure 6 - 39 shows visible differences between two 

velocities. The axial velocity at the center of the jet for X/D = 0 axial distance also has negative 
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sign, and therefore, a downward velocity vector. The NOx flux for the higher momentum-flux-

ratio at 0.25’’ away from the wall is shown in Figure 6 - 40. 

 

Figure 6 - 40. The NOx flux for the Higher Momentum-Flux-Ratio Case at 0.25’’ away from the wall 

 The horse-shoe shape of JICF cross-section is quite visible with the NOx flux data for all 

axial distances except at X/D = 3. The highest NOx flux is found at X/D = 1.5 axial distance. These 

two results are due to influence from the raw NOx emissions level data that shows a parabola 

shape for X/D = 3 axial distance and the highest NOx emissions level found at X/D = 1.5 axial 

distance. The influence of the axial velocities on the flux data are shown at the difference 

between the maximum and minimum flux value for a given axial distance. For example, the 

difference of raw NOx emissions data between the center of the jet and the peak value at X/D = 

2 axial distance did not show much difference in Figure 6 - 12 but the NOx flux data at the same 
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distance show a clear horse-shoe shape with a peak on each half of the jet. The minimum axial 

velocity found at the center of the jet clearly had a big influence on the flux results.  

6.5.2.2.2 0.50’’ Away from the wall 

 The plot of the axial velocity, the plot of the NOx flux and the contour map of the NOx 

flux at 0.50’’ away from the wall are presented in this section. The axial velocity values for the 

higher momentum-flux-ratio case at 0.50’’ away from the wall are shown in Figure 6 - 41. 

 

Figure 6 - 41. Axial Velocity Values for the Higher Momentum-Flux-Ratio Case at 0.50’’ Away from the Wall 

 The axial velocities seem symmetrical on each half of the jet for all axial distances. The 

highest axial velocity at the center of the jet is found at X/D = 3 axial distance rather than X/D = 

0 for the baseline case. The X/D = 1, 1.5 and 2 axial distances exhibit negative axial velocities 

near the center but not actually at the center. In fact, all of the axial velocities found at the 
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center of the jet have positive axial velocities but the magnitudes are significantly lower than 

the maximum axial velocities observed. The NOx flux for the higher momentum-flux-ratio at 

0.50’’ away from the wall is shown in Figure 6 - 42. 

 

Figure 6 - 42. The NOx flux for the Higher Momentum-Flux-Ratio Case at 0.50’’ away from the wall 

 The typical horse-shoe shapes of a peak on each half of the jet are found in all axial 

distances. The maximum flux is found at X/D = 2 axial distance, which is most likely influenced 

by the raw NOx emissions levels where the maximum emissions levels are also found at the 

same axial distance. The near 0 axial velocities at the center of the jet influenced the low axial 

NOx flux found at the center of the jet too. Some negative fluxes are found at X/D = 1, 1.5 and 2 

axial distances like the axial velocity data in Figure 6 - 41. 
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6.5.2.2.3 0.75’’ Away from the wall 

 The plot of the axial velocity, the plot of the NOx flux and the contour map of the NOx 

flux at 0.75’’ away from the wall are presented in this section. The axial velocity values for the 

higher momentum-flux-ratio case at 0.75’’ away from the wall are shown in Figure 6 - 43. 

 

Figure 6 - 43. Axial Velocity Values for the Higher Momentum-Flux-Ratio Case at 0.75’’ Away from the Wall 

 The first obvious observation for the axial velocity data at this location is the outlier 

found at X/D = 0 axial distance. While the rest of the axial velocities at other axial distances are 

very close to each other in values and shape, the axial velocities found at X/D = 0 are much 

higher than the rest. Especially, the axial velocities near the center of the jet for X/D = 0 axial 

distance are over 1.5 m/s while the same velocities at other axial distances so near 0. The X/D = 

0 axial distance is within the air jet at 0.75’’ away from the wall and the positive axial velocities 
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suggest the air jet has already begun to bend upward. The near 0 axial velocities at the center 

of the jet in other axial distances suggest the axial distances are still within the Counter-

rotating-Vortex-Pair. The NOx flux for the higher momentum-flux-ratio at 0.75’’ away from the 

wall is shown in Figure 6 - 44. 

 

Figure 6 - 44. The NOx flux for the Higher Momentum-Flux-Ratio Case at 0.75’’ away from the wall 

 The shape of the NOx flux data and the shape of raw NOx emission level are complete 

contrast to each other. The NOx flux data in Figure 6 - 44 show horse-shoe shapes for all axial 

distances, but the raw NOx emission levels in Figure 6 - 14 show parabola-like shapes with the 

maximum values found at the center of the jet. The axial velocity data contributed to this 

difference where near 0 axial velocities found around the center of the jet caused the NOx flux 
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to be near 0 too. The maximum NOx flux is found at X/D = 2 and 3 axial distances. The average 

NOx flux increases with the increasing axial distances until it peaks at X/D = 2 axial distance. 

6.5.2.2.4 Higher Momentum-Flux-Ratio Case Summary 

 The 3D evolution of the NOx flux for the higher momentum-flux-ratio case with 

increasing distance from the wall is presented in Figure 6 - 45. Again, the contour plots of the 

NOx emissions level data were created the black line represents the location of the leading 

shear layer of the jet. 

 

Figure 6 - 45. The 3D evolution of the NOx flux for the higher momentum-flux-ratio case with increasing distance from the 

wall 
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 At 0.25’’ away from the wall, the highest NOx flux can be between X/D = 1 and 1.5 axial 

distances and at slightly less than Z/D = ±1 in the radial direction. The maximum NOx flux found 

at these locations is about 5  
  

    
 . Compared to the baseline case, the locations of the 

maximum NOx flux are lower in both the axial and radial directions. This may be due to the fact 

that the higher penetration of the jet caused the cross-section area of the jet at 0.25’’ away 

from the wall to be not as big as the baseline case. Just like the baseline case at 0.25’’ away 

from the wall again, the contour map of the NOx flux and that of NOx emissions level for this 

location look similar because both of their plots show horse-shoe shapes. This also suggests 

that the influence of NOx emissions characteristics is stronger than the velocity characteristics 

for the baseline case at 0.25’’ away from the wall. At 0.50’’ away from the wall, the highest NOx 

flux can be between X/D = 1.5 and X/D = 2 axial distances and at radial distances slightly larger 

than Z/D = ±1. The maximum NOx flux found at these locations is between 6 and 7  
  

    
 . Again, 

the locations of the maximum NOx flux is found are lower in axial distances compared to the 

baseline case at the same location. Also the NOx flux in the center of the jet are very low and 

near 0 NOx flux regions reach close to X/D = 2 axial distance. This is a contrary behavior from 

the  raw NOx emissions contour plot that shows significant amount of NOx concentrations are 

found in the center of jet beyond X/D = 1 axial distance. At 0.75’’ away from the wall, the 

highest NOx flux can be between X/D = 2 and X/D = 3 axial distances and at radial distances 

almost close to Z/D = ±2. The maximum NOx flux found at these locations is between 6 and 

7 
  

    
 . Similar to the baseline case, the locations of the highest NOx flux are found farther 

away from the jet in both axial and radial directions as the distance from the wall increases. 

However, the comparing to the baseline case at the same distance from the wall, the maximum 
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fluxes are found lower in axial distance for the higher momentum-flux-ratio case. The radial 

distances seem unaffected. The higher jet momentum delays the deformation of the jet as it 

penetrates farther, causing the effect of the jet to reach less far in the axial direction.   

 In summary, a clear peak was also found at each half of the jet indicating horse-shoe 

shapes but the locations of the highest NOx flux were lower than the baseline case. However, 

the near 0 NOx flux regions in the center of the jet are bigger for the current case and that 

region reaches all the way up to the X/D = 3 axial distance at 0.75’’ away from the wall. That led 

to similar increase in distance between the NOx flux peaks at each half of the jet. Similar to the 

baseline case, the locations of the highest NOx flux are moving away, and the size of the near 0 

NOx flux regions are growing, in both the axial and radial directions from the center of the jet.  

6.5.2.3 Lower Momentum-Flux-Ratio Case (Djet = 0.26’’, J = 10.99) 

 The NOx flux information at three different experimental locations for the lower 

momentum-flux-ratio case will be presented in this section. 

6.5.2.3.1 0.25’’ Away from the wall 

 The plot of the axial velocity, the plot of the NOx flux and the contour map of the NOx 

flux at 0.25’’ away from the wall are presented in this section. The axial velocity values for the 

lower momentum-flux-ratio case at 0.25’’ away from the wall are shown in Figure 6 - 46. 
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Figure 6 - 46. Axial Velocity Values for the Lower Momentum-Flux-Ratio Case at 0.25’’ Away from the Wall 

 The general shape and trend of the axial velocities for this case is very similar to any 

other cases at the same 0.25’’ away from the wall. The lowest axial velocity is found in the 

center of the jet and it rapidly increases as moving away from the center. The axial velocities 

level off once the Z/D reaches ±1 distance. The most outer velocities are similar in values for all 

axial velocities because the location is dominated by the crossflow. The center velocities 

increase with the increasing axial distance even though the differences are very small. The axial 

velocity at the center of the jet for X/D = 1 and 2 axial distances have negative signs, and 

therefore, a downward velocity vector. The NOx flux for the lower momentum-flux-ratio at 

0.25’’ away from the wall is shown in Figure 6 - 47. 
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Figure 6 - 47. The NOx flux for the Lower Momentum-Flux-Ratio Case at 0.25’’ away from the wall 

 The horse-shoe shape of JICF cross-section is quite visible with the NOx flux data for all 

axial distances. The highest NOx flux is found at X/D = 3 axial distance. These two results are due 

to influence from the raw NOx emissions level data that shows horse-shapes for most of the 

axial distances and the highest NOx emission levels at X/D = 3 axial distance. The influence of 

the axial velocities on the flux data are shown at the difference between the maximum and 

minimum flux value for a given axial distance. For example, the difference of raw NOx emissions 

data between the center of the jet and the peak value at X/D = 2 axial distance did not show 

much difference in Figure 6 - 16 but the NOx flux data at the same distance show a clear horse-

shoe shape with a peak on each half of the jet. The minimum axial velocity found at the center 

of the jet clearly had a big influence on the flux results.  
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6.5.2.4.2 0.50’’ Away from the wall 

 The plot of the axial velocity, the plot of the NOx flux and the contour map of the NOx 

flux at 0.50’’ away from the wall are presented in this section. The axial velocity values for the 

lower momentum-flux-ratio case at 0.50’’ away from the wall are shown in Figure 6 - 48. 

