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1.3 The AFIT Laser Diagnostic System 

The laser diagnostic system makes the COAL lab a state-of-the-art combustion 

diagnostics facility.  The overall arrangement consists of lasers, various optics to include 

visible light and ultra-violet (UV) filters, lenses, rails and electronically controlled 

traverse systems for accurate location of optics and cameras for image collection.  The 

system is mounted on several mobile optics tables located around the UCC in the AFIT 

COAL laboratory (Ref. 2).  The laser system is a Quanta-Ray PIV-Series dual pulsed 

Nd:YAG made by Spectra-Physics, see Fig. 1.   

 

 

Fig. 1.  Quanta-Ray PIV-Series dual pulsed Nd:YAG laser 
 

Some features of this advanced laser include dual oscillators, beam combination, 

harmonic generation, and wavelength separation.  It produces 200 mJ to 400 mJ of pulsed 

energy at 1064 nm.  Pulse separation times range from 100 ns to 100 ms.  There is also a 

Continuum ND6000 narrowband dye laser with a frequency doubler, see Fig. 2, and a 

broadband dye laser all assembled by Innovative Scientific Solutions, Inc. (ISSI).   
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Fig. 2.  ND6000 narrowband dye laser with frequency doubler 
 

The camera is an intensifying charged-coupled device (ICCD) camera made by Princeton 

Instruments (PI-Max, 512 x 512 pixels) with a Nikon PK-11A and PK-12 lens and one 

CVI camera filter, see Fig. 3.   

 

 

Fig. 3.  Princeton Instruments ICCD camera
 

Operational procedures for the laser and camera can be found in Koether’s thesis (Ref. 

3).   In addition to PLIF, the Quanta-Ray PIV-Series dual pulsed Nd:YAG laser 

surrounding components will also be used for Coherent Anti-Stokes Raman Scattering 

(CARS), Instantaneous Raman Scattering, Raman Spectroscopy, Laser Induced 

and 
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Fig. 4.  Side view of the AFIT small-scale model of the UCC 
 

This current model utilizes a flat cavity representing an infinite radius of curvature.  After 

analysis is complete, measurements will be made on a curved section.  Fig. 5 shows a 

complete assembly drawing of this section designed using Solid Works.   

 

 

Fig. 5.  Curved small-scale model designed with Solid Works
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all of the fuel does not have time to totally combust.  Therefore, losses occur in standard 

combustors resulting in decreased efficiencies and increased emissions. 

The UCC operates like a standard combustor only on a smaller scale.  The 

primary zone is the circumferential cavity, and the secondary zone is made up of each of 

the radial vane cavities (Ref. 5).  This particular configuration provides for increased 

residence time for fuel to more completely combust resulting in a decreased amount of 

unburned hydrocarbons lowering the amount of harmful emissions produced.   

2.2 Ultra-Compact Combustor Concept 

Advancements in gas turbine engine technology are rigorously sought after with 

the cost of hydrocarbon fuels continuing to rise.  One parameter used to measure these 

advancements is thrust specific fuel consumption (TSFC) calculated using the following 

formula: 

 

                                                                  
T

fmTSFC =                                                                  (1) 

where equals mass flow rate of fuel (kg/s) and T  equals thrust (N). fm

Another parameter is specific thrust (ST).  The goal is for ST to increase while 

TSFC decreases or stays the same.  Researchers at the University of California at Irvine 

(Ref. 6) have proposed the idea of a constant temperature (CT) cycle gas turbine engine 

to accomplish this goal.  They have shown a large increase in ST with equal or reduced 

TSFC.  However, there is a problem with a true CT cycle.  It requires burning take place 

inside the turbine rotor, a technically complex and expensive process.  The next best 

option is an inter-stage turbine burner (ITB) burning fuel between stages in the turbine.  

 13 
 
 



 

 Yonezawa et al. (Ref. 15) incorporated this idea of high g-loading into a jet-

swirled combustor where a ring of inclined combustor air inlets brings air in creating 

swirling vortexes.  They determined increased combustion efficiency could be achieved 

with this combination.   

 The UCC will operate with both trapped vortex and centrifugally enhanced 

combustion to promote flame stability and increased flame speeds.  These concepts 

enable the UCC to remain small without negatively impacting performance.   

Computational Fluid Dynamics Research on the UCC 

CFD has been proven to be a valuable tool for theoretically determining the 

physical interactions inside the UCC.  Much research has been done by researchers at 

AFRL and previous students at AFIT.  Anderson’s thesis (Ref. 2) provides a 

comprehensive list and description of this previous CFD research.  In several studies, 

combustion and mixing qualities have been predicted and compared with experimental 

results.      

CFD research by Moenter (Ref. 16) was done to design a planar and curved 

sectional small-scale model of the UCC in 2006.  The planar, or infinite, radius of 

curvature small-scale model (see Fig. 4) is now being operated in the AFIT COAL lab.  

Predictions from Moenter’s code will be compared to experimental data from initial 

operation of this model.  Results will be discussed in Chapter 4.2.  The curved sectional 

model is currently being built by the AFIT Model Shop and will be used in future 

research.   
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T4 is the temperature of the combustor outlet - turbine inlet comparative to the main vane 

exhaust of the UCC.  The tables also list 3-D baseline model data for other comparisons.  

Data gathered from the initial operation of the small-scale UCC in the AFIT COAL lab is 

compared to the planar sector rig data at conditions ATM 1 and ATM 2 and can be found 

in Chapter 4.2.  The fuel used for this CFD model is JP-8, a kerosene (C12H23) based 

fuel, and is the same fuel used experimentally in this research.         

Condition Model CO (ppm) NOx (ppm) UHC (ppm) % O2 % CO2 ηb (%) ΔP/P (%)
ATM 1 3-D Baseline 1498.03 6.85 19.06 15.66 3.28 97.71 7.86

Planar Sct Rig 2586.95 43.13 1.35 16.23 2.85 99.12 1.8
 ATM 2 3-D Baseline 2793.39 9.45 13.12 15.50 3.29 94.49 4.35

Planar Sct Rig 1665.53 42.43 0.72 16.01 3.05 99.45 1.15  

Table 2.  CFD efficiency and emissions data for 2-D planar sector rig (Ref. 16) 

 

Condition Model T4avg T4max Pattern Factor
ATM 1 3-D Baseline 1064.43 2330.46 2.38

Planar Sct Rig 1027.78 2339.22 2.64
 ATM 2 3-D Baseline 1073.25 2342.39 2.34

Planar Sct Rig 1069.11 2347.27 2.38  

Table 3.  Temperature data for 2-D planar sector rig (Ref. 16)

 

2.4 Combustor Operating Parameters  

Numerous operational parameters are used to measure the performance of 

combustors.  Those pertinent to this research will be presented in the following section 

and will be used to characterize the operation of a small-scale UCC.  The author believes 

the text, An Introduction to Combustion, by Stephen R. Turns is a an excellent reference 

on combustion (Ref. 18) and it will be used as a source for the following parameters 

unless stated otherwise.   
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fluoresce long enough to display the location of combustion.  This method can be used to 

determine species concentrations within a flame.   

The usefulness of PLIF makes it one of the most widely used combustion 

diagnostic techniques (Ref. 23).  A major advantage is it can be used to determine 

temperature measurements.  This is a method known either as two-color PLIF, or PLIF 

thermometry, and will be described in greater detail in the following section.  Another 

key advantage of PLIF is it is a non-intrusive technique.  This means flame qualities can 

go undisturbed while taking measurements since probing the flame can be avoided as 

described above.  This prevents possibly melting thermocouples and other equipment 

while trying to measure extremely high temperatures.  There are disadvantages to PLIF 

however, and one of them is known as quenching. 

Quenching 
 

Quenching is described as dissociation, energy transfer to another molecule or 

internal energy state, or a general chemical reaction (Ref. 24).  When this happens, a 

fluorescent signal is not released.  This can decrease the quantity of fluorescence and 

skew the interpretation of the data.  If all quenching processes and species densities are 

known, some very good analytical corrections can be made to adjust the PLIF signal.  A 

very good quenching correction method is described in Chapter 3.4.  It is an analytical 

model published by Tamura et. al (Ref. 25) and will be used for analysis of the PLIF 

results in Chapter 4.1.    

 30 
 
 



 

OH PLIF Thermometry 

The ability to measure temperature in flames is extremely important in the design 

and characterization of combustion processes.  Non-intrusive measurements of 2-D 

temperature fields (planar thermometry) provides valuable information in determining 

regions of burned and unburned gases (Ref. 26).  The OH radical is used because of its 

natural abundance in high temperature combustion.  Using two different transitions in 

bands of the OH (A-X) electronic transition system, a fluorescence emission is detected 

as it originates from laser-pumped upper energy levels.  Several OH transition pairs of 

the (A-X) electronic system exist.  They are chosen according to their sensitivity to 

temperature and their particular wavelength.  Generally, a spectral line at a certain 

wavelength is chosen if it produces a strong OH fluorescence signal and it must be 

insensitive to changes in temperature.  An additional temperature sensitive line is chosen.  

The signal ratio of these lines obtained from a spectral simulation database known as 

LIFBASE (Ref. 27) is used to make temperature measurements.  LIFBASE is further 

described in Chapter 3.2.    

Temperature can also be determined using spectra analysis by taking a signal 

from LIFBASE at a particular wavelength and performing a scan around that wavelength.  

A full-width half-maximum (FWHM) value from a certain measured OH intensity scan is 

compared to various FWHM values to obtain a temperature.  A summary of these two 

methods and the use of LIFBASE are provided in Chapters 3.4 and 3.2.  Additional 

information on the ratio of intensity method can be found in Koether’s thesis (Ref. 3).  

Spectral lines from the rotational transitions of the OH (A-X) (1-0) band were 

chosen for temperature measurements in this research.  In addition, lines from this 
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particular band were chosen because they were used by different researchers doing OH 

PLIF thermometry.  Seitzman and Hanson et al. (Ref. 26) examined three rotational line 

pairs, Q2(11) - R2(5), Q2(11) - P1(7), and Q2(11) - R2(8).  They measured a temperature 

range from 1000 K to 3000 K with as low as 7% error when using the Q2(11) - P1(7) 

transition pair.  The wavelengths for the lines were as follows: Q2(11) – 285.16 nm, P1(7) 

– 285.09 nm, and R2(8) – 281.72 nm.  Giezendanner-Thoben et al. (Ref. 28) used one 

vibrational line pair, P1(2) - R2(13), to measure a temperature range of 1500 K to 2200 K 

with an error of 4 to 7% depending on the location within the flame and the temperature 

level.  The wavelengths for these lines were as follows: P1(2) – 282.66 nm and R2(13) – 

282.64 nm.  Welle et al. (Ref. 29) used one line pair, Q1(5) - Q1(14), with wavelengths of 

282.75 nm and 286.46 nm respectively.  Their experimental set-up used a laser system 

calibrated with a CH4-air flame from a Hencken burner.  Also, lines Q1(9), Q2(8), and 

P1(5) with respective wavelengths of 284.005 nm, 284.008 nm, and 284.028 nm, were 

used for additional comparisons.   

