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Abstract 

ABSTRACT 
 

The effects that thermal and compositional stratification have on homogeneous 

charge compression ignition (HCCI) combustion were studied using an optically 

accessible internal combustion engine.  A stratified flowfield was developed in the engine 

by feeding each intake valve of the four-valve engine with independent intake systems. 

Planar laser-induced fluorescence (PLIF) of 3-pentanone that was introduced 

through only one intake valve indicated significant mixing between the two intake 

streams.  A number of different intake-flow modifying devices were used in an attempt to 

maximize the amount of bulk stratification maintained throughout compression, but only 

when using top- and inside-directing intake baffles were significant improvements over a 

simple, straight-runner system observed.  The bulk stratification maintained throughout 

compression, measured as the average deviation of the mean fluorescence profile from 

the mean homogeneous fluorescence profile, increased by 36% when using the top-

directing baffles and by 30% when using the inside-directing baffles compared to when 

using the same runner with no baffles. 

The combination of cylinder pressure, engine-out emissions, and high-speed 

chemiluminescence measurements were used to evaluate the effects that stratification had 

on HCCI combustion. The cylinder pressure and emissions data showed little-to-no 

difference when comparing the combustion under homogeneous operation to combustion 
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under stratified operation at a constant location of peak pressure.  Large differences, 

however, could be observed in the spatial progression of the HCCI combustion.  

Qualitative observations of the manner in which the combustion proceeded indicated that 

±60 K temperature stratification, ±25% fuel concentration stratification, and ±7 air-fuel 

ratio stratification all similarly affected the combustion progression. 

A dual-tracer PLIF temperature imaging technique was calibrated in situ and 

applied under motored and fired engine operation.  Initial experiments under motored 

engine operation showed that the dual-tracer PLIF technique, with 3-pentanone and 

triethylamine as the tracers, achieved sufficient temperature precision to measure single-

shot temperature variations of ±2.3 K (±1σ) with an intensified camera or ±1.4 K (±1σ) 

with an unintensified camera.  Mean temperature profiles acquired with thermally 

stratified intake conditions showed a 5 K gradient across the combustion chamber.  When 

applied under fired operation, the high in-cylinder temperatures resulted in low 

fluorescence signals and limited the ability to precisely measure temperature variations 

resulting from introduced thermal stratifications. 

 



 

iii

Acknowledgements 

ACKNOWLEDGEMENTS 
 

Sincerest gratitude must be extended to the many who have contributed to my 

successful journey through graduate school.  I would first like to thank Professor Jaal 

Ghandhi for his mentorship throughout the course of this work.  His ability to provide 

invaluable guidance while still allowing me the freedom to explore ideas on my own has 

greatly attributed to my growth as a scientist, and for that I am grateful. 

Thanks need to be given to Professor Dave Foster for numerous discussions that 

have greatly improved the quality of this research.   Jim Eng, Paul Najt, and Dave Reuss 

from General Motors are to be thanked for technical support and for providing an 

industry-minded viewpoint to my research results.      

Many thanks go out to my colleagues at the Engine Research Center, past and 

present.  You have provided technical assistance, endless hours of useful discussion, 

comic relief during stressful times, and most importantly valuable friendships that have 

made my time here fly by.  I would also like to thank my friends and family for all of 

their support and understanding when I couldn’t always make it to a family gathering or 

to that not-so-annual golf trip. 

Finally, words cannot adequately describe how much gratitude needs to be 

extended to my beautiful wife Jamie for her unwavering love and support.  Her 

understanding of the demanding requirements of graduate student life, her patience when 



 

iv 

my degree program took longer than expected, her endless encouragement, and her many 

other wonderful character traits have made life a joy.  I’m truly excited to see where our 

future journeys take us. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Funding for this project was provided by General Motors. 



 

v

Table of Contents 

TABLE OF CONTENTS 
 

Abstract ................................................................................................................................ i 

Acknowledgements............................................................................................................ iii 

Table of Contents................................................................................................................ v 

List of Figures .................................................................................................................... xi 

List of Tables .................................................................................................................... xx 

Nomenclature.................................................................................................................. xxii 

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

1.1. Motivation................................................................................................................ 1 

1.2. Objective.................................................................................................................. 2 

1.3. Outline ..................................................................................................................... 2 

Chapter 2. Review of Literature.......................................................................................... 4 

2.1. Homogeneous Charge Compression Ignition (HCCI) Combustion ........................ 4 

2.1.1. Benefits and Deficiencies ................................................................................. 4 

2.1.2. Effects of Charge Stratification on HCCI Combustion .................................... 6 

2.2. Bulk In-Cylinder Stratification .............................................................................. 11 

2.2.1. Axial Stratification.......................................................................................... 11 

2.2.2. Barrel Stratification......................................................................................... 13 

2.3. Planar Temperature Measurements ....................................................................... 17 



 

vi 

2.3.1. Laser Rayleigh Scattering ............................................................................... 17 

2.3.2. Laser-Induced Fluorescence ........................................................................... 19 

2.3.3. PLIF-Based Temperature Measurements........................................................ 23 

2.3.4. Combustion Visualization............................................................................... 29 

Chapter 3. Experimental Facility ...................................................................................... 34 

3.1. Engine Systems...................................................................................................... 34 

3.1.1. Optically Accessible Engine ........................................................................... 34 

3.1.2. Dynamometer.................................................................................................. 36 

3.1.3. Intake and Exhaust Systems............................................................................ 36 

3.1.4. Intake Charge Heating .................................................................................... 38 

3.1.5. Intake Charge Delivery Hardware .................................................................. 38 

3.1.6. Gaseous Flow Metering .................................................................................. 42 

3.1.7. Fuel Delivery System...................................................................................... 45 

3.1.8. Coolant System ............................................................................................... 47 

3.1.9. Oil System....................................................................................................... 47 

3.1.10. Crankcase Vacuum System........................................................................... 48 

3.2. Test Cell Instrumentation....................................................................................... 48 

3.2.1. Cylinder Pressure ............................................................................................ 48 

3.2.2. Exhaust Gas Analyzer..................................................................................... 49 

3.2.3. Test Cell Parameters ....................................................................................... 50 

3.3. Combustion Diagnostic Components .................................................................... 51 

3.3.1. Lasers .............................................................................................................. 51 



 

vii

3.3.2. Cameras........................................................................................................... 55 

3.3.3. Optical Filters.................................................................................................. 56 

Chapter 4. Investigation of Bulk In-Cylinder Stratification with Split Intake Runners ... 58 

4.1. Introduction............................................................................................................ 58 

4.2. In-Cylinder Mixing Measurements........................................................................ 59 

4.2.1. Engine Operation ............................................................................................ 59 

4.2.2. Image Acquisition and Correction .................................................................. 60 

4.2.3. Image Statistics ............................................................................................... 63 

4.3. Results and Discussion .......................................................................................... 70 

4.3.1. Intake and Compression Mixing..................................................................... 70 

4.3.2. Effect of Intake Runner Geometry.................................................................. 74 

4.3.3. Effect of Flow-Directing Baffles .................................................................... 79 

4.3.4. Effect of Flow Break-Down Screens .............................................................. 84 

4.4. Discussion.............................................................................................................. 86 

Chapter 5. High Speed Chemiluminescence Imaging of the Effects of Stratification on 

HCCI Combustion ............................................................................................................ 87 

5.1. Introduction............................................................................................................ 87 

5.2. Operating Conditions............................................................................................. 88 

5.2.1. Baseline HCCI Operation ............................................................................... 88 

5.2.2. Stratified Engine Operation ............................................................................ 90 

5.3. Data Analysis....................................................................................................... 100 

5.3.1. Heat Release.................................................................................................. 100 



 

viii

5.3.2. Chemiluminescence Movies ......................................................................... 103 

5.4. Results.................................................................................................................. 111 

5.4.1. Compositionally and Thermally Homogeneous ........................................... 111 

5.4.2. Thermal Stratification with Homogeneous Composition ............................. 112 

5.4.3. Stratified Fuel Concentration and A/F with Near-Homogeneous TTDC........ 115 

5.4.4. Stratified Fuel Concentration and TTDC with Homogeneous A/F................. 118 

5.4.5. Stratified Fuel Concentration, A/F and TTDC ................................................ 123 

5.5. Discussion............................................................................................................ 127 

5.5.1. Relative Magnitude of Fuel Concentration, A/F, and Compression 

Temperature Stratification Effects .......................................................................... 127 

5.5.2. Applicability of Charge Stratification in Production Engines ...................... 132 

Chapter 6. Temperature Imaging Using the Dual-Tracer Planar Laser-Induced 

Fluorescence Technique.................................................................................................. 137 

6.1. Introduction.......................................................................................................... 137 

6.2. Estimated Precision of Optical Temperature Measurements............................... 138 

6.2.1. Noise Considerations .................................................................................... 138 

6.2.2. Estimated Precision of Laser Rayleigh Scattering........................................ 141 

6.2.3. Estimated Precision of Dual-Wavelength, Single-Tracer PLIF.................... 143 

6.2.4. Estimated Precision of Dual-Tracer, Single-Wavelength PLIF.................... 147 

6.3. Selection of Temperature Imaging Technique..................................................... 150 

6.4. In Situ Calibration of Dual-Tracer PLIF Technique............................................ 153 

6.4.1. Excitation Laser Pulse Delivery.................................................................... 154 



 

ix

6.4.2. Timing Electronics........................................................................................ 155 

6.4.3. Image Acquisition......................................................................................... 158 

6.4.4. Image Processing .......................................................................................... 161 

6.5. Tracer Selection ................................................................................................... 164 

6.6. Application........................................................................................................... 167 

6.6.1. Calibration Conditions .................................................................................. 169 

6.6.2. Estimated In-Cylinder Temperature ............................................................. 171 

6.6.3. Calibration Results........................................................................................ 173 

6.6.4. Application Results – Thermal Stratification ............................................... 175 

6.6.5. Application Results – Compositional & Thermal Stratification................... 182 

6.7. Discussion............................................................................................................ 188 

Chapter 7. Summary, Discussion, and Recommendations ............................................. 190 

7.1. Summary.............................................................................................................. 190 

7.1.1. Results – Bulk Stratification ......................................................................... 190 

7.1.2. Results – Chemiluminescence Measurements .............................................. 192 

7.1.3. Results – Dual-Tracer PLIF .......................................................................... 194 

7.2. Recommendations................................................................................................ 195 

7.2.1. Bulk Stratification......................................................................................... 195 

7.2.2. Chemiluminescence ...................................................................................... 196 

7.2.3. Dual-Tracer PLIF.......................................................................................... 197 

References....................................................................................................................... 200 

Appendix A. Bulk Stratification PDFs and PDF Contours............................................. 211 



 

x 

Appendix B. EES Equations for Calculating Local In-Cylinder Mixture Properties ..... 224 

Appendix C. Image Processing Code for Chemiluminescence Movies ......................... 226 

C.1. MATLAB Function for Extracting Data from .cin Files................................. 226 

C.2. Complete MATLAB Code for Chemiluminescence Analysis............................ 227 

Appendix D. EES Equations for Estimating the Precision of Temperature Imaging 

Techniques ...................................................................................................................... 233 

D.1. Laser Rayleigh Scattering ................................................................................... 233 

D.2. Single-Tracer, Dual-Wavelength PLIF............................................................... 234 

D.3. Dual-Tracer, Single-Wavelength PLIF............................................................... 237 

Appendix E. MATLAB Code for Dual-Tracer PLIF Image Analysis............................ 239 

E.1. Complete MATLAB Code for Dual-Tracer PLIF Image Analysis..................... 239 

E.2. MATLAB Function for a Gaussian Curve Fit..................................................... 250 

Appendix F. EES Equations for Calculating Shot-Noise-Limited Temperature Precision 

of Dual-Tracer PLIF ....................................................................................................... 251 

 



 

xi

List of Figures 

LIST OF FIGURES 
 

Figure 2.1.  PLIF images of the OH radical acquired shortly after autoignition of 
HCCI combustion with homogeneous fuel, temperature, and residual 
gas.  The presence of OH (white) indicates the presence of combustion 
and illustrates the spatial non-uniformity of HCCI combustion.  Taken 
from [24]. .....................................................................................................7 

Figure 2.2.  Air and fuel flow in the “Axially-Stratified-Charge” engine for (a) the 
best injection timing (BIT) and (b) the worst injection timing (WIT).  
Taken from [47]. ........................................................................................12 

Figure 2.3.  Graphical representation of the “Barrel-Stratification” concept 
employed in the Mitsubishi “Vertical Vortex” engine.  Taken from 
[48]. ............................................................................................................14 

Figure 2.4.  Performance results for the Mitsubishi “Vertical Vortex” (MVV) 
engine and its improvement over the base engine not employing 
“Barrel-Stratification.”  Taken from [48]. .................................................15 

Figure 2.5.  Intake port flow manipulation devices used by (a) Ricardo, (b) Brunel 
University, and (c) the University of Karlsruhe, all of which resulted in 
increase in-cylinder tumble........................................................................16 

Figure 2.6.  Jablonski diagram showing the photophysical processes of electronic 
excitation and deactivation of an organic molecule...................................20 

Figure 3.1. Cross sectional view of optically accessible engine with drop-down 
liner assembly. ...........................................................................................35 

Figure 3.2.  Detailed schematic of the intake system for the optically accessible 
engine.........................................................................................................42 

Figure 3.3.  Intake runner geometries utilized.  Runner SS is constructed of welded 
stainless steel, while runners Cu1, Cu2, Cu3, and Cu4 are constructed 
of soldered copper tubing...........................................................................39 

Figure 3.4.  Flow-directing baffles used to direct the intake flows towards a specific 
portion of the intake valves........................................................................41 

Figure 3.5.  Flow break-down screen attached to an intake valve. ...............................41 



 

xii 

Figure 3.6.  Calibration air mass flow rate data and linear fits for 1.61 mm, 1.17 
mm, 0.635 mm, and 0.508 mm orifices. ....................................................42 

Figure 3.7.  Calibration nitrogen mass flow rate data and linear fits for 1.18 mm, 
0.635 mm, and 0.508 mm modular orifices. ..............................................42 

Figure 3.8.  Calibration argon mass flow rate data and linear fits for 1.18 mm and 
0.635 mm modular orifices. .......................................................................44 

Figure 3.9.  Calibration oxygen mass flow rate data and linear fit for the 0.508 mm 
modular orifice...........................................................................................45 

Figure 3.10.  Custom fuel pump for the air-assisted fuel injector.  The differential 
pressure regulator ensures a 69 kPa difference between the fuel and air 
pressure, regardless of the air pressure magnitude. ...................................46 

Figure 3.11.  Layout of the EKSPLA NL303D laser system.  Included in the laser 
system are two independent Nd:YAG lasers, optics for combining the 
two laser beams, and optics for generation and separation of the second, 
third, and fourth harmonics........................................................................53 

Figure 3.12.  Optical filters used to spectrally isolate (a) ketone fluorescence and (b) 
aromatic or amine fluorescence with using two fluorescent tracers 
concurrently. ..............................................................................................57 

Figure 4.1.  Optical setup for bulk in-cylinder stratification investigation. ..................60 

Figure 4.2.  Physical dimensions of the region of interest (ROI) used for bulk in-
cylinder stratification investigation............................................................62 

Figure 4.3.  PDF distributions and statistics for image-mean normalized, corrected 
pixel intensities acquired under homogeneous and stratified conditions.  
The two PDFs for each condition were acquired at different times, 
illustrating the repeatability of the experiments.........................................64 

Figure 4.5.  Column-based PDF contour.  Each vertical slice of the contour 
represents a PDF of pixel intensities within a given column of the 
image, as demonstrated by the bold dashed lines (A, B, and C) and the 
corresponding PDFs to the right of the figure.  Refer to Figure 4.2 for 
the ROI position within the cylinder..........................................................66 

Figure 4.6.  Simplified PDF contour overlaid on original PDF contour.  By plotting 
the mean (µ) and the mean plus/minus two column-based standard 
deviations (µ ± 2σc), the shape of the PDF contour can be simply and 
adequately described by three curves. .......................................................67 



 

xiii

Figure 4.7.  Example PDF contours for the same homogeneous and stratified 
conditions ..................................................................................................67 

Figure 4.8.  Sample corrected images for the PDF contours provided in Figure 4.7.  
The images are the first 25 acquired for each condition, ordered left to 
right, top to bottom. ...................................................................................68 

Figure 4.9.  PDF contours that illustrate the need for both σ̂  and Î statistics.  PDF 
contours (a) and (b) have the same Î values but different σ̂  values, 
while (c) and (d) have the same σ̂  values but different Î values...............70 

Figure 4.10. Progression of the PDFs and PDF contours for Runner Cu1 from the 
earliest imaging crank angle (315° bTDC) through the latest imaging 
crank angle (45° bTDC).............................................................................72 

Figure 4.11. Image statistics for the PDF contours contained in Figure 4.10. ...............74 

Figure 4.12. Comparison of image statistics for the baseline, stainless-steel runner 
(SS) and the copper-tube runner with two straight tubes (Cu1). ...............75 

Figure 4.13. Comparison of image statistics for the copper-tube runner with two 
straight tubes (Cu1) and the same runner with the flow straighteners 
installed directly upstream of the runner tubes (Cu1-FS)..........................76 

Figure 4.14. Comparison of image statistics for the copper-tube runner with two 
straight, equal-length tubes (Cu1) and with two straight tubes of 
unequal length (Cu2)..................................................................................76 

Figure 4.15. Comparison of image statistics for the copper-tube runner with straight 
tubes (Cu1) and with one tube containing a 90° horizontal (Cu3) and 
vertical (Cu4) bends...................................................................................77 

Figure 4.16. Comparison of image statistics for the copper-tube runner with two 
straight tubes and with no flow-directing baffles (Cu1), with the top-
directing baffles (Top), and with the bottom-directing baffles (Bottom). .80 

Figure 4.17. Comparison of image statistics for the copper-tube runner with two 
straight tubes and with no flow-directing baffles (Cu1), with the inside-
directing baffles (Inside), and with the outside-directing baffles 
(Outside). ...................................................................................................81 

Figure 4.18. Comparison of image statistics for the stainless-steel runner with no 
flow-directing baffles (SS), the stainless-steel runner with the top-
directing baffles (SS-Top), and the copper-tube runner with the top-
directing baffles (Cu1-Top). ......................................................................82 



 

xiv 

Figure 4.19. Comparison of image statistics for the copper-tube runner with two 
straight tubes and without (Cu1) and with (BDS) flow break-down 
screens........................................................................................................85 

Figure 4.20. Summary of Î statistics at 45° bTDC for all intake runner geometries 
and flow modifying hardware considered..................................................86 

Figure 5.1. Measured cylinder pressure versus (a) crank angle and (b) volume 
when feeding the engine with air or argon.  Argon dilution results in a 
~500 kPa increase in peak motored cylinder pressure than with air 
dilution because of its higher γ value (γAr = 1.67; γair = 1.4)......................89 

Figure 5.2. Schematics showing the mass flow rates per cycle delivered through 
each intake path for the engine operating conditions detailed in Table 
5.1.  The bold line indicates the higher temperature path for the thermal 
stratification, and the narrow line indicates the lower temperature path. ..92 

Figure 5.3. PDF lines of equivalent mass of fuel (mfuel,eq) for the stratified inlet 
conditions detailed in Table 5.1.  The thickness of the line represents 
the normalized height of the PDF of mfuel,eq...............................................94 

Figure 5.4. PDF lines of air-fuel ratio (A/F) for the stratified inlet conditions 
detailed in Table 5.1.  The thickness of the line represents the 
normalized height of the PDF of A/F. .......................................................95 

Figure 5.5. PDF lines of the ratio of specific heats (γ) for the stratified inlet 
conditions detailed in Table 5.1.  The thickness of the line represents 
the normalized height of the PDF of γ. ......................................................97 

Figure 5.6. PDF lines of estimated compression temperature (TTDC) for the 
stratified inlet conditions detailed in Table 5.1.  The thickness of the 
line represents the normalized height of the PDF of TTDC. ........................97 

Figure 5.7. Energy losses due to mass loss pass the engine’s non-metal rings and 
heat transfer to the combustion chamber walls during motored engine 
operation.  The Lorentzian fit was used in the heat release calculation 
of cylinder pressure data acquired under fired engine operation. ...........101 

Figure 5.8. Field of view imaged by the Phantom camera when acquiring the high-
speed chemiluminescence movies.  As shown, the field of view is 
roughly centered within the combustion chamber and is approximately 
60 mm in diameter. ..................................................................................104 

Figure 5.9. The detected location of first autoignition for each of the 50 movies 
acquired in a data set for various threshold values.  As shown, the 



 

xv

detected location is relatively insensitive to the user-defined threshold 
value.........................................................................................................106 

Figure 5.10. Image plots showing (a) the crank angle at which combustion was first 
visualized and (b) locations, shown in white, where combustion was 
able to be visualized for a single combustion event. ...............................107 

Figure 5.11. Image plots showing (a) the average crank angle at which the pixel 
intensity went from low to high for the movies acquired at an operating 
condition and (b) the number of combustion events that were able to be 
visualized for the same movie set.  Pixels that were able to visualize 
less than 10 combustion events were excluded from the averaging 
calculation and are shown in black. .........................................................108 

Figure 5.12. (a) Mass fraction burn data used to transform the crank angle at which 
combustion was first visualized, shown in Figure 5.11a, to (b) the 
average mass fraction burned at which combustion was first visualized.  
The spatial and ensemble averaged chemiluminescence shown in (a) 
indicates that combustion luminosity can only be detected when the 
combustion is between 20% and 90% complete......................................110 

Figure 5.13. Average mass fraction burned when combustion was first visualized 
and location of first autoignition (circles) for the compositionally and 
thermally homogeneous (HMG) condition.  Data for these plots were 
acquired on (a) January 10, 2008 and (b) January 15, 2008. ...................112 

Figure 5.14. Calculated heat release rate for the homogeneous (HMG) and thermally 
stratified (T1) operating conditions. ........................................................114 

Figure 5.15. Image plots showing the average mass fraction burned when 
combustion was first visualized and the locations of first autoignition 
for the (a) homogeneous (HMG) and (b) thermally (T1) stratified 
operating conditions.................................................................................115 

Figure 5.16.  Calculated heat release rate for the HMG and C1 operating conditions.117 

Figure 5.17. Image plots showing the average mass fraction burned when 
combustion was first visualized and the locations of first autoignition 
for the (a) HMG and (b) C1 operating conditions. ..................................118 

Figure 5.18. Calculated heat release rate for the HMG, C2, C2-T1, and C2-T2 
operating conditions.................................................................................120 