 

Figure 6 - 48. Axial Velocity Values for the Lower Momentum-Flux-Ratio Case at 0.50’’ Away from the Wall 

 The axial velocities seem symmetrical on each half of the jet for all axial distances. The 

highest axial velocity at the center of the jet is found at the X/D = 3 axial distance. The X/D = 0 

axial distance shows significantly higher axial velocity near the center of the jet, which is 

congruent with the fact that the specific axial distance is within the air jet. The axial velocities 

over 1 m/s are the effect of air jet bending in the direction of the crossflow. The rest of the axial 

distances exhibit negative axial velocities near the center indicating the perturbations of the 
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axial velocity due to reaction. Lastly, the axial velocities found away from the jet center show 

similar velocity values indicating that influence of the crossflow is much greater at such regions 

than the influence of the jet. The NOx flux for the lower momentum-flux-ratio at 0.50’’ away 

from the wall is shown in Figure 6 - 49. 

 

Figure 6 - 49. The NOx flux for the Lower Momentum-Flux-Ratio Case at 0.50’’ away from the wall 

 The typical horse-shoe shapes of a peak on each half of the jet are found in all axial 

distances. The maximum flux is found at X/D = 2 and 3 axial distances, although the maximum 

raw NOx emissions levels were clearly found at X/D = 3 axial distance. The near 0 axial velocities 

at the center of the jet influenced the low axial NOx flux found at the center of the jet too. The 

negative fluxes are found at all axial distances except X/D = 0 like the axial velocity data. 
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6.5.2.3.3 0.75’’ Away from the wall 

 The plot of the axial velocity, the plot of the NOx flux and the contour map of the NOx 

flux at 0.75’’ away from the wall are presented in this section. The axial velocity values for the 

lower momentum-flux-ratio case at 0.75’’ away from the wall are shown in Figure 6 - 50. 

 

Figure 6 - 50. Axial Velocity Values for the Lower Momentum-Flux-Ratio Case at 0.75’’ Away from the Wall 

 The first obvious observation for the axial velocity data at this location is the non 0 axial 

velocities found at near the center of the jet at X/D = 0, 1 and 1.5 axial distances. This suggests 

that the three axial distances at the current locations are within the jet according to the CFD 

results. That is consistent with the observation made during the experiment where the 

sampling probe was found within the “flame.” Also it makes sense to find multiple axial 

distances with high axial velocities for the lower momentum-flux-ratio case because the lower 
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penetration of the jet would cause the jet air to bend and spread in all directions closer to the 

wall than the other two cases. It can be safely predicted that the last two axial distances were 

out of direct influence of the jet. Beyond Z/D = ±1, the axial velocities for all axial distances 

become very close to each other suggesting the influence of the crossflow has taken over by 

such radial distances. The NOx flux for the lower momentum-flux-ratio at 0.75’’ away from the 

wall is shown in Figure 6 - 51. 

 

Figure 6 - 51. The NOx flux for the Lower Momentum-Flux-Ratio Case at 0.75’’ away from the wall 

 The typical horse-shoe shapes of the NOx flux data are only found at the X/D = 2 and 3 

axial distances while raw NOx emissions levels show two peaks away from the center with a 

local maximum at the center of the jet. Normally, the near 0 axial velocity data at the center of 

the jet contributed to the near 0 NOx flux but the current case shows the near 0 NOx flux near 
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the center of the jet due to the raw NOx emissions levels data. The maximum NOx flux is found 

at X/D = 3 axial distance due to high raw NOx emissions levels found at the same axial distance. 

The average NOx flux increases with the increasing axial distances except between the X/D = 0 

and 1 axial distances. 

6.5.2.3.4 Lower Momentum-Flux-Ratio Case Summary 

 The 3D evolution of the NOx flux for the lower momentum-flux-ratio case with 

increasing distance from the wall is presented in Figure 6 - 52. Again, the contour plots of the 

NOx emissions level data were created the black line represents the location of the leading 

shear layer of the jet. Similar to the NOx concentration plot earlier, the jet shear layer is 

protruding the test section at 0.75’’ away from the wall due to an earlier jet deflection caused 

by lower momentum-flux-ratio. 
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Figure 6 - 52. The 3D evolution of the NOx flux for the lower momentum-flux-ratio case with increasing distance from the 

wall 

 At 0.25’’ away from the wall, the highest NOx flux can be found between X/D = 1.5 and 3 

axial distances and at slightly larger than Z/D = ±1 in the radial direction. The maximum NOx flux 

found at these locations is between 6 and 7  
  

    
 . Compared to the baseline case and the 

higher momentum-flux-ratio case at the same location, the locations of the maximum NOx flux 

are larger in both the axial and radial directions. This may be due to the fact that the lower 

penetration of the jet caused the cross-section area of the jet at 0.25’’ away from the wall to be 

further developed and deformed than the other two cases. At 0.50’’ away from the wall, the 
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highest NOx flux can be between X/D = 2 and 3 axial distances and at radial distances Z/D = 

±1.5. The maximum NOx flux found at these locations is between 6 and 7  
  

    
 . Again, the 

locations of the maximum NOx flux is found are higher in axial distances and farther away in the 

radial distances compared to the other two cases at the same location. Also the NOx flux in the 

center of the jet are very low and near 0 NOx flux regions reach all the way to X/D = 3 axial 

distance. The baseline case showed the near 0 NOx flux up to X/D = 2.5 axial distance while the 

higher momentum-flux-ratio case showed the near 0 NOx flux up to X/D = 2 axial distance at the 

same 0.50’’ away from the wall location. It can be concluded that the jet influenced NOx 

formation to occur closer to the jet for the higher momentum-flux-ratio cases, which is most 

likely due to less developed jet deformation with increasing momentum-flux-ratio. At 0.75’’ 

away from the wall, The highest NOx flux can be found at X/D = 3 axial distance and at almost 

close to Z/D = ±2 radial distance. The contour plot shows the highest NOx flux is found at each 

corner of the testing section in the farthest axial distance. The maximum NOx flux found at 

these locations is about 5 
  

    
 . The near 0 NOx flux region is the largest at the current location 

that covers all of radial distances up to X/D = 1 axial distance and it reaches all the way to X/D = 

3 axial distance at the center of the jet. The highest NOx flux regions are pushed to the most 

outer corners of the testing section, which are the farthest the NOx flux regions are found away 

from the jet. The extent of the jet influence on the NOx flux levels reaches farther away from 

the jet with decreasing momentum-flux-ratio evident by the locations of the high NOx flux 

regions occurring at farther axial and radial distances from the center of the jet. This trend is 

most likely due to the varying influence of the jet on the crossflow caused by the deformation 
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of the jet by the crossflow. The progress of the deformation is delayed with higher momentum-

flux-ratio and causes the influence of the jet on the NOx levels to be closer to the jet.   

 In summary, the horse-shoe shapes were also found for the current case but the peaks 

were found further downstream and farther apart from each other than any other cases. The 

highest NOx flux locations continued to move downstream from the jet entry plane until they 

move out of the testing section at 0.75’’ away from the wall. The locations of the highest NOx 

flux were moving away from the jet in both axial and radial directions and eventually the 

significant NOx flux regions are only found at the most outward corners of the test section at 

0.75’’ away from the wall. The earlier jet deflection caused the near 0 NOx flux regions to grow 

in both axial and radial directions, and resulted in the majority of the test section at 0.75’’ away 

from the wall is exhibiting near 0 NOx flux. Overall, the significant NOx flux regions are found 

away from the jet in both axial and radial directions with decreasing momentum-flux-ratio and 

increasing distance from the wall.  

6.5.2.4 Smaller jet diameter case I (Djet = 0.21’’, J = 19.54) 

 The NOx flux information at three different experimental locations for the smaller jet 

diameter case I will be presented in this section. The jet diameter is 0.21’’ and the jet flow rate 

was varied to keep the momentum-flux-ratio the same with the baseline. 

6.5.2.4.1 0.25’’ Away from the wall 

 The plot of the axial velocity, the plot of the NOx flux and the contour map of the NOx 

flux at 0.25’’ away from the wall are presented in this section. The axial velocity values for the 

smaller jet diameter case I at 0.25’’ away from the wall are shown in Figure 6 - 53. 
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Figure 6 - 53. Axial Velocity Values for the Smaller Jet Diameter Case I at 0.25’’ Away from the Wall 

 The general trend of axial velocities at all axial distance is the lowest axial velocity is 

found in the center of the jet and it rapidly increases as moving away from the center. The axial 

velocities level off once the Z/D reaches ±1 distance. The most outer velocities are similar in 

values for all axial velocities because the location is dominated by the crossflow. The axial 

velocity at the center of the jet for X/D = 1 axial distance has negative sign, which suggests 

downward velocity vector. The center velocities increase with the increasing axial distance, 

although the lowest center velocity is found at X/D = 1 axial distance. Overall, the axial velocity 

values for the current case and the location are similar to the baseline case at the same 

location. The NOx flux for the smaller jet diameter case I at 0.25’’ away from the wall is shown 

in Figure 6 - 54. 
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Figure 6 - 54. The NOx flux for the Smaller Jet Diameter Case I at 0.25’’ away from the wall 

 First, similar to the NOx emission level data for the current case, the data reaches 

farther in the radial direction due to smaller jet diameter. The most of the NOx flux 

characteristics found for the current case closely resemble those of the baseline case. This is 

consistent with the results of the NOx emissions levels of the current case closely resemble the 

baseline case. The horse-shoe shape of JICF cross-section is quite visible with the NOx flux data 

for all axial distances. The highest NOx flux is found at X/D = 1.5 and X/D = 2 axial distances due 

to influence from the raw NOx emissions level data. However, the difference between the 

maximum and minimum flux value for a given axial distance is greater than the raw NOx 

emissions data due to influence from the axial velocity data. For example, the raw NOx 

emissions data at X/D = 2 axial distance showed more of a evenly leveled emissions behavior 
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but the NOx flux data at the same distance show a clear horse-shoe shape with no local 

maximum at the center the jet.  

6.5.2.5.2 0.50’’ Away from the wall 

 The plot of the axial velocity, the plot of the NOx flux and the contour map of the NOx 

flux for the smaller jet diameter case I at 0.50’’ away from the wall are presented in this section. 

The axial velocity values for the smaller jet diameter case I at 0.50’’ away from the wall are 

shown in Figure 6 - 55. 

 

Figure 6 - 55. Axial Velocity Values for the Smaller Jet Diameter Case I at 0.50’’ Away from the Wall 

 The axial velocities near the center at the X/D = 0 axial distance are different from the 

other axial distances. These elevated velocities indicate the X/D = 0 axial distance is within the 

air jet. The rest of the axial velocities near the center of the jet exhibit some random behavior 
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nearing 0 m/s that are congruent with instantaneous velocities behaviors found with reacting 

flows. The rapid increase in axial velocity as moving away from the center of the jet is shown at 

this location too but the increase is in much shorter distance due to random behavior near the 

center. The NOx flux for the smaller jet diameter case I at 0.50’’ away from the wall is shown in 

Figure 6 - 56. 