Research by Hancock et al. (Ref. 30) consisted of taking temperature 

measurements of a hydrogen-air flame also produced with a Hencken burner.  

Temperature measurements were made using both nitrogen Coherent anti-Stokes Raman 

scattering (CARS) spectroscopy and hydrogen CARS.  CARS is another technique used 

to take non-intrusive temperature measurements with the OH radical.  An explanation of 

CARS along with additional references can be found in Anderson’s thesis (Ref. 2).  

Argon was used as a co-flow around the outside of the flame to keep it as laminar as 

possible.  Measurements of the flame were taken approximately 3.8 cm above the burner 

to reduce heat loss to the burner surface.  To take accurate measurements at this height, 
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placement of optics will be written.  Finally, procedures for operating the UCC 

are mainly rewritten to include all the nuances of operation since this was the first 

time it was actually operated.   

5.  Characterize small-scale model of the UCC.  A good starting condition and 

operating regime will be established for the UCC.  Temperature and pressure data 

will be captured using Lab-View equipment software along with several pressure 

transducers and thermocouples.  Emissions data will be collected from a portable 

emissions analyzer made by Testo.   

3.2 Data Collection 

Gathering data in the COAL lab is an easy process due in part to the fact this is a 

state-of-the-art facility.  Numerous equipment upgrades, and arrangements have been 

made so the data collection process is as efficient as possible.  The lab is currently set up 

in three main stations, each with a computer, keyboard, and monitor.  The computer 

control station can be seen in Fig. 18 and its design is described by Anderson (Ref 2).  

 

 

Fig. 18.  Computer Control Station
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Several software packages are used in the lab to collect data.  Software by Lab-

View is used for operational control of most of the lab.  Win-View 32 software is used to 

collect and analyze PLIF images.  ESP Utility Version 4.2 software by Newport is used 

to control translational movement of the camera and optics.   

Lab-View 
 

A virtual instrument (VI), a component of Lab-View, is installed on the computer 

at the control station.  The front panel can be seen in Fig. 21.   

 

Fig. 21.  VI front panel for lab component control
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It remotely controls many functions in the lab such as solenoids, fuel pump, igniter, 

valves and was designed by Anderson (Ref. 2).  It can also be used to record pressures, 

temperatures, and flow rates of different components throughout the lab.  The set up for 

this is also described in Anderson’s thesis.  The VI is currently configured to output a 

data file for 36 parameters.  Appendix E shows a list of the output parameters and their 

corresponding numbered location in the file.  These output files were used to collect 

operational data on the UCC and the results are located in Chapter 4.2. 

PLIF Image Collection 
 

Image collection is accomplished using an ICCD camera made by Princeton 

Instruments, see Fig. 3.  The description of the camera and how to operate it is located in 

Koether’s thesis (Ref. 3).  Image analysis is done using Win-View 32 software, see Fig. 

22.  This software was used to determine intensities of various PLIF images taken of a 

laminar premixed flame.   

 

 

Fig. 22.  Win-View 32 Image Software
 

This data can be used to determine flame species concentration as well as temperature 

and the method is described in later sections.  See Appendix C for how to use Win-View 

32 to analyze images.  Fig. 23 is a raw PLIF image taken of a lifted hydrogen-air flame.  
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The white in the image is present due to the fluorescence of OH radicals.  A Hencken 

burner is being used to produce the flame.  This calibration method will provide an image 

intensity baseline of a laminar flame before PLIF images are taken of an unknown 

structure of flames inside the UCC.     

                  

Fig. 23.  Raw PLIF image of fluorescing OH radicals
 

Automatic Control of Optics 
 

Motion controller software, ESP Utility Version 4.2, was used to move the laser 

sheet through the flame while keeping the camera focused.  Made by Newport, the 

Universal Motion Controller/Driver, model ESP300 (see Fig. 24) is an integrated  

 

 
Fig. 24.  Newport Universal Motion Controller
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Fig. 26 shows the mass flow controllers.  Located from left to right is a five slpm 

controller labeled “FUEL”.  It was not used for any measurements.  Next is a 10 slpm 

controller also labeled “FUEL” used for hydrogen and will be used later with ethylene for 

igniting the combustor.  There is also a 30 slpm controller labeled “ZERO AIR” and a 50 

slpm controller labeled “CO-FLOW” used for a nitrogen coflow around the flame and a 

nitrogen purge for the fuel lines in the UCC.          

 

Fig. 26.  MKS ALTA digital mass flow controllers
 
 

To calibrate the controllers correctly, they first had to be zeroed out.  All flow was 

stopped going in and coming out of the controllers.  Once an absolute no-flow condition 

was obtained, a zero reset button on top of each controller was pressed, see location 

depicted by the arrow in Fig. 26.  This was necessary to ensure the mechanism 

electronically controlling the flow inside the controller was properly seated in the no-flow 

position.  To accurately control the flow, an MKS 247D four channel power supply / 

readout seen in Fig. 27 was used to operate the mass flow controllers.  Channels one, two, 
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example of recorded data for the calibration of hydrogen flow see Table 4.  Interpolations 

can now be made of every percentage based on the desired mass flow rate using a curve 

fit.  Fig. 29 shows curve fits of data points from hydrogen, air, and ethylene.  This is a 

necessary procedure in order to operate at different equivalence ratios.  The calculation of 

the equivalence ratio for different fuels used is presented in the next section.  

 

Fuel (10SLPM)
Percentage Avg 1 (SLPM) Avg 2 (SLPM) Avg (SLPM)

10.00 1.0090 1.0090 1.0090
20.00 2.0350 2.0340 2.0345
30.00 3.0320 3.0320 3.0320
40.00 4.0410 4.0210 4.0310
50.00 5.0480 5.0480 5.0480
60.00 6.0510 6.0530 6.0520
70.00 7.0580 7.0560 7.0570
80.00 8.0560 8.0570 8.0565
90.00 9.0390 9.0410 9.0400
100.00 10.0230 10.0430 10.0330  

Table 4.  Hydrogen percentage and flow rate data
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Fig. 29.  Mass flow meter calibration data

 

Equivalence Ratio Calculations 
 

Equivalence ratios (φ) were calculated for three different types of fuel and air 

mixtures. For the Hencken burner operation, a φ for Hydrogen-air was calculated.  To 

ignite and operate the UCC, a φ was calculated for Ethylene-air and JP-8 respectively.  

The equivalence ratio was varied for many of the experiments using PLIF as well as 

lighting and operating the UCC.      

The equation for perfect combustion of a hydrogen-air flame representing an 

equivalence ratio of one is given by the following: 

                                       ( ) 22222 76.3276.32 NOHNOH +→++                                  (9) 
 

Using this equation, the stoichiometric air to fuel ratio can be found using equation (4) as 

follows: 
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If air is held constant at 15.45 slpm, equation (5) on page 25 can be used to solve for 

different amounts of fuel flow while varying the equivalence ratio as follows: 

⎟
⎠
⎞

⎜
⎝
⎛

=

F

45.15

38.2φ  

Data calculated in this way can be found in Table 5.  

φ Fuel (SLPM)
0.3 1.95
0.4 2.60
0.5 3.25
0.6 3.90
0.7 4.54
0.8 5.19
0.9 5.84
1 6.49

1.1 7.14
1.2 7.79
1.3 8.44
1.4 9.09  

Table 5.  Hydrogen-air flame equivalence ratio data

 

The equation for perfect combustion of a ethylene-air flame representing an 

equivalence ratio of one is given by the following: 

                   ( ) 2222242 76.32276.33 NOHCONOHC ++→++                         (10) 

Using this equation, the stoichiometric air to fuel ratio can be found using equation (4) as 

follows: 
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If air is held constant at 25 slpm, equation (5) on page 25 can be used to solve for 

different amounts of fuel flow while varying the equivalence ratio as follows: 

⎟
⎠
⎞

⎜
⎝
⎛

=

F

25

28.14φ  

Data calculated in this way can be found in Table 6.   

 

φ Fuel (SLPM)
0.5 0.88
0.6 1.05
0.7 1.23
0.8 1.40
0.9 1.58
1 1.75

1.1 1.93
1.2 2.10
1.3 2.28
1.4 2.45
1.5 2.63
1.6 2.80
1.7 2.98
1.8 3.15
1.9 3.33
2 3.50  

Table 6.  Ethylene-air flame equivalence ratio data

 

Calculating the equivalence ratio for JP-8 and air is done the same way.  The equation for 

perfect combustion of JP-8, a kerosene (C12H23) based fuel, and air flame representing an 

equivalence ratio of one is given by the following: 
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                   ( ) 222222312 76.35.111276.375.17 NOHCONOHC ++→++                       (11) 

Using this equation, the stoichiometric air to fuel ratio can be found using equation (4) as 

follows: 

616.14
167

89.28
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As an example, fuel is held constant at 35.7 ml/min, which is 0.0267 kg/min.  This 

conversion is made using 749 kg/m3, the density of n-dodecane (Ref. 18), a JP-8 

equivalent.  Equation (5) on page 25 can be used to solve for different amounts of air 

flow while varying the equivalence ratio as follows: 

⎟
⎠
⎞

⎜
⎝
⎛

=

7.35

616.14

A
φ  

Data calculated in this way can be found in Table 7.  These equivalence ratios were only 

calculated for air flow in the cavity.  
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controllers.  So use caution when bleeding the lines.  When done, follow the rest of the 

checklist in Appendix A for Hencken burner shut down.    

 
3.4 Laser Diagnostics 

Experimental Set-Up 

The AFIT COAL lab is a state-of-the-art facility for combustion research because 

of the capability to perform laser diagnostics.  The laser system consists of a Quanta-Ray 

PIV-Series dual pulsed Nd:YAG laser made by Spectra-Physics and a Continuum 

ND6000 dye laser.  A Schott CG-WG-295 colored glass filter was used to block out light 

from the laser so only the OH fluorescent signal could be recorded.  An ICCD camera 

made by Princeton Instruments was used to capture the OH signal.  A Hencken burner 

was used to produce a laminar premixed hydrogen-air flame with a nitrogen coflow.  All 

components are discussed previously.  The configuration of the laser system, the beam 

path used to analyze the Hencken burner flame, laser system operation, and detailed 

description of the laser are located in Koether’s thesis (Ref. 3).   