Figure 5.19. Image plots showing the average mass fraction burned when 
combustion was first visualized and the locations of first autoignition 
for the (a) HMG, (b) C2, (c) C2-T1, and (d) C2-T2 operating 
conditions.................................................................................................122 



 

xvi 

Figure 5.20.  Calculated heat release rate for the HMG, C3, C3-T1, and C3-T2 
operating conditions.................................................................................125 

Figure 5.21. Image plots showing the average mass fraction burned when 
combustion was first visualized and the locations of first autoignition 
for the (a) HMG, (b) C3, (c) C3-T1, and (d) C3-T2 operating 
conditions.................................................................................................126 

Figure 5.22. Comparison of how the combustion proceeds for conditions that have 
the same range of stratified compression temperature.  (a) Condition T1 
only has stratified TTDC, (b) condition C2-T1 has stratified mfuel,eq and 
TTDC , and (c) condition C3 has stratified mfuel,eq, A/F, and TTDC. ............128 

Figure 5.23. Comparison of how combustion proceeds for conditions that have the 
same range of stratified fuel concentration.  (a) Condition C2-T1 has a 
68 °C range of TTDC, (b) condition C2 has a 114 °C range of TTDC, and 
(c) condition C2-T2 has a 184 °C range of TTDC.  Condition T1 (d) was 
provided because it has a virtually identical combustion progression to 
condition C2-T2 but under differently stratified flowfields. ...................130 

Figure 5.24. Comparison of how combustion proceeds for conditions that have the 
same range of stratified fuel concentration and stratified compression 
temperature.  (a) Condition C1 has a 10.3 range of A/F and (b) 
condition C3-T2 has a 20.6 range of A/F. ...............................................131 

Figure 5.25. Comparison of four conditions that had qualitatively similar spatial 
combustion progression. ..........................................................................132 

Figure 5.26. PDF lines of (a) equivalent mass of fuel, (b) air-fuel ratio, (c) mixture γ, 
and (d) estimated compression temperature for a theoretical HCCI 
engine using a recompression valving strategy and premixed fueling. ...133 

Figure 5.27. PDF lines of (a) equivalent mass of fuel, (b) air-fuel ratio, (c) mixture γ, 
and (d) estimated compression temperature for a theoretical HCCI 
engine using a recompression valving strategy and direct-injection 
fueling that results in a uniform fuel distribution. ...................................135 

Figure 6.1. (a) Estimated fluorescence signal for 3-pentanone excited at 266 nm 
and 308 nm and (b) the ratio of estimated fluorescence signals for the 
dual-wavelength PLIF technique. ............................................................144 

Figure 6.2. (a) Estimated fluorescence signal for toluene and 3-pentanone excited 
at 266 nm and (b) ratio of estimated fluorescence signals for the dual-
tracer PLIF technique...............................................................................149 



 

xvii

Figure 6.3. (a) Calculated normalized signal ratio values and (b) temperature 
sensitivities for the dual-wavelength and dual-tracer PLIF imaging 
techniques. .............................................................................................. 150 

Figure 6.4.  Optical setup for dual-tracer PLIF temperature imaging experiments. ...155 

Figure 6.5.  Image acquisition hardware for dual-tracer PLIF temperature imaging 
experiments. .............................................................................................159 

Figure 6.6. Doubled combustion chamber images (a) with both filter holders open, 
(b) with the top filter holder blocked, and (c) with the bottom filter 
holder blocked.  Line profiles along the dashed lines located in the 
images are provided in (d). ......................................................................160 

Figure 6.7. Filtered fluorescence signals acquired when using (a) 3-pentanone 
tracer only and (b) toluene tracer only.  The grayscales of the images 
range from zero to one-half of the maximum value to accentuate the 
low light levels.  The lack of signal in the bottom portion of (a) and the 
top portion of (b) reflects exceptional filter performance........................161 

Figure 6.8. Dual-tracer PLIF signal ratio results obtained with (a) toluene/3-
pentanone, (b) fluorobenzene/3-pentanone, and (c) triethylamine/3-
pentanone tracer combinations.  A normalized comparison (d) shows 
the much higher temperature sensitivity for thiethylamine/3-pentanone 
tracer combination. ..................................................................................167 

Figure 6.9.  Estimated in-cylinder temperature using a two-zone ideal gas model 
compared to the measured pressure at the same engine conditions.........173 

Figure 6.10.  Calibrations relating estimated in-cylinder temperature to measured 
dual-tracer PLIF signal ratio when using the PI-Max camera under 
argon diluted conditions with varied oxygen mass fractions...................174 

Figure 6.11.  Calibrations relating estimated in-cylinder temperature to measured 
dual-tracer PLIF signal ratio when using the PI-Max and Andor 
cameras under nitrogen diluted conditions. .............................................175 

Figure 6.12. (a) PDFs and (b) PDF contours for the temperature measured using 
dual-tracer PLIF under fired homogeneous (HMG) and thermally 
stratified (T1) conditions..........................................................................176 

Figure 6.13.  Measured PDF and the PDF shape assuming shot-noise-limited data 
acquisition for the PI-Max camera under argon diluted conditions.........177 

Figure 6.14. (a) PDFs and (b) PDF contours for the temperature measured using 
dual-tracer PLIF with the PI-Max camera under motored homogeneous 
(HMG) and thermally stratified (T1) conditions. ....................................179 



 

xviii

Figure 6.15.  Measured PDF and the PDF shape assuming shot-noise-limited data 
acquisition for the PI-Max camera under homogeneous nitrogen diluted 
conditions.................................................................................................180 

Figure 6.16. (a) PDFs and (b) PDF contours for the temperature measured using 
dual-tracer PLIF with the Andor camera under motored homogeneous 
(HMG) and thermally stratified (T1) conditions. ....................................181 

Figure 6.17.  Measured PDF and the PDF shape assuming shot-noise-limited data 
acquisition for the Andor camera under homogeneous nitrogen diluted 
conditions.................................................................................................182 

Figure 6.18. (a) PDFs and (b) mean line profiles the signal ratio measured using 
dual-tracer PLIF with the PI-Max camera under homogeneous (HMG) 
and stratified (C2, C2-T1, C2-T1) conditions..........................................183 

Figure 6.19.  Spatial-mean-normalized line profiles of the 3-pentanone fluorescence 
signal acquired by the PI-Max camera at conditions C2, C2-T1, and 
C2-T2.  The reference line for fuel stratification only was acquired for 
the same experimental setup but under thermally homogeneous 
conditions.................................................................................................185  

Figure 6.20. (a) Calculated oxygen mass fraction (yO2) for condition C2-T1, and (b) 
a comparison of the spatial-mean-normalized oxygen mass fraction and 
3-pentanone fluorescence signals, which shows roughly equivalent 
mixing. ....................................................................................................186 

Figure 6.21.  Measured temperature line profiles for the C2, C2-T1, and C2-T2 
stratified conditions..................................................................................187 

Figure A.1. Progression of the PDFs and PDF contours for Runner SS from the 
earliest imaging crank angle (315° bTDC) through the latest imaging 
crank angle (45° bTDC)...........................................................................212 

Figure A.2. Progression of the PDFs and PDF contours for Runner Cu1 from the 
earliest imaging crank angle (315° bTDC) through the latest imaging 
crank angle (45° bTDC)...........................................................................213 

Figure A.3. Progression of the PDFs and PDF contours for Runner Cu1-FS from 
the earliest imaging crank angle (315° bTDC) through the latest 
imaging crank angle (45° bTDC).............................................................214 

Figure A.4. Progression of the PDFs and PDF contours for Runner Cu2 from the 
earliest imaging crank angle (315° bTDC) through the latest imaging 
crank angle (45° bTDC)...........................................................................215 



 

xix

Figure A.5. Progression of the PDFs and PDF contours for Runner Cu3 from the 
earliest imaging crank angle (315° bTDC) through the latest imaging 
crank angle (45° bTDC)...........................................................................216 

Figure A.6. Progression of the PDFs and PDF contours for Runner Cu4 from the 
earliest imaging crank angle (315° bTDC) through the latest imaging 
crank angle (45° bTDC)...........................................................................217 

Figure A.7. Progression of the PDFs and PDF contours for Runner Cu1 with the 
top-directing baffles from the earliest imaging crank angle (315° 
bTDC) through the latest imaging crank angle (45° bTDC). ..................218 

Figure A.8. Progression of the PDFs and PDF contours for Runner Cu1 with the 
bottom-directing baffles from the earliest imaging crank angle (315° 
bTDC) through the latest imaging crank angle (45° bTDC). ..................219  

Figure A.9. Progression of the PDFs and PDF contours for Runner Cu1 with the 
inside-directing baffles from the earliest imaging crank angle (315° 
bTDC) through the latest imaging crank angle (45° bTDC). ..................220 

Figure A.10. Progression of the PDFs and PDF contours for Runner Cu1 with the 
outside-directing baffles from the earliest imaging crank angle (315° 
bTDC) through the latest imaging crank angle (45° bTDC). ..................221 

Figure A.11. Progression of the PDFs and PDF contours for Runner SS with the top-
directing baffles from the earliest imaging crank angle (315° bTDC) 
through the latest imaging crank angle (45° bTDC)................................222 

Figure A.12. Progression of the PDFs and PDF contours for Runner Cu1 with the 
flow break-down screens from the earliest imaging crank angle (315° 
bTDC) through the latest imaging crank angle (45° bTDC). ..................223 



 

xx 

List of Tables 

LIST OF TABLES 
 

Table 2.1.  Details of experiments in the literature that have employed the dual-
wavelength PLIF temperature imaging technique. ....................................26 

Table 3.1.  Geometric specifications and valve timings of the GM / UW CRL 
optically accessible engine.........................................................................34 

Table 3.2.  Details of Horiba emissions analyzer components and the span range 
over which each analyzer was calibrated...................................................50 

Table 3.3.  Steady-state test cell parameters monitored during engine operation, the 
units in which the data were recorded, the measurement device for each 
parameter, and the Omega controller used to display the parameter. ........51 

Table 3.4.  Specifications of the cameras used in the following experiments. ............55 

Table 4.1.  Summary of image statistics at 180° bTDC and 45° bTDC for the six 
intake runner geometries consider.  The percentages provided are the 
changes relative to runner Cu1, which has the simplest geometry and 
maintained the largest amount of stratification through compression. ......79 

Table 4.2.  Summary of image statistics at 180° bTDC and 45° bTDC for the five 
baffle configurations (no baffle; top-, bottom-, inside-, and outside-
directing) when coupled with runner Cu1.  The percentages provided 
are the changes relative to the configuration with no baffles. ...................83 

Table 4.3.  Summary of image statistics at 180° bTDC and 45° bTDC for the two 
baffle configurations (no baffle; top-directing) when coupled with 
runner SS.  The percentages provided are the changes relative to the 
configuration with no baffles. ....................................................................84 

Table 4.4.  Summary of image statistics at 180° bTDC and 45° bTDC for runner 
Cu1 without and with the break-down screens (BDS).  The percentages 
provided are the changes relative to the configuration without the 
break-down screens....................................................................................85 

Table 5.1.  Characteristics of the intake system hardware, gas introduction 
locations, and intake surge tank mixture properties for the firing HCCI 



 

xxi

combustion experiments.  The ‘C’ conditions indicate a compositional 
stratification, and the ‘T’ conditions indicate a thermal stratification. ......91 

Table 5.2.  Steady-state inlet, combustion, and emissions results for the 
homogeneous (HMG) and thermally stratified (T1) operating 
conditions.  See Table 5.1 for the intake characteristics of these 
operating conditions.................................................................................113 

Table 5.3.  Steady state inlet, combustion, and emissions results for the HMG and 
C1 operating conditions.  See Table 5.1 for the intake characteristics of 
these operating conditions........................................................................116 

Table 5.4.  Steady state inlet, combustion, and emissions results for the HMG, C2, 
C2-T1, and C2-T2 operating conditions.  See Table 5.1 for the intake 
characteristics of these operating conditions. ..........................................119 

Table 5.5.  Steady state inlet, combustion, and emissions results for the HMG, C3, 
C3-T1, and C3-T2 operating conditions.  See Table 5.1 for the intake 
characteristics of these operating conditions. ..........................................124 

Table 6.1.  Gaseous flow rates and orifices used to achieve the oxygen mass 
fraction (yO2) calibration range. ...............................................................170 

 



 

xxii 

Nomenclature 

NOMENCLATURE 
 

Acronyms 

2-D two-dimensional 
A/F air-fuel ratio 
aTDC after top dead center 
BDS break-down screen 
BIT best injection timing 
BNC Berkeley Nucleonics Corporation 
bTDC before top dead center 
C1 compositionally stratified intake condition 1 
C2 compositionally stratified intake condition 2 
C3 compositionally stratified intake condition 3 
CCD charge-coupled device 
CFR Cooperative Fuels Research 
CI confidence interval 
CL center line 
CMOS complementary metal-oxide-semiconductor 
COV coefficient of variation 
CRL collaborative research laboratory 
Cu1 copper-tube runner with two equal-length, straight runner tubes 
Cu2 copper-tube runner with two straight runner tubes of unequal lengths 
Cu3 copper-tube runner with one straight runner tube and one runner tube 

with a 90° horizontal bend immediately upstream of the intake port 
Cu4 copper-tube runner with one straight runner tube and one runner tube 

with a 90° vertical bend immediately upstream of the intake port 
DC direct current 
ECU engine control unit 
EES Engineering Equation Solver 
EGR exhaust gas residual 
FHG fourth harmonic generator 
FWHM full width at half maximum 
FS flow straightener 
HCCI homogeneous charge compression ignition 
HMG homogeneous condition 
IC internal conversion 
IVC intake valve closure 



 

xxiii

ID inside diameter 
ISC intersystem crossing 
L/D length over diameter 
LIF laser-induced fluorescence 
LPP location of peak pressure 
LRS laser Rayleigh scattering 
MVV Mitsubishi Vertical Vortex 
Nd:YAG Neodymium-Doped Yttrium Aluminum Garnet 
NOx nitrogen oxide 
P/N part number 
PDF probability density function 
PIV particle image velocimetry 
PLIF planar laser-induced fluorescence 
PP peak pressure 
PTFE polytetrafluoroethylene 
ROI region of interest 
S0 ground singlet state 
S1 first electronically excited singlet state 
SHG second harmonic generator 
SI spark ignited 
SNR signal-to-noise ratio 
SS welded, stainless-steel runner 
T1 first electronically excited triplet state 
T1 thermally stratified intake with high temperature in intake path 1 
T2 thermally stratified intake with high temperature in intake path 2 
TEA triethylamine 
THG third harmonic generator 
TDC top dead center 
uHC unburned hydrocarbon 
UV ultraviolet 
UVFS UV-grade fused silica 
VTIS variable tumble inlet system 
VR vibrational relaxation 
WIT worst injection timing 
 
 

Variables 

A area 
B engine bore, cumulative fluorescence for image bottom 
cp constant pressure specific heat  
cv constant volume specific heat 
C constant 
CA/D camera digitizer gain 



 

xxiv 

d diameter 
E0 incident laser intensity 
Eloss energy loss during motored engine operation 
f camera lens aperture, lens focal length 
G intensifier gain 
hc convective heat transfer coefficient 
hν photonic energy 
I pixel intensity 
I  spatial mean image intensity 
Î average deviation from 1.0 for mean profile of PDF contour   
k thermal conductivity 
kfl fluorescence rate 

qk~  rate coefficient for collisional quenching 
kSV Stern-Volmer coefficient 
ktot total rate of molecular de-excitation 
l  pixel size 
m mass 
M image magnification 
nabs number density of light-absorbing molecule 
nq number density of collisional partners 
nsc total number density of the scattering gas molecule 
N engine speed, charge 
p pressure, probability 
P number of pixels in the linear extent of the array 
Q heat 
r pixel row 
R ideal gas constant, total rows 
Re Reynolds number 
S corrected image scaling factor 
SRay Rayleigh scattering signal 
SLIF LIF signal 
SPLIF,pp PLIF signal 
T temperature, cumulative fluorescence for image top 
u internal energy 
V volume, excitation volume 
Vc collection volume 
Vp mean piston speed 
w image width 
x mole fraction, distance 
y mass fraction 

 
 
 



 

xxv

 
Greek Variables 

γ ratio of specific heats 
η  efficiency 
κ gain-dependent intensifier noise factor 
λ wavelength 
µ first moment of PDF distribution, viscosity 
ν laser frequency 
σ standard deviation 
σ̂   average of column-based standard deviations 
σabs absorption cross section 
(∂σ/∂Ω)i  differential Rayleigh cross section of species i 
θ crank angle 
ρ density 
φfl fluorescence quantum yield 
Ω collection solid angle 
ξ camera signal 

 
 
Sub- and Super-Scripts 

0 incident, in the absence of collisional quenching 
abs absorber, absorption 
avg average  
b background, burned 
c pixel location perpendicular to laser-propagation direction, collection 
cal calibration conditions 
corr corrected 
crev crevice 
cyl cylinder 
dark dark noise 
det detection 
eq equivalent 
f flatfield 
fl fluorescence 
hr heat release 
ht heat transfer 
i species 
in intake 
n image number 
q collisional 
pp per pixel 



 

xxvi 

r pixel location parallel to laser-propagation direction 
Ray Rayleigh 
read read noise 
shot shot noise 
sc scattering 
SV Stern-Volmer 
TDC top dead center, compression 
tot total 
wall cylinder wall 



 

1

Chapter 1. Introduction 
 

CHAPTER 1 

INTRODUCTION 
 

1.1. Motivation 

The internal combustion engine is currently the primary power plant for mobility 

applications and is likely to remain as such for the foreseeable future.  Recently, 

environmental concerns over CO2-driven global climate change and economical concerns 

over the cost and availability of petroleum-based energy sources have been the driving 

force behind research activities into clean, highly efficient combustion strategies.  One 

such combustion strategy that has received considerable research interest of late is 

homogeneous charge compression ignition (HCCI) combustion. 

HCCI combustion is achieved in an internal combustion engine by compressing a 

mixture of fuel, air, and diluent gas until autoignition.  The characteristics of this 

developing combustion technology allow it to have desired advantages over the more 

well-established combustion processes.  HCCI combustion engines typically have much 

higher thermal efficiencies than spark-ignited (SI) engines, while harmful NOx and soot 

emissions are typically lower for HCCI combustion than with Diesel combustion.  

Unfortunately, HCCI combustion has technological issues, namely a lack of direct 
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combustion control and the inability to achieve high engine loads, that currently prevent 

widespread implementation into production engines. 

At a fundamental level, HCCI combustion is driven by chemical kinetics, and 

therefore local thermodynamic mixture properties will have an influence on the spatial 

and temporal progression of the combustion event.  As a result, understanding the effects 

that the spatial distribution of local thermodynamic mixture properties have on HCCI 

combustion may allow combustion control or load-enhancing strategies to be devised and 

shorten the time required to take HCCI from research laboratories to production engines. 

1.2. Objective 

The objective of this work is to use an optically accessible engine to study, at a 

fundamental level, what effects thermal and compositional stratification have on the 

HCCI combustion process.  By using the optically accessible engine, advanced optical 

diagnostics techniques can be used to determine the nature of the stratified flowfield that 

is present just prior to combustion initiation.  Additionally, information captured through 

direct visualization of the HCCI combustion event can be used in conjunction with 

standard combustion instrumentation to understand the effects the stratified flowfields 

have on the spatial and temporal progression of the combustion.  

1.3. Outline 

The results obtained while addressing this experimental objective have been 

summarized in this dissertation.  Chapter 2 provides a review of the literature pertinent to 
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the experimental studies contained herein, and Chapter 3 discusses the experimental 

apparatus used for the experimental investigations, including engine hardware and related 

engine systems, hardware used for the monitoring, controlling, and recording relevant 

information related to the engine operation, and the equipment used for the optical 

diagnostic techniques that were employed.  Chapter 4 details an experimental effort using 

the planar laser-induced fluorescence (PLIF) diagnostic to detail the bulk in-cylinder 

mixing that occurs between the two intake streams of a four-valve engine.  Included in 

this chapter are results acquired when using a variety of intake flow modifying devices 

that were created with the goal of maximizing the amount of stratification maintained 

throughout compression.  Chapter 5 presents results obtained with the engine operating in 

HCCI combustion mode while introducing thermally and compositionally stratified 

flowfields.  A combination of cylinder pressure data, emissions measurements, and high-

speed chemiluminescence movies were used to detail the effects of stratification on 

engine output parameters and the spatial progression of combustion.  Chapter 6 details an 

effort to develop a dual-tracer PLIF temperature imaging diagnostic, including the 

experiments performed to determine the tracer combination that had the highest 

temperature sensitivity and the initial results acquired under motored engine operation 

and under fired HCCI combustion conditions.  Finally, a summary and recommendations 

for future work are presented in Chapter 7. 
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Chapter 2. Review of Literature 
 

CHAPTER 2 

REVIEW OF LITERATURE 
 

2.1. Homogeneous Charge Compression Ignition (HCCI) Combustion 

2.1.1. Benefits and Deficiencies 

Homogeneous charge compression ignition (HCCI) combustion, the process in 

which a homogeneous charge of fuel, air, and diluent is compressed until autoignition, is 

an attractive alternative combustion technique because it potentially offers high thermal 

efficiencies, low NOx emissions, and near-zero soot emissions [1].  Thermal efficiencies 

on the order of those achieved with typical diesel combustion have been achieved 

because of the unthrottled operation, high compression ratio, and short combustion 

duration [2,3].  Low NOx emissions are inherent for HCCI engines because high amounts 

of diluent, typically exhaust gas residual (EGR) and excess air, are necessary to restrain 

chemical kinetic reactions rates, resulting in low peak in-cylinder temperatures.  Low 

peak in-cylinder temperatures limit the formation of NOx, as the NOx formation 

mechanism is extremely sensitive to temperature [4].  Additionally, in-cylinder soot 

formation relies on high temperature, fuel-rich conditions within the combustion chamber 
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[4].  These regions simply do not exist within a premixed (homogeneous) environment, 

so no significant soot forms in HCCI engines. 

HCCI combustion has been universally attractive throughout the internal 

combustion engine community because of is wide applicability.  HCCI can be achieved 

in spark ignited (SI) or Diesel-type engines and with gasoline- or Diesel-type fuels [1].  

Moreover, the potential benefits of HCCI can be used to overcome the main drawbacks 

of the typical combustion regimes: low thermal efficiencies and throttling losses in SI-

type engines and high NOx and soot emissions in Diesel-type engines.  Unfortunately, 

HCCI combustion leads to higher levels of unburned hydrocarbon (uHC) and carbon 

monoxide (CO) emissions than typical SI and Diesel combustion [5-8], so the benefits are 

associated with some drawbacks.  Furthermore, HCCI combustion can not be used to 

achieve high loads due to the extremely rapid pressure rise rates that can lead to engine 

damage [5,9,10]. 