 

Figure 6 - 56. The NOx flux for the Smaller Jet Diameter Case I at 0.50’’ away from the wall 

 In general, the peak on each half of the jet is present at all axial distances. The random 

behavior from the axial velocity data influenced the NOx flux near the center too. The raw NOx 

emission level plot in Figure 6 - 21 showed the highest average NOx emissions level was found 

at X/D = 3 axial distance and the highest axial velocity is also found at X/D = 2 axial distance. The 
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NOx flux data seemed to be more influenced by the raw NOx concentration data than the axial 

velocity data. 

6.5.2.5.3 0.75’’ Away from the wall 

 The plot of the axial velocity, the plot of the NOx flux and the contour map of the NOx 

flux for the smaller jet diameter case I at 0.75’’ away from the wall are presented in this section. 

The axial velocity values for the smaller jet diameter case I at 0.75’’ away from the wall are 

shown in Figure 6 - 57. 

 

Figure 6 - 57. Axial Velocity Values for the Smaller Jet Diameter Case I at 0.75’’ Away from the Wall 

 The axial velocities at the axial distances X/D = 0, 1 and 1.5 near the center show non-

zero velocities until X/D = 2 in axial distance. These indicate more axial distances, the lower 

axial distances, are within the jet air and the axial velocities are affected by the fact. The axial 

-1.5 

-1 

-0.5 

0 

0.5 

1 

1.5 

2 

2.5 

3 

3.5 

4 

-3 -2 -1 0 1 2 3 

V
e

lo
ci

ty
 [

m
/s

] 

Z/D 

Axial Velocity at 0.75'' from the wall 

X/D = 0 

X/D = 1 

X/D = 1.5 

X/D = 2 

X/D  =3 



151 

 

velocities at the rest of the axial distances exhibit near 0 values around the center and increase 

rapidly to the stable crossflow velocity values with increasing radial distances. The NOx flux for 

the smaller jet diameter case I at 0.75’’ away from the wall is shown in Figure 6 - 58. 

 

Figure 6 - 58. The NOx flux for the Smaller Jet Diameter Case I at 0.75’’ away from the wall 

 The horse-shoe shapes are found in X/D = 1.5, 2 and 3 axial distances. The rest of the 

two axial distances show gradual increase in NOx flux from the center of the jet as Z/D 

increases. The near 0 axial velocities near the center of the jet for the axial distances X/D = 2 

and 3 caused the local maximum found at the center of the jet  and the parabola shape found 

with the raw NOx concentrations levels to disappear in the flux plot. The highest NOx flux at the 

center of the jet occurs at the X/D = 1.5 axial distance due to the high enough raw NOx 
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emissions level and non-zero axial velocities at the same location. However, the average NOx 

flux increases as the axial distance increases, except the X/D = 0 and 1 axial distances.  

6.5.2.4.4 Smaller Jet Diameter Case I Summary 

 The 3D evolution of the NOx flux for the smaller jet diameter case I with increasing 

distance from the wall is presented in Figure 6 - 59. Again, the black line represents the location 

of the leading shear layer of the jet. The contour plots were created cropped at Z/D = ±2 to 

match the rest of the contour plots from earlier. 

 

Figure 6 - 59. The 3D evolution of the NOx flux for the smaller jet diameter case I with increasing distance from the wall 
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 At 0.25’’ away from the wall, the highest NOx flux is found between X/D = 1.5 and X/D = 

2 in the axial direction and at Z/D = ±1. The maximum NOx flux found at these locations is about 

5  
  

    
 . Other than the difference with value of the maximum NOx flux, the overall general 

shape and the location of the maximum NOx flux regions are the match with the NOx flux 

contour map of the baseline case at the same location. At 0.50’’ away from the wall, the highest 

NOx flux can be found at X/D = 3 axial distance and at Z/D = ±1.5. The maximum NOx flux found 

at these locations is about 6  
  

    
 . The near 0 NOx flux near the center of the jet reaches from 

the X/D = 0 to the X/D = 3 axial distances. However, the sub-zero flux found in the middle of the 

axial distances was very similar to the NOx flux found for the baseline case at the same location. 

The contour plot shows the NOx flux is concentrated further away from the jet in both axial and 

radial directions compared to the earlier location. This may be influenced from the 

development of the jet with increased distance from the wall. These trends are also similar to 

the baseline case. At 0.75’’ away from the wall, the highest NOx flux can be found at X/D = 3 

axial distance and at Z/D close to ±2. The maximum NOx flux found at these locations is about 5 

 
  

    
 . The general shape and the location of the high NOx flux locations close resemble those 

of the lower momentum-flux-ratio case at the same location. So far, the smaller jet diameter 

case I exhibited behaviors and characteristics resembling the baseline case that has the same 

momentum-flux-ratio. This difference can potentially be explained by the maximum 

penetration of the jet. Although the current case and the baseline case have the matching 

momentum-flux-ratios, the current case has lower maximum penetration depth due to smaller 

jet diameter. The lower momentum-flux-ratio case, which also has lower maximum 

penetration, can resemble the contour plot of the NOx flux with the current case at the same 
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location. However, the contour plot of the raw NOx emissions levels for the current case closely 

resembles that of the baseline. The effect of the matching momentum-flux ratio and the 

different maximum penetration depth were possibly exhibited for the current case respectively. 

However, the general trends of the evolution of the contour map of the NOx flux that the 

highest flux values are found further away from the jet in both axial and radial directions as the 

jet penetrates into the crossflow are congruent with all the cases.  

 In summary, the clear horse-shoe shapes were found for the current case too. The NOx 

flux data looked very similar to the data for the baseline case at 0.25’’ away from the wall. The 

same momentum-flux-ratio values for both of the cases caused the similarities. However, the 

data at 0.75’’ away from the wall looked closer to the lower momentum-flux-ratio case rather 

than the baseline case. The shallower jet penetrations found at both cases contributed to the 

similarities with the lower momentum-flux-ratio case at the farthest distance from the wall. The 

overall trend of NOx flux moving away from the jet in both axial and radial directions with 

increasing distance from the wall was still present for the current case. 

6.5.2.5 Smaller jet diameter case II (Djet = 0.18’’, J = 19.54) 

 The NOx flux information at three different experimental locations for the smaller jet 

diameter case II will be presented in this section. The jet diameter is 0.18’’ and the jet flow rate 

was varied to keep the momentum-flux-ratio the same with the baseline case and the smaller 

jet diameter case II. 
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6.5.2.5.1 0.25’’ Away from the wall 

 The plot of the axial velocity, the plot of the NOx flux and the contour map of the NOx 

flux at 0.25’’ away from the wall are presented in this section. The axial velocity values for the 

smaller jet diameter case II at 0.25’’ away from the wall are shown in Figure 6 - 60. 

 

 

Figure 6 - 60. Axial Velocity Values for the Smaller Jet Diameter Case II at 0.25’’ Away from the Wall 

 The overall characteristics of the axial velocities for the current case exhibit close 

resemblance those of the baseline case and the smaller jet diameter case II. The general trend 

of axial velocities at all axial distance is the lowest axial velocity is found in the center of the jet 

and it rapidly increases as moving away from the center. The axial velocities level off once the 

Z/D reaches ±1 distance. The most outer velocities are similar in values for all axial velocities 
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because the location is dominated by the crossflow. The axial velocity at the center of the jet 

for X/D = 1 axial distance has negative sign, which suggests downward velocity vector. The 

center velocities increase with the increasing axial distance, although the lowest center velocity 

is found at X/D = 1 axial distance. The NOx flux for the smaller jet diameter case II at 0.25’’ away 

from the wall is shown in Figure 6 - 61. 

 

Figure 6 - 61. The NOx flux for the Smaller Jet Diameter Case II at 0.25’’ away from the wall 

 First, similar to the NOx emission level data for the current case, the data reaches 

farther in the radial direction due to even smaller jet diameter. The most of the NOx flux 

characteristics found for the current case closely resemble those of the baseline case and the 

smaller jet diameter case I. This is consistent with the results of the NOx emissions levels of the 

current case closely resemble both cases too. The horse-shoe shape of JICF cross-section is 
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quite visible with the NOx flux data for all axial distances. The highest NOx flux is found at X/D = 

1.5 and X/D = 2 axial distances due to influence from the raw NOx emissions level data. The 

difference between the maximum and minimum flux value for a given axial distance is greater 

than the raw NOx emissions data due to influence from the axial velocity data. These are also 

the similar characteristics found for the baseline case and the smaller jet diameter case I. This is 

most evident at the axial distance X/D = 2.   

6.5.2.5.2 0.50’’ Away from the wall 

 The plot of the axial velocity, the plot of the NOx flux and the contour map of the NOx 

flux for the smaller jet diameter case II at 0.50’’ away from the wall are presented in this 

section. The axial velocity values for the smaller jet diameter case II at 0.50’’ away from the wall 

are shown in Figure 6 - 62.

 

-1.5 

-1 

-0.5 

0 

0.5 

1 

1.5 

2 

2.5 

3 

3.5 

4 

-3 -2 -1 0 1 2 3 

V
e

lo
ci

ty
 [

m
/s

] 

Z/D 

Axial Velocity at 0.50'' from the wall 

X/D = 0 

X/D = 1 

X/D = 1.5 

X/D = 2 

X/D = 3 



158 

 

Figure 6 - 62. Axial Velocity Values for the Smaller Jet Diameter Case II at 0.50’’ Away from the Wall 

 The axial velocities near the center at the X/D = 0 axial distance are different from the 

other axial distances. These elevated velocities indicate the X/D = 0 axial distance is within the 

air jet. The rest of the axial velocities near the center of the jet exhibit some random behavior 

nearing 0 m/s that are congruent with instantaneous velocities behaviors found with reacting 

flows. The rapid increase in axial velocity as moving away from the center of the jet is shown at 

this location too but the increase is in much shorter distance due to random behavior near the 

center. All of the characteristics are congruent with the characteristics found for the baseline 

case and the smaller jet case I at the same location. The NOx flux for the smaller jet diameter 

case II at 0.50’’ away from the wall is shown in Figure 6 - 63. 

 

Figure 6 - 63. The NOx flux for the Smaller Jet Diameter Case II at 0.50’’ away from the wall 
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 In general, the peak on each half of the jet is present at all axial distances. The random 

behavior from the axial velocity data influenced the NOx flux near the center too. The raw NOx 

emissions levels plot showed the highest average NOx emissions level was found at X/D = 3 axial 

distance but the axial velocity influence caused the highest NOx flux to be found at X/D = 2 and 

3 axial distances. The parabola shapes of the raw NOs emissions levels are also gone with the 

influence of the axial velocities. Again, all of the characteristics are similar to the other two 

cases of the baseline case and the smaller jet diameter case I. 