MKS ALTA digital mass flow controllers seen in Fig. 26 were used to control the 

amount of hydrogen, air, and nitrogen coflow going in to the Hencken burner.  Hydrogen 

was varied from 2 - 9 slpm and air was held constant at 15.43 slpm in order to produce 

flames ranging from 0.3 - 1.4 in equivalence ratio.  The nitrogen coflow was set to 22 

slpm and held constant throughout.  The mass flow controllers had accuracies of ± 1% of 

the set-point for 20 - 100% flow.      
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OH Concentration  Measurements 

Measurements were taken of a laminar flame using PLIF to validate the laser 

system in the AFIT COAL lab.  OH concentration measurements were made with a laser 

beam in the form of a sheet shot through the center of the hydrogen-air flame.  The 

location of the beam was varied from the surface of the burner to five centimeters above 

it.  The laser was tuned to 284.005 nm which is the wavelength for the Q1(9) line in the 

(1,0) band of the OH (A-X) electronic transition system.  This particular line was chosen 

because of the strength of the signal it produces.  This causes the OH radicals to 

fluoresce.  The theory behind the fluorescence is covered in Chapter 2.2.  Basically the 

more intense the fluorescence the greater the concentration of OH in the flame.  The 

aperture on the camera lens was adjusted to let less light in to ensure the camera was 

never saturated with too high of an intensity.  This also ensured the most proportionality 

of intensity to the amount of concentration aside from quenching effects.  Fig. 31 shows 

how the amount of intensity varies as a function of aperture setting when intensity is 

plotted as a function of equivalence ratio.  Camera aperture settings, also known as f-

stops, are denoted by f3, and f4 in the graph legend.  Error bars show standard deviation 

from the mean at each point.  The standard deviation was lower for the higher f-stop 

value.  This is a result of less light being allowed into the camera.  Therefore the signal to 

noise ratio is decreased.      
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Fig. 31.  Intensity versus equivalence ratio as a function of aperture setting
 

This was especially important while taking measurements with different wavelengths for 

temperature measurements, a method discussed in later sections.  Intensities were 

recorded from image analysis described previously.  The results are discussed in Chapter  

4.1 along with corrections made to the PLIF signal due to quenching.     

Quenching 

The theory behind quenching was discussed in Chapter 2.6.  Now a description of 

how to adjust the PLIF signal due to quenching effects will be given.  A great summary 

of Tamura’s analytical model (Ref. 25) can be found in Koether’s thesis (Ref. 3) and is 

the same quenching rate correction method used on the data in Chapter 4.1.  It will be 

reproduced here for ease of reference.   
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An equilibrium solver such as STANJAN must be used to determine pressure, 

adiabatic flame temperature, and mole fractions of the products of combustion.  The 

procedure for this is given in Appendix A.  Parameters of different colliding species for 

quenching rate are given in Table 8 for quenching rate corrections.   

σQ(INF) ε/k Quenching Rate Coefficent
(Angstroms)2 (K) m3/s

CH4 11.0 320 (5.07×10-19)(σQ )(T
0.5)

H 14.5 84 (15.0×10-19)(σQ )(T
0.5)

O 0.0 0 (0×10-19)(σQ )(T
0.5)

N 0.0 0 (0×10-19)(σQ )(T
0.5)

H2 4.5 224 (10.88×10-19)(σQ )(T
0.5)

OH 20.0 384 (4.99×10-19)(σQ )(T
0.5)

CO 12.0 397 (4.47×10-19)(σQ )(T
0.5)

NO 0.0 0 (0×10-19)(σQ )(T
0.5)

O2 8.0 243 (4.37×10-19)(σQ )(T
0.5)

H2O 20.0 434 (4.92×10-19)(σQ )(T
0.5)

CO2 11.0 488 (4.16×10-19)(σQ )(T
0.5)

N2 0.4 624 (4.47×10-19)(σQ )(T
0.5)

Colliding 
Species

 

Table 8.  Quenching rate parameters (Ref. 25)

 
Also needed are a few constants.  The spontaneous emissions constant for OH is A =  

1.45 x 106 s-1 and Boltzman’s constant is 
Ks
kgmk 2

2
231038065.1 −×= .  OH LIF efficiency 

must now be calculated in the following manner.  The temperature dependence of the 

cross-sections for each molecule must be calculated using the following equation: 

                                                     
⎟
⎠
⎞

⎜
⎝
⎛

= kT
INFQQ e

ε

σσ )(                                                        (12) 

Next, the equations in Table 8 were used to calculate the quenching rate coefficients for 

each molecule.  Then use the following equation to calculate number density for each 

species: 
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              Species Number Density = (mol fraction of the species) ⎟
⎠
⎞

⎜
⎝
⎛

kT
P                        (13) 

Now calculate the quenching rate for each species using the following equation: 

                 Qeach_species = (Species Number Density)(quenching rate coefficient)            (14) 

Then get a total quenching rate by adding the quenching rates for each molecule: 

                                                QTOTAL = ∑ Qeach_species                                                                              (15) 

Finally, LIF efficiency can be calculated in the following manner: 

                                          LIF Efficiency = ( )TOTALQA
A

+
                                              (16) 

This LIF efficiency number is used to correct the signal of the experimental data and is 

discussed in Chapter 4.1. 

OH PLIF Thermometry 

OH PLIF thermometry is a unique method of measuring flame temperatures 

without disturbing the natural flow of the flame.  Temperature was determined using both 

a ratio of intensities and performing a spectral analysis.  The theory behind PLIF 

thermometry is covered in Chapter 2.6.  The actual procedure will be described here.  

Each spectral line with its particular wavelengths used for the temperature measurements 

can be found in Table 9.  Essentially a thermometer was made by tuning the laser to these 

particular wavelengths and recording an OH intensity.   
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Line Wavelength (nm)
P1(7) 570.18

Q2(11) 570.32
R2(8) 563.45
R2(5) 563.48

Q1(14) 572.91
Q1(5) 565.50

R2(13) 565.28
P1(2) 565.33
Q1(9) 568.01
Q2(8) 568.02
P1(5) 568.06  

Table 9.  Spectral lines and respective wavelengths

 

 To measure temperature using a ratio of intensities, a ratio of peaks from 

LIFBASE was used.  The magnitude of the peaks will vary according to temperature.  A 

LIFBASE simulation was ran for an expected range of flame temperatures.  For example, 

magnitudes of peaks from a temperature insensitive line like Q1(14) and a temperature 

sensitive line like Q1(5) for a range of temperatures were recorded.  The ratios of the 

magnitude of these peaks were plotted as a function of temperature.  In a sense, this 

becomes a thermometer.  Intensities from the laser tuned to the wavelength of these lines 

are then recorded.  They are then divided by the power from the laser to make sure they 

are only a function of wavelength.  The ratios of these intensities are then compared to 

the ratio of peaks from LIFBASE to determine a temperature.  Measurements were taken 

of a flame ranging from 0.5-1.3 in equivalence ratio.    

 Spectral analysis was used to measure temperature by using a spectral line from 

LIFBASE at a particular wavelength.  Each line in LIFBASE has a peak for a particular 

wavelength, a specified shape, and produces a particular full-width half-maximum 

(FWHM) value for different temperatures, see Fig. 32.   
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FWHM 

Fig. 32.  Picture of FWHM location
 

FWHM is the width of the curve in wavelength at half the maximum intensity of the 

curve.  It is determined in the following manner.  Pick the point half way up the line.  On 

either side of the line, drop down to the particular wavelengths and subtract them.  This is 

the FWHM value, and it will vary with temperature.  Perform a LIFBASE simulation for 

a particular line and wavelength at an expected range of temperatures, and record the 

FWHM value.  Plot these as a function of temperature.  In a sense, this becomes another 

thermometer.  Using the laser, a scan around this particular wavelength where the peak 

exists is performed.  For example, the laser is tuned to scan around 572.910 nm, a range 

from 572.903 - 572.921 nm and intensities are recorded at each wavelength.  Recorded 

intensities are plotted as a function of wavelength and the FWHM value is determined in 

the same manner.  This value is then compared to the FWHM values as a function of 
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temperature plotted from LIFBASE to determine a temperature.  Measurements were 

taken using each of the lines in Table 9 for equivalence ratios of 0.7 and 1.0.  

3.5 UCC Operation 

Operation of the small-scale UCC in the COAL lab was made possible by many 

previous AFIT students.  Before graduating, Koether had configured and tested most lab 

components such as the combustor air rig, heaters, emissions analyzer, and exhaust 

system.  The description and operation of these components is covered in detail (Ref. 3) 

and will not be covered again.  Only the fuel pump had not been completely tested.   

The fuel pump is a dual syringe pump model 1000 D made by ISCO, see Fig. 33.  

It had sat in the lab for almost two years after being installed by a previous AFIT student 

(Ref. 37).  It is capable of delivering up to 5.67 ml/s at 1.38 x 107 Pascal (Pa) with an 

accuracy of 25.38 nl precision.   

 

 

Fig. 33.  ISCO dual syringe fuel pump (Ref. 3)

 67 
 
 



 

 

There were some things to work out before smooth operation was obtained.  Some 

electrical connectors in the back had to be reconnected and the pump was initially 

controlled locally.  Once operating correctly it was configured to operate remotely 

through Lab-View.   

The pump has two modes of operation.  It will operate in either constant flow 

mode or constant pressure mode.  For example, if operating in constant pressure mode, it 

would only give the flow needed to operate at that pressure.  If operating in constant flow 

mode, it would only give  the pressure required for that flow.  However, when supplying 

fuel to the atomizer nozzle in the combustor, a constant flow is needed at a certain 

pressure.  Fuel flow has to be fixed at a constant value to operate at a desired equivalence 

ratio and the pressure-atomizing nozzles used in the combustor, Goodrich model 46817-

33, require 2.07x106 Pa (300 pounds per square inch (psi)), (factory specified) to 

correctly atomize the fuel.  It was determined, however, much lower pressures through 

the nozzles such as 2.07x105 - 3.44x105 Pa (30 - 50 psi) are sufficient.  The pressures 

were measured at the pump while in constant flow mode and could have actually been 

different at the nozzle as there was no way to measure pressure in the fuel lines.  

Pump syringe A and B were operated in constant flow mode delivering fuel in 

milliliters per minute to the combustor.  Data was recorded to show the pressure 

difference between the syringes.  Syringe A produced a steady rise in pressure for each 

increase in flow rate with only minor fluctuations of ± 13.79x103 Pa (± 2 psi).  Syringe B 

operated at a lower pressure and at higher values fluctuated at ± 96.52x103 Pa (± 14 psi).  
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It is possible the line for syringe B has a larger orifice in it.  Pressure differences are 

shown as a function of flow rate for both pump syringes, see Fig. 34.   
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Fig. 34.  Fuel pump operation – pressure versus constant flow rate

 

Lighting Procedure 

The following is meant to supplement the step-by-step procedure for starting the 

UCC found in Appendix A.  For safety reasons, at least two persons should perform this 

procedure.  Adequate hearing protection should be available.  First it is necessary to 

perform the lab equipment start-up procedure in Appendix A.  Once the equipment is 

operating correctly, turn on the main and secondary air.  Start out at 1 kg/min in the main 

and 0.5 kg/min in the secondary.  This is necessary to reduce fluctuations as it approaches 

a steady state condition.  Gradually increase them to  between 80 and 90 percent of their 

maximum values.  This is necessary for the heaters to reach a steady state condition.  
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Using low air flow for starting conditions and bringing the heaters up to operating 

conditions will almost always cause one or both heaters to over heat.  It was determined 

heating the air flow helped the JP-8 to light better and reduced pooling.  Once the heaters 

reach a steady state condition, bring the air flow down to starting conditions.  The most 

successful starts were with the main air set at 1.3 kg/min and 0.3 kg/min in the secondary.  

The main heater was set at 400 degrees Fahrenheit (ºF) and the secondary heater was set 

at 300 ºF. 