The biggest drawback of HCCI combustion is that no external physical 

mechanism directly controls when autoignition occurs or the rate at which the 

combustion proceeds.  Because HCCI combustion is primarily governed by chemical 

kinetics and not by mixing rates, as in diffusion-controlled (Diesel) combustion, or by 

flame front propagation, as in SI combustion [11], the autoignition of the charge is 

dictated by the integrated time-temperature history that is experienced by the fuel-air 

mixture during compression.  As a result, no direct physical mechanism controls the 

HCCI combustion initiation and indirect methods must be used to control the 

combustion.  To achieve acceptable HCCI combustion, the intake charge is conditioned 
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such that autoignition occurs at a desired time and combustion proceeds at a desired rate.  

Conditioning the intake charge is performed with one of two goals in mind:  altering the 

mixture’s propensity for autoignition, or altering the time-temperature history to which 

the mixture is exposed [2].  Examples of the former include intake charge stratification 

[12-15], using multiple fuels [16,17], and fuel reformation [13,18]; examples of the latter 

include water injection [19], variable compression ratio [20], and thermal management 

[21].  Using variable valve timing [13,22,23] can modify both the mixture’s propensity 

for autoignition and time-temperature history. 

2.1.2. Effects of Charge Stratification on HCCI Combustion 

Even though it carries the moniker “homogeneous”, inhomogeneities play an 

important role in HCCI combustion.  If the in-cylinder charge were truly homogeneous in 

composition and temperature, all of the fuel would ignite concurrently after compression.  

Experiments, however, have shown that this does not occur.  Sample images acquired by 

Richter et al. [24] using planar laser-induced fluorescence (PLIF) of the OH radical are 

provided in Figure 2.1 and show a non-uniformly igniting charge in spite of efforts to 

make the most homogeneous fuel, temperature, and residual gas distribution possible for 

that engine configuration.  Several other PLIF- and chemiluminescence-based 

experiments have shown similar results [25-32]. 

Inhomogeneities appear to dictate the spatial and temporal distribution of 

autoignition sites within an HCCI engine.  As such, stratification – purposely introduced 

inhomogeneities – could be used to alter the mixtures propensity for autoignition or 

change the time-temperature history of the charge during compression and thereby act as 
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an indirect control mechanism.  Therefore, understanding the effects of inhomogeneities 

and stratification is very important for understanding, or even introducing, possible 

control mechanisms for HCCI combustion. 

  

  

Figure 2.1.  PLIF images of the OH radical acquired shortly after autoignition of HCCI 
combustion with homogeneous fuel, temperature, and residual gas.  The 
presence of OH (white) indicates the presence of combustion and illustrates 
the spatial non-uniformity of HCCI combustion.  Taken from [24]. 

2.1.2.1. Fuel Stratification 

Fuel stratification has been studied extensively by directly injecting liquid fuel 

into the combustion chamber at various injection timings [8,12-15,24,28,33-39].  None of 

these experiments, however, sufficiently isolated the contributions from fuel stratification 

alone.  In all of the experiments, thermal stratification was also introduced because of 

local cooling during fuel vaporization, and in some experiments (e.g. [13,28,37]) further 

thermal stratification and residual gas stratification were introduced because a large 

amount of internal residual was used to condition the charge in order to achieve HCCI 

combustion.  It should be noted that in references [15] and [38] the observed effects of 

the stratification of iso-octane were attributed to the local cooling due to vaporization of 

the direct-injected fuel, although this assumption was never verified experimentally. 

Fuel (iso-octane) stratification in the absence of temperature and residual gas 

stratification, achieved by isothermally port-injecting prevaporized fuel into a 
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homogeneous intake charge of air and EGR, was shown to have no effect on combustion 

phasing or combustion performance, although it did affect NOx and CO emissions 

[40,41].  Fuel distribution measurements obtained in a geometrically identical optical 

engine showed that, for the latest injection timing possible with the hardware 

configuration, regions existed in the in-cylinder flowfield that differed from the mean 

equivalence ratio by ±50%. 

2.1.2.2. Thermal Stratification 

Natural thermal stratification has been proposed as the primary reason for the 

finite duration of HCCI combustion, as opposed to the nearly instantaneous combustion 

predicted by chemical kinetics.  Sjöberg et al. [42] found, using a multi-zone chemical 

kinetic model, that introducing a ±5% temperature stratification (380 K ±10 K, 

represented by 4 independent zones) was sufficient to match the measured pressure rise 

rate from HCCI combustion.  The kinetic model results revealed that the zone with 

highest initial temperature ignited first, compression heating the remaining zones which 

sequentially autoignited in order of increasing initial zone temperature.  A wider initial 

temperature distribution (i.e. larger amount of thermal stratification) resulted in a longer 

combustion duration, allowing higher fueling rates because the pressure-rise rate could be 

maintained within acceptable limits.  

Dec and Sjöberg [32] used chemiluminescence imaging to investigate four 

possible sources for the natural thermal stratification: heat transfer during compression 

combined with turbulent mixing, residual gas unmixedness, dynamic flow effects during 

induction, and vaporization of direct injected fuel.  They isolated the source of the natural 
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thermal stratification to heat transfer during compression combined with turbulent mixing 

for engines with a low amount of internal residual.  Chemiluminescence images acquired 

through windows in the cylinder walls of the engine showed that thermal stratification in 

the bulk gas dominated the thermal stratification resulting from wall boundary layers. 

When introduced at the intake valves, thermal stratification was found to have a 

small effect on iso-octane-fueled HCCI combustion [43].  When feeding each intake 

valve with the same mixture composition but with one intake stream 30 °C higher than 

the other (measured at the valve stem), the same combustion phasing could be achieved 

with a ~5 °C lower mass-averaged intake charge temperature. No significant changes to 

the combustion duration were observed.  PLIF measurements of the fuel distribution 

acquired while seeding the flow in just one intake valve [44] revealed that a significant 

amount of mixing occurred during the intake and compression processes, suggesting that 

the 30 °C temperature difference experienced at the intake valves had been significantly 

decreased because of turbulent mixing. 

Using an experimental setup similar to Chialva [43], Kakuho et al. [45] 

introduced thermal stratification in an HCCI engine by independently feeding each intake 

valve of a four valve engine with charges of differing temperature.  Results when firing 

the engine with n-heptane fuel showed that introducing the thermal stratification at a 

constant average intake temperature advanced both the low-temperature and the high- 

temperature portions of the heat release of the two-stage fuel.  The durations of both 

portions of the heat release were significantly longer when thermal stratification was 

introduced.  High-speed movies of combustion chemiluminescence indicated that the 
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charge preferentially ignited first on the side of the engine into which the higher 

temperature charge was introduced and subsequently progressed to the side with initially 

lower temperature. 

2.1.2.3. Composition Stratification 

In addition to thermal stratification, Chialva [43] investigated composition 

stratification by independently feeding the engine’s intake valves with charges of 

different mixture composition but with homogenous temperature.  A 20:1 air-fuel mixture 

was introduced through one valve, and the remaining air-fuel mixture (still at a 20:1 

ratio) and the entire amount of EGR required to maintain a 1 bar intake pressure was 

introduced through the other valve.  Detailed analysis of the charges introduced through 

each intake valve indicated the possibility of three types of stratifications: air-fuel ratio, 

fuel concentration, and the ratio of specific heat capacity, γ.  The mixture stratification 

introduced by Chialva was a combination of these three stratification types due to the 

presence of O2 in the EGR. 

To determine the effect that air-fuel ratio stratification would have on HCCI 

combustion, results were obtained by Chialva [43] while feeding a homogeneous mixture 

of air, fuel, and N2 diluent at various air-fuel ratios.  The N2 diluent was used to prevent 

any changes in the trapped air-fuel ratio and γ as the amount of diluent changed with 

delivered air-fuel ratio.  The results of these experiments indicated a strong dependence 

of HCCI combustion phasing on air-fuel ratio; increasing the air-fuel ratio advanced the 

combustion phasing at a given intake charge temperature. Additional experiments that 

compared homogeneous conditions with equivalent trapped air-fuel ratio (accounting for 
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the O2 in the EGR) but with different diluents (N2 vs. EGR) showed that the difference in 

γ caused by the different diluents had an effect on HCCI combustion phasing; increasing 

γ advanced combustion phasing.  The HCCI combustion advancing effect of increasing 

oxygen concentration for a fixed fuel concentration (i.e. increasing air-fuel ratio) and of 

increasing γ is consistent with results obtained by Sjöberg et al. [46]. 

Homogenous experiments by Iverson [40] studied the effect of varying the fueling 

rate while maintaining a constant delivered air-fuel ratio.  The results of these 

experiments showed that decreasing the fueling rate caused the combustion phasing to 

retard, even though the trapped air-fuel ratio increased with decreased fueling rate due to 

an increase in the EGR diluent.  This trend indicated that the fueling rate, or, 

equivalently, the fuel number density, had a significant effect on the HCCI combustion 

phasing, although the trend could not be ascertained unambiguously. 

2.2. Bulk In-Cylinder Stratification 

2.2.1. Axial Stratification 

In an effort to improve combustion of globally lean spark-ignited (SI) 

combustion, Quader [47] developed the “Axially-Stratified-Charge” engine.  In this 

engine, time-varying fuel injection was used in conjunction with high in-cylinder swirl to 

create a charge with the richest portion of the mixture near the top of the combustion 

chamber (in the vicinity of the spark plug) and the leanest portion of the mixture near the 

piston top.  
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a) Best Injection Timing (BIT) 

 
 

b) Worst Injection Timing (WIT) 

 
 

Figure 2.2.  Air and fuel flow in the “Axially-Stratified-Charge” engine for (a) the best 
injection timing (BIT) and (b) the worst injection timing (WIT).  Taken 
from [47]. 

 Figure 2.2 provides a schematic of the “Axially-Stratified-Charge” engine with 

the best injection timing (BIT) and the worst injection timing (WIT).  When employing 

the BIT (Figure 2.2a), the engine inducted only air early in the intake stroke, and valve 

shrouds created a swirl motion within the combustion chamber.  Later in the intake stroke 

the fuel injection event occurred, resulting in the fuel being primarily located at the top of 

the combustion chamber.  The high amount of in-cylinder swirl inhibited mixing in the 

axial direction (in line with the cylinder axis) and a fuel-rich mixture was maintained near 

the top of the combustion chamber throughout the compression stroke until the time of 

ignition.  Because a fuel-rich mixture existed near the spark plug at the time of ignition, 

combustion was enhanced. 
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When employing the WIT (Figure 2.2b), the fuel was injected into the intake port 

prior to the valve opening.  After the valve opened, the fuel was inducted immediately 

into the cylinder and, because of the high amount of swirl, remained near the piston 

throughout the intake and compression strokes, resulting in a fuel-lean mixture near the 

spark plug at the time of ignition and poor combustion. 

Using a cylinder-charge sampling valve, Quader confirmed the assumed flow 

structure depicted in Figure 2.2.  The sampled charge, taken at the cylinder top, was 

always more fuel-rich for the BIT and was always more fuel-lean for the WIT than with a 

premixed fuel charge.  By varying the crank angle at which the sample was drawn from 

the combustion chamber, Quader found that in spite of the strong swirl flow, mixing in 

the axial direction did still occur.  The difference in equivalence ratio of the sampled 

charge between the stratified and the premixed charge conditions decreased as the 

sampling time neared top dead center (TDC).  Additionally, no difference between the 

BIT, WIT, and premixed conditions were seen when the valve shroud, and therefore the 

in-cylinder swirl, was removed, illustrating the importance of the swirl in maintaining the 

axial stratification. 

2.2.2. Barrel Stratification 

Researchers at Mitsubishi Motors Corporation also looked to improve the 

combustion in a globally lean SI engine by developing the “Vertical Vortex” engine [48].  

In this type of engine, “Barrel-Stratification” [49] was employed to maintain a stratified 

charge such that the richest portion of the in-cylinder charge was maintained in the 

vicinity of the spark plug at the time of combustion. 
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Figure 2.3.  Graphical representation of the “Barrel-Stratification” concept employed in 
the Mitsubishi “Vertical Vortex” engine.  Taken from [48]. 

The concept of “Barrel-Stratification” is shown graphically in Figure 2.3.  Fuel is 

injected into one intake port and inducted into the engine past one intake valve only, 

resulting in a stratified fuel distribution in a direction parallel to the peak of the pent-roof-

shaped combustion chamber.  The engine’s inherent tumble motion, further enhanced by 

specially designed intake port geometry, inhibits mixing in the direction parallel to the 

axis of the tumble motion and maintains the stratification throughout the compression 

stroke.  By locating the spark plug on the same side of the engine as where the fuel was 

introduced, the richest portion of the charge was located near the spark plug at the time of 

combustion, resulting in enhanced combustion. 

Performance results obtained with the “Vertical Vortex”, provided in Figure 2.4, 

show the combustion stability limit extended to an air-fuel ratio greater than 25:1, 

resulting in a 13% increasing in fuel economy over the base engine that did not employ 

the “Barrel-Stratification” concept [48].  Mitsubishi engineers further refined the “Barrel-

Stratification” philosophy to a four-valve, center-spark SI engine by adding a vertical 
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partition in each of the intake ports and injecting the fuel between the partitions [50].  

With this “Three-Layers Barrel-Stratification” approach, the fuel was introduced into the 

combustion chamber near the spark plug and an enhanced tumble flow was relied upon to 

maintain the stratification until the time of combustion.   

 

Figure 2.4.  Performance results for the Mitsubishi “Vertical Vortex” (MVV) engine 
and its improvement over the base engine not employing “Barrel-
Stratification.”  Taken from [48]. 

Research groups at Ricardo [51], Brunel University [52-54], and Karlsruhe 

[55,56] also employed stratification to improve the performance of SI engines.  Unlike 

the “Axially-Stratified-Charge” and “Vertical Vortex” engines that used fixed intake port 

geometries, these research groups were interested in varying, or even eliminating, the in-

cylinder stratification based on the engine operating condition.   

The Ricardo research group developed the variable tumble inlet system (VTIS) 

shown in Figure 2.5a.  The VTIS allowed the engine to run with nominal tumble (bottom 

part of port open) or high tumble (bottom part of port closed) based on the flowfield 

requirements of the operating regime.  With the bottom part of the intake port closed, the 

tumble increased nearly threefold with only a 37% loss in flow capacity.  Similar devices 
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that block flow from entering through the bottom side of the intake valves employed at 

Brunel University (Figure 2.5b) and the University of Karlsruhe (Figure 2.5c) resulted in 

increased tumble flow as well. 

a) Variable Tumble Inlet System (VTIS). Taken from [51]. 

 
 

b) Intake Port Blocking Plates.  Taken from [54]. 

 
 

c) Adapted Air Guiding System.  Taken from [55]. 

 
 

Figure 2.5.  Intake port flow manipulation devices used by (a) Ricardo, (b) Brunel 
University, and (c) the University of Karlsruhe, all of which resulted in 
increase in-cylinder tumble. 
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2.3. Planar Temperature Measurements 

2.3.1. Laser Rayleigh Scattering 

The Laser Rayleigh Scattering (LRS) technique is based on the Rayleigh (elastic) 

scattering of laser light by molecules.  The signal obtained by Rayleigh scattering, SRay 

(photons), can be described as 
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where ηdet is the detection efficiency of the collection system, E0 is the incident laser 

intensity (J/cm2), hν is the photonic energy (J), Ω is the collection solid angle (sr), Vc is 

the collection volume (cm3), nsc is the total number density of the scattering gas molecule 

(cm-3), xi is the mole fraction of species i, and (∂σ/∂Ω)i is the differential Rayleigh cross 

section of species i (cm2/sr) [57].  The sum of the mole-fraction-weighted differential 

scattering cross sections is referred to as the effective differential scattering cross section.  

If ideal gas behavior is assumed, the Rayleigh signal is inversely proportional to the 

temperature, and with sufficient knowledge of the remaining terms in equation 2.1 

temperature can be deduced.  Accurately determining all of the necessary values in the 

equation 2.1 can be difficult, so an alternative approach is to compare the measured 

Rayleigh scattering signal to a signal obtained at a calibration temperature and pressure, 

which, when the same detection system and uniform composition are used, reduces to 
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where p is the pressure and the subscript “cal” represents values at the known calibration 

conditions. 

The primary difficulty with obtaining quantitative Rayleigh scattering temperature 

measurements in reacting environments is knowing the mixture composition, which 

directly affects the effective differential scattering cross section.  Uncertainties of the 

effective differential scattering cross section between reactants and products have been 

estimated to be 10-15% [57-59].  In an engine environment, internal and external residual 

gas can also lead to uncertainties in the effective differential scattering cross section, even 

prior to combustion.  Another significant source of error for this technique when applied 

in engines is spurious scattered light from the engine components, which erroneously 

indicates higher number densities and therefore lower temperatures.  Errors of this type 

can lead to temperature uncertainties on the order of 10% [59]. 

Laser Rayleigh scattering has been successfully applied to combusting systems, 

but those systems have been specifically designed to overcome the issues discussed 

above.  Experiments using mixtures of methane (CH4), hydrogen (H2), and nitrogen (N2) 

were used so that the effective scattering cross section only changes on the order of 2-3% 

between reactants and products [60-62].  The use of practical fuels (e.g., iso-octane) does 

not facilitate the same reactant/product Rayleigh cross section agreement [57], so an 

additional optical technique would need to be used to track the fresh charge and EGR 

within the combustion chamber to provide a means to estimate the effective Rayleigh 

cross section. 
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Furthermore, the experiments by Bergmann et al. [60] and Dibble and Hellenbock 

[61] were performed using laboratory flames, where spuriously scattered light could be 

minimized.  Errors associated with spuriously scattered light within an engine 

environment can be reduced by subtraction of a reference image acquired when supplying 

the engine with helium.  Helium has an almost negligible Rayleigh scattering cross 

section, so the acquired signal can be almost exclusively attributed to spuriously scattered 

light [57,62].  Shot noise contributions and the shot-to-shot variation of the spuriously 

scattered light would still remain and would contribute to the temperature uncertainty. 

2.3.2. Laser-Induced Fluorescence 

2.3.2.1. Molecular Photophysics 

Laser-induced fluorescence (LIF) occurs when a molecule becomes electronically 

excited through photon absorption and then subsequently re-emits a photon through 

spontaneous emission to return to the ground electronic energy state.  The laser source is 

selected or tuned to an allowed transition of a molecule of interest, allowing for species 

selectivity in the LIF measurement.  The LIF signal is typically much stronger than 

signals resulting from Raman or Rayleigh scattering, allowing for the measurement of 

combustion intermediates that only occur at low concentrations (e.g. OH) or of flow-

tracing molecules at high spatial resolution. 

The photophysics of the LIF process is represented by the Jablonski diagram in 

Figure 2.6.  Photons, typically in ultraviolet (UV) wavelengths, are absorbed by the 

molecule, resulting in transition from the ground singlet (S0) state to the first 

electronically excited singlet state (S1).  Once excited, a number of processes can occur: 
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1) the molecule returns to the ground state through stimulated emission, 2) the molecule 

absorbs an additional photon that excites it to a higher (possible ionized) energy level, 3) 

the molecule pre-dissociates through internal energy transfer between the atoms, 4) the 

molecule undergoes a constant energy electronic transition to another singlet state 

through internal conversion (IC), 5) the molecule undergoes a constant energy electronic 

transition to a triplet state through intersystem crossing (ISC), 6) the excited molecule 

collides with other molecules, changing its vibrational energy level through vibrational 

relaxation (VR) or its electronic energy level through quenching, 7) the molecule returns 

to the ground state through spontaneous emission of light from the first electronically 

excited triplet state (T1) as phosphorescence or 8) the molecule returns to the ground state 

through spontaneous emission of light from the S1 state as fluorescence [57,63,64]. 
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Figure 2.6.  Jablonski diagram showing the photophysical processes of electronic 
excitation and deactivation of an organic molecule. 
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The capability of a molecule to absorb a photon of frequency ν (s-1) is 

characterized by the absorption cross section, σabs (cm2).  When multiplied by a photonic 

flux, E0/hν (cm-2), the resulting product represents the number of photons that will be 

absorbed per unit molecule.  Multiplying this product by the number of molecules able to 

absorb the light, nabs (cm-3), and the excitation volume, V (cm3), results in the total 

number of electronically excited molecules. 

The probability of a molecule returning to the ground state via fluorescence is 

characterized by the fluorescence quantum yield, φfl.  The fluorescence quantum yield is 

the ratio of the fluorescence rate, kfl (s-1), to the rate at which the molecule leaves the 

excited state via the other processes discussed above, ktot (s-1), except for collisional 

quenching, which is given special attention because the rate of this process is dependent 

on the number density of collisional partners, nq (cm-3), in the bath gas.  The complete 

form of the fluorescence quantum yield is provided in equation 2.3, where qk~ is the rate 

coefficient for collisional quenching (cm3s-1). 

 
qqtot

fl
fl nkk

k
~

+
=φ  (2.3) 

The ratio of qk~ to ktot is called the Stern-Volmer coefficient, kSV (cm3).  Typically, the 

fluorescence quantum yield is divided into the product of the fluorescence quantum yield 

in the absence of collisional quenching ( 0
flφ ) and the term that reduces the fluorescence 

quantum yield due to collisional quenching, as shown in equation 2.4. 

 
qSV

flfl nk+
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1
10φφ  (2.4) 
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The detected LIF intensity, SLIF (photons), of unsaturated fluorescence can be 

described as 

 ( ) ( )πηφσν 4//0 Ω= detflabsabsLIF VnhES  (2.5)  

where the terms are as described above.  Essentially, the detected LIF signal is the 

product of the number of number of excited molecules, the number of the excited 

molecules that return to the ground state via fluorescence, and the ability to detect the 

fluorescence, which, because the LIF process is incoherent, is assumed to be emitted over 

4π steradians. 

Because the quantum mechanical processes that occur during the absorption 

process depend on those energy levels available to the ground state molecule, the 

absorption cross section is typically a function of temperature as well as wavelength.  The 

fluorescence quantum yield is not only a function of wavelength and temperature but also 

of pressure and the concentration of the bath gas.  The thermodynamic conditions of the 

mixture affect the rates of fluorescence and the rates of the other non-radiative processes 

that the excited molecule can undergo [57,63,64].  

2.3.2.2. Signal Quantification with Planar Excitation 

When fluorescence is excited by a laser sheet and imaged onto a two-dimensional 

(2-D) detector, equation 2.5 needs to be modified to incorporate the geometric effects of 

the planar excitation and visualization.  The resulting PLIF intensity, SPLIF,pp 

(photons/pixel), is described as 
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where l  is the pixel size (cm), P is the number of pixels in the linear extent of the array, f 

is the lens aperture, and M is the image magnification [65]. 