6.5.2.5.3 0.75’’ Away from the wall 

 The plot of the axial velocity, the plot of the NOx flux and the contour map of the NOx 

flux for the smaller jet diameter case II at 0.75’’ away from the wall are presented in this 

section. . The axial velocity values for the smaller jet diameter case II at 0.75’’ away from the 

wall are shown in Figure 6 - 64. 
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Figure 6 - 64. Axial Velocity Values for the Smaller Jet Diameter Case II at 0.75’’ Away from the Wall 

 The axial velocities at all the axial distances show non-zero velocities near the center 

except the X/D = 3 axial distance. These indicate the four lower axial distances are within the jet 

air and the axial velocities are affected by it. The axial velocities at the far radial distances are all 

similar due to the domination of the crossflow in such regions. The NOx flux for the smaller jet 

diameter case II at 0.75’’ away from the wall is shown in Figure 6 - 65. 
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Figure 6 - 65. The NOx flux for the Smaller Jet Diameter Case II at 0.75’’ away from the wall 

 The clear horse-shoe shape is only found in X/D = 3 axial distance and a slight horse-

shoe shapes are found in X/D 1.5 and 2 axial distances. The two lowest axial distances show 

gradual increase in NOx flux from the center of the jet as Z/D increases. The near 0 axial 

velocities near the center of the jet for the axial distance X/D = 3 caused the local maximum 

found at the center of the jet  and the parabola shape found with the raw NOx concentrations 

levels to disappear in the flux plot. The highest NOx flux at the center of the jet occurs at the 

X/D = 2 axial distance due to the high raw NOx emissions level and non-zero axial velocities at 

the same location. However, the average NOx flux increases as the axial distance increases until 

it peaks at the X/D = 2 axial distance. 
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6.5.2.5.4 Smaller Jet Diameter Size II Summaries 

 The 3D evolution of the NOx flux for the smaller jet diameter case II with increasing 

distance from the wall is presented in Figure 6 - 66. Again, the black line represents the location 

of the leading shear layer of the jet. The contour plots were created cropped at Z/D = ±2 to 

match the rest of the contour plots from earlier. The jet shear layer is protruding the test 

section at 0.75’’ away from the wall due to the earlier jet deflection found for the current case.  

 

Figure 6 - 66. The 3D evolution of the NOx flux for the smaller jet diameter case II with increasing distance from the wall 

 At 0.25’’ away from the wall, the highest NOx flux is found between X/D = 1.5 and X/D = 

2 in the axial direction and at Z/D = ±1. The maximum NOx flux found at these locations is about 
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4  
  

    
 . Other than the difference with value of the maximum NOx flux, the overall general 

shape and the location of the maximum NOx flux regions are in great agreement with the NOx 

flux contour map of the baseline case and the smaller jet diameter case I at the same location. 

At 0.50’’ away from the wall, the highest NOx flux can be found at X/D = 2 axial distance and at 

Z/D = ±1.5. Compared to the baseline case and the smaller jet diameter case I, the high NOx flux 

regions are pushed outward in the radial directions. This is most likely due to the non-cropped 

contour plot showing the high NOx flux regions are found farther away in the radial direction. 

The maximum NOx flux found at these locations is about 5  
  

    
 . The near 0 NOx flux near the 

center of the jet reaches from the X/D = 0 to the X/D = 3 axial distances. The sub-zero flux is 

also found in the middle of the axial distances similar to the baseline case and the smaller jet 

diameter case I at the same location. The contour plot shows the NOx flux is concentrated 

further away from the jet in both axial and radial directions compared to the earlier location. At 

0.75’’ away from the wall, The highest NOx flux can be found at X/D = 3 axial distance and at 

Z/D close to ±2 but closer to the center of the jet than the smaller jet diameter case I at the 

same location. The maximum NOx flux found at these locations is about 5  
  

    
 . The general 

shape looks like the smaller jet diameter case I without near 0 NOx flux in the center of the jet 

between the maximum NOx flux regions. The differences are most likely due to the different 

axial velocity data between the two cases. The maximum penetration for the current case 

would be the lowest among the baseline case and the smaller jet diameter case I due to its 

smallest jet diameter. The smaller maximum penetration and the resulting jet bending explains 

more axial distances showing non-zero axial velocities in the center of the jet found for the 

current case.  
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 In summary, the general horse-shoe shapes were also found at all distances. The 

increasing distances from the peaks with increasing distance from the wall were found also. 

However, the non-zero axial velocities found in the center of the jet at 0.75’’ away from the 

wall caused the near 0 NOx flux to be limited to only the lower axial distances. The width of the 

near 0 NOx flux has grown in the radial direction. It was interesting to note that the NOx flux at 

0.50’’ away from the wall exhibited near 0 NOx flux in the center of the jet for all axial distances. 

This behavior was found for the previous case at 0.75’’ away from the wall, which indicates that 

the even earlier deflection has contributed to this NOx flux behavior. 

6.5.2.6 NOx Flux Summaries 

 The raw NOx concentration levels that were presented in the previous section were 

multiplied by the axial velocities of the corresponding varied locations to determine the NOx 

flux data. The flux data were meant to reveal where and how much the NOx mass are traveling 

within the test section. The general shape of the NOx flux was the horse-shoe shape where a 

peak is found at each half of the jet. The horse-shoe shapes were also found at many of raw 

NOx concentration data but near 0 axial velocities found at the center of the jet contributed to 

more NOx flux data to be in the horse-shoe shapes. The general trends of increase in NOx flux 

data with the increasing axial and radial distances and the increasing distance away from the 

wall were consistent with the trends found with the raw NOx emissions levels data.  

 When the momentum-flux-ratios were varied with a constant jet diameter size, the 

locations of the highest NOx flux were found farther away from the jet in both the axial and 

radial directions as the momentum-flux-ratio decreased. The side-by-side comparisons of the 

NOx emissions level contour plots with varying momentum-flux-ratios are shown in  
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Figure 6 - 67. 

 

 

 
 

Figure 6 - 67. Side-by-side Comparison of the NOx Flux contour plots with varying momentum-flux-ratios: 

 Y = 0.25’’ (First row), Y = 0.50’’ (Second row), Y = 0.75’’ (Third row) 

 As evident in the figure above, when moving right to left, the locations of the highest 

NOx flux were found were moving higher in the axial direction while farther away in the radial 

direction for all distances away from the wall. This is the most apparent at 0.25’’ away from the 

wall in the first row, where the yellow regions are moving farther away from the jet orifices in 
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both directions when the momentum-flux-ratio was decreased. At 0.75’’ away from the wall, 

the yellow regions continued to move away from the jet until they disappear from the viewing 

window of the testing section at the lower momentum-flux-ratio (J = 10.99) case. The near 0 

NOx flux regions also grew in sizes with decreasing momentum-flux-ratios.  

 With different jet diameter sizes, it was also found that the axial and the radial spatial 

locations where significant NOx flux were found were the same with the same distance away 

from the wall with the constant momentum-flux-ratios. The side-by-side comparisons of the 

NOx emissions level contour plots with varying momentum-flux-ratios are shown in  

Figure 6 - 68. 
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Figure 6 - 68. Side-by-side Comparison of the NOx Flux contour plots with varying Jet Diameters: 

 Y = 0.25’’ (First row), Y = 0.50’’ (Second row), Y = 0.75’’ (Third row) 

 When considering the first row from the figure above, at 0.25’’ away from the wall, the 

NOx flux data look almost identical to each other at three jet diameter sizes. Hence, it could be 

concluded, similar to the raw NOx concentration levels, the jet diameter sizes do not impact the 

NOx flux data when normalized by jet diameters. However, the next two rows exhibit different 
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stories. As moving from right to left, the locations of the highest NOx flux and the regions of the 

significant NOx flux move outwardly from the jet with decreasing jet diameter. This trend was 

also found when the momentum-flux-ratio was decreased in the earlier figure. The common 

denominator between the smaller jet diameter and the lower momentum-flux-ratio is the 

relatively shallow jet penetration level. Both decreasing the jet diameter or decreasing the 

momentum-flux-ratio cause the absolute magnitude of the jet penetration to decrease 

according to Equation 2 – 3.  For example, at 0.50’’ away from the wall, the yellow regions of 

the highest NOx flux and the significant NOx flux regions move away from the jet in both the 

axial and radial direction with decreasing jet diameter. It can be concluded that the jet diameter 

size has no impact on the NOx flux data with constant momentum-flux-ratio at earlier distance 

from the wall, but the shallow jet penetration levels associated with smaller jet diameters cause 

the NOx flux data to resemble the lower momentum-flux-ratio cases at the farther distance 

from the wall. 

6.5.3 CFD Simulated Results 

 Along with the axial velocity data, other useful results can be extracted from the CFD 

simulations. This section presents various CFD results obtained with ANSYS FLUENT to further 

explain the details of the JICF in the test section. 

6.5.3.1 Detailed Jet Structure of the Baseline Case 

 One of the most important roles the CFD simulation played in current studies is defining 

the details of the jet structure. Some of the details of the jet structure were learned in the 

reaction imaging section previously. However, certain details were missing like the details of 

the jet cross-section shapes. The CFD simulations provide that missing details.  



169 

 

 The comparison of the jet penetration from the CFD simulation with the results from the 

experiment is a good verification of the CFD results. The theoretical jet penetration using 

Equation 2 – 2 successfully predicted the reacting jet trajectory of the baseline case as shown in 

Figure 6 - 4. The same theoretical trajectory was applied to the CFD results of the baseline case 

in Figure 6 - 69.  

 

Figure 6 - 69. The Theoretical Jet Trajectory and Temperature Profile of CFD results for the Baseline Case 

 The temperature profile was used to depict the jet tractor from the side view. This 

particular result plot was taken by running the LES case with the Laminar Finite-Rate reaction 

model. The orientation of the CFD model has the X and Y directions switched from the 

experiment, so the crossflow is flowing along the Y direction and the jet is injected along the X 

direction. The black line represents the theoretical trajectory of the baseline case using 
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Equation 2 – 2. Similar to the experimental case, both the theoretical and the simulated jet 

trajectories have a good agreement between them. The agreement breathes confidence into 

the CFD simulated results, especially the jet structure prediction. The CFD simulated 

temperature profile at 0.25’’ away from the wall for the baseline case is shown in Figure 6 - 70.  

 

Figure 6 - 70. The CFD simulated Temperature Profile at 0.25’’ away from the wall for the baseline case 

 The temperature profile at the plane 0.25’’ away from the wall was used to predict the 

cross-sectional jet structure. The entire structure is not the visible jet flame and the simulation 

was done at an adiabatic condition for simplicity so it can’t predict all the values perfectly. 