A slightly fuel-rich mixture (equivalence ratio of 1.4) of ethylene and air was used 

to ignite the JP-8 inside the combustor.  An equivalence ratio of 1.0 was being used until 

the temperature of the ethylene dropped to around 32 F as a result of the ethylene supply 

tank being located outside.  A range of equivalence ratios for ethylene and air can ignite 

the JP-8 based on temperature of the ethylene and will be the focus of further study in 

future research.           

The fuel pump was operated in constant pressure mode for starting.  This ensured 

the fuel nozzles received enough pressure to properly atomize the fuel for a good light 

when the combustor was cold.  Good results were achieved by letting the pressure build 

in the line by leaving the manual fuel valve closed until the pressure displayed on the VI 

reached the desired value.  Pressures of 2.07x105 – 4.14x105 Pa (30 to 60 psi) providing 

approximately 35 ml/min of fuel were used.  This resulted in a highly fuel-rich condition 

for starting, an equivalence ratio over 2.0.   

Once lit, the amount of fuel being delivered was immediately decreased by 

changing the fuel pump to constant flow mode to deliver 20 ml/min of fuel.  The 

secondary air was increased to 0.7 in increments of 0.1 for the cavity and 1.5 for the 
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IV. Results and Analysis 

4.1 OH PLIF Results 

The laser in the AFIT COAL lab was validated by using PLIF to produce images 

of a laminar premixed hydrogen-air flame produced by a Hencken burner.  Amounts of 

OH species concentration were determined as a function of equivalence ratio and height 

above the burner.  The amount of species concentration is proportional to intensity as 

discussed in Chapter 2.6.  Therefore, the intensities gathered from image analysis were 

compared to theoretical data obtained using STANJAN for accuracy.  Numerous images 

were gathered and are discussed.         

Theoretical Equilibrium Data 

STANJAN, described in Chapter 3.2, was used to obtain theoretical concentration 

amounts of OH and adiabatic flame temperature as a function of equivalence ratio (φ), 

see Figures 37 and 38.  Since most measurements are taken assuming atmospheric 

pressure to be 1 atmosphere (atm), pressure was varied from 1 atm to 0.97 atm to better 

represent conditions in the lab.  On average this resulted in only a 1% difference for both 

temperature and OH concentration.  Therefore, the influence on the data due to 

atmospheric pressure was not considered to be a factor.  OH concentration was the 

highest for φ = 0.95 and adiabatic flame temperature was found to be the highest for        

φ = 1.1.  Both of these conditions assume complete combustion.  Experimental data 

gathered in the lab was compared to this data to determine the accuracy of results.    
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though the laser beam is spread into a sheet, properties of the optics used to route the 

beam cause the most intense part of it to remain in the middle.  This is displayed in Fig. 

40 where the middle point for each line is at the peak intensity.            
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Fig. 40.  Average intensity vs. height inside interrogation area 
 

Error bars were only added to the line for φ = 0.8 to refrain from cluttering the graph.  

This line has the smallest variance of the three.  The percent error ranged from as high as 

22% at the surface to as low as 7% in the middle to 17% at the highest location measured.  

The larger percent error is most likely due to areas near the edge of the laser beam where 

the signal is not as concentrated.  The line for φ = 1 is highest in variance because the 

largest amounts of OH concentration are produced at this equivalence ratio, therefore the 

signal is the strongest.    

 76 
 
 



 

Numerous images were gathered while validating the laser system to determine 

the area of greatest intensity above the burner surface.  Three sets of data taken at 

different locations above the burner were averaged together to plot species concentrations 

versus equivalence ratio.  Fig. 41 shows raw intensities as a function of equivalence ratio 

at these different locations.  Intensity is highest at the surface.  This is most likely due to 

noise in the signal from the shiny surface of the burner.  As a result, the largest variance 

occurs here.   
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Fig. 41.  Raw intensities at different locations above the burner 
 

The greatest amount of OH is produced at φ = 0.95 based on theoretical results.  

This means the highest intensity should have been at φ =  0.95 also, but this result was 

not achieved.  The highest intensity was actually achieved at φ = 0.92 at every one of the 

three locations.  As a result, every curve produced from data at each location is shifted to 
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the left of the blue theoretical curve.  This is a shift of approximately 3.15% in the peak 

of each curve.  This shift can be seen in Fig. 42 for data taken at the surface of the burner. 
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Fig. 42.  Uncorrected data at the surface of the burner
 

Normalized experimental data is plotted with normalized theoretical OH concentration 

data.  This shift is most likely due to noise in the signal from the shiny surface of the 

burner, location dependence of OH, fluctuations in air-to-fuel ratio from the mass flow 

controllers, and quenching.  Analytical corrections must be made to the data for 

quenching and this procedure is described in the following paragraph.                

Quenching and the theory behind it was discussed in Chapter 2.6.  The procedure 

to calculate LIF efficiencies due to quenching was used here.  These numbers were then 

used in the following equation to obtain a corrected intensity: 
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EfficiencyLIF

IntensityAverageIntensityCorrected =                                    (17) 

The corrected intensity for each equivalence ratio was then normalized and plotted 

against theoretical data in each figure below.  These corrections made only a slight 

difference at most locations.  The amount of quenching correction is obviously dependent 

on height above the burner.  Temperature and mixing of the flame change with height and 

these are significant parameters used to calculate LIF efficiencies for quenching 

corrections.  Uncorrected and corrected normalized intensities are compared to 

theoretical data, see Figures 43 - 45.   
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Fig. 43.  OH intensities from surface and equilibrium OH concentration
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Fig. 44.  OH intensities from 1 cm and equilibrium OH concentration 
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Fig. 45.  OH intensities from 5 cm and equilibrium OH concentration 
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 STANJAN produces theoretical data based on equilibrium and adiabatic 

conditions.  This results in decreased amounts of species concentrations than would be 

expected in an actual flame.  It is possible the flame is not at equilibrium at the surface 

and could explain why the data is shifted and higher than expected in Fig. 43.  In 

addition, there is the possibility of a slight error in the air-to-fuel ratio as mentioned 

previously.  Also at the surface, the temperature is not adiabatic.  There are heat losses to 

the surface by radiation and conduction.  At one centimeter above the surface, the 

experimental data curves match theoretical the best, see Fig. 44.  There still exists some 

slight error here.  By one centimeter above the burner surface, the flame should be at 

equilibrium, so there is an even greater possibility of a an error in equivalence ratio 

caused by the mass flow controllers.  The temperature is still not adiabatic due to heat 

loss as well as mixing of the coflow.  In this area, the flame begins to experience a 

cooling effect by the nitrogen used to keep the flame laminar.  Error due to quenching 

effects also becomes a factor since quenching has been shown to be a function of height 

above the burner.  The biggest quenching correction occurs at five cm above the burner 

surface as seen in Fig. 45.  Here the temperature is definitely at adiabatic equilibrium and 

mixing of the coflow is occurring.  Quantifying this uncertainty, we can correct the 

curves by shifting the equivalence ratios to match expected peaks.  The error bars in each 

figure show the variance is the largest at the surface and the smallest at five cm.  This 

follows the trend of higher fluctuations in the signal with higher intensity, as well as 

noise due to the shiny surface of the burner.  There are also fluctuations due to laser 

power.  The variance suggests an average 5% uncertainty in these measured values 

depending on equivalence ratio and height above the burner.   
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In order to show how flame properties vary as a function of height above the  

burner surface, normalized intensity is plotted versus φ for two locations above the 

surface.  At one centimeter above the surface there is more OH concentration for fuel-

rich conditions than at five centimeters.   
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Fig. 46.  Normalized intensity versus equivalence ratio
 
 

The reason for this is at five cm, there is less OH being produced.  Quantitatively, there is 

as much as 42% less.  OH is a flame marker for combustion, and this decreased OH 

amount is near the end of the flame at this five cm location.  Here the flame is mostly at 

equilibrium.    
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PLIF Thermometry – Ratio of Intensities 
 

Eleven different spectral lines and their respective wavelengths shown in Table 9 

were used to gather intensities at one centimeter above the burner surface.  Seven 

different pairs of the lines were used for computing ratios.  As discussed previously, 

LIFBASE simulations were ran to gather different peak magnitudes of these lines over a 

range of temperatures.  The ratio of these peaks seen in Table 10 are what essentially was 

used as a thermometer.  They were plotted as a function of temperature.      

Temp R2(8)/Q2(11) R2(13)/P1(2) P1(7)/Q2(11) R2(5)/Q2(11) Q1(14)/Q1(5) Q2(8)/Q1(9) P1(5)/Q1(9)
1000 1.7091 0.0377 2.9444 2.9252 0.0246 1.1199 1.5573
1100 1.4855 0.0579 2.4211 2.3114 0.0382 1.1329 1.3423
1200 1.3162 0.0827 2.0776 1.8896 0.0543 1.0952 1.1941
1300 1.2119 0.1098 1.8089 1.6112 0.0733 1.0670 1.0781
1400 1.0880 0.1439 1.6217 1.3570 0.0975 1.0496 0.9774
1500 1.0156 0.1792 1.4717 1.2127 0.1179 1.0355 0.9204
1600 0.9629 0.2185 1.3370 1.0969 0.1426 1.0071 0.8516
1700 0.8964 0.2596 1.2455 0.9805 0.1711 0.9993 0.8065
1800 0.8597 0.3000 1.1725 0.9053 0.2000 0.9850 0.7585
1900 0.8172 0.3530 1.0976 0.8335 0.2295 0.9636 0.7278
2000 0.7820 0.3918 1.0609 0.7764 0.2582 0.9727 0.7085
2100 0.7581 0.4383 0.9986 0.7266 0.2875 0.9495 0.6742
2200 0.7265 0.4908 0.9617 0.6827 0.3259 0.9433 0.6477
2300 0.7116 0.5340 0.9124 0.6513 0.3535 0.9303 0.6288
2400 0.6892 0.5802 0.8869 0.6217 0.3845 0.9406 0.6177
2500 0.6772 0.6234 0.8552 0.6038 0.4126 0.9209 0.5908  

Table 10.  LIFBASE ratios of peak magnitudes

 

Curve fit equations were then applied to each set of data points.  The ratios of intensities 

from Table 11 were used in these equations to calculate a temperature.  The intensities 

used in these calculations were all divided by the laser power to ensure they were only a 

function of wavelength and not power fluctuations in the laser.      
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φ R2(8)/Q2(11) R2(13)/P1(2) P1(7)/Q2(11) R2(5)/Q2(11) Q1(14)/Q1(5) Q2(8)/Q1(9) P1(5)/Q1(9)
0.5 1.1977 0.1902 1.9438 1.4860 0.1017 1.1731 1.2085
0.6 1.0439 0.2530 1.7383 1.2011 0.1620 1.0450 1.0310
0.7 0.9473 0.3241 1.5815 1.0713 0.2188 1.0335 0.9374
0.8 0.8937 0.3904 1.4624 0.9341 0.2641 1.0362 0.8898
0.9 0.8290 0.4582 1.3667 0.8431 0.3047 1.0726 0.8697

0.95 0.7965 0.4748 1.3235 0.8122 0.3199 1.1671 0.9174
1 0.7893 0.4943 1.3193 0.7968 0.3136 1.3646 1.0584

1.1 0.8178 0.4902 1.3139 0.8120 0.3040 1.9461 1.4972
1.2 0.8246 0.4853 1.3133 0.8217 0.2909 2.1731 1.6767
1.3 0.8194 0.4852 1.3253 0.8171 0.2755 2.1798 1.6569  

Table 11.  Ratios of intensities from experimental data

  
Temperatures were calculated for every pair of the lines in Table 11 for a range of 

equivalence ratios.  Errors occurred while recording data using the Q1(9) line and as a 

result the data was discarded.  Some line pairs produced temperatures closer to 

equilibrium than others.  Experimental temperatures followed the trend of equilibrium 

temperatures very well when plotted versus equivalence ratio as seen in Fig. 47. 
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Fig. 47.  Theoretical and experimental flame temperatures 
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All of the line pairs followed the trend predicted by STANJAN.  The Q1(14)/Q1(5) line 

pair provided results closest to equilibrium out of all the pairs.  R2(13)/P1(2) provided  

the next closest results to equilibrium.  This is assumed due to the larger wavelength 

separation of the rotational transition, J numbers 14 - 5 and 13 - 2, the more accurate the 

measurement.  The agreement of the three line pairs with the R2 line show a strong 

temperature dependence on the R2 line and suggest the temperature of the flame of the 

Hencken burner is approximately 300 K to 400 K less than equilibrium at the 1 cm 

location for the experimental hydrogen-air flow rate used.  The Q lines are generally 

stronger and give a better signal to noise ratio.  As a result the Q1(14)/Q1(5) line pair was 

picked for comparison to equilibrium data and the Hancock lines (Ref. 30) in Table 12 

below.    