2.3.3. PLIF-Based Temperature Measurements 

If sufficient knowledge of each term in equation 2.6 is known a priori, a single 

measurement could be made to ascertain the temperature.  While this technique has been 

implemented for a controlled laboratory flow [66], the prospect of this occurring is 

unlikely in uncontrolled environments like engines where the absorber number density is 

typically non-uniform and, therefore, is not precisely known.  Also, absolute values of 

absorption cross section and fluorescence quantum yield are difficult to obtain for a 

single temperature, pressure, and mixture composition, much less for the range of 

temperatures, pressures, and mixture compositions experienced in engines. 

To overcome this difficulty, ratiometric approaches have been used.  Two PLIF 

measurements are made on the same flowfield, as shown in equation 2.7, and 

measurements are made at known conditions to calibrate the signal ratio to temperature, 

pressure, and mixture composition. 
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Equation 2.7 can be broken into laser properties, fluorescence properties, and detection 

properties.  The laser properties are values associated with the excitation laser of 

wavelength λ and either need to be measured or are known.  The detection properties are 



 

24 

values associated with the detection of the fluoresced radiation and can be determined.  

The remaining terms, the absorption cross section and fluorescence quantum yield, have 

temperature dependences which are exploited to determine temperature.  The temperature 

dependencies of the two measurements need to be different such that the ratio is a unique 

function of temperature.  Typically, the absolute values of the σabs-φfl product are not 

uniquely known for each temperature, pressure, and mixture composition.  Rather, 

calibrations of the ratio of the σabs-φfl products are obtained, and these calibrations are 

used to relate the measured ratio of PLIF signals to temperature, as shown in equation 

2.8.  The Ccal value represents the compilation of all constant values in equation 2.7, 

which then is incorporated into the temperature calibration by using the same camera 

arrangement for the calibration and application measurements. 
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For successful application of this ratiometric technique, adequate differentiation 

of the two PLIF signals must be obtained.  With this constraint, two strategies have been 

used to measure temperature using the ratiometric PLIF technique: single tracer with two 

excitation wavelengths, and two tracers with one excitation wavelength. 

2.3.3.1. Single-Tracer, Dual-Wavelength PLIF 

One method to acquire two PLIF signals of the same flowfield is to introduce a 

single fluorescent tracer and then excite the tracer with two different wavelengths.  By 

selecting the appropriate combination of excitation wavelengths, the detected 

fluorescence is a strong, single-valued function of temperature.  The primary benefit of 



 

25

the single-tracer, dual-wavelength technique is that the ratio of fluorescent tracer number 

densities is identically one, and the temperature is no longer a function of the ratio of 

tracer number densities, as shown in equation 2.9. 
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Because of overlapping fluorescence spectra when excited with different incident 

wavelengths [67,68], time separation of the excitation laser pulses is necessary.  Time 

separation between the laser pulses on the order of 1 µs allows for adequate signal 

separation while the flow remains effectively frozen since the fluid motion during that 

time (<20 µm, assuming a maximum in-cylinder fluid velocity of 20 m/s) is significantly 

less than the in-measurement-plane resolution (~200 µm) of a high spatial resolution 

PLIF measurement [69,70]. 

The single-tracer, dual- wavelength PLIF temperature imaging technique has been 

used previously in laboratory flows and in engines using acetone and 3-pentanone 

[66,68,71-74].  Acetone and 3-pentanone are attractive species for PLIF thermometry 

because both species have a broad absorption feature (250 - 350 nm) that peaks near 285 

nm and red-shifts with increased temperature [67,68,72,73].  The magnitude of 

fluorescence quantum yield decreases with temperature, regardless of excitation 

wavelength, but the spectral range of the emitted radiation remains constant with 

temperature and excitation wavelength [67,68].  The excitation wavelengths used for 

previous dual-wavelength PLIF experiments are listed in Table 2.1. 
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Table 2.1.  Details of experiments in the literature that have employed the dual-
wavelength PLIF temperature imaging technique. 

Reference Tracer Wavelength 1 Wavelength 2 Camera Application 

Thurber et al. 
[66] Acetone 248 nm 308 nm 

Single CCD   
(non-simultaneous 

imaging) 
Heated co-flow 

jet 
Koch and Hanson 

[68] 3-Pentanone 248 nm 308 nm Single Interline 
Transfer CCD 

Heated co-flow 
jet 

Einecke et al. 
[72], Einecke et 

al. [73] 
3-Pentanone 248 nm 308 nm Dual CCDs SI Engine 

Thurber and 
Hanson [71] Acetone 248 nm 308 nm Single Interline 

Transfer CCD 
Heated co-flow 

jet 
Rothamer et al. 

[74] 3-Pentanone 277 nm 308 nm Single Interline 
Transfer CCD HCCI Engine 

 

The fluorescence signals are captured by two properly triggered charge-coupled 

device (CCD) arrays or one interline-transfer CCD, which have been used in a similar 

manner in particle image velocimetry (PIV) experiments to rapidly capture two 

consecutive images [57,75].  A single, interline-transfer CCD is the preferred detector for 

this technique because the detection properties in equation 2.8 cancel to unity, 

eliminating any error contributions due to uncertainties in the determination of the 

detection properties.  The camera types used for previous dual excitation wavelength 

PLIF experiments are listed in Table 2.1. 

A drawback of the dual-wavelength PLIF technique is that because two separate 

laser pulses are needed, the measurement of the pulse energies is necessary to determine 

the ratio of the σabs-φfl products based on the measured PLIF signals.  The measurement 

of these pulse energies adds an extra experimental complexity, and the uncertainty of 

these measurements propagates to the uncertainty of the measured temperature. 
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2.3.3.2. Dual-Tracer, Single-Wavelength PLIF 

Another method to acquire two PLIF images of the same flowfield is to 

simultaneously introduce two fluorescent tracers and excite those tracers with one 

excitation laser pulse.  By selecting the appropriate combination of fluorescent tracers, 

the detected ratio of fluorescence signals is a strong, single-valued function of 

temperature.  The primary benefit of this technique is the ratio of laser pulse energies is 

identically one (see equation 2.10), so no external measurement of laser pulse energies is 

needed, which simplifies the experimental setup and eliminates the temperature 

uncertainty resulting from the laser energy uncertainty.  The ratio of the number density 

of the absorbing molecules is no longer identically 1, however, so uncertainties with that 

ratio must now be considered, although the uncertainty will likely be small considering 

that the fluorescent tracers are mixed into the parent fuel before being introduced into the 

engine. 
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For implementation of this technique, the two fluorescent tracers must have 

overlapping absorption spectra to facilitate the use of a single excitation wavelength, and 

they must have fluorescence spectra that are sufficiently different such that they can be 

separated with dichroic mirrors and high- or low-pass optical filters.  Because the 

fluorescence occurs concurrently, either two CCD arrays used in conjunction with a 

dichroic beam splitter or a single CCD with an image doubler must be used to capture the 

two fluorescence signals. 
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Careful consideration must be taken when choosing the combination of 

fluorescent tracers.  First, as described previously, the two tracers must have sufficiently 

different fluorescence spectra.  Also, the fluorescence from the two tracers must have 

different temperature dependencies so that the ratio of the σabs-φfl products is a single-

valued function of temperature.  Further, the two tracers would ideally not be influenced 

by collision partners, especially quenching due to molecular oxygen.  If one or both 

tracers are influenced by oxygen quenching, then the magnitude of quenching effect must 

be considered.  This introduces uncertainty with the temperature measurement because 

direct knowledge of the local oxygen concentrations is difficult to obtain, especially in 

engines with spatially non-uniform oxygen distributions. 

Unfortunately, a combination of typical fluorescence fuel tracers that meets all of 

these criteria is unlikely.  Of the common fuel tracers (acetone, 3-pentanone, biacetyl, 

toluene, fluorobenzene, triethylamine (TEA), and acetaldehyde), acetone, 3-pentanone, 

and acetaldehyde have significant overlap in their fluorescence spectra [67,68,76], so 

only one of these three tracers can be used in the dual tracer technique.  The absorption 

spectrum of biacetyl is significantly red-shifted compared to the other tracers, so this 

tracer could not be simultaneously excited with a common laser source [77].  The 

remaining common tracers – toluene, fluorobenzene and TEA – have overlapping 

fluorescence spectra that are significantly different than the fluorescence spectra of 

acetone, 3-pentanone, and acetaldehyde, but are strongly quenched by molecular oxygen 

when excited [45,78-83].  As a result, in order to select two species that have overlapping 

absorption spectra but different fluorescence spectra, one of the two selected fuel tracers 
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will be influenced by molecular oxygen quenching.  Acetone, 3-pentanone, toluene, 

fluorobenzene, and TEA fluorescence all have differing dependencies on temperature, so 

that criterion can be easily met. 

The dual-tracer, single-wavelength PLIF temperature imaging technique has been 

applied in engines by a research group at Nissan [45,84].  Calibrations of this technique 

were performed with 3-pentanone/toluene and 3-pentanone/TEA tracer combinations and 

an excitation wavelength of 266 nm.  Calibration results showed that both tracer 

combinations result in fluorescence ratios that are single valued, although the 3-

pentanone/TEA tracer combination resulted in a stronger function of temperature, which 

is beneficial because the temperature imaging technique is then more immune to 

measurement noise. 

2.3.4. Combustion Visualization 

2.3.4.1. Chemiluminescence 

Combustion luminosity is typically produced by two sources: soot incandescence 

and chemiluminescence.  Soot incandescence originates from broadband thermal 

radiation of solid phase soot particles.  As such, soot incandescence visualization is 

typically limited to Diesel combustion because of the necessity of soot particles at high 

temperatures [85]. 

Chemiluminescence originates from gaseous molecules as they relax from excited 

electronic states populated during chemical reactions.  Many combustion-specific species 

contribute to the overall chemiluminescence spectra and have been identified by their 

characteristic emission spectra; species such as CH2O*, HCO*, CH*, C2
*, and CO2

* have 
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been shown to be strong contributors to the chemiluminescence spectra [30,86-89].   

Additionally, a broadband emission of light from 350 to 550 nm exists and has been 

attributed to the CO-O oxidation reaction [88,90,91].  The intensity of the 

chemiluminescence during the HCCI combustion process has been shown to strongly 

correlate with the rate of energy release [28,30,31,89,91]. 

Experiments employing chemiluminescence visualization are easily performed in 

an optically accessible engine because no flow seeding or external laser excitation is 

needed.  Furthermore, the chemiluminescence signal is relatively strong, allowing for 

sub-crank-angle resolved movies of the combustion event [25,28,30,32].  A main 

drawback of chemiluminescence visualization is that the luminosity is integrated along 

the line of site of the detector, and as a result the spatial resolution of this technique is 

limited. 

2.3.4.2. Mie Scattering 

Mie scattering has been implemented as a combustion visualization technique in 

previous SI combustion studies [92-94].  Two-dimensional Mie scattering is 

accomplished when light from a laser sheet scatters from particles that were seeded into 

the intake flow and is detected perpendicular to the laser propagation direction using a 

two-dimensional detector.  The captured signal is proportional to the number density of 

scattering particles in the laser sheet plane, provided that the seeding density of the 

scattering particles is low enough to prevent multiple scattering.  Combustion is 

visualized by the change in number density in the scattering particles due to the increase 

in specific volume caused by the combustion event.  Additionally, organic seeding 
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particles (e.g. oil droplets, smoke) can be consumed by the combustion event, further 

increasing the contrast between reactants and products. 

Mie scattering produces a very large signal, orders of magnitude higher than those 

of LIF or Rayleigh scattering.  Because of the strong signal, the power of the laser sheet 

does not need to be extremely high, allowing for high repetition rate lasers and time- 

resolved combustion visualization.  A drawback of using Mie scattering for combustion 

visualization, aside from having to seed the intake flow, is that large differences in 

number density are needed to obtain sufficient resolution of the boundary between 

reactants and products.  This is easily achievable in SI engines where the flame provides 

a sharp gradient between reactants and products.  In HCCI engines, a more bulk 

combustion event occurs, and sufficient resolution of the combustion event may not be 

achievable. 

2.3.4.3. OH Planar Laser-Induced Fluorescence 

Planar laser-induced fluorescence of the hydroxyl (OH) radical has been used 

extensively for combustion visualization because of its natural, relatively large presence 

as a combustion intermediate and its convenient accessibility with common UV laser 

systems [57].  Unlike the continuous absorption spectrum of common fuel tracers (e.g. 3-

pentanone [68]), the absorption spectrum of the OH radical is very discretized, as shown 

by Dieke and Crosswhite [95], so the excitation wavelength must be tuned to one of the 

allow transitions from the ground (X2Π) to the first excited (A2Σ+) electronic energy 

state.  Many studies have excited the overlapping Q1(9) and Q2(8) lines of the 

A2Σ+←X2Π(1,0) band at 283.92 nm using a frequency doubled output of a Rhodamine 
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6G dye laser pumped with the 2nd harmonic of a Nd:YAG laser [e.g. 96-98].  This 

transition has been targeted because of its high, non-resonant fluorescence yield in the 

(0,0) and (1,1) bands from 305-320 nm and because of its low sensitivity to temperature 

variations [95]. 

Quantifying OH concentration from the PLIF signal is difficult due to extremely 

complex photophysics, and as a result OH PLIF images are largely qualitative indicators 

of the presence of combustion.  Further difficulty arises for low temperature combustion 

regimes like HCCI because the OH concentration is highly dependent on combustion 

temperature, limiting even qualitative assessments to relatively high HCCI engine loads.  

2.3.4.4. Formaldehyde (CH2O) Planar Laser-Induced Fluorescence 

A combustion intermediate that has been a useful combustion indicator for 

autoignition-type combustion is formaldehyde (CH2O).  First identified as a species 

important in end-gas knock in SI engines [99,100], formaldehyde has more recently been 

identified as a species that is produced during the low-temperature heat release and exists 

in relatively large concentrations until just prior to the onset of the main (high-

temperature) heat release in HCCI combustion [26,101]. 

Formaldehyde has a much wider fluorescence excitation spectra than OH, ranging 

from <290 nm to ~360 nm with a peak at 353.2 nm for the Ã1A2←X1A1 band [102].  The 

355 nm 3rd harmonic of an Nd:YAG can be used to excite the fluorescence, although 

weak absorption at this wavelength limits the fluorescence signal.  The fluorescence 

signal from formaldehyde starts at about 360 nm and extends to wavelengths greater than 

500 nm, although the strongest signal bands exist from 390-460 nm [57]. 
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Because formaldehyde is consumed quickly after the start of the main heat 

release, CH2O PLIF has typically been applied to HCCI combustion of a fuel that 

exhibits two-stage ignition [26,27,101].  Formaldehyde is however produced in HCCI 

combustion of a single-stage fuel as well [88], so the possibility of employing CH2O 

PLIF does exist when using a single-stage fuel.  PLIF of formaldehyde in engines has 

been largely qualitative due to the uncertainty in the CH2O concentration and in the local 

thermodynamic conditions that affect fluorescence quantum yield. 
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Chapter 3. Experimental Facility 
 

CHAPTER 3 

EXPERIMENTAL FACILITY 
 

3.1. Engine Systems 

3.1.1. Optically Accessible Engine 

All experiments were performed in the optically accessible engine located in the 

General Motors / University of Wisconsin Collaborative Research Laboratory (CRL) at 

the Engine Research Center.  The engine is constructed on a Waukesha Engines 

Cooperative Fuels Research (CFR) crankcase and features a General Motors prototype 

cylinder head that has a pent-roof combustion chamber and two intake and two exhaust 

valves actuated by belt-driven dual overhead cams.  The geometric specifications and 

valve timings of the engine are provided in Table 3.1. 

Table 3.1.  Geometric specifications and valve timings of the GM / 
UW CRL optically accessible engine. 

Compression Ratio 11:1  Intake Valve Diameter 35.1 mm 

Bore 86 mm  Exhaust Valve Diameter 30.0 mm 

Stroke 94.6 mm  Intake Valve Open 360° bTDC 

Displacement 550 cm3  Intake Valve Close 180° bTDC 

Clearance Volume 55.23 cm3  Exhaust Valve Open 131° aTDC 

Connecting Rod Length 152.2 mm  Exhaust Valve Close 375° aTDC 
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The engine, shown in cross section in Figure 3.1, features a drop down liner 

design that facilitates easy cleaning of the engine’s optical components and is similar to 

the drop-down liner optical engine used by Espey and Dec [103].  Optical access to the 

combustion chamber is achieved through a cylindrical UV-grade fused silica (UVFS) 

window that replaces the top 20 mm of the cylinder liner below the fire deck, a sapphire 

window housed in the piston cap of the Bowditch-type piston extension [104], and 3 mm 

diameter UVFS windows housed in aluminum plugs mounted in the two pressure 

transducer ports machined into the cylinder head.  An imaging mirror, coated with a UV-

grade anti-reflective coating, is mounted within the Bowditch piston, allowing visual 

access into the combustion chamber from below. 

To allow for each intake valve to be fed independently, the concave port fuel 

injector-mount cavity of the cylinder head was filled with a cast aluminum plug and the 

septum that splits the intake port to feed each valve was extended to the port entrance by 

a thin aluminum plate.  Additional details can be found in [43]. 
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Figure 3.1. Cross sectional view of optically accessible engine with drop-down liner 
assembly. 
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3.1.2. Dynamometer 

A 74.5 kW direct current (DC) double-ended dynamometer is used to control the 

engine operation.  The dynamometer, rated for a maximum speed of 4000 rpm, is 

controlled with Dyne Systems DYN-LOC IV digital controller that allows for constant 

speed and constant load control, although constant speed control was employed for all 

engine tests.  The dynamometer is coupled to the engine with a Falk Wrapflex coupling 

system.  

3.1.3. Intake and Exhaust Systems 

The intake system for the optically accessible engine, shown in Figure 3.2, 

features two intake paths that allow each of the cylinder head’s intake valves to be fed 

independently.  Intake path 1, shown in dark grey, consists of two 37.8 L tanks connected 

with steel piping.  An air-assisted fuel injector is permanently mounted in the piping 

between the two surge tanks.  Intake path 2, shown in light grey, consists of a single 

37.8 L tank and is connected to the entry of the intake system with soldered copper 

tubing.  The centers of the lower surge tanks of each intake path are connected with steel 

piping, and flanged bellows couplers are used to connect the lower surge tanks to the 

intake runners in order to isolate the intake system from the engine vibration. 

Two balls valves in the intake system dictate the manner in which intake path 2 is 

supplied.  Opening the ball valve upstream of intake path 2 and closing the ball valve in 

the cross-tank piping allows intake path 2 to be fed with charge that enters the intake 

system at the entrance.  Feeding intake path 2 in this manner prevents fuel from entering 
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the engine through the intake valve fed by intake path 2.  Closing the ball valve upstream 

of intake path 2 and opening the ball valve in the cross-tank piping allows intake path 2 

to be fed with charge from intake path 1, allowing for each intake valve to be fed with the 

same homogeneous mixture.  Closing both ball valves allows the engine to be fed from 

intake path 1 only when using either the baseline runner or one of the split-tube runners 

that will be discussed in section 3.1.5.1.  Additionally, gas can be fed directly into the 

surge tank of intake path 2 through pipe fitting in the side of the tank.   
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Figure 3.2.  Detailed schematic of the intake system for the optically accessible engine. 

The exhaust system of the optically accessible engine consists of a custom 

stainless-steel runner, a mixing diffuser, and a 38.7 L surge tank that is connected to the 

building exhaust.  The mixing diffuser is located between the runner and the surge tank to 

facilitate mixing of the exhaust gas prior to being sampled by the emissions analyzer 

through a port in the side of the diffuser.  Mixing diffuser details can be found in [40]. 
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3.1.4. Intake Charge Heating 

The intake charge was heated using six heating tapes wrapped on portions of the 

intake system.  Two 63.5 mm wide, 3.0 m long (240 V, 2350 W) heating tapes were 

wrapped around the lower surge tanks of each intake path.  The top heating tape on the 

lower surge tank of intake path 1 was extended upwards to wrap around the piping into 

which the fuel was injected to facilitate rapid vaporization of the injected liquid fuel.  

When the split-tube, stainless-steel runner was used (Figure 3.3b), additional heating was 

provided by 12.7 mm wide, 1.8 m long (240 V, 468 W) heating tapes wrapped around the 

tubes of the intake runner.  An Omega CN616 six-zone temperature controller was used 

to control the six heater strips.  Control temperatures for the heater strips around the surge 

tanks were measured using K-type thermocouples mounted within the surge tanks, 

whereas the control temperatures for the heater strips around the runner tubes were 

measured using K-type thermocouples mounted in the intake runner, just upstream of the 

cylinder head. 

3.1.5. Intake Charge Delivery Hardware 

3.1.5.1. Intake Runners 

The six intake runner geometries used in subsequent experiments are shown in 

Figure 3.3.  The baseline runner (Figure 3.3a) is fed from surge tank 1 only and feeds 

both intake ports of the cylinder head concurrently.  Runner SS (Figure 3.3b) is a welded 

stainless-steel runner that was constructed to connect directly to the flanged bellows 

couplers of both surge tanks and was created to mirror the intake runner used by Chialva 

[43].  Figures 3.3c through 3.3f show the four geometries fabricated using soldered 
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copper tubing, which allowed for rapid modifications to the intake runner geometries.  

Runner Cu1 (Figure 3.3c) has two straight, 210 mm long runner tubes, runner Cu2 

(Figure 3.3d) has two straight runner tubes with different lengths (210 mm and 310 mm), 

runner Cu3 (Figure 3.3e) has two, 210 mm runner tubes, one of which is connected to the 

intake port mounting flange with a 90° horizontal bend, and runner Cu4 (Figure 3.3f) has 

two, 21 mm runner tubes, one of which is connect to the intake port mounting flange with 

a 90° vertical bend.  The copper tubing runners were connected to the intake surge tanks 

using 1.5 m long, 24.3 mm diameter polytetrafluoroethylene (PTFE) tubing, facilitating 

intake runner geometries that were not constrained by the location of the intake surge 

tanks. 

a) Baseline  

 

b) Runner SS  
 

 

c) Runner Cu1 
 

 

d) Runner Cu2 
 

 

e) Runner Cu3 
 

 
 

f) Runner Cu4 

 
Figure 3.3.  Intake runner geometries utilized.  Runner SS is constructed of welded 

stainless steel, while runners Cu1, Cu2, Cu3, and Cu4 are constructed of 
soldered copper tubing. 