However the temperature profile is sufficient to understand the general shape and that trend 

can be related to the emissions characteristics. The temperature profile exhibits the classic 

horse-shoe shape of JICF. The jet air is injected at 300K from a circular jet but it has deformed 
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into an ellipse at 0.25’’ away from the wall. The temperature increases as the distance increases 

from the center of the jet in both axial and radial directions. But the extent of the temperature 

increase is greater in the axial direction due to crossflow while the increase in the radial 

direction is due to diffusion. The highest temperature is found at the most outer edges of the 

horse-shoe shape. This is in agreement with a typical diffusion flame where the boundary 

between the fuel and the oxidant is burning at high temperature. This is also in agreement with 

the Cassegrain optical system results above. It is important to note that the leading shear layer 

(the bottom part of the horse-shoe) is also burning at high temperature due to reaction. The 

black horizontal lines indicate the sampling locations from the experiment: X/D = 0, 1, 1.5, 2, 

and 3. Comparing with the experimental NOx results, it can be seen that the highest emissions 

level and the flux are occurring in the high temperature zone at X/D = 1.5 and 2 axial distances. 

The next tier of NOx emissions were found at X/D = 1 and 3 distances where the sampling plans 

are at the boundary of the high temperature zones. Also, the peaks of NOx emissions were 

found at distance larger than Z/D = ±1 correspond with the outer edge of high temperature 

zone in the temperature profile. Along with the temperature profile, the NO concentration can 

be simulated in CFD and the results at 0.25’’ away from the wall are shown in Figure 6 - 71.  
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Figure 6 - 71. The CFD simulated NO concentration in mole fraction at 0.25’’ away from the wall 

 The simulated NO concentration is calculated with only 6 major species (CH4, O2, CO, 

CO2, H2O and N2) in two chemical equations as a driving force so it can’t realistically predict the 

actual NO concentration correctly. But the simulated NO results can be compared with the 

experimental results for its trend. The similarity is that the simulated NO concentrations also 

show the horse-shoe shapes with a peak on each half of the jet. Another similarity is the near 0 

level at X/D = 0 axial distance. The difference, however, is that the highest level of simulate NO 

concentration is found at X/D = 1 axial distance and continues to decrease as the axial distance 

increases. The highest NO levels were found at X/D = 1.5 and 2 axial distances instead. Also, the 

peak NO concentration levels for given axial distances are found in shorter distances than the 
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experimental results at Z/D < ±1. The CFD simulated temperature profile at 0.50’’ away from 

the wall for the baseline case is shown in Figure 6 - 72.  

 

Figure 6 - 72. The CFD simulated Temperature Profile at 0.50’’ away from the wall for the baseline case 

 The classic horse-shoe shape is also present at this location too. The overall 

temperature profile shape has grown since the 0.25’’ away from the wall location in all 

directions. For example, the originally circular air jet has deformed further into a thinner ellipse 

shape. Also the apex of the horse-shoe shape has been elongated further in the axial direction 

and thicker in the radial direction. The highest temperature is also found at the most outer 

edge including the leading shear layer of the jet. However, the higher temperature region has 

gotten bigger in all directions including the valley between the counter rotating vortices. The 

counter rotating vortices have grown and the entrainment of the crossflow has also increased 
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to create a hot zone at the valley. Comparing with the experimental NOx emissions level, the 

average NOx level increased with the axial distances and the high temperature regions grew 

with the axial distances as well. However, the highest NOx flux was found at X/D = 2 axial 

distance but this maybe be due to velocity influence. Also, the small peak of NOx emissions 

level found at the center of the jet for axial distances at X/D = 1, 1.5 and 2 corresponds to the 

high temperature found between the counter rotating vortices. Lastly, it was found that the 

radial distance at which the highest NOx levels were found was farther away from the center 

than the 0.25’’ away from the wall and it corresponds with the expansion of the high 

temperature zone in radial direction shown in Figure 6 - 72 as well. The NO concentration can 

be simulated in CFD and the results at 0.50’’ away from the wall are shown in Figure 6 - 73. 

 

Figure 6 - 73. The CFD simulated NO concentration in mole fraction at 0.50’’ away from the wall 
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 Again, the simulated NO results can be compared with the experimental results for its 

trend. The horse-shapes found at all axial distances and the near 0 NO level at X/D = 0 axial 

distance are the same similarities that can be found with the experimental results.  Another 

similarity with the experimental results is that the overall NO concentration is higher than the 

0.25’’ away from the wall location. The difference, however, is that the highest level of simulate 

NO concentration is found at X/D = 1 axial distance and continues to decrease as the axial 

distance increases like previous CFD results. At 0.50’’ away from the wall, the highest NO levels 

were found at X/D = 2 and 3 axial distances instead. Also, the peak NO concentration levels for 

given axial distances are found in shorter distances than the experimental results but longer 

than the previous CFD results. So the trend of NO levels found at further radial direction is the 

same as the experimental results. The CFD simulated temperature profile at 0.75’’ away from 

the wall for the baseline case is shown in Figure 6 - 74.  
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Figure 6 - 74. The CFD simulated Temperature Profile at 0.75’’ away from the wall for the baseline case 

 The classic horse-shoe shape is also present at this location too. The overall 

temperature profile shape has grown again from the 0.50’’ away from the wall location in all 

directions. The deformation of the air jet has grown to even thinner ellipse shape. Also the apex 

of the horse-shoe shape has been further elongated in the axial direction and thicker in the 

radial direction from the 0.50’’ away from the wall location. The highest temperature is, again, 

found at the most outer edge including the leading shear layer of the jet. However, the higher 

temperature region has gotten bigger in all directions, even reached the exit of the test section. 

The hot zone at the center of the jet between the counter rotating vortices is also found at this 

location. Comparing with the experimental NOx emissions level, the average NOx level increased 

with the axial distances and the high temperature regions grew with the axial distances as well. 
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The NOx flux increased with the increasing axial distances. Also, the small peak of NOx emissions 

level found at the center of the jet for all axial distances except the X/D = 0  corresponds to the 

high temperature found between the counter rotating vortices. Lastly, it was found that the 

radial distance at which the highest NOx levels were found was even farther away from the 

center than the 0.50’’ away from the wall and it corresponds with the expansion of the high 

temperature zone in radial direction shown in Figure 6 - 74 as well. The NO concentration can 

be simulated in CFD and the results at 0.75’’ away from the wall are shown in Figure 6 - 75. 

 

Figure 6 - 75. The CFD simulated NO concentration in mole fraction at 0.75’’ away from the wall 

 The simulated NO results were compared with the experimental results for its trend. 

The horse-shapes found at all axial distances and the near 0 NO level at X/D = 0 axial distance 

are the same similarities that can be found with the experimental results.  Another similarity 
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with the experimental results is that the overall NO concentration is even higher than the 0.50’’ 

away from the wall location. The highest NO concentration was found at 0.75’’ away from the 

wall, similar to the experimental results. The simulated concentration at 0.75’’ away from the 

wall increases as the axial distances increases similar to the experimental results. This is the 

difference from other two CFD simulated NO concentration results. Lastly, the peak NO 

concentration at the center of the jet at X/D = 1 axial distance is the same trend shown in the 

experimental NOx emissions level results. Also, the peak NO concentration levels for given axial 

distances are found in shorter distances than the experimental results but longer than the 

previous CFD results. So the trend of NO levels found at further radial direction is the same as 

the experimental results.  

6.5.3.2 Velocity field of the baseline case 

 Along with the temperature profile, the velocity information of the same region provide 

more in depth analyses of the jet in crossflow interactions. The velocity vectors at 0.25’’ away 

from the wall are presented with the corresponding temperature profile in Figure 6 - 76.  

  
 

Figure 6 - 76. The velocity vectors at 0.25’’ away from the wall are presented with the corresponding temperature profile 
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 Both of the figures are zoomed in to only show the temperature variance around the jet. 

In the velocity vector information, two recirculation zones are clearly detected immediately 

downstream of the jet. These two recirculation zones correspond to the intermediate 

temperature regions where the temperature is between the jet temperature and the crossflow 

temperature. The elevated temperature region, where the temperature is higher than the 

crossflow temperature, is located in the wake of the recirculation zones. The shear layer of the 

jet, which also shows elevated temperatures on each side, exhibits high axial velocities 

suggesting that the residence time in that shear layer is relatively short. However, smaller but 

positive axial velocity vectors are found downstream of the center of the jet, starting between 

the recirculation zones indicating the residence time here is relatively long. It can be concluded 

that the NOx produced via thermal NO mechanism is highly important at the elevated 

temperature region in the wake of the recirculation zones with longer residence time compared 

to the shear layer of the jet with much shorter residence time. The recirculation zones found in 

the immediate wake of the jet are jet induced recirculation zones rather than Counter-rotating 

vortex pair (CVP). The pathlines of the jet fluid are shown in Figure 6 - 77 to demonstrate the 

origin of the recirculation zones.  
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Figure 6 - 77. The pathlines of the jet fluid 

 The CVP is a vortex occurring in the jet fluid induced by the crossflow. As the pathlines 

of the jet fluid indicate, nearly all of the jet fluid follow the jet trajectory line, especially near 

the wall. The three black lines indicate the three distances from the wall for the current 

research and it is clear that the CVP does not appear in the beginning stage of the jet 

penetration. Few pathlines in the shear layer of the jet start to deviate from the jet trajectory 

line starting at 0.50’’ away from the wall but they do not show clear CVP formation until much 

further downstream where the jet has been bent in the direction of the crossflow. 
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6.5.3.3 Jet Structure of the other cases 

 In section 6.5.3.1, the CFD simulated jet structure and the simulated NO concentrations 

were presented. The simulated NO concentration levels had some similarities with the 

experimental data but the simplified method of simulating the reactions were not enough to 

accurately predict and match the experimental results. However, the simulated jet structures 

were found to show the extent of the jet’s influence on the crossflow. It was shown in the 

previous section that the high temperature zone in the immediate downstream of the jet grows 

in size in both axial and radial direction, just like the NOx concentrations grew in the same 

directions with increasing distance away from the wall and decreasing momentum-flux-ratios. 