φ Equilibrium Exp Data 
Average

Exp Data % 
Difference Hancock Hancock % 

Difference Q1(14)/Q1(5) Q1(14)/Q1(5) % 
Difference

0.5 1642 1288 21.5% 1655 0.8% 1464 10.8%
0.6 1837 1466 20.2% 1840 0.1% 1665 9.4%
0.7 2014 1617 19.7% 2040 1.3% 1854 7.9%
0.8 2169 1753 19.2% 2145 1.1% 2005 7.5%
0.9 2298 1888 17.8% 2260 1.6% 2141 6.8%

0.95 2347 1944 17.2% 2300 2.0% 2191 6.7%
1 2382 1959 17.7% 2350 1.3% 2170 8.9%

1.1 2395 1929 19.4% 2375 0.8% 2138 10.7%
1.2 2367 1912 19.2% 2350 0.7% 2095 11.5%
1.3 2328 1903 18.3% 2310 0.8% 2043 12.2%  

Table 12.  Summarized temperature results from ratio of intensities

 

The averages of all experimental temperatures calculated were as much as 21.5% lower 

than equilibrium.  The Q1(14)/Q1(5) line pair produced the lowest difference (7-21%) 

when compared with equilibrium data.  The percent difference of the temperatures found 

using nitrogen CARS on a hydrogen-air flame by Hancock et. al (Ref. 30) as compared 

with equilibrium predictions was much smaller.  Experimental data in the current work 
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were taken lower in the flame as compared with the Hancock data because the mass flow 

controllers used in the lab were not capable of reaching flow rates necessary to keep the 

flame stable.  While this may lead to slight differences in temperature, it should also be 

noted the higher flow rates used by Hancock would lead to reduced heat losses due to 

radiation and conduction.  These heat losses could be reasonably assumed to reduce 

temperatures by 100 K from equilibrium values.  Under this assumption, the 

Q1(14)/Q1(5) could be used to accurately measure temperature within 2.5% of 

equilibrium depending on equivalence ratio and height above the burner surface.  

In order to quantify this accuracy without an assumption, an analysis was 

performed on the Q1(14)/Q1(5) line pair.  Using the standard deviation of the average 

intensity, two separate ratios were made.  One gives the absolute lowest value the 

temperature could be and the other the absolute highest value.  Once these temperatures 

were obtained they were subtracted from the original temperature obtained, to produce 

error bars.  The original temperature was plotted again with error bars using these plus 

and minus values and compared to theoretical temperatures, see Fig. 48. 
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Fig. 48.  Experimental compared to theoretical temperature 
 

On the high side, the temperature is within a percent difference of as little as 1%.  Notice 

the experimental line does not peak where the theoretical line does.  As stated previously, 

theoretical data is produced at adiabatic conditions.  The Hencken burner flame is not 

adiabatic, therefore the difference in peaks is due to heat losses of the flame such as 

radiation and conduction.  There is also an entrainment of coflow.  In other words there is 

a mixing of cooler air decreasing the temperature of the flame.   

Qualitatively this method could be used to determine methods of hot and cold 

regions.  Fig. 49 is the ratio of two raw PLIF images captured using the Q1(14) and 

Q1(5) line.  It is produced using Win-View 32 software.    
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Fig. 49.  2-D temperature map of a laminar flame
 

A laser sheet was placed through the center of a laminar hydrogen-air flame at an 

equivalence ratio of 1.0.  In this picture, the laser sheet runs from right to left.  The 

images are divided, and their corresponding pixel values have been divided to produce 

different ratios.  Colors have been assigned depending on the value of the ratio.  Orange 

has been assigned to the highest values showing the hottest area of the flame in the 

middle.  Light green has been assigned to the lowest values showing the “cooler” areas at 

the outside edge of the flame.  The Hencken burner flame has a temperature of 

approximately 2200 K in this location.  This is an excellent tool for non-intrusively 

measuring flame temperature.   

PLIF Thermometry – Spectral Analysis 
 

Temperatures were calculated by performing a spectral analysis, also known as a 

wavelength scan, of each of the lines listed in Table 9.  Temperatures of a hydrogen-air 

flame were measured at two different equivalence ratios, φ = 0.7 and φ = 1.0.  Performing 

this method accurately requires accounting for collisional and Doppler broadening of the 
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line.  This affects the FWHM value.  Affects on the ratio of intensity method to obtain 

temperature are minimal, since only the peak of the line matters.  Both collisional and 

Doppler broadening are combined to give the Voigt FWHM, which gives a theoretical 

shape of the line (Ref. 38).  Fig. 50 is the result of a Voigt line width calculation by 

Olivero and Longbothum (Ref. 38).        
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Fig. 50.  Collisional and Doppler broadening  (Ref. 38)
 

This particular case is for the P1(7) line at 570.1764 nm.  When calculating a FWHM 

value to determine a temperature, broadening affects the width of the line.  As 

temperature increases, the line broadens until φ = 1.  Collisional and Doppler broadening 

are inversely proportional to one another and the combination of the two affects line 

width shape.  As a result, if the effects are not taken into consideration, very inaccurate 

temperature readings can be produced.           
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A LIFBASE simulation including Doppler and collisional broadening 

assumptions was ran on each of the lines at a range of temperatures to determine a 

theoretical FWHM value.  These values were compared to experimental FWHM values 

obtained from performing a laser scan around the wavelength of a particular line.  

Temperatures calculated varied between 12% above and 27% below adiabatic flame 

temperature.  The reason for this variance was determined to be a matter of resolution.  

The dye laser used for the scans is supposed to have a line width resolution of 0.05 cm-1 

or 0.00162 nm at 570 nm.  However, the actual data obtained from the laser proved 

otherwise.  LIFBASE simulations were ran with two different resolutions, one producing 

a line with an increased resolution from laser specifications and one producing a line with 

a lower resolution found by matching the experimental data, see Fig. 51.             
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Fig. 51.  Line width resolution comparison

  

 90 
 
 



 

It was determined the laser has a lower resolution of approximately 0.0035 , much 

worse than the expected resolution of 0.0016 .  Unfortunately, the dye laser cannot 

resolve the OH line width with high precision.  In other words, the laser wavelength 

distribution is too broad to detect the OH line shape with a great deal of accuracy.  For 

example, the experimental FWHM value obtained from the P1(7) line at φ = 0.7, plotted 

in blue in Error! Reference source not found. above, is 0.047 nm in width.  However, the 

FWHM value for OH line width at this equivalence ratio is 0.00246 nm.  In this case, the 

data would produce an extremely high and inaccurate temperature.  As a result, 

temperature measurements were not made by performing wavelength scans and will only 

be made using line ratios as discussed earlier.       

o
A

o
A

4.2 UCC Characterization 

Starting Conditions 
 

Characterizing the combustor consisted of first learning how to start it before an 

operational regime could be determined.  It had never been started before so this was a 

process of trial and error, and consisted of developing settings for three main systems to 

include heater, ignition, and fuel.  A specific starting condition for each system was given 

in Chapter 3.5, but here a range of conditions will be discussed.  

The main and secondary Gaumer electric air heaters played a major role in getting 

the combustor to light.  Some of the first flames inside the combustor were most likely 

due to the inside getting saturated with fuel.  The problem was the fuel was being sprayed 

into a cold combustor.  To alleviate this problem, each heater was turned on to heat the 

air.  The main and secondary heater will heat the air for the combustor to almost 450 ºF 
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(Ref. 3).  Caution must be taken to keep the secondary heater from overheating while 

operating at lower air flow rates required for starting.  For good starting conditions, the 

main and secondary heaters were operated at 300 - 400 ºF and 200 - 300 ºF respectively.  

This reduced pooling and helped the fuel to ignite faster.  

A good ignition system was, of course, very important to get the combustor lit.  It 

consisted of an ethylene-air mixture flowing past an electrical arc produced by a spark 

plug making a torch.  Equivalence ratios were calculated for the mixture and are listed in 

Chapter 3.2.  At first, a fuel-lean mixture was used to light the combustor.  However, the 

ethylene tank is located outside and once it got colder , a fuel-rich mixture was needed to 

produce a good torch.  As the ethylene became colder, more activation energy was 

needed to ignite at the same equivalence ratio.  Air was held constant at 25 slpm and the 

amount of ethylene was increased from 1.4 slpm to 2.5 slpm, a φ range of 0.8 to 1.4.  In 

conclusion, the equivalence ratio needed to light the combustor increased with decreasing 

temperature of the ethylene.  

The main components of the fuel system consist of a fuel pump and nozzles. 

Optimal fuel pump operation was required to deliver the correct amount of fuel through 

the nozzles for the right fuel-air mixture.  As described in Chapter 3.2, the fuel pump has 

two modes of operation, constant pressure and constant flow.  The fuel nozzles need a 

pressure above 2.07x105 Pa (30 psi) to provide a proper fuel spray for lighting, otherwise 

pooling will occur.  As a result, the fuel pump is operated in constant pressure mode 

delivering3.45x105 Pa (50 psi)  for starting.  Since each syringe on the fuel pump gives a 

different flow rate for the same pressure, care must be taken to ensure the flow rate does 

not exceed 35 ml/min.  A good range is 25 - 35 ml/min.  The main air flow should be set 
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at 1.3 kg/min and the secondary air flow at 0.13 kg/min.  This will result in an 

equivalence ratio of approximately 3.0, an extremely fuel-rich condition.  This is needed 

to get the combustor lit when it is relatively cold even though the air is heated. The 

calculations for φ were described in Chapter 3.2, and it is important to note only the 

secondary air flow creating the fuel-air mixture inside the cavity is considered.  Once lit, 

the fuel pump is immediately changed to constant flow mode to more accurately control 

the flow of fuel coming into the combustor.  Also described in Chapter 3.5, a fuel flow of 

20 ml/min is set with the secondary air flow immediately but steadily increased to 0.7 

kg/min to keep the flame from blowing out and obtain a stable operating fuel-lean 

condition.   Table 13 displays optimal starting conditions for quick reference.         