Additionally, flow straighteners were created and installed at the entrance of the 

copper tubing runners in order to remove any possible large-scale flow structures created 

by the flexible tubing connections.  The flow straighteners were created by inserting 
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twenty 89 mm long, 3.4 mm inside diameter (ID) stainless-steel tubes into a 20.6 mm ID 

copper tube.  The small ID tubes were held in place inside the copper tube by high 

temperature epoxy that also acted to block the flow areas between the small tubes.  For 

the air mass flow rate of 550 mg/cycle, typical of engine operation at 600 rpm, 100 °C 

intake temperature, and atmospheric manifold pressure, the Reynolds number in the small 

tubes was 1500, which, for an L/D of 26, was too large to ensure fully developed flow for 

laminar flow conditions [105], but was deemed adequate for breaking down any large 

scale flow structures that may have originated from within the tubing connecting the 

surge tanks to the runner tubes. 

3.1.5.2. Flow-Directing Baffles 

Flow-directing baffles were constructed to direct the flow towards four portions 

of each intake valve: the top of the valve, nearest to the peak of the pent roof (Figure 

3.4a); the bottom of the valve, nearest to the cylinder wall (Figure 3.4b); the inside of 

valve, nearest to the plane that bisects the cylinder (Figure 3.4c); and the outside of the 

valve, furthest from the plane that bisects the cylinder (Figure 3.4d).  The baffles were 

made out of 1.7 mm thick aluminum and were machined to closely match the dimensions 

of the intake port, although no attempt was made to seal between the baffle and the intake 

port walls. 

3.1.5.3. Flow Break-Down Screens 

Flow break-down screens (BDS) were constructed and attached to each intake 

valve for certain experiments.  The break-down screen (Figure 3.5) was designed to fit 
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over the valve and snugly within the intake port.  Each screen has eight, 5.6 mm holes 

through the top and 96, 1.8 mm holes through the circumferential surface, with the flow 

assumed to pass through the top holes and then through the side holes into the engine.  

Set screws were used to hold the flow break-down screens in place on the intake valves. 
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Figure 3.4.  Flow-directing baffles used to direct the intake flows towards a specific 
portion of the intake valves. 

 

 

Figure 3.5.  Flow break-down screen attached to an intake valve. 
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3.1.6. Gaseous Flow Metering 

3.1.6.1. Air 

Air flow to the engine was metered using one of four critical flow orifices.  Two 

custom-machined orifices with 1.61 mm and 1.17 mm diameters were mounted on the 

test cell wall, and two modular orifices with 0.635 mm and 0.508 mm diameters were 

purchased from McMaster-Carr Supply Company (P/N 2822T107 and 2822T103, 

respectively).  The orifices were calibrated prior to use with a certified bellows flow 

meter.  The calibration data and linear fits are provided in Figure 3.6. 
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Figure 3.6.  Calibration air mass flow rate data and linear fits for 1.61 mm, 1.17 mm, 
0.635 mm, and 0.508 mm orifices. 

Air, supplied from a central campus facility at approximately 620 kPag, was 

regulated to the desired upstream pressure with a pressure regulator that was 

pneumatically-controlled with a Newport Micromega CN77000 PID controller coupled 

with a Parker Pneumatics VIP-F converter board.  The air was delivered to the fixed 

orifices using copper-tube connections, while the air was delivered to the modular 
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orifices using stainless-steel tubing.  The pressure and temperature upstream of the 

selected orifice were measured with a Heise DXD digital-output pressure transducer. 

3.1.6.2. Nitrogen 

Nitrogen flow to the engine was metered using a 1.18 mm, 0.635 mm, or 0.508 

mm modular orifice.  The smaller two orifices were the same as used with the air 

metering, while 1.18 mm orifice was custom machined into a piece of aluminum.  The 

orifices were calibrated prior to use with a certified bellows flow meter, and the 

calibration data and linear fits are provided in Figure 3.7. 
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Figure 3.7.  Calibration nitrogen mass flow rate data and linear fits for 1.18 mm, 0.635 
mm, and 0.508 mm modular orifices. 

The nitrogen was supplied to the orifice from gas cylinders and was regulated to 

the desired upstream pressure with manual regulators capable of 2068 kPag inlet and 

1034 kPag outlet pressures.  The temperature upstream of the orifice was measured with a 

K-type thermocouple, and the gauge pressure was measured with a Heise bourdon tube 
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pressure gauge.  Absolute atmospheric pressure was measured using a Wallace and 

Tiernan bourdon tube pressure gauge. 

3.1.6.3. Argon 

Argon flow to the engine was metered using the 1.18 mm and 0.635 mm modular 

orifices described for the nitrogen metering.  The calibration data and linear fits for the 

orifices are provided in Figure 3.8.  The argon was supplied to the orifice from gas 

cylinders and controlled in the same manner as described for the nitrogen metering. 
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Figure 3.8.  Calibration argon mass flow rate data and linear fits for 1.18 mm and 0.635 
mm modular orifices. 

3.1.6.4. Oxygen 

Oxygen flow to the engine was metered using the 0.508 mm modular orifice 

described for the nitrogen metering.  The calibration data and linear fit for the orifice are 

provided in Figure 3.9.  The oxygen was supplied to the orifice from a gas cylinder and 

controlled in the same manner as described for the nitrogen metering. 
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Figure 3.9.  Calibration oxygen mass flow rate data and linear fit for the 0.508 mm 
modular orifice. 

3.1.7. Fuel Delivery System 

A Mercury Marine Optimax air-assisted fuel injector system is permanently 

mounted in the intake system between the two surge tanks in intake path 1, as shown in 

Figure 3.2.  In the air-assisted fuel injector system, a fuel injector draws fuel from a 

pressurized fuel supply and injects into the pressurized air supply for the air injector.  

After a 4 ms delay, the air injector fires and injects the fuel/air mixture in the intake 

piping.  The air-assisted injector setup is directed such that the injection occurs in the 

direction opposite to the bulk intake flow, enhancing the increased atomization provided 

by the air-assisted injection. 

Consistent fuel injection amounts for this arrangement rely on a constant pressure 

difference between the supplied fuel and injector air.  This is typically accomplished by 

absolute and differential pressure regulators within the Optimax fuel rail in which the fuel 

and air injectors are housed.  Unfortunately, the regulator diaphragms were extremely 
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susceptible to degradation by the ketone tracer mixed with the base fuel for the optical 

diagnostic experiments and eventually failed after prolonged exposure to the fuel.  As a 

result, a custom fuel pump was created to provide a consistent pressure difference 

between the fuel and injector air pressures without concerns over failure due to 

diaphragm degradation. 
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Figure 3.10.  Custom fuel pump for the air-assisted fuel injector.  The differential 
pressure regulator ensures a 69 kPa difference between the fuel and air 
pressure, regardless of the air pressure magnitude. 

A schematic of the custom fuel pump is shown in Figure 3.10.  The differential 

pressure regulator, which was created from a precision air regulator (McMaster-Carr 

Company P/N 1888K14) by sealing the regulator housing and applying air pressure 

above the regulator diaphragm, maintains a 69 kPa pressure difference between the 

nitrogen and air pressure.  The 69 kPa difference was preset in the regulator by adjusting 

the control knob with zero input air pressure.  The nitrogen output of the differential 

pressure regulator is applied directly to the liquid fuel located in the 1000 mL stainless-
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steel accumulator, and the air supply used to pressurize the differential regulator is fed to 

the air injector via a 500 mL accumulator, which was incorporated to reduce the pressure 

fluctuations to the injector.  Nylon tubing is used to transport the air and fuel from the 

pump to the injectors. 

3.1.8. Coolant System 

The drop-down liner and cylinder head of the optically accessible engine were 

liquid cooled with a 50/50 mixture of distilled water and ethylene glycol.  A column 

reservoir gravity fed an external electric-motor-driven pump that circulated the coolant 

through the system.  A 1 kW immersion heater was installed immediately after the pump 

to provide preheating of the coolant prior to fired or during motored engine operation, 

and a crossflow heat exchanger was installed immediately upstream of the pump to 

provide cooling of the coolant mixture during fired operation.  A K-type thermocouple 

installed after the immersion heater was used to monitor the coolant temperature and was 

also used for close-loop control of the power to the immersion heater and the solenoid 

valve that controlled city water flow through the coolant heat exchanger.  After being 

regulated to the setpoint temperature, the coolant was directed in parallel through the 

optically accessible engine’s drop-down liner and cylinder head and returned to the 

column reservoir. 

3.1.9. Oil System 

An external, electric-motor-driven oil pump was used to supply pressurized oil to 

the engine system.  After passing through a commercial oil filter, the pressurized oil was 
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regulated to 260 kPag using a relieving-type regulator prior to being delivered to the 

engine crankcase oil gallery and the housings of the cylinder head’s cams.  The regulator 

relief port, the return lines from the cam housings, and engine crankcase drain were all 

directed to an external sump that gravity fed the oil pump.  SAE 30 motor oil was used as 

the lubricant because its higher viscosity minimized oil migration past the lower cylinder 

rings, preventing fouling of the optical components during engine operation. 

3.1.10. Crankcase Vacuum System 

To assist in preventing oil migration past the lower cylinder rings, a vacuum of ~1 

mm Hg was created on the engine crankcase and of ~2 mm Hg was created on the 

external oil sump.  A single external vacuum pump was used to create these vacuum 

levels by connecting the pump inlet in parallel to the crankcase and oil sump.  A gate 

valve was installed in the line between the vacuum pump and the engine crankcase to 

control the pressure difference between the crankcase and the oil sump.  The positive 

pressure difference between the crankcase and oil sump enhanced the oil flow between 

the crankcase and oil sump.  An oil trap was installed between the vacuum pump and the 

engine hardware to prevent an excess amount of oil from returning to the vacuum pump.  

3.2. Test Cell Instrumentation 

3.2.1. Cylinder Pressure 

The cylinder pressure was measured with a Kistler 6125B piezoelectric pressure 

transducer mounted in one of two locations in the cylinder head.  For tests in which the 

spark plug was installed, the transducer was mounted in the nominal side port of the 
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cylinder head.  For tests in which optical access was needed through the transducer port 

windows, the pressure transducer was mounted in the spark plug hole using a custom-

made adapter.   

The charge produced by the piezoelectric transducer was converted to a voltage 

signal by a Kistler 5010B dual mode charge amplifier with a sensitivity of 15.5 pC/MU, a 

scale of 10 MU/V, and a medium time constant.  The slope of the transducer’s linear 

response was determined by calibration with a dead weight pressure tester. 

The pressure voltage signal was filtered by an 8 kHz analog low-pass filter before 

being read by a DSP data acquisition consisting of a model 4012 TRAQ controller 

module, an 8 channel 12 bit 100 kHz input module, and an 8 mega-sample memory 

module.  Acquisition of the pressure data was controlled by Redline ACAP v4.0 software 

that acquires, analyzes, and stores the data.  The relative cylinder pressure measured by 

the piezoelectric transducer was equated to the measured intake surge tank pressure at 

190° bTDC to produce absolute in-cylinder pressure.  For each engine operating 

condition, cylinder pressure was acquired for 100 consecutive cycles at 0.5 crank angle 

resolution, trigger by a BEI H25 optical shaft encoder. 

3.2.2. Exhaust Gas Analyzer 

A Horiba emissions analyzer was used to measure the steady-state concentration 

of five exhaust species: CO2, CO, O2, HC, and NOx.  The type and model of the 

individual analyzers and associated amplifiers are listed in Table 3.2.  Each of the 

analyzers was calibrated using a span gas supply with known concentration of the desired 

exhaust species and a Stec SGD-710C gas divider.  The span gas concentrations for each 
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analyzer are listed in Table 3.2.  Linear fits of the calibration data were used for all 

analyzers except the non-dispersive infrared type, which required third-degree 

polynomial fits. 

Table 3.2.  Details of Horiba emissions analyzer components and the span 
range over which each analyzer was calibrated. 

Emission Analyzer Type Analyzer Model Amplifier Model Span Range 

CO2 
Non-Dispersive 

Infrared AIA-23 OPE-135 13% 

CO Non-Dispersive 
Infrared AIA-23 OPE-135 0.997% 

O2 Magnetopneumatic MPA-21A OPE-335 15% 

HC Flame Ionization 
Detector FIA-23A OPE-435 2550 ppm 

(C3H8) 

NOx Chemiluminescence CLA-22A OPE-235 98.2 ppm   
(NO) 

 

After being sampled from the mixing diffuser at the end of the exhaust runner, the 

exhaust gas was sent through a water-cooled heat exchanger (McMaster-Carr P/N 

43865K76) and a Parker-Balston filter to condense and remove the water prior to 

transmission to the Horiba analyzer.  Once in the analyzer, the exhaust gas is piped 

through a chilled water bath, cooled to 1 °C, to completely remove any water not 

removed previously and is distributed to the individual analyzers through a common 

manifold. 

3.2.3. Test Cell Parameters 

The steady-state test-cell temperatures and pressures that were monitored during 

engine operation are listed in Table 3.3.  The steady-state parameters were displayed 

using Omega controllers and recorded manually for each data set. 
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Table 3.3.  Steady-state test cell parameters monitored during engine 
operation, the units in which the data were recorded, the 
measurement device for each parameter, and the Omega 
controller used to display the parameter. 

Parameter Unit Measurement Device Controller Type 

Oil Temperature °C K-Type Thermocouple CNi16D22-C24 

Coolant Temperature °C K-Type Thermocouple CNi16D22-C24 

Exhaust Port Temperature °C K-Type Thermocouple DPi32-CN24 

Exhaust Mixing Can Temperature °C K-Type Thermocouple DPi32-CN24 

Zone 1 Temperature °C K-Type Thermocouple CN616TC1 

Zone 2 Temperature °C K-Type Thermocouple CN616TC1 

Zone 3 Temperature °C K-Type Thermocouple CN616TC1 

Zone 4 Temperature °C K-Type Thermocouple CN616TC1 

Zone 5 Temperature °C K-Type Thermocouple CN616TC1 

Zone 6 Temperature °C K-Type Thermocouple CN616TC1 

Cross-Tank Piping Temperature °C K-Type Thermocouple CNi16D52-C24 

Oil Pressure psig 
Omega PX212-060GV 

Pressure Transducer CNi16D52-C24 

Liner Pressure psig 
Omega PX212-1KGV 
Pressure Transducer CNi16D52-C24 

Surge Tank 1 Pressure kPa Omega PX212-100AV 
Pressure Transducer CNi16D52-C24 

Surge Tank 2 Pressure kPa Omega PX212-060GV 
Pressure Transducer CNi16D52-C24 

Exhaust Pressure kPag 
Omega PX212-100GV 

Pressure Transducer CN77352-C4 

3.3. Combustion Diagnostic Components 

3.3.1. Lasers 

Two neodymium-doped yttrium aluminum garnet (Nd:YAG) lasers were used in 

the follow experiments: a Spectra-Physics model GRC-170-10 laser and an EKSPLA 

model NL303D laser system.  The specifications of these lasers are discussed below. 
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3.3.1.1. Spectra-Physics GRC-170-10 

The Spectra-Physics model GRC-170-10 Nd:YAG laser contains a single laser 

cavity that produces laser light at a fundamental wavelength of 1064 nm.  After passing 

through a polarization crystal, the fundamental beam enters a Harmonic Generator 

package that converts the beam to the second harmonic (532 nm), third harmonic (355 

nm) or fourth harmonic (266 nm).  Translation arms allow for user selectability of the 

output wavelengths by removing or inserting the appropriate harmonic crystals, and fine-

pitch screws allow for adjustment of the angles of the harmonic crystals to maximum the 

output energy of the converted beams.  The residual fundamental laser light and the 

generated harmonics leave the Harmonic Generator coincident and require external 

separation. 

Triggering of the laser operation is accomplished using two 5V TTL triggers 

connected to the laser power supply.  The first trigger is used to fire the flash lamps and 

the second is used to fire the Q-switch.  The optimal delay between the two triggers to 

maximize laser output was determined in previous experiments to be 186 µs [106].  The 

flash-lamp energy is set by the laser remote keypad and is used to control the output laser 

energy.  Additional information regarding the operation of the Spectra-Physics laser can 

be found in the operator’s manual [107]. 

3.3.1.2. EKSPLA NL303D 

The EKSPLA NL303D laser system contains two, independent Nd:YAG lasers, 

fixed to a common optical table, and an optics package that combines the beams and 

converts the fundamental 1064 nm light to the second, third, or fourth harmonic.  A 
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schematic of the EKSPLA laser system is provided in Figure 3.11.  The laser beams from 

the two lasers are initially combined using two mirrors (M1, M2), three half-wave plates 

(HWP1, HWP2, HWP3) and a polarizer (P1).  Adjustment of the half-wave plates was 

performed during initial installation of the laser system to maximize the outputs of the 

lasers after beam combination.  Further adjustment of the half-wave plates is unnecessary 

during normal laser operation. 

 

Figure 3.11.  Layout of the EKSPLA NL303D laser system.  Included in the laser system 
are two independent Nd:YAG lasers, optics for combining the two laser 
beams, and optics for generation and separation of the second, third, and 
fourth harmonics.  Taken from [108]. 

After passing through the beam-combining optics, the laser beams pass through 

the second harmonic generator (SHG).  Adjustment of the SHG angle is accomplished 

using a 3 mm Allen wrench inserted into the laser system through the side wall located at 

the top of the schematic in Figure 3.11.  The mirror immediately following the SHG (M3) 

is mounted on a 90° flip mount and is used in selecting the desired output wavelength.  

When flipped down, the beams pass unimpeded through the third harmonic generator 

(THG).  A series of dichroic mirrors (M4 – M7) separate the beams by wavelength and 

direct the beams towards separate outputs.  The energy of the fundamental, second, and 

third harmonics are determined by the angle of the SHG and THG, which are tuned to 
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maximize the output of the wavelength of interest.  The THG is tuned in the same manner 

as the SHG. 

When flipped up, mirror M3 directs the fundamental and second harmonic toward 

the fourth harmonic generator (FHG).  The beams first pass through two lenses (L1, L2) 

to expand the beam slightly in order to prevent damage to the FHG.  After passing 

through the FHG, which is tuned with a 3 mm Allen wrench via an access point in the 

wall of laser system, the beams pass through two Pellin-Broca prisms.  The residual 

fundamental and second harmonic wavelengths are directed toward a beam dump with a 

mirror (M9) and the fourth harmonic is directed out of the laser. 

Triggering of the laser operation is performed using a single 10V pulse to the 

input BNC connection location at the front of the laser power supply.  The duration of the 

voltage pulse determines the delay between the firing of the flash lamp, which fires on 

the trigger’s rising edge, and the Q-switch, which fires on the trigger’s falling edge.  

Additionally, the Q-switch delay determines the output laser energy, as the flash-lamp 

energy is fixed in the EKSPLA lasers.  The Q-switch delay that results in maximum 

output laser energy was determined to be 222 µs, and a Q-switch delay that results in 

laser energy appropriate for optics alignment was determined to be 475 µs.  Additional 

information regarding the operation of the EKSPLA laser system can be found in the 

operator’s manual [108]. 
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3.3.2. Cameras 

Three scientific cameras were used in the following experiments: an Andor model 

DV437-BU2 charge-coupled device (CCD) camera, a Roper Scientific PI-Max 

intensified CCD camera, and a Vision Research Phantom 7.1 complementary metal-

oxide-semiconductor (CMOS) camera.  The CCD cameras were used for laser-induced 

fluorescence experiments where the low light levels necessitated cameras with low noise, 

with the intensified CCD used only for experiments for which a very short exposure time 

(< 400 ns) was necessary to suppress natural combustion luminosity.  The CMOS camera 

was used for chemiluminescence imaging experiments where high framing rate was 

desired.   A summary of camera specifications is provided in Table 3.4. 

Table 3.4.  Specifications of the cameras used in the following experiments. 

Camera 
Manufacturer Andor Roper Scientific Vision Research 

Camera Model DV437-BU2 PI-Max Phantom 7.1 

Detector Type CCD Intensified CCD CMOS 

Array Size 512 x 512 512 x 512 800 x 600 (max) 

Pixel Size (µm) 13 24  

Detector 
Temperature (°C) -45 -20  

Dark Noise       
(e-/pixel/s) 0.06 5  

Read Time  1, 2, 16, or 32 (µs/pixel) 1 or 10 (µs/pixel) 4800 (pictures/s, full 
frame) 

Read Noise       
(e-/pixel) 6.82, 6.78, 2.36, or 2.2 15 or 40  

Output Gain      
(e-/ADU) 2, 2, 1.4, or 0.7 10  

Digitization (bits) 16 16 16 

Intensifier 
Photocathode N/A S-10 N/A 

Intensifier 
Phosphor N/A P43 N/A 

Sensitivity (nm) 200 – 1050 200 – 1050  
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3.3.3. Optical Filters 

For laser-induced fluorescence experiments in which two fluorescent tracers were 

introduced concurrently, optical filters were necessary to spectrally separate the 

fluorescence from each tracer molecule.  The filter sets were chosen to isolate 

fluorescence from ketones (i.e. acetone, 3-pentanone), which fluoresce in a wavelength 

range from 320–600 nm, or to isolate fluorescence from aromatics (i.e. toluene, 

fluorobenzene) or amines (i.e. TEA), which fluoresce in a wavelength range from 266–

380 nm.  Additionally, when a camera lens capable of transmitting UV wavelengths was 

used, the filter sets needed to suppress the 266 nm scattered light from the incident laser 

pulse. 

3.3.3.1. Ketone Fluorescence Filter 

A single GG385 Schott-glass filter was required to filter ketone fluorescence from 

the aromatic and amine fluorescence and the scattered laser light.  The GG385 high-pass 

filter has a cutoff wavelength at 385 nm and has a transmission characteristic as shown in 

Figure 3.12a.  For laser-induced fluorescence experiments employing only ketone tracer, 

using the GG385 filter was unnecessary if the camera lens did not transmit UV light. 