The shape of the contour map of the NOx emissions levels also showed that the regions of 

significant NOx levels expanded outwardly while the highest NOx zones moved away from the 

jet in both directions. It can be shown that the high temperature zones found in the CFD 

simulated jet structures at each distance for momentum-flux-ratios also follow the same trends 

of the NOx emissions levels. The comparison of the jet structure temperature profiles at 

different momentum-flux-ratios at 0.25’’ away from the wall is shown in Figure 6 - 78. The 

contour maps of the NOx emissions levels for the corresponding momentum-flux-ratio case at 

the same location are supplied for references.  
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Figure 6 - 78. The comparison of the jet structure temperature profiles at different momentum-flux-ratios at 0.25’’ away 

from the wall 

 The temperature profiles of the jet structure are all taken at the same viewing zoom for 

direct comparison. The contour plots of the NOx emissions levels show decreasing area of the 

significant NOx emissions levels are found with increasing momentum-flux-ratio. Also, the 

location of the regions where the highest NOx emission levels are found gets lower in both the 

axial and the radial directions with increasing momentum-flux-ratio. The jet structures, 

especially the high temperature regions in the immediate wake of the jet, are getting smaller in 

both the axial and the radial directions with increasing momentum-flux-ratio. The “ears” of the 

horse-shoe shapes shown on the jet deformations get shorter and narrower with increasing 

momentum-flux-ratio. The high temperature region, a sign of jet influence on the crossflow, is 

shown in bright orange and that orange region is also getting shorter and narrower with 

increasing momentum-flux-ratio. The comparison of the jet structure temperature profiles at 

different momentum-flux-ratios at 0.50’’ away from the wall is shown in Figure 6 - 79. 
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Figure 6 - 79. The comparison of the jet structure temperature profiles at different momentum-flux-ratios at 0.50’’ away 

from the wall 

 The same trends of diminishing NOx emission zones with the lowering and narrowing 

locations of the highest NOx emissions levels are found. Also, the same trends of the shorter 

and narrowing “ears” of the horse-shoe shapes and the high temperature regions in the wake 

of the jet are also found at current location too. Another trend is appearing with decreasing 

momentum-flux-ratio that the region of significant NOx emissions levels region is round at a 

higher axial distance. This is evident by near 0 ppm regions in the lower axial distances from the 

jet. The comparison of the jet structure temperature profiles at different momentum-flux-ratios 

at 0.75’’ away from the wall is shown in Figure 6 - 80. 
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Figure 6 - 80. The comparison of the jet structure temperature profiles at different momentum-flux-ratios at 0.75’’ away 

from the wall 

 At this location, the jet deformation and its influence on the crossflow are found in the 

higher axial distance with decreasing momentum-flux-ratio. This is due to the jet bending 

earlier distance away from the wall with lower jet penetration associated with lower 

momentum-flux-ratio. This can be associated with the region of significant NOx emissions levels 

moving farther in the axial direction. That can explain the no clear high NOx emissions levels for 

the lower momentum-flux-case at 0.75’’ away from the wall. The contour maps of the NOx 

emissions levels at the current location look like the “block” of the NOx emissions zone found at 

the higher momentum-flux-ratio case is moving up in the axial direction until the over 10 ppm 

NOx zones are disappearing out of the testing section in the lower momentum-flux-ratio case. 

That is consistent with the fact that the jet is bending earlier and lifted higher with decreasing 

momentum-flux-ratio at the same location. 
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 The jet structures of the smaller jet diameter case I and II are also presented in this 

section. It was established in the previous sections that the NOx emissions levels and the NOx 

flux of the smaller jet diameter cases resemble those of the baseline case due to keeping the 

momentum-flux-ratio constant. However, at a distance 0.75’’ away from the wall, the contour 

plots of the NOx flux suggested that they resemble the lower momentum-flux-ratio case more 

than the baseline case at the same distance away from the wall. These trends and 

characteristics can potentially be explained by the jet structures of the temperature profiles at 

the same locations. Figure 6 - 81 shows the comparison of the jet structure temperature 

profiles of different jet diameters at 0.25’’ away from the wall. 

 

Figure 6 - 81. . The comparison of the jet structure temperature profiles of different jet diameters at 0.25’’ away from the 

wall 

 Due to different meshing for all the cases, the viewing zooms were set to most closely 

resemble the viewing zoom of the baseline case. The black lines also indicate the five axial 

distances where the NOx emissions levels were sampled. The first observation is that the 

relative size and the shape of the temperature profiles of all the cases closely resemble to each 

other. However, the locations of the axial distances are placed relatively lower with decreasing 

jet diameter sizes. For example, the X/D = 3 axial distance line found in smaller jet diameter 

case I (JD = 0.21’’) located at the boundary between the high temperature and the crossflow 
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temperature. The same axial distance line found in smaller jet diameter case II (JD = 0.18’’) is 

found in the lower axial distance where the tips of the “ears” of the high temperature zone are 

extruding beyond the line. The similar NOx characteristics can potentially be explained by the 

similarities in the temperature profile shapes. However, even at a short distance away from the 

wall, the shallower jet penetration is evident with decreasing jet diameter sizes. Figure 6 - 82 

shows the comparison of the jet structure temperature profiles of different jet diameters at 

0.50’’ away from the wall. 

 

Figure 6 - 82. The comparison of the jet structure temperature profiles of different jet diameters at 0.50’’ away from the wall 

 The general shapes and relative sizes of the temperature profiles of all the cases 

resemble with each other. Also, when inspecting the locations of the sampling axial distances, 

the trend of lower axial distances with decreasing jet diameter sizes is found at the current 

location too. This is congruent with the previous observations of similar shape and size of the 

temperature profiles while shallower penetration with decreasing jet diameter sizes. Figure 6 - 

83 shows the comparison of the jet structure temperature profiles of different jet diameters at 

0.75’’ away from the wall. 
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Figure 6 - 83. The comparison of the jet structure temperature profiles of different jet diameters at 0.75’’ away from the wall 

 The same shape and size with shallower jet penetration with decreasing jet diameter 

sizes are all found at 0.75’’ away from the wall again. In fact, the location of the X/D = 0 axial 

distance for the smaller jet diameter case II (JD = 0.18’’) at the current location suggests that the 

sampling was done on the crossflow fluid below the jet and the jet has bent far enough to miss 

the sampling location. Although that wasn’t the case in the experiment, most likely due to 

interference of the probe tip on the fluid dynamics of the jet and the simplified conditions of 

the simulation, it makes exaggerated evidence that the jet is not penetrating as deep into 

crossflow with decreasing jet diameter sizes. This evidence supports the earlier results of the 

NOx flux contour plots resembling more of the lower momentum-flux-ratio case, which is an 

under-penetrating jet case, than the baseline case. The penetration of the jet is proportional to 

the jet diameter size, evident in Equation 2 – 3, and the smaller jet diameter cases I and II show 

under-penetrating jets that are very evident by the farthest distance away from the wall at 

0.75’’.  

6.5.3.4 Prompt NOx mechanism location 

 The CFD simulations can also predict the regions within the test section at which the 

prompt NOx mechanism is actively producing NOx emissions. Figure 6 - 84 shows the contour of 

rate of prompt NO production at 0.25’’ away from the wall.  
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Figure 6 - 84. Contour of Rate of Prompt NO at 0.25’’ away from the Wall 

 At a first glance, the shape of the prompt NO production rate is similar to the jet cross-

section shape in Figure 6 - 70. The highest production seems to be occurring at the leading 

shear layer of the jet where the high temperature was observed. Figure 6 - 85 compares the 

temperature profile plot and the prompt NO production rate at the same view for comparison. 
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Figure 6 - 85. Comparison between the Temperature Profile Plot and the Prompt NO Production rate at 0.25’’ away from the 

wall; Side-by-Side (Top), Top-and-bottom (Bottom) 
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 The side by side comparison and the top and bottom comparison both confirm the 

location of the prompt NO production is at the leading shear layer of the jet and at the sides of 

the jet until the counter rotating vortices begin. At 0.25’’ away from the wall, the immediate 

downstream at the center of jet also exhibits prompt NO production is also found. Figure 6 - 86 

shows the contour of rate of prompt NO production at 0.50’’ away from the wall.  

 

Figure 6 - 86. Contour of Rate of Prompt NO at 0.50’’ away from the Wall 

 Again, the region of the prompt NO production seems to correspond to the leading 

outer edges of the jet with high temperature was observed. Figure 6 - 87 compares the 

temperature profile plot and the prompt NO production rate at the same view for comparison. 
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Figure 6 - 87. Comparison between the Temperature Profile Plot and the Prompt NO Production rate at 0.50’’ away from the 

wall; Side-by-Side (Top), Top-and-bottom (Bottom) 
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Again, the side by side comparison and the top and bottom comparison both confirm the 

location of the prompt NO production is at the leading shear layer of the jet and at the sides of 

the jet until the counter rotating vortices begin. At 0.50’’ away from the wall, the immediate 

downstream at the center of jet also exhibits prompt NO production was not found.  

 Figure 6 - 88 and Figure 6 - 89 show the similar behaviors of the prompt NO production 

rate at 0.75’’ away from the wall.  

 

Figure 6 - 88. Contour of Rate of Prompt NO at 0.75’’ away from the Wall 
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Figure 6 - 89. Comparison between the Temperature Profile Plot and the Prompt NO Production rate at 0.75’’ away from the 

wall; Side-by-Side (Top), Top-and-bottom (Bottom) 
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 The prompt NO is closely related to rich combustion and it was first discovered when 

NO was formed before there was sufficient time to form thermal NO. The leading shear layer of 

the jet meets both of the criteria for the prompt NO. The leading shear layer is where the rich 

combustion product and the fresh oxidants interact to react at high temperature. Also, the 

interaction between the jet and the crossflow limits the time at which the gas spends time at 

the boundary.  

6.5.3.3.1 Residence time at the prompt NO region 

 The residence time at which the gas spends in the prompt NO production zone shown 

above can be extracted from the CFD simulated results. The particle path lines can be drawn 

starting from the lowest plane the prompt NO production zones were found at each distance 

away from the wall. Figure 6 - 90 shows the residence time of the prompt NO production zone 

at 0.25’’, 0.50’’ and 0.75’’ away from the wall. 
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Figure 6 - 90. Residence Time of the Prompt NO production rate Contour plot; At 0.25’’ away from the wall (Top), At 0.50’’ 

away from the wall (Middle), At 0.75’’ away from the wall (bottom) 

 The path lines of particles released from the leading shear layers of the reacting jets are 

captured on the right side of Figure 6 - 90. Then the range of the time is adjusted until the color 

shift from the threshold and the exceeding time occurs at the same axial location as the prompt 
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NO production zone. The red lines within each figure denotes the time at which the particles 

take to pass through the prompt NO production zone. Although some particles get carried away 

by the jet and its momentum, most of the crossflow particles interacting with the jet simply go 

around the jet, leaving big void in the center in the shape of the jet. This result indicates that 

the interaction between the crossflow and the jet flow are occurring at the leading shear layer, 

which is the boundary between two fluids. The time it takes for particles to pass through the 

prompt NO production zone varies from each location. For example, it takes roughly 3.5 ms at 

0.25’’ and 0.75’’ away from the wall while it takes about 4.5 ms at 0.50’’ away from the wall. 