 

Condition Lighting After Light
Ethylene (slpm) 2.45 OFF

Air (slpm) 25 OFF
Main Heater (ºF) 300 - 400 300 - 400

Secondary Heater (ºF) 200 - 300 200 - 300
Main Flow (kg/min) 1.3 1.3

Secondary Flow (kg/min) 0.13 0.7
Fuel Pump Mode Const Press Const Flow

Fuel Flow (ml/min) 25 - 35 20
Cavity φ 2.5 - 3.0 0.3  

Table 13.  Starting conditions for UCC 

 

Operational Regime  
 

Several operating conditions were experimented with to determine areas of fuel-

lean, fuel-rich, low emission, and efficient operation.  Each condition is given a number 

for ease of reference in the following discussion.  The combustor rig is fitted with 

pressure transducers and thermocouples.  Thermodynamic properties such as temperature 

 93 
 
 



 

and pressure were recorded for every operating condition using experimental data 

automatically generated in Lab-View.  The temperature data is used to plot temperature 

profiles of the combustor for different operating conditions.  Fig. 52 is a drawing of the 

combustor and shows main vane and cavity air flow direction as well as locations of 

various pressure transducers and thermocouples.   
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Fig. 52.  Drawing of UCC sectional rig using Solid Works
          

In addition to thermodynamic properties, notes were taken on the external 

properties of combustor operation such as flame size, shape, and color.  Appendix E 

contains a listing to include a name and location of each pressure transducer and 

thermocouple number.     

Combustion efficiency was calculated using two methods.  The first method used 

temperature data in addition to mass flow rates of air and fuel to calculate combustion 

efficiency in terms of enthalpy added to the flow, see equation 8.  The results are 

presented in this section.  The second method used emissions data from the main vane 
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exhaust to calculate combustor efficiency, see equation 7.  These results are located in the 

following section titled emissions analysis.   

Conditions 1 and 2 consisted of operating with various fuel-air mixtures through 

the combustor by performing equivalence ratio sweeps holding either fuel flow or air 

flow constant.  The fuel pump was operated in constant flow mode to ensure accuracy of 

fuel-air mixtures.  The equivalence ratio calculations for JP-8 and air found in section 3.2 

considered only the fuel-air mixture inside the cavity.   

For condition 1, fuel was held constant at 35.7 ml/min (.0267 kg/min) while air 

flow was varied giving a φ sweep of 0.445 - 1.4.  As mentioned previously, the 

equivalence ratio was only a function of air flow in the cavity, but in this condition the 

main vane air flow was also varied to hold the main vane to cavity air ratio constant at 

approximately 3.5.  Additional conditions were ran with various main vane to cavity air 

ratios and will be discussed in detail later.  Fig. 53 shows the amount of main vane and 

cavity air flow for each φ.  The airflow was controlled very precisely within  ± 0.015 

kg/min and ± 0.025 kg/min of the requested amount of main and cavity flow respectively.        
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Fig. 53.  UCC air flow vs. equivalence ratio (operating condition 1) 
 
 

The combustor operated well in condition 1.  A temperature profile was produced and the 

highest temperature recorded was at the main flow exit at φ = 1.4.  As expected the 

temperature at the main flow and cavity inlet changed the least.  At the exit, the 

temperature changed the most, increasing with equivalence ratio.  The data from these 

measurements and the amount of temperature increase from inlet to exit is shown in Fig. 

54. 
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Fig. 54.  UCC experimental temperature profile (operating condition 1) 
 

 

A small blue flame, representative of a fuel-lean mixture, protruded out the  

cavity exit for φ = 0.445.  As the fuel mixture approached stoichiometric conditions, the 

blue flame increased in size and became orange in color.  Fig. 55 shows pictures of the 

flames at fuel-lean and stoichiometric conditions respectively.   
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Fig. 55.  Combustor flames at cavity exit, φ = 0.445 and 1.0
 

As the fuel mixture became increasingly fuel-rich, the flame increased in sized.  The 

color became an orange-yellow mix at a φ of 1.4, see Fig. 56.  At this point the combustor 

was shut down due to the increased amount of exhaust exceeding the limits of the 

ventilation system in the lab.   

 

Fig. 56.  UCC fuel-rich flame (fuel constant at 0.0267 kg/min) 
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The highest combustion efficiency for this condition, using mass flow rates and 

temperature change across the combustor, was only 36 %.  This is shown in Table 14, a 

summary of operating condition 1.  A summary of all other operating conditions can be 

found in Appendix F.  

φcav φTot
Main Flow 
(kg/min)

Cavity Flow 
(kg/min) MF/CF ΔP/Pcavity 

(%)
ΔTMain 

(K)
ΔTcavity 

(K) ηb  (%)
0.445 0.10 3.16 0.88 3.61 4.41 87 92 32.45
0.5 0.11 2.81 0.78 3.61 3.66 93 74 29.08
0.6 0.13 2.34 0.65 3.62 2.79 120 88 30.65
0.7 0.15 2.01 0.56 3.61 2.15 166 126 36.28
0.8 0.17 1.76 0.49 3.59 1.66 159 150 32.05
0.9 0.20 1.57 0.43 3.61 1.41 181 170 32.47
1 0.22 1.41 0.39 3.60 1.17 209 188 33.33

1.1 0.24 1.28 0.36 3.59 0.98 216 185 31.10
1.2 0.26 1.17 0.33 3.59 0.87 249 200 32.39
1.3 0.28 1.08 0.31 3.53 0.80 274 205 32.58
1.4 0.31 0.99 0.29 3.45 0.67 301 210 32.26  

Table 14.  Condition 1 experimental data (fuel flow constant)

 

The overall equivalence ratio is denoted as φΤot for air flow in both the main vane and 

cavity.  The highest amount of pressure loss for this condition was a little over 4% and 

decreased with increasing φ.  This is very low since overall pressure loss is usually 

between 4 - 10%.  Pressure loss for the main vane was not calculated for any condition 

due to a faulty pressure transducer.   

For operating condition 2, main vane air flow and cavity flow were held constant 

at 0.7 kg/min and 1.1 kg/min respectively while fuel flow was varied giving a φ sweep of 

0.1 - 1.1.  The ratio of main vane flow to cavity flow was held constant at approximately 

1.6.  At φ = 0.1 the combustor would flame out.  This is at a fuel flow of 0.0048 kg/min.  

To remain lit, the fuel flow had to be increased to 0.00748 kg/min a φ of 0.156.  This 

turned out to be a very valuable data point.  It was the lowest amount of fuel flow for 
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which the combustor would remain lit.  Fig. 57 shows fuel flow in kg/min as a function 

of φ.    
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Fig. 57.  UCC fuel flow (operating condition 2) 
 

 

Notes about the flame at the cavity exit were recorded for each fuel flow rate.  

The flame was completely contained inside the cavity until a φ of 0.4 was reached.  At    

φ = 1.0 a large blue flame could be seen coming out of the cavity exit and two small blue 

flames could be seen coming from the main flow exit, see Fig. 58.   
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Fig. 58.  UCC “dual vortex” flame at stoichiometric conditions
 
 

The flame in the picture shows a very promising result.  It is the result of a trapped vortex 

inside the cavity.  This is due to air from the main vane flowing in the axial direction 

meeting air injected into the cavity.  In this case there appears to be two vortices.  This 

creates increased mixing of the fuel.  It is unclear what actually caused this type of flame 

since enough operating conditions were not evaluated to rule out the specific cause.  

However, if the air flow inside the cavity behaves in such a way if conditions are just 

right and the fuel mixture is rich enough, this second vortex will promote increased 

burning of the fuel.  This will mean the combustor is operating as it should.  Additional 

operating conditions will need to be evaluated to determine the root cause of this desired 

condition.  Shortly after this picture was taken the combustor was shut down.  The 

temperature profile for this condition is shown in Fig. 59. 
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Fig. 59.  UCC experimental temperature profile (operating condition 2) 

 
 

The highest efficiency for this condition was over 55 %.  The efficiencies increased and 

decreased as a function of equivalence ratio.  It is possible the fluctuations are due to 

changes in temperature from inlet to exit.  Since there was no change in air flow and the 

fuel pump was operated in constant flow mode for this condition, this could have been a 

result of the fuel being improperly atomized.  A summary of operating condition 2 can be 

found in Table 23 located in Appendix F.     

The next five conditions consisted of performing equivalence ratio sweeps of       

φ = 0.4 - 1.4 while varying the ratio of cavity air to main air and amount of fuel flow.  A 

matrix of test events was created to evaluate the combustor at each different operating 

condition.  Three air ratio settings and three fuel flow rate settings were chosen for a total 
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of nine conditions, see Table 15.  The previous operating conditions 1 and 2 are included 

in the table.   

  

Event Main Air / Cavity Air Fuel (kg/min)
Minimum 3.5 0.0075
Medium 10 0.0187

Maximum 15 0.0299

Condition
1 3.5 0.0267
2 1.6 0.0088 - 0.0524
3 3.5 0.0075
4 3.5 0.0299
5 10 0.0187
6 15 0.0075
* 15 0.0299
7 15 0.0112

* Exceeds limits of system

Test Event Matrix

 

Table 15.  Main & cavity air ratios tested for UCC operational regime 

 

Five conditions, encompassing minimums and maximums, were picked to examine the 

operating regime of the combustor based on something other than holding fuel or air flow 

constant.  In Table 15, condition 7 fuel flow was changed to 0.0112 kg/min because the 

required air flow to support the combustor at 0.0299 kg/min would have exceeded the 

main air flow system limits of 7.0 kg/min.  This table is reproduced in Appendix F and G 

for ease of reference with the data located there. 

 Data was not collected for condition 3.  Fuel was held constant at .0075 kg/min 

(10 ml/min) and the main air flow range was 0.957 - 0.273 kg/min with the cavity air 

flow range equal to 0.273 - 0.078 kg/min.  This fuel and air flow rate was too low to keep 
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the combustor lit and the corresponding equivalence ratio sweep of 0.4 - 1.4 could not be 

performed.     

 The combustor exhibited stable operation using condition 4.  The main air flow 

range was 3.826 - 1.093 kg/min and the cavity air flow range was 1.093 - 0.312 kg/min 

creating a main to cavity air ratio of 3.5.  Fuel was held constant at 0.0299 kg/min and 

airflow was varied creating a φ range of 0.4 - 1.4 in the cavity.  The flame at the cavity 

exit displayed similar features of other conditions but a dual vortex flame was never 

produced.  It was blue for a fuel-lean mixture and mostly yellow for a fuel-rich mixture.  

Fig. 60 shows three pictures of the combustor operating in condition 4 at a φ of 0.7, 1.0, 

and 1.6 from left to right.     