3.3.3.2. Aromatic or Amine Fluorescence Filter Set 

A combination of filters was required to spectrally filter aromatic or amine 

fluorescence from ketone fluorescence and scattered laser light.  A Rapp-OptoElectronics 

SP320 filter provided a sharp, low-pass cutoff at 320 nm, but the near-zero transmittance 

does not extend to wavelengths longer than 400 nm.  To block the ketone fluorescence 
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greater than 400 nm, a Rapp-OptoElectronics SP400 low-pass filter was used.  A Schott 

glass WG295 high-pass filter was used to suppress scattered 266 nm light because the 

SP320 and SP400 filters did not provide sufficient suppression.  The transmission curves 

for each of the individual filters are provided in Figure 3.12b along with the cumulative 

transmission for the combined filter set. 
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b) Aromatic or Amine Fluorescence Filter Set  
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Figure 3.12.  Optical filters used to spectrally isolate (a) ketone fluorescence and (b) 
aromatic or amine fluorescence with using two fluorescent tracers 
concurrently. 
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Chapter 4. Investigation of Bulk In-Cylinder Stratification with 
Split Intake Runners 

CHAPTER 4 

INVESTIGATION OF BULK IN-CYLINDER 
STRATIFICATION WITH SPLIT INTAKE 
RUNNERS 

 

4.1. Introduction 

In the experiments performed by Chialva [43], the in-cylinder tumble motion 

produced by the combustion chamber geometry was relied upon to maintain the 

stratification, which was introduced by independently feeding each intake valve with a 

charge of different composition or temperature, until combustion commenced.  Initial 

planar laser-induced fluorescence (PLIF) measurements using identical hardware as 

Chialva revealed a significant amount of in-cylinder mixing, dramatically reducing the 

magnitude of stratification introduced through the intake valves. 

In an effort to enhance the bulk in-cylinder stratification, the intake flows of the 

optically accessible engine were manipulated upstream of the intake valves by 1) 

modifying the intake runner geometry upstream of the cylinder head (see §3.1.5.1 for 

hardware details), 2) introducing flow-directing baffles into the intake port (§3.1.5.2), and 

3) attaching flow break-down screens to the intake valves (§3.1.5.3).  PLIF of 
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3-pentanone, which was introduced to the engine through only one intake valve, was used 

to evaluate the relative merits of each flow manipulation device.  The result of these 

experiments will be discussed in the subsequent sections of Chapter 4. 

4.2. In-Cylinder Mixing Measurements 

4.2.1. Engine Operation 

The engine was motored at a constant speed of 600 rpm, which facilitated 

convenient matching of the engine frequency and the required laser repetition rate of 10 

Hz.  Air was metered to the engine at a constant rate of 550 mg/cycle, which simulated 

throttleless operation at the 100 °C intake air temperature used.  The elevated intake 

temperature ensured full vaporization of the premixed fuel but avoided the initiation of 

HCCI combustion.  The coolant and oil temperatures were held constant at 50 °C and 

30 °C, respectively. 

The fuel (20% 3-pentanone, 80% spectrophotometric-grade iso-octane) was 

injected into the intake stream directly upstream of intake surge tank 1 (see Figure 3.2) at 

a rate of 10 mg/cycle.  For the bulk stratification experiments the pipe connecting the two 

surge tanks was closed and the engine was fed using both intake paths, so the acquired 

fluorescence tracked the charge that entered through intake valve 1.  When the ball valve 

upstream of surge tank 2 was closed, the engine was fed only through intake valve 1, 

producing a homogeneous in-cylinder mixture that provided the homogeneous condition 

necessary for flat-field correction. 
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4.2.2. Image Acquisition and Correction 

The optical setup used for the bulk stratification investigation is shown in Figure 

4.1.  After passing through a Pellin-Broca prism (to separate and dump the residual 1064 

and 532 nm light) and a UG5 Schott glass filter, the 266 nm fourth harmonic of the 

Spectra-Physics GRC-170-10 Nd:YAG laser was formed into a sheet by passing first 

through a f = -200 mm cylindrical lens and then through an f = 1000 mm plano-convex 

spherical lens, the focus of which coincide with the engine’s cylinder axis.  The sheet was 

directed through the engine in line with the pent-roof apex, ~3 mm below and parallel to 

the cylinder head fire deck.  Laser pulse energies were ~18 mJ/pulse. 

Nd:YAG Laser

Pellin-Broca
Prism

= Mirror

= Beam DumpSpherical Lens
Cylindrical Lens

Location of 
Laser Energy 
Measurement

= UG5 Filter

Nd:YAG Laser

Pellin-Broca
Prism

= Mirror

= Beam DumpSpherical Lens
Cylindrical Lens

Location of 
Laser Energy 
Measurement

= UG5 Filter

 

Figure 4.1.  Optical setup for bulk in-cylinder stratification investigation. 

The fluorescence was acquired by the Andor camera described in section 3.3.2.  

An f/1.2, f = 50 mm glass camera lens was used to image the fluorescence signal onto the 

camera’s CCD array and to reject the scattered 266 nm light.  The non-UV-transmitting 

glass material provided sufficient 266 nm suppression that optical filters were not 
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necessary.  The camera was thermoelectrically cooled to -45 °C and the pixels were read 

out at 62.5 kHz to minimize the combination of dark and read noise.  The charge was 

binned 4x4 on chip, resulting in an in-plane resolution of 600 µm per pixel.  This 

resolution was much larger than the laser sheet thickness (~150 µm), but because the 

large scale stratification features were of interest, the 4x4 binning was used to reduce the 

time required to acquire a full image set and to increase the signal-to-noise ratio. 

Image sets were acquired in the following sequence: 50 background images (laser 

firing, no fuel), 100 data images (engine fed with both intake paths), 100 flat-field images 

(engine fed with intake valve 1 only), and 50 background images.  Each image was 

corrected for the influence of background signal and the non-uniform mean spatial profile 

of the laser using 
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where I is the pixel intensity; the superscripts corr, b, and f refer to the corrected, 

background, and flatfield images, respectively; the subscript r and c refer to the pixel 

location, where r is parallel to and c is perpendicular to the laser-propagation direction; 

the subscript n refers to the image number within an image set; the  brackets refer to 

ensemble averaging over the full image set; and S is a representative value that scales the 

resulting image intensities back to units of camera counts.  The S value was chosen to be 

the maximum pixel intensity in the ensemble-average background-corrected flatfield 

image.  Image correction was applied to the data and flatfield images; the former allowed 
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for the assessment of the stratification present in the combustion chamber, and the latter 

allowed for quantification of the noise limitation of the imaging system. 

After standard image correction, each image was also image-mean normalized to 

correct for shot-to-shot variations of the laser energy, resulting in image-mean 

normalized pixel intensities, n
corr

ncr II /,, , where nI  is the spatial mean image intensity of 

image n. The applicability of image-mean normalization technique as applied to this data 

is discussed in [109].  Ray-mean normalization was not used because the shot-to-shot 

profile variations was estimated to be less than 1% and was therefore considered to be 

insignificant. 
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Figure 4.2.  Physical dimensions of the region of interest (ROI) used for bulk in-
cylinder stratification investigation. 

After being filtered with a 3x3 median filter, a region of interest (ROI) was 

selected such that only pixels with sufficient fluorescence signal would be used in any 

subsequent image statistics.  The ROI used for the present study, shown in Figure 4.2, has 

physical dimensions of 48 mm (parallel to laser propagation direction) by 13 mm.  Laser 

attenuation across the ROI, when considering the absorber number density (nabs~1017 

cm-3) and the published value for 3-pentanone absorption cross section (σabs~4.5x10-20 



 

63

cm2) [68] at the latest imaging crank angle considered (45° bTDC), was estimated to be 

2.2%.  This level of attenuation was within the noise limits of the imaging system, which 

was evaluated using fully corrected flatfield images and will be discussed below. 

4.2.3. Image Statistics 

As demonstrated in previous studies, the probability density function (PDF) of 

corrected pixel intensities, calculated over the entire ROI and image set, is a useful way 

to quantify the levels of charge stratification achieved with different operating conditions 

[39,41,106].  The mean (µ, first moment) and standard deviation (σ, square root of the 

second moment about the mean) of the PDF distributions are useful in describing the 

shape of the PDF and allow for quantitative comparisons of the levels of unmixedness 

present at different operating conditions.  The PDF mean for image-mean normalized 

image sets will be exactly 1.0 and therefore will not be included in the data analyses.  

The PDFs of image-mean normalized, corrected pixel intensities ( II /  when 

excluding the sub- and superscripts) for homogeneous (engine fed through intake surge 

tank 1 only) and stratified (engine fed with both intake paths) conditions are shown in 

Figure 4.3.  Included in the graph are two PDFs for each condition acquired at different 

times to illustrate the repeatability of the experiment.  The PDFs for homogeneous 

conditions are very narrowly distributed about 1.0.  The average standard deviation for 

the homogenous PDFs is 0.0153, indicating that, with 95% confidence, II /  values that 

deviate from 1.0 by greater than 3.1% are a result of stratification.  The PDFs under 

stratified conditions show a much wider spread.  The standard deviations are well beyond 
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the 95% confidence interval of the homogeneous PDF and reveal a statistically 

significant amount of stratification. 
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Figure 4.3.  PDF distributions and statistics for image-mean normalized, corrected pixel 
intensities acquired under homogeneous and stratified conditions.  The two 
PDFs for each condition were acquired at different times, illustrating the 
repeatability of the experiments. 

While PDF distributions and statistics are useful in describing the overall charge 

stratification in the full ROI, they provide no information on how the charge is distributed 

spatially.  The ensemble mean of an image set provides useful information about the 

average in-cylinder stratification, but it does not provide information on stratification that 

is present in a single image.  When analyzing the bulk in-cylinder stratification, both 

spatial and single-shot information about the stratification are desired, so PDF contours 

were calculated by tabulating individual PDFs for each column over the entire image set, 

where the column direction is perpendicular to the gradient of the bulk stratification 

feature. The PDFs are presented as a contour plot of lines of constant probability, 

)/( IIp , plotted on axes of II /  versus the distance from the center line (CL) of the 

engine.  Tabulating the PDFs in the column direction is only valid for the present 
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experiments because the gradient in mean pixel intensity in the direction of the bulk 

stratification feature is much greater than the gradient in the perpendicular direction.  

This fact can be seen in Figure 4.4, which provides the ensemble-averaged data image for 

the stratified condition provided in Figure 4.3.  As shown in the corresponding mean line 

profiles, the average gradient in the direction of the bulk stratification feature was 22.9%, 

while the average gradient in the perpendicular direction was less than 1.0%. 
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Figure 4.4.  Ensemble-averaged data image for the stratified condition in Figure 4.3.  
The mean line profiles confirm the dominant direction of the bulk 
stratification is in the row direction of the image. 

 The PDF contour for the stratified condition of Figure 4.3 is shown in Figure 4.5, 

which also shows the column-based PDFs for three sections of the contour.  The contour 

lines start with )/( IIp  = 2 and each subsequent line is incremented by 2.  Plotting the 

PDFs in this manner provides spatial information along the gradient direction as well as 

shot-to-shot information; the spread of the contours indicates the amount of stratification 

for a given column over the entire image set. 
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Figure 4.5.  Column-based PDF contour.  Each vertical slice of the contour represents a 
PDF of pixel intensities within a given column of the image, as 
demonstrated by the bold dashed lines (A, B, and C) and the corresponding 
PDFs to the right of the figure.  Refer to Figure 4.2 for the ROI position 
within the cylinder. 

To further simplify the presentation of the PDF contour, the mean and 95% 

confidence interval (CI) are calculated for each column-based PDF and plotted on the 

same set of axes as the original PDF contour, as shown in Figure 4.6.  The three bold 

curves (µ - 2σc, µ, µ + 2σc) capture the shape of the PDF contour extremely well and 

greatly simplify its presentation, allowing for multiple PDF contours to be plotted 

concurrently on the same set of axes. 

Example PDF contours for the homogenous and stratified conditions presented in 

Figure 4.3 are shown in Figure 4.7.  The homogeneous PDF contour shows a narrow 

distribution centered on II /  = 1.0, confirming that feeding the engine only through 

surge tank 1 does indeed produce a homogeneous condition as the fluorescence intensity 

does not vary across the engine.  The narrowly distributed homogeneous PDFs, resulting 

from the high signal-to-noise ratio (SNR) image acquisition, have an average column-



 

67

based standard deviation (σc) equal to 0.0157, indicating, with 95% confidence, that II /  

values that deviate from the column mean by more than 3.1% are a result of stratification. 
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Figure 4.6.  Simplified PDF contour overlaid on original PDF contour.  By plotting the 
mean (µ) and the mean plus/minus two column-based standard deviations 
(µ ± 2σc), the shape of the PDF contour can be simply and adequately 
described by three curves. 
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Figure 4.7.  Example PDF contours for the same homogeneous and stratified conditions 
detailed in Figure 4.5. 

For stratified conditions, the mean II /  for each column does vary across the 

engine, and the width of the PDF contour is much greater than the homogeneous case, a 
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result of significant stratification within the columns.  Corresponding corrected images 

for these conditions are shown in Figure 4.8.  The first 25 images for the homogeneous 

(Figure 4.8a) and stratified (Figure 4.8b) data are presented, and the gray scale is 

stretched to enhance the stratification features, which are small variations in the signal 

about a large pedestal.  The corrected images qualitatively show the features described 

quantitatively by the PDF contours, i.e. less fluorescence signal on the left hand side of 

the image and significant mixture gradients in both directions. 

a) Homogeneous Condition 
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b) Stratified Condition 
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Figure 4.8.  Sample corrected images for the PDF contours provided in Figure 4.7.  The 
images are the first 25 acquired for each condition, ordered left to right, top 
to bottom. 

To quantify the level of bulk in-cylinder stratification represented in the PDF 

contours, the following integrals were calculated 
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where w is the width of the ROI in the bulk-stratification (x) direction.  The Î value 

describes, on average, the how much the mean column intensity varies from a 

homogeneous condition (i.e. µ(x) = 1), and the σ̂  value, which is the average of the 

column-based standard deviations, describes the width of the PDF contour in the column 

direction.  The σ value, tabulated over the entire region of interest, is essentially a 

combination of the Î and σ̂  parameters. 

The necessity for both statistics can be seen in Figure 4.9.  The PDF contours in 

Figures 4.9a and 4.9b have identical Î values, but it is visually evident that the PDF 

contours are significantly different; the contour in Figure 4.9a is much narrower in the 

column-direction than the contour in Figure 4.9b.  This difference in contour shape is 

captured in σ̂ ; the σ̂  value for Figure 4.9b is ten times larger than the σ̂  value for 

Figure 4.9a.  Conversely, the PDF contours in Figures 4.9c and 4.9d have the same σ̂  

values even though the contour shapes are much different.  The Î statistic captures this 

difference, as the Î value for Figure 4.9c is 0.25, while the Î value for Figure 4.9d is 0.00. 
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Figure 4.9.  PDF contours that illustrate the need for both σ̂  and Î statistics.  PDF 
contours (a) and (b) have the same Î values but different σ̂  values, while 
(c) and (d) have the same σ̂  values but different Î values. 

4.3. Results and Discussion 

4.3.1. Intake and Compression Mixing 

The progression of the PDFs and PDF contours for Runner Cu1 (see Figure 3.3b) 

from early in the intake stroke (315° bTDC) through late in the compression stroke (45° 

bTDC) is shown in Figure 4.10.  For the image sets acquired during the intake stroke 

(imaging crank angles > 180° bTDC), a bimodal distributions exists, as evident by the 

two distinct peaks in the PDFs, and the reason for the bimodal distribution can be seen in 
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the PDF contours: pixel intensities are higher than the global average for the right side of 

the engine and lower on the left side.  The presence of fluorescence on the left side of the 

engine (the location of intake valve 2) is presumably from charge from intake valve 1 

(which contained fuel and tracer) that was introduced early during the intake stroke and 

quickly mixed to the left side of the engine or from residual charge of the previous engine 

cycle that would still contain the fluorescent tracer because the engine was operated 

under motoring (non-fired) conditions. 

For the imaging crank angle of bottom dead center (180° bTDC), the two distinct 

peaks still exist in the PDF distribution, although the distribution is more Gaussian in 

shape than with the PDFs acquired during the intake stroke.  Additionally, the PDF 

contour no longer shows a two-level distribution.  Rather, a monotonically increasing 

distribution from left to right now exists. 

For image sets acquired during the compression stroke (imaging crank angles < 

180° bTDC), the dual peaks in the PDF no longer exists.  The PDF has taken a unimodal, 

Gaussian-shaped profile, and as the imaging time progresses into the compression stroke 

the width of the PDF narrows.  The slope of the monotonically increasing distribution of 

the PDF contour decreases as the imaging time progresses into the compression stroke, as 

does the width of the PDF contour in the column direction.  The changes in the PDFs and 

PDF contours are all indicative of continued mixing that occurs throughout the 

compression stroke. 
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Figure 4.10. Progression of the PDFs and PDF contours for Runner Cu1 from 
the earliest imaging crank angle (315° bTDC) through the latest 
imaging crank angle (45° bTDC). 
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The Î and σ̂  statistics for the PDF contours in Figure 4.10 are shown in Figure 

4.11; two data points are included at the 45° bTDC imaging crank angle as an indication 

of the experimental repeatability.  In general, the trend of the Î and σ̂  values is to 

decrease continuously through the intake and compression processes, an indication of 

continuous mixing of the in-cylinder charge.  The opposite of this trend appears to occur 

between the 315 and 270° bTDC imaging crank angles, where the Î and σ̂  values 

increase.  This increasing trend in image statistics between the 315 and 270° bTDC 

imaging crank angles is consistent among the acquired data sets (see Appendix A), so the 

non-monotonic trend during the intake stroke is not a result an outlier point in Figure 

4.11.  Rather, the non-monotonic nature of the image statistics during the intake stroke is 

believed to result from a sampling bias. 

All data were acquired in a single plane within the combustion chamber, and the 

statistical analysis assumes the imaging plane is representative of the entire combustion 

chamber.  This approach is valid provided that the laser sheet encompasses a significant 

portion of the combustion chamber and if large-scale gradients in tracer concentration are 

not present.  These, in general, are the conditions experienced during the compression 

stroke.  During the early portion of the intake stroke, however, large gradients are likely 

to exist because the fluorescent tracer is just beginning to be introduced, so the image 

statistics are likely biased because of significant undersampling.  Furthermore, because 

the combustion chamber is an open system during intake, changes in the image statistics 

could differ because of the changes in mixing or because of changes in the manner in 

which the tracer is being introduced.  After the intake valves close, the in-cylinder 
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conditions are no longer affected by the conditions outside the cylinder, and the measured 

changes in stratification are a result of mixing only.  To avoid drawing conclusion from 

undersampled or biased data, all subsequent analysis will focus only on imaging crank 

angles ≤ 180° bTDC. 

0.4

0.3

0.2

0.1

0.0

Î , σ ^

315 270 225 180 135 90 45
Imaging Crank Angle (° bTDC)

 Î
 σ ^    

 

Figure 4.11. Image statistics for the PDF contours contained in Figure 4.10. 

4.3.2. Effect of Intake Runner Geometry 

Image statistics for the stainless-steel runner (SS) and the copper-tube runner with 

two straight tubes (Cu1) are shown in Figure 4.12.  Provided in the figure are plots of (a) 

Î and (b) σ̂  versus the imaging crank angle.  The results in Figure 4.12 show differences 

in the stratification and in the rates of mixing between the two runners.  The stainless-

steel runner begins the compression stroke with more bulk stratification, as indicated by 

the larger Î, and a wider 95% CI on the PDF contour, as indicated by the larger σ̂  value.  

The amount of stratification decreases for both runners during compression, but the 

mixing rate differs between the runners and as a result the amount of bulk stratification at 
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45° bTDC is larger for runner Cu1 than for runner SS.  The σ̂  values for each runner 

decrease linearly at approximately the same rate, so the PDF contour for runner SS 

remains slightly wider at 45° bTDC. 
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Figure 4.12. Comparison of image statistics for the baseline, stainless-steel runner (SS) 
and the copper-tube runner with two straight tubes (Cu1). 

Because atypical runner geometries were investigated, direct coupling between 

the copper-tube runners and the bellows couplers below the intake surge tanks was not 

possible.  As a result, flexible PTFE tubing was necessary to connect the runner tubes to 

the intake surge tanks.  These long, flexible connections created the possibilities of large-

scale secondary flow structures that would not normally exist with a hard-coupled intake 

runner.  To determine if these possible flow structures had an effect on the in-cylinder 

stratification, flow straighteners were introduced between the PTFE tubing and the runner 

tubes. 

Figure 4.13 shows the image statistics obtained while using the copper-tube 

runner with two straight tubes (Cu1) with and without the flow straighteners (FS) 

installed.  The results indicate that the flow straighteners did not have a large effect on 

the bulk stratification.  The Î values are the same for all imaging crank angles, indicating 

that the PDF contours always have the same shape.  The σ̂  values are higher with the 
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flow straighteners than without, but the difference in σ̂  between the runners decreases 

throughout compression until the values are the same at 45° bTDC. 
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Figure 4.13. Comparison of image statistics for the copper-tube runner with two straight 
tubes (Cu1) and the same runner with the flow straighteners installed 
directly upstream of the runner tubes (Cu1-FS). 
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Figure 4.14. Comparison of image statistics for the copper-tube runner with two straight, 
equal-length tubes (Cu1) and with two straight tubes of unequal length 
(Cu2). 

The results comparing the copper-tube runners with two straight, equal-length 

tubes (Cu1) and with two straight tubes of unequal lengths (Cu2) are provided in Figure 

4.14.  The different runner tube lengths introduced the possibility of pressure pulsations 

that were out of phase between the intake runner tubes and allowed for an assessment of 

any effects intake manifold gas dynamics had on the in-cylinder stratification.  The image 

statistics for runner Cu2 show similar trends to those observed with flow straighteners.  
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The Î values are the same for each runner throughout compression, and the σ̂  values are 

always higher for runner Cu2, although the difference in σ̂  values decreases as the 

imaging crank angle proceeds towards 45° bTDC. 

Figure 4.15 shows the statistics for the images acquired with the copper-tube 

runners with differing tube orientations: Cu1 with two straight tubes, Cu3 with one 

straight tube and one tube containing a 90° horizontal bend immediately upstream of the 

intake port, and Cu4 with one straight tube and one tube containing a 90° vertical bend 

immediately upstream of the intake port. 
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Figure 4.15. Comparison of image statistics for the copper-tube runner with straight 
tubes (Cu1) and with one tube containing a 90° horizontal (Cu3) and 
vertical (Cu4) bends. 

The results in Figure 4.15a show more bulk stratification is initially introduced 

with runner Cu4 compared to runners Cu1 and Cu3, which have comparable Î values at 

180° bTDC.  Throughout the remainder of the compression stroke, runners Cu1 and Cu4 

have identical Î values, whereas the Î values for runner Cu4 are consistently lower, which 

indicates runner Cu4 does a poorer job of introducing and maintaining bulk stratification 

than runners Cu1 and Cu3.  The PDF contour widths are consistently larger for runner 

Cu4 than for runner Cu1, which, in turn, have consistently larger σ̂  values than runner 
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Cu3.  By 45° bTDC, however, the difference in σ̂  values between the three runners are 

small. 