The inconsistency and the lack of tendency stem from the characteristics of LES CFD simulation 

because LES model simulates transient problem and the results are taken at an instance when 

time equals 0.1s. Even though the flow was stable at this instance, some intricacies still can 

vary. However, the general range of the time is still valid and that is the important detail in 

question. The range of 3.5 to 4.5 ms is relatively short for residence time for thermal NO to be 

produced. Hence it is reasonable that the prompt NO, which the name originates because NO 

production was found even before sufficient residence time by Fenimore, can be produced 

within the boundary of the crossflow and the jet fluids. Also, the prompt NO mechanism is 

closely related to rich combustion system and the crossflow fluid is produced by rich 

combustion.  
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Chapter 7 Summary, Conclusions and Recommendations 

 This chapter summarizes the work conducted for the current research along with the 

major conclusions and future recommendations. 

 The goal of the current research was to determine and develop a detailed 

understanding of NOx emissions characteristics in the wake of the reacting air jet in rich 

crossflow with varying parameters of distance/location, momentum-flux-ratio, jet diameter and 

jet structures.  A series of experiments involving a single air jet and rich combustion crossflow 

at an atmospheric pressure were conducted to visualize the reaction and to sample the NOx 

emissions levels in the wake of the jet. The CFD simulations, using ANSYS FLUENT, of the 

reacting air jet in the crossflow accompanied the experiments to support the research efforts. 

The outcomes of the experiments and simulations are as follow. 

7.1 Summary 

 There were total of five different cases for the current research. Each case has varied 

momentum-flux-ratio or varied jet diameter size at which the air jet was originated. The 

baseline case is the central case where the jet diameter case was kept constant for varied 

momentum-flux-ratios and the momentum-flux-ratio was kept constant for varied jet 

diameters. The baseline case had a jet diameter of 0.26’’ with momentum-flux-ratio of 19.54. 

The higher momentum-flux-ratio case, as the name suggests, had the same jet diameter of 

0.26’’ with momentum-flux-ratio of 30.52. The lower momentum-flux-ratio case also had the 

same jet diameter of 0.26’’ with momentum-flux-ratio of 10.99. The smaller jet diameter case I 

kept the momentum-flux-ratio constant with the baseline case at 19.54 but reduced the jet 

diameter to 0.21’’. Lastly, the smaller jet diameter case II also kept the momentum-flux-ratio at 
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19.54 with further reduced jet diameter of 0.18’’. The NOx emissions levels were sampled at 5 

axial distances normalized by jet diameter sizes, 17 locations within each axial distance in the 

radial directions spaced by 1/16’’, and 3 distances away from the wall. The highest NOx 

emissions levels of the current research were found at the highest axial distance of the lower 

momentum-flux-ratio case. The axial locations of the highest NOx emissions levels were found 

at lower axial distances with decreasing momentum-flux-ratios in the baseline case and the 

higher momentum-flux-ratio case. The region of where significant amount of NOx emissions are 

found is growing with decreasing momentum-flux-ratios too. When the momentum-flux-ratio 

was fixed and the jet diameter was varied, the highest NOx emissions levels were all found at 

the same axial distance for all the baseline case and the smaller jet diameter case I and II. The 

radial distances at which significant NOx emissions levels were found remained unchanged too 

for all three cases. For all five cases, both the locations of the highest NOx emissions levels were 

found, and the region of significant amount of NOx emissions were found, grew outwardly from 

the jet with increasing distance away from the wall. The NOx flux calculated with axial velocity 

data revealed that the shape of NOx emissions flow was found to resemble the horse-shoe 

shape where a clear peak is found at each half of the jet. The near 0 axial velocity at the center 

of the jet in the wake revealed that the flow of NOx emissions were very low at the location 

even though the concentration may be high. The CFD simulations provided evidences that the 

cross-section shape of the jet and its effect on the temperature around it can be correlated 

with the trend of NOx emissions levels found in the experiments. The size of the jet cross-

section and the high temperature zone in the wake of the jet were found to be larger with 

decreasing momentum-flux ratio and the increasing distance away from the wall. The limited 
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reaction models also provided evidences that the NO production occurring at the shear layer of 

the reacting jet is produced via Fenimore NO mechanism.  

7.2 Conclusions 

 The NOx emissions characteristics exhibit horse-shoe shapes in the near wake of the jet 

and ultimately form parabola shapes farther downstream 

 The shape of most of the NOx emissions levels and the NOx flux exhibit horse-shoe shape 

that is always closely tied to the JICF characteristics. Hence it shouldn’t be too much of a 

surprise to find the same shape when the NOx concentrations were measured, especially in the 

immediate wake of the jet. Both the CVP and the horse-shoe vortex affect the fluid dynamics in 

the near wake of the jet to conform the shape of the NOx concentration into a horse-shoe. 

However, the shape of the NOx concentration resembled a parabola with the highest emissions 

levels found at the center of the jet as the axial distance was increased. This is consistent with 

the results of the previous research done by Vardakas in 1999. The NOx emissions levels were 

taken at a higher axial distance than the current research and it showed a high concentration at 

center of the jet and low concentration between the jets.  

 The cross-section shape and the size of the jet are correlated with the high temperature 

zone found in the wake of the jet; and such high temperature zone is correlated with 

the NOx emissions levels 

 All of the CFD simulated temperature profiles at three different distances away from the 

wall showed the elevated temperature zone created by the reacting jet in the immediate wake 

of the jet. The shape and the size of the elevated temperature zone were influenced by the 

different deformation and size of the cross-section of the jet. The elevated temperature regions 
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grew with decreasing momentum-flux-ratios and with increasing jet diameter sizes. The region 

where significant NOx emissions levels were found grew in size in both axial and radial 

directions as the elevated temperature zones grew in the same directions. The magnitude of 

NOx emissions also indicate that the larger elevated temperature zone causes both the average 

NOx emissions and the maximum NOx emissions to increase. The average NOx and the 

maximum NOx emissions found in the wake of the jet increase with decreasing momentum-

flux-ratio and increasing jet diameter size increase.  

 The CFD simulations found evidences to support the Fenimore (prompt) NO mechanism 

is occurring in the shear layer of the reacting jet while the thermal NO mechanism is 

occurring in the wake of the reacting jet 

 The simplified reaction simulation done by ANSYS FLUENT showed that the leading 

shear layer is producing NO via the Fenimore NO mechanism. The fact that the leading shear 

layer is the flamelet, examined by the Cassegain Optical system, with a short residence times of 

less than 5 ms meet the criteria of the Fenimore NO mechanism. The other criterion of the rich 

hydrocarbon combustion nature of the mechanism is also met by the current research. The 

elevated high temperature in the wake of the jet due to reaction with the small magnitude axial 

velocity data found in the same wake of the jet meet the criteria of the thermal NO mechanism. 

The necessary temperature above 1750K and elongated residence time due to low axial 

velocities in the center of the jet make a good condition to produce NO via thermal mechanism. 

It was also postulated by Vardakas in 1999 that the increased residence time created by the jet 

in the wake of the jet can potentially explain the high NOx concentration found in the wake of 

the jet. The velocity information of the jet clearly indicated that the jet induced recirculation 
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zones, which validates the postulation by Vardakas. These recirculation zones match the 

locations of the intermediate temperature zones where temperature is found between the 

highest temperature found and the temperature of the jet. The elevated temperature, where 

temperature is increased from the crossflow temperature, is found in the wake of those 

recirculation zones. The velocity within the elevated temperature of the wake is much slower 

than the velocity within the elevated temperature of the shear layer of the jet. Hence, a portion 

of the NOx is produced via Fenimore NO mechanism in the shear layer, but the majority of the 

NOx is produced via thermal NO mechanism in the elevated temperature region located in the 

wake of the recirculation zones with a longer residence time. The high NOx flux found at the 

locations of the shear layer on each side of the jet corresponds to the NOx production via 

Fenimore NO mechanism along with the high velocity found in the shear layer. The high NOx 

concentration found at the center of the jet corresponds to the NOx production via thermal NO 

mechanism along with the low velocity found due to the jet induced recirculation zones.  

 Among all the parameters, the momentum-flux-ratio has the biggest impact on the NOx 

emissions levels and the characteristics in the wake of the jet 

 The variation of the different momentum-flux-ratio test revealed that the characteristics 

of the NOx emissions were clearly affected by momentum-flux-ratio. The lower momentum-

flux-ratio case revealed the highest NOx emissions level while the regions of significant NOx 

were found to be bigger at the same distance away from the wall. The raw NOx emissions levels 

and the size of the significant NOx region decreased with increasing momentum-flux-ratio. The 

rate of air diffusion in both axial and radial directions is the same regardless of the momentum-

flux-ratio because the crossflow characteristics remain constant. However, the higher 
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momentum-flux-ratio delays the jet deformation and hence delays the outwardly air diffusion 

along the jet trajectory causing the same jet deformation to occur farther into crossflow 

compared to the lower momentum-flux-ratio case. This is why the distance away from the wall 

can be normalized by momentum-flux-ratio and rearranged in the order of jet development as 

the distance from the entry increased. On the contrary, the variation of the different jet 

diameter size test revealed that the overall NOx emissions levels and the characteristics were 

unchanged with a constant momentum-flux-ratio. 

 Higher jet penetration is correlated with lowering NOx emissions in a full scale RQL 

combustor 

 It was established in the current research that the higher momentum-flux-ratio reduced 

the NOx emissions level in the wake of the jet. It was also found in the previous work done by 

Vardakas that the larger jet diameter increased the NOx emissions level in the wake of the jet 

but showed the lowest overall NOx levels when averaged weighted by area. The common 

denominator of both lower NOx cases is the associated high penetration of the jet into 

crossflow. The Equation 2 – 3 of the maximum jet penetration shows the penetration of the jet 

is proportional to both momentum-flux-ratio and the jet diameter. The higher momentum-flux-

ratio minimizes the NOx emissions in the wake of the jet and therefore directly reduces the 

overall NOx. Even though the momentum-flux-ratio is fixed, the larger jet diameter would cause 

the jet to penetrate farther into crossflow causing the area of the lean equivalence ratio in the 

center of the combustor to increase and minimizes the area of high NOx emissions in the wake 

of the jet. Hence the overall NOx emissions level would be decreased as evident by work done 

by Vardakas in 1999. The findings of the current research that the jet diameter size is irrelevant 
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in NOx emissions level in the wake of the jet further supports that the NOx emissions in the 

wake of the jet would not contribute any higher levels due to different penetrations.  

7.3 Recommendations 

 One recommendation is to develop a detailed kinematics model that can predict the 

NOx emissions levels with different parameters that were discussed in the current research. A 

clear trend and behaviors were observed in the current research with detailed NOx emissions 

data. These results can be useful in developing a model that details the NOx emissions 

characteristics with a reacting jet in rich crossflow. And perhaps the single jet model can be 

extrapolated to a model that can predict the NOx emissions level of a full scale RQL model. 