               

 

Fig. 60.  UCC flames, φ = 0.7, 1.0, and 1.6 (air ratio = 3.5, fuel = 0.0299 kg/min, airflow varied)
 
 

Flames started to come out of the main flow exit at about φ = 1.6 as seen in the far right  

picture.  This meant at fuel rich conditions, not all of the fuel being injected was 

combusted in the vortex cavity and therefore burned in the main flow channel.  This is 

not optimal because combustion needs to remain inside the cavity for the most efficient 

extraction of the chemical energy.  This was a rare result and will be discussed further in 
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the following section.  The combustor was operated up to φ = 1.8 where a temperature of 

836 K was reached in the main vane exit.  Fig. 61 shows the temperature profile of 

operating condition 4.       
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Fig. 61.  UCC experimental temperature profile (operating condition 4) 
 

The unique feature about this profile is it shows the largest temperature increase for any 

condition.  Also uncharacteristic, is the cavity exit temperature becoming constant and 

the main vane temperature continuing to increase.  Even though the temperature 

continues to increase, the efficiencies eventually reach a peak.  This is possibly due to 

improper atomization of the fuel as in previous conditions.  Table 19, located in 

Appendix F, summarizes operating condition 4 of the combustor.      

In condition 5, the main air flow range was 6.785 - 1.241 kg/min and the cavity 

air flow range was 0.686 - 0.118 kg/min while fuel was held constant at 0.0299 kg/min.  

 105 
 
 



 

 
Working; PLEASE WAIT! 
OUTPUT READY 
 
Use ctrl-s to stop/start the screen display. 
 
Do you want to see the JANNAF data used? 
 
On IBM-PC, use <ctrl-PrtSc> to start printer (optional). 
 
Computed properties 
 
   atoms         population 
     C         1.60000000E-03 
     H         4.00000000E+00 
     O         2.00320000E+00 
     N         7.52000000E+00 
 
Reactants at P =  1.000E+00 atmospheres 
 
 species        mol fraction    mol fraction    mass fraction      mols* 
                in the phase     in mixture      in mixture 
 
phase  1:  molal mass =   20.917 kg/kmol  T =  298.00 K 
 H2              .29579E+00      .29579E+00      .28508E-01     2.00000E+00 
 N2              .55608E+00      .55608E+00      .74474E+00     3.76000E+00 
 O2              .14789E+00      .14789E+00      .22625E+00     1.00000E+00 
 CO2             .23663E-03      .23663E-03      .49788E-03     1.60000E-03 
 
Calculations made using frozen composition. 
 
* Species mols for the atom populations in mols. 
 
Mixture properties:   molal mass =   20.917 kg/kmol 
   P = 1.0133E+05 Pa     V = 1.1690E+00 m**3/kg 
   U =-1.2308E+05 J/kg     H =-4.6284E+03 J/kg   S = 8.7750E+03 J/kg-K 
 
Made    0 (T,P) iterations;    0 equilibrium iterations; v 3.96  IBM-PC 
 
On IBM-PC, use <ctrl-PrtSc> to stop printer (optional). 
 
This is the CURRENT SETUP: 
 
Reactant phase  1:   mols 
      H2          2.00000E+00 
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      N2          3.76000E+00 
      O2          1.00000E+00 
      CO2         1.60000E-03 
Do you want to CHANGE the SETUP? Y 
 
Change options: 
  0  No changes; ready to select run option. 
  1  Select species from a DIFFERENT DATA FILE 
  2  Select DIFFERENT SPECIES (same data file) 
  3  Change REACTANT MOLS (same reactants) 
  4  Quit STANJAN 
 
Change option?  2 
 
Do you want to select REACTANTS or PRODUCTS (r/p)? P 
 
Species data file: COMB.SUD 
 
 C         C(S)      CH4       CO        CO2       C12H26    C3H8      H 
 HO        H2        H2O       H2O(L)    N         NC8H18    NO        NO2 
 N2        O         O2 
 
PRODUCTS selection: each PHASE is a homogeneous mixture of PRODUCTS. 
 
Type the species in phase  1, separated by commas or blanks; <return> = done. 
   * = all gas species    # = all condensed species    ? = help! 
 
H O N H2 HO CO NO O2 H2O CO2 N2 
 
Species data file: COMB.SUD 
 
 C         C(S)      CH4       CO        CO2       C12H26    C3H8      H 
 HO        H2        H2O       H2O(L)    N         NC8H18    NO        NO2 
 N2        O         O2 
 
PRODUCTS selection: each PHASE is a homogeneous mixture of PRODUCTS. 
 
Type the species in phase  2, separated by commas or blanks; <return> = done. 
   * = all gas species    # = all condensed species    ? = help! 
 
Do you want to CHECK the ATOMS in the molecules?<return> 
 
This is the CURRENT SETUP: 
 
Atom      population 
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  C       1.60000000E-03 
  H       4.00000000E+00 
  O       2.00320000E+00 
  N       7.52000000E+00 
Product phase  1: 
 H         O         N         H2        HO        CO        NO        O2 
 H2O       CO2       N2 
 
Do you want to CHANGE the SETUP?<return> 
 
Run options: 
 
  0  Abort and redo setup 
  1  Specified T and P 
  2  Specified T and V 
  3  Specified T and S 
  4  Specified P and V 
  5  Specified P and H 
  6  Specified P and S 
  7  Specified V and U 
  8  Specified V and H 
  9  Specified V and S 
 10  A matrix of specified P,T cases (LOTUS file option) 
 11  P and H same as last run 
 12  V and U same as last run 
 13  Specified T, S same as last run 
 14  Specified P, S same as last run 
 15  Specified V, S same as last run 
 16  Chapman-Jouguet detonation of last-run mixture 
 17  One of the above at specified composition 
 18  One of the above under specified linear constraints 
 
Enter run option: 11 
 
Enter estimated T (K): 2000 
 
The sound speed can be calculated, but then the calculations take longer. 
 
Do you want the SOUND SPEED?<return> 
 
Do you want to SAVE the run OUTPUT in a file? Y (this will put the file in the same 
directory STANJAN is located) 
 
WARNING!  Be sure a disk on which you want to write is in its drive 
BEFORE you give the file name.  If you get an error message attempting 
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to write, do NOT change disks because MS-DOS may destroy the new disk 
directory!  Instead, Abort, or use ctrl-c to go to DOS and start over. 
 
SAVE file name? PHI 1 (name arbitrarily chosen) 
 
Is this an existing file? N 
 
Do you want to keep the data now in the file?<return> 
 
Do you want to MONITOR the run (probably not)?<return> 
 
Working; PLEASE WAIT! 
Next time try the state iteration monitor! 
 
OUTPUT READY 
 
Use ctrl-s to stop/start the screen display. 
 
Do you want to see the JANNAF data used? 
 
On IBM-PC, use <ctrl-PrtSc> to start printer (optional). 
 
Computed properties 
 
Independent      population         element 
   atom                            potential 
     C         1.60000000E-03        -26.2618 
     H         4.00000000E+00        -12.1080 
     O         2.00320000E+00        -17.3633 
     N         7.52000000E+00        -13.9866 
 
Products at T =   2382.03 K    P =  1.000E+00 atmospheres 
 
2382.03 K is the adiabatic flame temperature 
 
 species        mol fraction    mol fraction    mass fraction      mols* 
                in the phase     in mixture      in mixture 
 
phase  1:  molal mass =   24.277 kg/kmol 
 H               .17968E-02      .17968E-02      .74603E-04     1.04678E-02 
 O               .54188E-03      .54188E-03      .35713E-03     3.15683E-03 
 N               .73555E-07      .73555E-07      .42441E-07     4.28509E-07 
 H2              .15286E-01      .15286E-01      .12693E-02     8.90500E-02 
 HO              .68379E-02      .68379E-02      .47902E-02     3.98352E-02 
 CO              .58724E-04      .58724E-04      .67754E-04     3.42108E-04 

 134 
 
 



 

 NO              .26621E-02      .26621E-02      .32905E-02     1.55085E-02 
 O2              .48100E-02      .48100E-02      .63398E-02     2.80215E-02 
 H2O             .32370E+00      .32370E+00      .24022E+00     1.88580E+00 
 CO2             .21592E-03      .21592E-03      .39142E-03     1.25789E-03 
 N2              .64409E+00      .64409E+00      .74320E+00     3.75225E+00 
 
* Species mols for the atom populations in mols. 
 
Mixture properties:   molal mass =   24.277 kg/kmol 
   T =  2382.03 K          P = 1.0133E+05 Pa     V = 8.0511E+00 m**3/kg 
   U =-8.2040E+05 J/kg     H =-4.6287E+03 J/kg   S = 1.1075E+04 J/kg-K 
 
Made    6 (T,P) iterations;   27 equilibrium iterations; v 3.96  IBM-PC 
 
On IBM-PC, use <ctrl-PrtSc> to stop printer (optional). 
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APPENDIX C:  Image Analysis using Win-View 32 Software 
 

1.  Open Win-View 32 Software 
2.   Focus the camera 
 a. Click the blue button lower left side (brings up experimental set-up), see Fig. 

75 
 

 

  
 
b.  Fig. 76 will appear and choose desired tab 
 

 

 

Fig. 75.  Win-View 32 control panel

Fig. 76.  Win-View 32 experimental setup tabs
 

  
b.  Set gain to 0 
 c. Select shutter mode 
 d.   Push Focus 
3.  Take an image (take background first with laser sheet only, no flame) bring up 

experimental set-up again 
 a.   Set gain to 255  
 b.  Select Gate mode  
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 c.   Set desired Number of Images – 50 in this case 
 d. Select data file tab – select file location and name it 
 e.  Go back to main tab  
 f. Push Acquire 
4.   Average images 
 a.  Open an image to average 
 b.  Click the button lower right side (looks like paper with 1 on it) 
 c.  Average window comes up – check the box to average and click process 
 d. Name the file 
5.  Subtract back ground from the averaged images 
 a.  Select Process -  located where File, Edit, View, etc. are found, see Fig. 75 
 b.  Select Image Math, Fig. 77 will appear  
 
 

 
Fig. 77.  Win-View 32 image math window

  
  
c.   Tab A – select the image to subtract background from 

d.  Tab Operation – select subtraction 
e. Tab B – select the background to subtract 

6. Get an average intensity  
 a.  Select Process on Fig. 75 
 b. Select Statistics, Fig. 78 will appear 
 c.  Select area of interrogation – choose XRange and YRange  
 d. Click OK – a window will come up giving average intensity and standard 

deviation for the particular area 
 e. Record the intensity and standard deviation    
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Fig. 78.  Win-View 32 statistics window
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APPENDIX D:  Newport Universal Motion Controller Operation 
 

1.   Power ON controller 
2. Turn ON buttons 1 and 2 for positions 1 and 2 
3.   Open ESP Utility software 
4. Select Serial (RS232) 
5. Click OPEN port 
6. When asked if you want to reset controller – click NO 
7.  A window will appear stating:  

“ESP300 Detected on Tower 3”    
“Axis 1 Detected” 
“Axis 2 Detected” 
a.  Click OK 