A summary of the image statistics acquired at 180° bTDC and 45° bTDC for the 

six runner geometries discussed above are provided in Table 4.1.  Included in the table 

are the percentage changes relative to runner Cu1, which has the simplest geometry and 

maintained the largest amount of stratification through compression.  An assessment of 

data acquired over multiple days indicated that the repeatability of the image statistics 

was roughly 10%, so any differences under 10% cannot be considered significant. 

The statistics in Table 4.1 show that the changes to the intake runner geometry 

introduced with the flow straighteners and with runners Cu2 and Cu4 had very little 

effect on the bulk stratification maintained through compression.  The changes in Î 

relative to the Cu1 were all less than 10%, and the changes in σ̂  relative to Cu1 were all 

less than 15%.  The amount of mixing that occurred during compression, indicated by the 

∆Î and σ̂∆  values, were consistently larger with the flow straighteners and with runners 

Cu2 and Cu4 compared to runner Cu1, which implies that the change in runner geometry 

changed the in-cylinder flow structure in such a manner as to enhance mixing between 

the two intake streams. 

The image statistics obtained with the stainless-steel runner and runner Cu3 show 

a much larger, negative effect on the bulk stratification.  The Î values measured at 45° 

bTDC for runner SS and Cu3 were 38% and 31% lower than the values obtained with 

runner Cu1.  These results would indicate that introducing a horizontal bend into a runner 

tube upstream of the cylinder had has a negative impact on the ability to maintain 
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stratification until the end of compression, as this is the common geometric characteristic 

of the SS and Cu3 runners. 

Table 4.1.  Summary of image statistics at 180° bTDC and 45° bTDC for the six intake 
runner geometries consider.  The percentages provided are the changes 
relative to runner Cu1, which has the simplest geometry and maintained the 
largest amount of stratification through compression. 

Runner Î180 Î45 ∆Î 180σ̂  45σ̂  σ̂∆  

Cu1 0.129 0.0629 0.0661 0.0891 0.0521 0.0370 

SS 0.170 
(+32%) 

0.0388 
(-38%) 

0.131 
(+98%) 

0.0974 
(+9%) 

0.0578 
(+11%) 

0.0396 
(+7%) 

Cu1-FS 0.140 
(+9%) 

0.0571 
(-9%) 

0.0829 
(+25%) 

0.117 
(+32%) 

0.0561 
(+8%) 

0.0611 
(+65%) 

Cu2 0.151 
(+17%) 

0.0606 
(-4%) 

0.0904 
(+37%) 

0.120 
(+34%) 

0.0601 
(+15%) 

0.0595 
(+61%) 

Cu3 0.127 
(-2%) 

0.0436 
(-31%) 

0.0834 
(+26%) 

0.0745 
(-16%) 

0.0454 
(-13%) 

0.0291 
(-21%) 

Cu4 0.157 
(+22%) 

0.0570 
(-9%) 

0.100 
(+51%) 

0.0960 
(+8%) 

0.0500 
(-4%) 

0.0460 
(+24%) 

4.3.3. Effect of Flow-Directing Baffles 

4.3.3.1. Baffles Coupled with the Copper-Tube Runner 

Each of the flow-directing baffles described in section 3.1.5.2 was combined with 

runner Cu1 when implemented into the cylinder head.  To observe the effects that the 

flow-directing baffles had on the in-cylinder stratification, the image statistics are 

compared to runner Cu1 with no baffles; the results with the top- and bottom-directing 

baffles are shown in Figure 4.16, and the results with the inside- and outside-directing 

baffles are shown in Figure 4.17. 

The image statistics in Figure 4.16 indicate that a much larger degree of in-

cylinder stratification was introduced and maintained when using the top-directing baffles 

compared to when using no baffles or the bottom-directing baffles.  Both Î and σ̂  are 
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larger throughout the entire compression stroke when using the top-directing baffles.  The 

in-cylinder stratification measured at 45° bTDC for the top-directing baffles shows 

improvement (increased levels) over the stratification produced with runner Cu1 alone, a 

feat that could not be accomplished with changes to the upstream intake runner geometry.  

The image statistics when using the bottom-directing baffles show consistently lower 

amounts of bulk stratification than obtained with runner Cu1 alone, although the σ̂  

values are the same. 
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Figure 4.16. Comparison of image statistics for the copper-tube runner with two straight 
tubes and with no flow-directing baffles (Cu1), with the top-directing 
baffles (Top), and with the bottom-directing baffles (Bottom). 

Results obtained with the inside-directing baffle are much different than with no 

baffles or with the outside-directing baffles, as shown in Figure 4.17.  Initially, the 

stratification introduced at 180° bTDC is approximately same with all three hardware 

configurations.  Similar to the results obtained with the bottom-directing baffles, the Î 

results for the outside-directing baffles drop quickly and remain lower than with no 

baffles or with the inside-directing baffles; therefore, the in-cylinder mixing appears to be 

enhanced with the outside-directing baffles.  The Î results for the inside-directing baffles 

initially match the results with no baffles, but eventually show improved bulk 
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stratification by the end of compression.  Additionally, the PDF contour width, σ̂ , is 

consistently wider with inside-directing baffles than with no baffles.  The in-cylinder 

mixing, therefore, appears to be reduced when employing the inside-directing baffles. 
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Figure 4.17. Comparison of image statistics for the copper-tube runner with two straight 
tubes and with no flow-directing baffles (Cu1), with the inside-directing 
baffles (Inside), and with the outside-directing baffles (Outside). 

4.3.3.2. Top-Directing Baffles with the Stainless Steel Runner 

Because of the intake charge heating required to achieve HCCI combustion in 

firing experiments, the use of the stainless-steel runner is unavoidable, so the benefits in 

the amount of stratification produced and maintained throughout compression observed 

with the top-directing baffles was investigated when coupled with the stainless-steel 

runner.  The results obtained when using the stainless-steel runner with and without the 

top-directing baffles are provided in Figure 4.18.  Also included in the plots for reference 

are the data when using the top-directing baffles with Runner Cu1.  At 180° bTDC, a 

larger amount of stratification is produced when using the top-directing baffles with 

Runner SS than without the baffles, similar to the results observed when using Runner 

Cu1 with and without the top-directing baffles.  At the same imaging crank angle, the 

results obtained with the top-directing baffles depend on the runner that is being used; a 
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higher amount of stratification is initially produced when using the top-directing baffles 

with Runner SS than with Runner Cu1. 

During compression, the improved stratification with the top-directing baffles and 

Runner SS is maintained compared to using Runner SS with no baffles.  At 45° bTDC, 

the Î values are almost three times a large with the top-directing baffles as the values 

obtained with the stainless-steel runner alone: ÎSS-Top,45 = 0.103, ÎSS,45 = 0.0388.  

Additionally, the σ̂  values decrease at a slower rate with the top-directing baffle than 

with no baffle, an indication, again, of decreased in-cylinder mixing.  Furthermore, the 

difference in mixing statistics when using Runners SS and Cu1 with the top-directing 

baffles decreases during compression.  The amount of bulk stratification maintained until 

the end of compression when using the top-directing baffles appears to be independent of 

the intake runner geometry employed, even though the bulk stratification began the 

compression process at different levels. 
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Figure 4.18. Comparison of image statistics for the stainless-steel runner with no flow-
directing baffles (SS), the stainless-steel runner with the top-directing 
baffles (SS-Top), and the copper-tube runner with the top-directing baffles 
(Cu1-Top). 

A summary of the image statistics acquired at 180° bTDC and 45° bTDC for the 

flow-directing baffles when coupled with runner Cu1 are provided in Table 4.2.  The 
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percentages next the data are the changes relative to runner Cu1 without the flow-

directing device employed.  The results show that the top- and inside-directing baffles 

were very beneficial in introducing bulk stratification and maintaining it throughout the 

compression stroke.  At 45° bTDC, the top-directing baffle resulted in a 36% increase in 

Î, while the inside-directing baffle resulted in a 30% increase in Î.  The top- and inside-

directing baffles appear to introduce a flow structure that acts to maintain the bulk 

stratification through compression. 

Conversely, the amount of bulk stratification produced with the bottom- and 

inside-directing baffles was lower than with runner Cu1 alone.  By the end of 

compression, the Î values were 16% lower for the bottom-directing baffles and 30% for 

the inside-directing baffles.  The bottom- and outside-directing baffles appear to 

introduce a flow structure that inhibits the ability to maintain the bulk stratification. 

Table 4.2.  Summary of image statistics at 180° bTDC and 45° bTDC for the five baffle 
configurations (no baffle; top-, bottom-, inside-, and outside-directing) 
when coupled with runner Cu1.  The percentages provided are the changes 
relative to the configuration with no baffles. 

Baffle Î180 Î45 ∆Î 180σ̂  45σ̂  σ̂∆  

None 0.129 0.0629 0.066 0.0891 0.0521 0.0370 

Top 0.173 
(+34%) 

0.0853 
(+36%) 

0.0877 
(+33%) 

0.0974 
(+9%) 

0.0778 
(+49%) 

0.196 
(-47%) 

Bottom 0.126 
(-2%) 

0.0529 
(-16%) 

0.0731 
(+11%) 

0.0840 
(-6%) 

0.0590 
(+13%) 

0.0245 
(-34%) 

Inside 0.133 
(+3%) 

0.0817 
(+30%) 

0.0513 
(-22%) 

0.0970 
(+8%) 

0.0807 
(+55%) 

0.0160 
(-57%) 

Outside 0.117 
(-9%) 

0.0444 
(-29%) 

0.0726 
(+10%) 

0.110 
(+23%) 

0.0782 
(+50%) 

0.0315 
(-15%) 

 

Similar to when coupled with runner Cu1, substantial increases to the bulk 

stratification were observed when employing the top-directing baffles with the stainless-
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steel runner, as shown in Table 4.3.  A 165% increase in Î was measured at 45° bTDC 

when using the top-directing baffles compared to when using the stainless-steel runner 

alone.  As shown directly in Figure 4.18, the effect observed with the top-directing baffle 

coupled with the stainless-steel runner was comparable to that obtained with the copper-

tube runner, which would indicate that the positive effect the top-directing baffles had on 

the ability to maintain the stratification completely negated the negative effect 

experienced with the stainless-steel runner geometry.  

Table 4.3.  Summary of image statistics at 180° bTDC and 45° bTDC for the two baffle 
configurations (no baffle; top-directing) when coupled with runner SS.  The 
percentages provided are the changes relative to the configuration with no 
baffles. 

Baffle Î180 Î45 ∆Î 180σ̂  45σ̂  σ̂∆  

None 0.170 0.0388 0.131 0.0974 0.0578 0.0396 

Top 0.209 
(+23%) 

0.103 
(+165%) 

0.106 
(-19%) 

0.101 
(+4%) 

0.0788 
(+36%) 

0.0221 
(-44%) 

4.3.4. Effect of Flow Break-Down Screens 

The results obtained when using runner Cu1 coupled with the flow break-down 

screens (BDS) are provided in Figure 4.19 and show a much different trend than with 

runner Cu1 with no additional flow modification hardware.  The amount of bulk 

stratification introduced at 180° bTDC is much larger when using the BDS, with the Î and 

σ̂  values nearly double those that were obtained without the BDS.  The differences in 

mixing statistics decrease during compression, a presumed result of differences in mixing 

rates between the runner with and without the BDS.  At 45° bTDC, the amount of bulk 

stratification when using the BDS has been reduced substantially and has Î values 
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comparable to those obtained with runner Cu1 alone.  The σ̂  values remain significantly 

larger with the BDS. 
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Figure 4.19. Comparison of image statistics for the copper-tube runner with two straight 
tubes and without (Cu1) and with (BDS) flow break-down screens. 

A summary of the image statistics acquired at 180° bTDC and 45° bTDC when 

using the flow break-down screens with runner Cu1 are provided in Table 4.4.  The 

numerical results support the trends observed in Figure 4.19: a much larger amount of 

stratification was initially introduced (Î is 85% larger with BDS than without), but the 

stratification is not maintained throughout compression, as Î is 5% smaller with the BDS 

at 45° bTDC.  The break-down screens create a flow structure that introduces a large 

amount of stratification but also results in enhanced in-cylinder mixing, so the large 

stratification cannot be maintained throughout compression. 

Table 4.4.  Summary of image statistics at 180° bTDC and 45° bTDC for runner Cu1 
without and with the break-down screens (BDS).  The percentages provided 
are the changes relative to the configuration without the break-down 
screens. 

BDS Î180 Î45 ∆Î 180σ̂  45σ̂  σ̂∆  

Without 0.129 0.0629 0.066 0.0891 0.0521 0.0370 

With 0.239 
(+85%) 

0.0599 
(-5%) 

0.179 
(171%) 

0.129 
(+45%) 

0.0780 
(+50%) 

0.0512 
(38%) 
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4.4. Discussion 

Figure 4.20 provides a plot summarizing the Î image statistics at 45° bTDC for all 

of the intake runner geometries and flow modifying hardware considered in this study.  It 

can easily be seen that the three intake hardware configurations that maintained the 

largest amount of bulk stratification through the compression process are the top- and 

inside-directing baffles with runner Cu1 and the top-directing baffle with runner SS.  In 

fact, these are the only devices that enhanced the bulk stratification compared to runner 

Cu1 alone.  These results indicate that enhancing the bulk stratification is best achieved 

through flow modification in the intake port.  Furthermore, the results with the top-

directing baffle show improved bulk stratification regardless of the intake runner 

geometry that was used upstream of the intake port, so the improvements observed with 

the top-directing baffles appear to be robust to small geometric changes upstream of the 

cylinder head. 
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Figure 4.20. Summary of Î statistics at 45° bTDC for all intake runner geometries and 
flow modifying hardware considered. 
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Chapter 5. High Speed Chemiluminescence Imaging of the Effects 
of Stratification on HCCI Combustion 

CHAPTER 5 

HIGH SPEED CHEMILUMINESCENCE 
IMAGING OF THE EFFECTS OF 
STRATIFICATION ON HCCI COMBUSTION 

 

5.1. Introduction 

Thermal and compositional stratification were introduced in an engine by 

independently feeding the intake valves of a four-valve engine, and the effects that these 

stratifications had on HCCI combustion were analyzed using the combination of cylinder 

pressure, emissions, and high-speed chemiluminescence measurements.  The cylinder 

pressure and emission data provided a macroscopic measure of how the stratified 

flowfield affected the HCCI combustion performance, and the chemiluminescence 

images provided a direct observation on how the stratification affected the spatial 

progression of the combustion. 

The subsequent sections of Chapter 5 will discuss the conditions under which the 

HCCI combustion was achieved, the details of the stratification that was introduced, and 

the acquired cylinder pressure, emissions, and chemiluminescence results. 
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5.2. Operating Conditions 

5.2.1. Baseline HCCI Operation 

The combination of the engine’s low geometric compression ratio (see §3.1.1) 

and the desired fuel’s high octane number (iso-octane, octane number = 100) made 

achieving HCCI combustion in the optically accessible engine difficult.  As observed in 

previous metal engine experiments [18,41,40,43,88], excessively high intake charge 

temperatures were required to achieve acceptable HCCI combustion in an engine with the 

identical cylinder geometry.  Furthermore, significant mass loss past the optical engine’s 

non-metal rings lowered the peak cylinder pressure and exacerbated this issue.  Since 

continuous operation of the optical engine under extremely high intake temperatures was 

not advisable, a strategy was required to lower the intake charge temperature to 

acceptable values, i.e. temperatures less than 150 °C. 

As an alternative to increasing the engine’s geometric compression ratio, which 

was difficult because of engine and the cylinder head hardware constraints, and using a 

lower octane number fuel, which was not advisable because of the possibility of fuel 

breakdown in the intake system [18], argon was used as a diluent.  Because of its low 

number of energy storage modes, argon has a very low specific heat and a high ratio of 

specific heats, γ ≡ cp/cv = 1.67.  The high γ value allowed the in-cylinder charge to 

compress to a higher pressure, and therefore higher temperature, than when excess air or 

exhaust gas residual (EGR) were used as a diluent.  Because higher temperatures were 

achieved with the same engine geometry, HCCI combustion was achievable at acceptable 

intake charge temperatures.  A comparison of motored engine operation when fed 
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entirely with air and entirely with argon is shown in Figure 5.1.  A ~500 kPa increase in 

peak motored cylinder pressure was achieved with argon dilution compared to air dilution 

at an atmospheric intake pressure. 
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Figure 5.1. Measured cylinder pressure versus (a) crank angle and (b) volume when 
feeding the engine with air or argon.  Argon dilution results in a ~500 kPa 
increase in peak motored cylinder pressure than with air dilution because of 
its higher γ value (γAr = 1.67; γair = 1.4). 

The engine was operated at a constant engine speed of 600 rpm and with a near-

atmospheric intake pressure to simulate natural aspiration.  The physical connection 

between the intake surge tanks that fed each intake valve resulted in pressure continuity 

between the two intake paths.  The engine was fueled with a mixture of 78% iso-octane, 

20% 3-pentanone, and 2% triethylamine (TEA), which was selected based on its 

performance when used in a dual-tracer, PLIF-based temperature imaging strategy.  

Further discussion of the fuel choice will be included in Chapter 6.  The mass flow rates 

that met the constraints discussed above and also resulted in stable combustion with 

acceptable pressure rise rates and sufficient combustion luminosity were 5 mg/cycle fuel, 



 

90 

110 mg/cycle air, and 590 mg/cycle argon.  The intake charge temperature was varied to 

maintain a constant location of peak pressure (LPP) of ~5.3° aTDC. 

5.2.2. Stratified Engine Operation 

5.2.2.1. Delivered Conditions 

The fuel, air, and argon mass flow rates were held constant when the engine was 

run with stratified inlet conditions; the locations of the intake system into which these 

fluids were introduced, however, changed and allowed for the compositional 

stratification.  Additionally, the temperatures of the mixtures delivered to each intake 

valve were controlled independently via the heaters wrapped around the surge tanks and 

intake runner tubes, which allowed for thermal stratification to be introduced to the 

engine.  For direct comparison between the stratified and homogeneous inlet conditions, 

the intake charge temperature was varied to achieve a constant LPP of ~5.3° bTDC.  

Additionally, the top-directing flow baffles, discussed in section 4.3.3.2, were used to 

maximize the stratification introduced when independently feeding the intake valves. 

Details of the compositional and thermal stratifications considered are provided in 

Table 5.1 and Figure 5.2.  Table 5.1 provides the configurations of the ball valves located 

in the intake system (see Figure 3.2), the locations where the air and argon were 

introduced into the intake system, the intake charge temperatures entering each intake 

port, and the mixture properties in each surge tank.  Figure 5.2 provides schematics for 

the mass flow rates through each surge tank for the operating conditions detailed in Table 

5.1.  Note that the sizes of the rectangles in the schematic are not proportional to the gas 

volumes within each surge tank. 



 

91

The mixture properties in Table 5.1 and mass flow rates in Figure 5.2 show the 

effect the surge tank pressure continuity constraint had on the stratified mixture 

properties.  When comparing the homogeneous (HMG) and thermally stratified (T1) 

conditions, it can be seen that heating surge tank 1 to a higher temperature than surge 

tank 2 results in an uneven amount of fuel being deliver through each intake valve.  This 

is a direct result of a density effect (higher temperatures result in lower densities), and 

because the pressures are balanced, more mass is delivered to the engine through intake 

valve 2.  This effect is ultimately small and likely negligible, especially considering the 

large mixing that occurs between the two intake streams during the intake and 

compression processes, but should be noted nonetheless.   

Table 5.1.  Characteristics of the intake system hardware, gas introduction locations, 
and intake surge tank mixture properties for the firing HCCI combustion 
experiments.  The ‘C’ conditions indicate a compositional stratification, and 
the ‘T’ conditions indicate a thermal stratification. 

Surge Tank 1  Surge Tank 2 
Condition Ball 

Valve 1 
Ball 

Valve 2 
Main 

Entrance
Secondary 
Entrance Tin 

(°C)
mfuel
(mg) A/F γ Tin 

(°C) 
mfuel 
(mg) A/F γ 

HMG Closed Open Air, Argon None 115 2.5 22 1.566 115 2.5 22 1.566

T1 Closed Open Air, Argon None 156 2.2 22.4 1.563 75 2.8 21.7 1.569

C1 Open Closed Air, Argon None 115 5 11 1.548 115 0 ∞ 1.586

C2 Open Closed Air Argon 111 5 22 1.492 111 0 ∞ 1.668

C2-T1 Open Closed Air Argon 145 5 22 1.472 73 0 ∞ 1.669

C2-T2 Open Closed Air Argon 73 5 22 1.511 175 0 ∞ 1.668

C3 Open Closed Argon Air 118 5 0 1.618 118 0 ∞ 1.522

C3-T1 Open Closed Argon Air 160 5 0 1.607 76 0 ∞ 1.535

C3-T2 Open Closed Argon Air 76 5 0 1.627 158 0 ∞ 1.506
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Figure 5.2. Schematics showing the mass flow rates per cycle delivered through each 
intake path for the engine operating conditions detailed in Table 5.1.  The 
bold line indicates the higher temperature path for the thermal stratification, 
and the narrow line indicates the lower temperature path. 

5.2.2.2. Assessment of Local In-Cylinder Conditions 

As detailed in Chapter 4, a large amount of mixing occurs between the two intake 

streams when independently feeding the engine’s two intake valves, even when using the 
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top-directing flow baffles.  As a result of the high amount of mixing, the local mixture 

properties at the end of the compression process were much different than the mixture 

properties introduced through the two intake valves.  To get an indication of the levels of 

stratification present near the end of the compression process, the probability density 

function (PDF) tabulated from the data acquired at 45° bTDC for the top-directing intake 

baffle coupled with stainless-steel runner (see Figure A.11) was used in conjunction with 

the inlet conditions detailed in Table 5.1 to create PDFs of the local mixture properties: 

fuel concentration, air-fuel ratio (A/F), γ, and compression temperature.  These four 

mixture properties were chosen to be of primary interest based on experiments performed 

by Chialva [43] that detailed the large sensitivity of iso-octane-fueled HCCI combustion 

to these parameters. 

To assess the local in-cylinder conditions, the PDF of II /  was first converted to 

a PDF of local mixture mole fraction that originated from surge tank 1, xtank1.  This was 

accomplished simply by considering that the fluorescent tracer was seeded to the engine 

through intake valve 1 only for the experiment from which the PDF was tabulated, 

resulting in a linear transformation from 0.0 < II /  < 2.0 to 0.0 < xtank1 < 1.0.  Assuming 

the local mixture components originated only from surge tank 1 or surge tank 2, the local 

mixture properties were determined by the thermodynamic properties of the charge being 

fed to each intake valve.  The Engineering Equation Solver (EES) code that was used in 

the calculation of the local mixture properties is provided in Appendix B. 