 Another recommendation is to confirm the NO mechanisms associated with the reacting 

jet in rich crossflow. The current research found evidences to support both the thermal and 

Fenimore NO mechanisms contribute to the overall NOx production. A detailed study 

concentrating on the NO production mechanism can reveal the details of the NO production 

route and quantify the contribution of each mechanism. 

 The last recommendation is to quantify the contribution of the NOx found in the wake of 

the jet to the overall NOx emissions level. Although it was concluded that the higher 

penetration leads to lower NOx emissions level, the current set up of a single air jet in rich 

crossflow is not enough to quantify the effect. Even though the overall NOx emissions level at a 

far downstream location was measured, the amount of air from a single jet would be a 

negligible amount to deter the overall reaction condition of the crossflow. Perhaps a full scale 

RQL combustor with abilities to vary all the parameters the current research studied can 
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quantify the contribution of the NOx found in the wake of the jet to the overall NOx emissions 

level. 
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Chapter 9 Appendix 

9.1 Jet Progression and NOx Emissions Behavior 

 The distance from the wall normalized by the jet diameter size, however, did not result 

in one homogeneous data set. Although the data for all the cases were taken at the same 

distance away from the wall, 0.25’’, 0.50’’ and 0.75’’, those locations would be at different 

points of the jet progression due to different jet penetrations for each case. For example, the 

jet progression at 0.50’’ away from the wall for the higher momentum-flux-ratio case would be 

at an earlier point of the jet progression within the crossflow compared to the same 0.50’’ away 

from the wall for the lower momentum-flux-ratio case. Hence, at the given distance away from 

wall, the lower momentum-flux-ratio cases resulted in higher NOx emissions levels in general 

and the general axial locations were found to be higher for the emissions levels. The higher 

momentum-flux-ratio case has higher air flow rate and higher penetration, which results in 

delayed jet deformation along its trajectory. The delayed jet deformation at a given distance 

away from the wall results in smaller reacting area and the smaller influence of the jet in the 

crossflow. Therefore, that limited influence causes the NOx concentration levels to be found 

closer the jet in both axial and radial directions. This progression and its effect on the NOx 

emissions levels can be explained if the distance away from the wall is normalized by the 

momentum-flux-ratio of each case. That would allow demonstrating which case at a given 

distance away from the wall is the relatively earlier or farther along the jet progression. Table 9 

- 1 shows each distance away from the wall normalized by respective momentum-flux-ratio for 

all the cases. 
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Table 9 - 1. Distance Away from the Wall Normalized by Respective Momentum-Flux-Ratio 

Case J 0.25’’/J 0.50’’/J 0.75’’/J 

Lower J Case 10.99 .02275 .04550 .06824 
Baseline Case 19.54 .01279 .02559 .03838 
Higher J Case 30.52 .00819 .01638 .02457 

 
 According to the table above, the earliest point of jet progression is the 0.25’’ away 

from the wall for the higher momentum-flux-case while the last point of the jet progression is 

the 0.75’’ away from the wall for the lower momentum-flux-ratio. These results are intuitive 

but the order of the progression in between is not as orderly. The progression of the NOx 

emissions levels based on the progression of the jet are displayed in  

Figure 9 - 1. 

 
1, Higher-Momentum-Flux Case, 0.25’’ Away from the wall 
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2, Baseline Case, 0.25’’ Away from the wall 

 
3, Higher Momentum-Flux-Ratio Case, 0.50’’ Away from the wall 
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4, Lower Momentum-Flux-Ratio, 0.25’’ Away from the wall 

 
5, Higher Momentum-Flux-Ratio Case, 0.75’’ Away from the wall 
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6, Baseline Case, 0.50’’ Away from the wall 

 
7, Baseline Case, 0.75’’ Away from the wall 
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8, Lower Momentum-Flux-Case, 0.50’’ Away from the wall 

 
9, Lower Momentum-Flux-Ratio Case, 0.75’’ Away from the wall 

 
Figure 9 - 1. The progression of the NOx emissions levels based on the progression of the jet 

 The order of the jet progression starts with the higher momentum-flux-ratio case at 

0.25’’ away from the wall and develops to the baseline case at the same distance away from the 

wall. The contour map development indicates that the region of significant NOx levels grew in 

both axial and radial directions, filling the test section more with non-blue color. The next 

progression is the higher momentum-flux-ratio case at 0.50’’ away from the wall instead of the 
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smaller momentum-flux-ratio case at 0.25’’ away from the wall. Again, the significant NOx levels 

filled the test section more with very little blue regions visible at the edges. The overall NOx 

levels grew and the highest NOx zones emerged into one. The next progression is the lower 

momentum-flux-ratio case at 0.25’’ away from the wall where the significant NOx levels filled 

up the entire radial edges and the highest NOx regions have moved up in the axial direction 

while the radial distances between them are closer. The closer radial distance is similar to the 

high NOx regions combining into one found at the earlier progression. The next progression is 

the higher momentum-flux-ratio case at 0.75’’ away from the wall. While the significant NOx 

levels grew to fill more of the testing section, an anomaly is found where the highest NOx region 

was found in the lower axial distance from the previous progression. However, the highest NOx 

emissions region has been emerged into one big area like any other progressions. The next 

progression is the baseline case at 0.50’’ away from the wall. The high NOx emission regions 

grew in both radial directions while the highest NOx emissions regions have separated. 

However, it almost looks like the previous highest NOx emissions region has exited the testing 

section in the axial direction and the new regions started to emerge again around the X/D = 2 

axial distance. The next progression is the baseline case at 0.75’’ away from the wall. The 

highest NOx region has been emerged into one at the center of the jet while it has moved up in 

the axial direction, similar to any other progressions. The next progression is the lower 

momentum-flux-ratio case at 0.50’’ away from the wall. The highest NOx levels region has 

separated again and it looks similar to one of previous progression where new regions started 

to emerge again. However, compared to the previous instance when the highest NOx levels 

region separated, the same region has grown bigger in the radial direction farther. The last 
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progression is the lower momentum-flux-ratio case at 0.75’’ away from the wall. The relatively 

NOx emissions levels are found all across the radial distances but the similar highest NOx levels 

are not found here. It almost looks like the high NOx emissions have moved up in the axial 

direction out of the testing section view. Overall, the data for the different momentum-flux-

ratio variations could not be normalized the way the different jet diameter data. However, 

when the distance away from the wall is normalized by the momentum-flux-ratio values, the 

NOx emissions levels were able to be arranged in an order of the progression of the jet as the 

distance from the wall increases.  

 As for the different momentum-flux-ratio test, the same normalization technique was 

applied where the distance away from the wall was divided by the corresponding momentum-

flux-ratio values. The resulting normalization was presented in Error! Reference source not 

ound.. Similar to the NOx emissions level data, the progression of the contour maps of the NOx 

flux based on the progression of the jet are displayed in the appendix chapter. The progression 

of the NOx flux based on the progression of the jet is displayed in Figure 9 - 2. 

 
1, Higher-Momentum-Flux Case, 0.25’’ Away from the wall 
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2, Baseline Case, 0.25’’ Away from the wall 

 
3, Higher Momentum-Flux-Ratio Case, 0.50’’ Away from the wall 
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4, Lower Momentum-Flux-Ratio, 0.25’’ Away from the wall 

 
5, Higher Momentum-Flux-Ratio Case, 0.75’’ Away from the wall 
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6, Baseline Case, 0.50’’ Away from the wall 

 
7, Baseline Case, 0.75’’ Away from the wall 
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8, Lower Momentum-Flux-Case, 0.50’’ Away from the wall 

 
9, Lower Momentum-Flux-Ratio Case, 0.75’’ Away from the wall 

 
Figure 9 - 2. The progression of the NOx flux based on the progression of the jet 

 The order of the jet progression starts with the higher momentum-flux-ratio case at 

0.25’’ away from the wall and develops to the baseline case at the same distance away from the 

wall. The first contour map indicates that the highest NOx flux region is clear at each half of jet 

while the whole test section is not filled with significant amount of NOx flux.  However, the 

same highest NOx flux regions and the significant amount of NOx flux regions developed 
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outwardly in both axial and radial directions. The next progression is the higher momentum-

flux-ratio case at 0.50’’ away from the wall instead of the smaller momentum-flux-ratio case at 

0.25’’ away from the wall. The near 0 NOx flux in the center of the jet has clearly separated the 

highest NOx flux and the significant NOx flux zones away from the jet. The location of the 

highest NOx flux zones have moved up in the axial direction as well. The next progression is the 

lower momentum-flux-ratio case at 0.25’’ away from the wall where the near 0 NOx flux region 

does not quite reach as high as the previous progression but the regions of the highest NOx flux 

have been elongated axially. The clear two peaks with near 0 NOx flux is also found here. The 

next progression is the higher momentum-flux-ratio case at 0.75’’ away from the wall. The near 

0 NOx flux has reached all the way up to the X/D = 3 axial distance where the testing section 

ends. The elongated highest NOx flux regions remain elongated but have moved farther away in 

the radial directions, keeping the trend of the jet progression. The next progression is the 

baseline case at 0.50’’ away from the wall. The highest NOx flux regions have moved down in 

the axial distance and the near 0 NOx flux regions do not quite reach up to the X/D = 3 axial 

distance. Similar to the NOx emissions levels progression, it almost looks like the previous high 

NOx flux regions have left the testing section and new ones have emerged with the progression. 

The next progression is the baseline case at 0.75’’ away from the wall. The highest NOx flux 

regions seemed elongated while pushed farther away in the positive axial direction. The near 0, 

even negative NOx flux regions have reached the end of the testing section at the X/D = 3 axial 

distance. The next progression is the lower momentum-flux-ratio case at 0.50’’ away from the 

wall. The highest NOx flux regions were further elongated at this progression and the width of 

the near 0 NOx flux region has increased. The increased width of the near 0 NOx flux has driven 
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the significant NOx flux regions to be farther apart in the radial directions. Also, the width of the 

near 0 NOx flux region in the lower axial distances is wider than the one at the higher axial 

distances. It almost looks like the overall NOx flux regions are moving up in the positive axial 

direction. The last progression is the lower momentum-flux-ratio case at 0.75’’ away from the 

wall. Here, the significant NOx flux regions have been pushed out in both axial and radial 

directions resulting in discovering any NOx flux regions to be at the corners of the testing 

section. The near 0 NOx flux regions at the lower axial distances have reached all the radial 

distances up to the X/D = 1 axial distance. Overall, it looks as if the overall NOx flux has moved 

out of the viewing window, which is the testing section, radiating away from the jet. Again 

similar to the NOx emissions levels data, when the distance away from the wall is normalized by 

the momentum-flux-ratio values, the NOx flux data were able to be arranged in an order of the 

progression of the jet as the distance from the wall increases.  

 