8. Click Terminal – ASCII Command Terminal will open -  issue commands here 
for movement 

 a. 1pa1 moves the component (if on axis 1) 1 mm forward 
 b. 1pa-1 moves the component 1 mm backward 
 c. 2pa1 moves the component (if on axis 2) 1 mm left 
 d. 2pa-1 moves the component 1 mm right 
 
*left, right, forward, and backward will depend on how components are arranged 
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APPENDIX E:  VI Output File Key 
 
1.  THC Output 
2.  NOX Output 
3.  CO2 Output 
4.  CO Output 
5.  O2 Output   
6.  THC Oven Temperature 
7.  Conv Temp 
8.  NOX Oven Temperature 
9.  Combustor Main Pressure (PT1) 
10.  Combustor Main Vane Inlet Pressure (PT2) 
11.  Main Temperature from FOX BOX 
12.  Main Flow from FOX BOX 
13.  Main Temperature from Heater 
14.  Combustor Main Vane Differential Pressure (PT4) 
15.  Secondary Flow Line Wall Inlet Pressure (PT3) 
16.  Combustor Cavity Inlet Pressure (PT6) 
17.  Secondary Temperature from FOX BOX 
18.  Secondary Flow from FOX BOX 
19.  Secondary Temperature from Heater 
20.  Combustor Cavity Differential Pressure (PT5) 
21.  Liquid Fuel Pressure (PT8) 
22.  Ambient Pressure (PT9) 
23.  Gas Fuel Pressure (PT7) 
24.  Gaseous Fuel Flow 
25.  Main Line Wall Inlet Temperature (TC1) 
26.  Combustor Main Vane Inlet Temperature (TC2) 
27.  Secondary Line Wall Inlet Temperature (TC3) 
28.  Combustor Cavity Inlet Temperature (TC4) 
29.  Liquid Fuel Temperature (TC5) 
30.  Oil Temperature at Combustor (TC6) 
31.  Gaseous Fuel Temperature (TC7) 
32.  Combustor Main Vane Exit Temperature (TC8) 
33.  Combustor Cavity Exit Temperature (TC9) 
34.  Combustor Cavity Back Wall Temperature (TC10) 
35.  Temperature 
36.  Humidity 
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APPENDIX F:  Summary of UCC Operating Condition Data 
 

Event Main Air / Cavity Air Fuel (kg/min)
Minimum 3.5 0.0075
Medium 10 0.0187

Maximum 15 0.0299

Condition
1 3.5 0.0267
2 1.6 0.0088 - 0.0524
3 3.5 0.0075
4 3.5 0.0299
5 10 0.0187
6 15 0.0075
* 15 0.0299
7 15 0.0112

* Exceeds limits of system

Test Event Matrix

 
 

φcav φTot
Fuel Flow 
(kg/min)

ΔP/Pcavity 

(%)
ΔTMain 

(K)
ΔTcavity 

(K) ηb  (%)
0.10 0.04 0.0048 2.31 54 64 55.47
0.20 0.08 0.0096 2.29 48 44 23.23
0.30 0.12 0.0144 2.35 48 29 14.12
0.40 0.16 0.0192 2.52 71 50 15.78
0.50 0.19 0.0239 2.60 97 83 17.89
0.60 0.23 0.0287 2.70 159 152 24.72
0.70 0.27 0.0335 2.76 181 167 23.83
0.80 0.31 0.0383 2.83 223 202 25.39
0.90 0.35 0.0431 2.83 264 247 27.01
1.00 0.39 0.0479 2.79 189 177 17.89
1.10 0.43 0.0524 2.69 189 187 16.79  

Table 18.  Condition 2 experimental data (air flow constant) 
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φcav φTot
Main Flow 
(kg/min)

Cavity 
Flow 

(kg/min)

ΔP/Pcavity 

(%)
ΔTMain 

(K)
ΔTcavity 

(K) ηb  (%)
0.4 0.09 3.80 1.09 4.22 50 63 21.83
0.5 0.11 3.03 0.87 5.78 63 60 20.43
0.6 0.13 2.54 0.73 3.03 72 64 19.40
0.7 0.16 2.18 0.62 2.45 104 85 23.14
0.8 0.25 1.18 0.54 1.90 142 113 19.34
0.9 0.20 1.70 0.49 1.69 174 164 30.67
1 0.22 1.53 0.44 1.44 206 181 32.11

1.1 0.25 1.39 0.40 1.22 233 185 32.34
1.2 0.27 1.26 0.36 1.05 260 193 32.31
1.4 0.30 1.12 0.32 0.88 295 202 32.17
1.6 0.36 0.95 0.27 0.66 371 206 32.99
1.8 0.40 0.85 0.24 0.55 433 208 33.78  

Table 19.  Condition 4 experimental data

 

φcav φTot
Main Flow 
(kg/min)

Cavity Flow 
(kg/min)

ΔP/Pcavity (%) ΔTMain 

(K)
ΔTcavity 

(K) ηb  (%)
0.4 0.04 6.78 0.69 2.05 35 35 33.24
0.5 0.05 5.46 0.55 1.42 49 33 36.76
0.6 0.05 4.70 0.46 1.06 60 45 38.40
0.7 0.06 3.86 0.39 0.83 67 52 35.95
0.8 0.07 3.40 0.34 0.70 76 57 35.49
1 0.09 2.72 0.27 0.58 96 69 35.85

1.2 0.11 2.26 0.23 0.53 124 88 38.45
1.4 0.13 1.94 0.20 0.46 151 106 40.30
1.8 0.16 1.52 0.15 0.22 147 111 31.04
2 0.18 1.36 0.14 0.22 121 86 23.18

2.2 0.20 1.24 0.12 0.18 147 82 25.08  

Table 20.  Condition 5 experimental data

 

φcav φTot
Main Flow 
(kg/min)

Cavity 
Flow 

(kg/min)

ΔP/Pcavity 

(%)
ΔTMain 

(K)
ΔTcavity 

(K) ηb  (%)
0.4 0.20 4.05 0.27 0.28 68 59 91.34
0.6 0.25 2.72 0.22 0.23 67 49 61.27
0.8 0.39 2.04 0.14 0.11 78 39 52.08
1 0.48 1.60 0.11 0.10 90 40 47.30

1.2 0.73 1.37 0.07 0.06 94 45 42.46  

Table 21.  Condition 6 experimental data
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φcav φTot
Main Flow 
(kg/min)

Cavity Flow 
(kg/min)

ΔP/Pcavity 

(%)
ΔTMain 

(K)
ΔTcavity 

(K) ηb  (%)
0.4 0.03 5.32 0.41 0.59 39 47 48.23
0.5 0.03 4.89 0.34 0.31 33 23 35.35
0.6 0.04 4.01 0.28 0.32 58 23 50.19
0.7 0.04 3.51 0.23 0.23 72 49 55.55
0.8 0.05 3.07 0.20 0.19 75 53 50.70
1 0.06 2.45 0.16 0.15 82 53 44.13

1.2 0.08 2.04 0.13 0.13 95 57 42.72
1.4 0.09 1.75 0.12 0.11 111 65 42.79  

Table 22.  Condition 7 experimental data
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APPENDIX G:  Additional UCC Emissions Data 
 

Event Main Air / Cavity Air Fuel (kg/min)
Minimum 3.5 0.0075
Medium 10 0.0187

Maximum 15 0.0299

Condition
1 3.5 0.0267
2 1.6 0.0088 - 0.0524
3 3.5 0.0075
4 3.5 0.0299
5 10 0.0187
6 15 0.0075
* 15 0.0299
7 15 0.0112

* Exceeds limits of system

Test Event Matrix
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Fig. 79.  UCC UHC emissions versus cavity equivalence ratio
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Fig. 80.  UCC CO emissions versus cavity equivalence ratio 

 

0.0E+00

5.0E-05

1.0E-04

1.5E-04

2.0E-04

2.5E-04

3.0E-04

3.5E-04

0 0.5 1 1.5 2 2.5
Cavity Equivalence Ratio

N
O

x 
EI

Condition 2
Condition 4
Condition 5
Condition 6
Condition 7

 
Fig. 81.  UCC NOx emissions versus cavity equivalence ratio 
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Fig. 82.  UCC UHC emissions data versus temperature
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Fig. 83.  UCC CO emissions data versus temperature
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Fig. 84.  UCC NOx emissions data versus temperature
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Fig. 85.  UCC efficiency as a function of cavity equivalence ratio
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φ CO (ppm) NO (ppm) NO2 (ppm) NOx (ppm) UHC (ppm) % CO2 - IR
0.2 223 0.7 0.3 1.1 1810 0.44
0.4 235 0.6 0.5 1.1 1870 0.48
0.6 344 1.2 0.5 1.7 1980 0.53
0.8 457 1.6 0.5 2.1 2040 0.58
1 614 1.9 1 3 2170 0.62

1.2 733 2.3 1 3.3 2250 0.65  

Table 23.  Operating condition 2 emissions data

 
 

φ CO (ppm) NO (ppm) NO2 (ppm) NOx (ppm) UHC (ppm) % CO2 - IR
0.6 621.1 1.3 0.5 1.8 1983 0.59
0.8 1467.1 3.3 1 4.4 2153 1.18
1 767.9 2.4 1 3.5 2360 0.8

1.2 775 2.3 1.4 3.7 2530 0.88  

Table 24.  Operating condition 4 emissions data

 
 

φ CO (ppm) NO (ppm) NO2 (ppm) NOx (ppm) UHC (ppm) % CO2 - IR
0.4 125 0 0.3 0.3 3660 0.36
0.6 244 0 0.2 0.2 3660 0.39
0.8 562 0.7 0.3 1.1 3820 0.58
1 583 1 0.7 1.7 3900 0.68

1.2 1350 1.5 1.2 2.7 4050 0.86
1.8 1656 2.4 1 3.4 4130 0.97
2 1284 3.3 0.9 4.1 3930 0.87

2.2 1573 3.4 1.6 4.9 4280 1.06  

Table 25.  Operating condition 5 emissions data

 
 

φ CO (ppm) NO (ppm) NO2 (ppm) NOx (ppm) UHC (ppm) % CO2 - IR
0.4 436 1.5 0.9 2.4 3590 0.59
0.6 597 1.9 0.9 2.8 3670 0.6
0.8 548 1.6 0.9 2.5 3660 0.63
1 508 1.6 1 2.7 3620 0.64

1.2 511 1.6 1 2.7 3630 0.64  

Table 26.  Operating condition 6 emissions data
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φ CO (ppm) NO (ppm) NO2 (ppm) NOx (ppm) UHC (ppm) % CO2 - IR
0.4 120 1.5 0.3 1.9 3420 0.49
0.5 118 1.2 0.3 1.5 3250 0.39
0.6 187 1.3 0.5 1.8 3310 0.54
0.7 385 1.4 0.3 1.7 3350 0.47
0.8 278 1.3 0.7 2 3310 0.47
1 547 1.6 0.7 2.3 3440 0.5

1.2 674 1.6 0.7 2.3 3540 0.56
1.4 372 1.8 0.7 2.5 3410 0.52  

Table 27.  Operating condition 7 emissions data
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