Figure 5.3 provides the local equivalent mass of fuel (mfuel,eq), which represents 

the local fuel concentration that would result if the engine was fed homogeneously with 
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that mass of fuel, versus xtank1.  The PDF for the mfuel,eq is represented by the thickness of 

the line in the plot; the thicker the line, the larger the probability.  The line thickness 

value ranges from 0.0 (not present) when the PDF has a value of zero to a thickness of 

2.0 when the PDF is at its peak value.  PDF lines are provided for each stratified 

condition, and a dashed line is provided for the homogeneous reference condition, labeled 

as HMG. 

The PDF lines for the equivalent mass of fuel are identical for the all composition 

stratification cases, a result of the entire amount of fuel being fed into the engine through 

surge tank 1.  For the compositional stratifications, 95% of the equivalent fuel mass was 

in the range from 3.9 to 6.2 mg/cycle, where the higher fuel mass conditions 

corresponded to regions fed with more charge from surge tank 1 than from surge tank 2.  

Under thermal stratification, a small fuel concentration stratification was also present, a 

result of the difference in densities between the surge tanks.  Ninety-five percent of the 

equivalent fuel mass was in the range from 4.9 to 5.2 mg/cycle, where the lower fuel 

mass conditions corresponded to regions fed with more charge from surge tank 1. 
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Figure 5.3. PDF lines of equivalent mass of fuel (mfuel,eq) for the stratified inlet conditions 
detailed in Table 5.1.  The thickness of the line represents the normalized height 
of the PDF of mfuel,eq. 
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The PDF lines for A/F are shown in Figure 5.4.  For condition C1, 95% of the A/F 

values were in the range from 28.6 to 18.3, a direct result of the fuel stratification because 

the air was introduced in a nearly homogeneous manner (the volume displaced by the 

vaporized fuel in surge tank 1 caused a 0.2 mg/cycle difference in the air flow to the 

surge tanks).  As a result, regions with high fuel concentration had low A/F and vise 

versa, where A/F went as the inverse of mfuel,eq. 

Because the fuel and air were premixed prior to being introduced into the engine, 

conditions C2, C2-T1, C2-T2, and T1 had a constant local air-fuel ratio, assuming 

equivalent mixing of the fuel and air inside the engine.  For conditions C3, C3-T1, and 

C3-T2, 95% of the A/F values were in the range from 14.6 to 35.2, a range much wider 

than with condition C1 because both the fuel and the air were introduced in a stratified 

manner: the fuel through intake valve 1 and the air through intake valve 2.  Similar to 

condition C1, the A/F was high when the fuel concentration was low, although the 

inverse proportionality no longer held true.  
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Figure 5.4. PDF lines of air-fuel ratio (A/F) for the stratified inlet conditions detailed in 
Table 5.1.  The thickness of the line represents the normalized height of the PDF 
of A/F. 
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The PDF lines for γ for each stratified condition are provided in Figure 5.5, and 

the PDF lines for an estimated compression temperature (TTDC) are provided in Figure 

5.6.  The TTDC values for a specified xtank1 were calculated first by assuming adiabatic 

mixing of the two intake streams at the temperatures described in Table 5.1 to the level 

defined by the PDF in Figure A.11 (45° bTDC), and then by assuming isentropic 

compression at an 8:1 volume ratio.  The full geometric compression ratio was not used 

because a previous study in the current engine showed that, because of heat transfer and 

mass loss past the non-metal rings, measured in-cylinder temperatures were lower than 

what would be achieved during isentropic compression at the geometric compression 

ratio [110].  A volume ratio of 8:1 provided compression temperatures consistent with the 

measured top dead center temperature [110]. 

Note that this method provides a conservative measure of the level of stratified 

compression temperature, i.e. it underestimates the level of compression temperature 

stratification present.  In this approach, it was assumed that all mixing occurs prior to 

compression.  In reality, the mixing occurs continuously through the compression stroke, 

so a larger amount of mixture temperature stratification and γ stratification are present at 

bottom dead center than assumed in the calculations.  The larger amounts of mixture 

temperature stratification and, more importantly, γ stratification would lead to a larger 

amount of compression temperature stratification.  Calculating the compression 

temperature based on the assumption of continuous mixing throughout compression 

would be extremely difficult, so the simplified, conservative assumption of mixing then 

compressing was used. 



 

97

For condition C1, a relatively narrow range of γ values were present in cylinder, 

with 95% of the γ values in the range from 1.570 to 1.562, resulting in a narrow range of 

estimated compression temperatures, from 975 to 1001 K.  The low-γ, low-temperature 

regions corresponded directly to the high fuel concentration regions.  The fuel molecules 

have a high specific heat that lowered the mixture γ. 

For conditions C2, C2-T1, and C2-T2, a wide range of γ values were present and 

varied slightly with the inlet thermal conditions.  For the thermally homogeneous 
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Figure 5.5. PDF lines of the ratio of specific heats (γ) for the stratified inlet conditions 
detailed in Table 5.1.  The thickness of the line represents the normalized height 
of the PDF of γ. 
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Figure 5.6. PDF lines of estimated compression temperature (TTDC) for the stratified inlet 
conditions detailed in Table 5.1.  The thickness of the line represents the 
normalized height of the PDF of TTDC. 
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condition C2, 95% of the γ values were in the range from 1.547 to 1.592.  When surge 

tank 1 was heated to a higher temperature than surge tank 2 for condition C2-T1, less 

mass was delivered through intake valve 1, resulting in a decreased amount of argon in 

tank 1 and a larger difference in γ values between the surge tanks than with condition C2.  

This directly led to a wider range of γ values in cylinder, with 95% of the γ values in the 

range from 1.545 to 1.595.  The opposite occurred when surge tank 2 was heated to a 

higher temperature than surge tank 1 for condition C2-T2.  More mass was delivered 

through intake valve 1, which resulted in a narrower range of γ values than with condition 

C2, with 95% of the γ values in the range from 1.551 to 1.588. 

For the thermally homogeneous condition C2, the stratified γ values led directly to 

stratified compression temperatures.  The TTDC values that resulted directly from the 

stratified γ were estimated to be between 928 and 1042 K.  When the composition 

stratification C2 was combined with thermal stratification, however, the range of in-

cylinder temperature was no longer a direct result of the stratified γ.  For the C2-T1 

condition, the surge tank 2 had the higher γ value but lower initial temperature than surge 

tank 1, which resulted in in-cylinder regions with initially higher γ but lower mixture 

temperatures.  After compression, the regions with initially higher temperature 

compressed to lower TTDC values than regions with initially lower temperature, a result of 

the non-linear compression heating.  What resulted, as shown in Figure 5.6, was a 

comparatively narrower range of TTDC values, ranging from 924 to 992 K, where the 

lower temperature regions corresponded to regions with initially higher temperatures. 
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When surge tank 2 was heated to a higher temperature than surge tank 1 in 

condition C2-T2, the thermal stratification that resulted from the γ stratification was 

accentuated because the regions in cylinder with higher γ values also had higher mixture 

temperatures.  The result was a wider range of estimated compression temperature, with 

95% of the TTDC values in the range from 928 to 1112 K. 

Similar trends in γ and TTDC are observed with conditions C3, C3-T1, and C3-T2.  

When thermally uniform, condition C3 produced an initially stratified distribution of γ 

values, with 95% of the values in the range from 1.553 to 1.577.  When thermally 

stratified, the corresponding density effect decreased the range of γ values (1.557 to 

1.575) when surge tank 1 is heated hotter than surge tank 2 and increases the range of γ 

(1.550 to 1.580) when surge tank 2 is heated hotter than surge tank 1. 

For the thermally homogeneous condition C3, the stratified γ values produced 

stratified estimated compression temperature values, where 95% of the TTDC values were 

in the range from 962 to 1026 K.  For condition C3-T1, the regions with high mixture γ 

were at a higher mixture temperature and regions with lower mixture γ were at a lower 

mixture temperature, resulting in a wider range of estimated compression temperatures, 

with 95% of TTDC values in the range from 943 to 1044 K, than when thermally 

homogeneous.  For condition C3-T1, the regions with high mixture γ were at a lower 

mixture temperature and regions with lower mixture γ were at a higher mixture 

temperature.  Again, because of the non-linear compression heating, the regions with 

initially lower temperature were compressed to a slightly hotter temperature than regions 
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with initially higher temperature.  The competing effects, however, nearly canceled each 

other as the range of estimated compression temperatures was small, with 95% of the 

TTDC values between 965 and 978 K. 

For condition T1, the in-cylinder γ values were constant because of the 

compositionally homogeneous inlet conditions.  As a result, the stratified compression 

temperature, where 95% of the TTDC values are in the range from 942 to 1004 K, resulted 

solely from the thermally inhomogeneous mixture that existed prior to compression 

5.3. Data Analysis 

5.3.1. Heat Release 

The single-zone heat release calculation that was used in previous studies, e.g. 

[40,41,43], was not adequate for the present study for two reasons.  First, significant mass 

loss past the non-metal rings introduces an additional energy loss for which the heat 

transfer model does not adequately account.  Second, the Woschni heat transfer model 

that was used in the previous studies was developed specifically for air as a working fluid 

[111].  Under the present operating conditions, the in-cylinder charge is 84% argon by 

mass, so the correlation developed by Woschni was not applicable. 

To address the issue of the significant mass loss, motored pressure data were 

acquired at the same intake conditions, less the fuel, as during fired operation, and the 

energy loss rate was calculated using the single-zone energy balance applied to the gas 

within the combustion chamber, which is expressed as 

θθγ
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where γ is the ratio of specific heats, V is the cylinder volume (m3), P is the cylinder 

pressure (kPa), θ is the engine crank angle (deg), and θddEloss  is the energy loss rate 

during motored engine operation (kJ/deg).  The energy loss rate encompasses both the 

energy loss due to mass flow past the rings and heat transfer to the cylinder walls. 

An example energy loss curve and a Lorentzian fit for motored engine operation 

is shown in Figure 5.7.  The Lorentzian was used to fit this energy loss curve because of 

the significant noise amplification that occurs during numerical differentiation of the 

pressure data.  The positive energy loss values indicate an energy transfer out of the gases 

contained within the combustion chamber. 

For the heat release analysis of fired operation, it was assumed that the energy 

losses were a combination of the losses calculated for motored operation, which takes 

into account energy losses due to mass loss and a portion of the heat transfer, and 
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Figure 5.7. Energy losses due to mass loss pass the engine’s non-metal rings and heat 
transfer to the combustion chamber walls during motored engine operation.  
The Lorentzian fit was used in the heat release calculation of cylinder pressure 
data acquired under fired engine operation.  
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additional heat transfer that would result from the higher temperatures that occur during 

fired operation.  When these energy loss terms were considered, the single-zone energy 

balance reduced to 

θθθγ
γ

θγθ d
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−
+

−
=

11
1  (5.2) 

where θddQhr  is the heat release rate from combustion (kJ/deg) and θddQht  is the rate 

of heat transfer to the cylinder walls that occurs only during fired operation (kJ/deg).  For 

the present study, it was assumed the heat transfer rate term took the form  

)( wallcht
ht TTAhC

d
dQ

−=
θ

 (5.3) 

where Cht is a heat transfer multiplier, hc is the convective heat transfer coefficient 

(kJ/deg-m2-K), A is the area of the combustion chamber (m2), assuming a pancake-shaped 

geometry, T is mass-average gas temperature (K), and Twall is an assumed cylinder wall 

temperature (K), set to be equal to the coolant temperature. 

The convective heat transfer coefficient was assumed to take the same form as 

suggested by Annand [112], i.e. 

8.0Re
6BN

khc = , (5.4) 

where k is the thermal conductivity of the gas mixture (kW/m-K), B is the cylinder bore 

(m), N is the engine speed (rev/min), and Re is the Reynolds number that takes the form 

µ
ρ BVp=Re   (5.5) 
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where ρ is the density of the gas (kg/m3), Vp is the mean piston speed (m/s), and µ is the 

viscosity of the gas (kg/m-s).  The gas properties used in the heat release analysis were 

calculated over a range of temperatures using the EES software package for the typical 

mixture composition discussed previously and have the following form: 

)/()1050322.3( 700631.07 KmkWTk −×= − , (5.6) 

)/()1027979.5( 657085.07 smkgT −×= −µ , and (5.7) 

285 )10419.1()10944.6(583.1 TT −− ×+×−=γ . (5.8) 

To solve for the heat release rate, equation 5.2 was integrated from the crank 

angle of intake valve closure (IVC) through the end of combustion, allowing the Cht term 

to be determined by setting the calculated total heat release equal to the known energy 

release, which was the product of the mass of fuel delivered, the lower heating value of 

the fuel, and the combustion efficiency.  With the Cht term determined, the heat release 

rate was calculated directly from equation 5.2. 

5.3.2. Chemiluminescence Movies 

Fifty chemiluminescence movies were acquired using the Phantom 7.1 high speed 

CMOS camera (see §3.3.2 for specifications) for each operating condition detailed in 

Table 5.1.  The movies were acquired at a framing rate of 8000 frames per second, or 1 

frame per 0.45 crank angle degrees at the 600 rpm engine speed.  The camera acquisition 

was triggered by a Berkeley Nucleonics Model 565 function generator which, in turn, 

was triggered by the falling edge of a TTL pulse provided by the engine control unit 

(ECU).  The exposure duration of each frame of the movie was 120 µs, the maximum 
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duration allowed for the specified framing rate, and the camera field of view was 368 by 

360 pixels, which was large enough to capture the entire field of view allowed by the 

piston window. 

The field of view into the combustion chamber, shown in Figure 5.8, is roughly 

centered within the combustion chamber and has a diameter of approximately 60 mm.  

The exhaust valves are located at the top of the image, and the intake valves are located at 

the bottom.  As shown in the figure, the right intake valve is intake valve 1, and the left is 

intake valve 2.  

The MATLAB software package was used to analyze the movies, which were 

saved in the .cin file format.  A custom function, provided in Appendix C.1, was used 

to read the 16 bit data into the MATLAB workspace along with the array of time after the 

trigger was detected by the camera.  The first movie frame acquired was set as the 

background image and subtracted from each frame within the movie to remove 

background luminosity and software-introduced camera pedestal values.  The movie 

Intake Valve 1Intake Valve 2

Exhaust ValveExhaust Valve

 

Figure 5.8. Field of view imaged by the Phantom camera when acquiring the high-speed 
chemiluminescence movies.  As shown, the field of view is roughly centered 
within the combustion chamber and is approximately 60 mm in diameter. 
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frames were corrected for false signals due to light reflection off of the walls of the 

extended Bowditch piston by setting the pixel values outside the user-defined field of 

view to zero.  The complete processing code for the chemiluminescence movies, which 

includes routines for identifying the location of first ignition and the average progression 

of combustion, is provided in Appendix C.2. 

5.3.2.1. Location of First Autoignition 

The location of first autoignition was defined as the location of maximum pixel 

intensity in the first movie frame for which any pixel value exceeded the specified 

threshold intensity of 15 counts.  After each frame was corrected for background 

luminosity and light reflections, the pixel intensities were monitored, and when the first 

occurrence of pixel intensity greater than 15 counts was detected the frame was flagged 

as the frame in which the first autoignition was detected.  The row and column of 

maximum pixel intensity in that flagged frame was determined and output to file. 

The threshold pixel intensity at which combustion was determined to be present 

was a user defined value that needed to be large enough so as to not be influenced by 

camera noise, but small enough to be sensitive to low combustion luminosity levels.  To 

determine the appropriate threshold level, the location of first autoignition was evaluated 

for a sample data set at various threshold levels, and the results for threshold values from 

5 to 25 counts are provided in Figure 5.9.  The results show that the determination of the 

location of first autoignition is relatively insensitive to the specified threshold value.  For 

most movies within the data set, the same location was identified, regardless of the 
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threshold value considered.  A conservative threshold value of 15 counts was selected in 

the unlikely event that the camera noise was larger in other data sets. 

5.3.2.2. Average Progression of Combustion 

For each movie within a data set, the frame at which combustion was first 

encountered at a given pixel (i.e. the pixel intensity went above the threshold 15 counts) 

was recorded and converted to engine crank angle using the specified trigger crank angle 

and the time after the camera was triggered, which was accessed from the raw movie file.  

Additionally, if combustion was observed at a given pixel, that pixel was flagged with a 

value of 1 in a binary image; if combustion was never visualized, the pixel’s value in the 

binary image was set to zero.  Figure 5.10 provides examples of the crank angle at which 

combustion was first visualized (Figure 5.10a) and the binary image (Figure 5.10b) for a 

given combustion event.  Figure 5.10a shows how the combustion proceeded spatially 
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Figure 5.9. The detected location of first autoignition for each of the 50 movies acquired in 
a data set for various threshold values.  As shown, the detected location is 
relatively insensitive to the user-defined threshold value. 
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through the combustion chamber, and Figure 5.10b only shows where combustion was 

able to be visualized. 

a) 

7654321
Crank Angle (º aTDC)  

b) 

 

Figure 5.10. Image plots showing (a) the crank angle at which combustion was first 
visualized and (b) locations, shown in white, where combustion was able to 
be visualized for a single combustion event. 

To observe how, on average, the combustion progressed spatially, the crank angle 

at which combustion was first visualized was averaged over the 50-movie data set 

acquired at each operating condition.  Because combustion was not necessarily visualized 

at a given pixel in all 50 movies, the binary images indicating where combustion was able 

to be visualized were summed and used to determine over how many movies each pixel 

needed to be averaged.  The average was limited to pixels in which at least 10 

combustion events were visualized in order to prevent the output from being biased by a 

small number of combustion events.  Results showing the average crank angle at which 

the pixel intensity went above the threshold and the number of times combustion was 
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visualized are provided in Figures 5.11a and 5.11b, respectively, for the homogenous 

condition.  

a) 

4.03.02.01.0
Crank Angle (º aTDC)

 

b) 

5040302010
Combustion Events Visualized  

Figure 5.11. Image plots showing (a) the average crank angle at which the pixel intensity 
went from low to high for the movies acquired at an operating condition and 
(b) the number of combustion events that were able to be visualized for the 
same movie set.  Pixels that were able to visualize less than 10 combustion 
events were excluded from the averaging calculation and are shown in 
black. 

There are three interesting features observed in Figure 5.11b.  First, the most 

prevalent combustion luminosity takes an hour-glass shape that is symmetric about the 

horizontal line that bisects the image.  The fact that the most combustion luminosity 

occurs in the horizontal center of the image is to be expected because of the cylinder 

head’s pent-roof geometry.  The pent-roof shape causes a majority of the in-cylinder 

charge to be positioned in the vertical midpoint of the field of view, and therefore it 

would be expected that a majority of the visualized combustion would occur in the same 

region.  The reason for the hour-glass shape is likely due to heat transfer to the cylinder 

head.  The charge located in the top and bottom centers of the images are in close contact 
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with the cylinder head, resulting in either quenched or cool, non-luminous combustion.  

Charge located to either side of the top and bottom centers are in contact with the exhaust 

and intake valves, respectively, which may be hotter than the cylinder head and have less 

of an effect on the combustion in those regions. 

The second interesting observation occurs at the top sector of the image, where 

there is a distinct line above which more combustion is able to be visualized than below.  

This discontinuous line is simply a camera effect.  The pixels above the line are more 

sensitive than the pixels below and are better able to visualize the weak combustion 

luminosity occurring in this region.  To avoid any confusion because of the non-uniform 

pixel sensitivities, this region, as well as the equivalent region at the bottom of the image, 

will be removed and excluded from future analysis. 

The third interesting observation is the skewed rectangular region at the center of 

the image that indicates a lesser amount of visualized combustion.  This region directly 

corresponds to the location of the spark plug electrode, as shown in Figure 5.8.  Although 

not used in the current tests, the spark plug remained in the cylinder head for use in other 

concurrent spark-ignited combustion tests.  During the HCCI combustion events, the 

spark plug electrode acted as a heat sink and resulted in quenched or cool, non-luminous 

combustion, similar to the effects observed in the regions most in contact to the cylinder 

head at the top and bottom of the images. 

As a final step in the movie processing, the average crank angle at which 

combustion was first visualized was transformed into the average mass fraction burned 

using the mass fraction burned data calculated from the ensemble-average pressure trace.  
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The cumulative mass fraction burn curve for the images in Figure 5.11 is provided in 

Figure 5.12a, and the image of the average mass fraction burned at which combustion 

was first visualized is provided in Figure 5.12b.  Also included in Figure 5.12a is the 

spatial- and ensemble-averaged chemiluminescence values for the 50-movie data set.  

When comparing the average chemiluminescence to the mass fraction burned, it can be 

observed that, on average, the chemiluminescence from combustion can only be detected 

when the combustion is between 20% and 90% complete.  The early (<20% burned) and 

late (>90% burned) combustion are either not luminous enough to be detected or are 

consistently outside the field of view. 
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Figure 5.12. (a) Mass fraction burn data used to transform the crank angle at which 
combustion was first visualized, shown in Figure 5.11a, to (b) the average 
mass fraction burned at which combustion was first visualized.  The spatial 
and ensemble averaged chemiluminescence shown in (a) indicates that 
combustion luminosity can only be detected when the combustion is 
between 20% and 90% complete. 
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5.4. Results 

5.4.1. Compositionally and Thermally Homogeneous 

Two image plots of the average mass fraction burned at which the combustion 

was first visualized for compositionally and thermally homogeneous (HMG) conditions 

are provided in Figure 5.13.  The data for these plots were acquired on different days and 

are provided as an indication of the repeatability of the experiments.  Overlaid on the 

image plots are the locations of first autoignition, shown as circles.  The results for the 

homogeneous conditions indicate that there was a spatial progression from the bottom 

(intake) side of the combustion chamber to the top (exhaust) side.  Pixels in the bottom 

two-thirds of the images have average mass fraction burned values near 0.5, which is 

consistent with the combustion event proceeding randomly.  Pixels in the top third of the 

image, however, have larger average mass fraction burned values, lying in a range from 

~0.6 to 0.8 mass fraction burned and indicating the combustion events were consistently 

visualized later in the combustion events.  The locations of first autoignition support 

these results, as the combustion events consistently started in the regions of average mass 

fraction burned of 0.5.  No first autoignition locations are present in the regions with later 

average mass fraction burned.  

The reason for this spatial progression is likely natural thermal stratification 

resulting from heat transfer during the intake and compression processes.  The top of the 

image coincides with the location where the coolant was introduced into the cylinder 

liner and therefore the in-cylinder charge may be the coldest on this side of the 

combustion chamber.  In order for this charge to ignite, it had to first be heated by the 
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igniting charge in neighboring regions or by the compression heating during combustion.  

Because the charge in this region required additional heating not provided solely from 

compression, it ignited consistently later during the combustion process. 

5.4.2. Thermal Stratification with Homogeneous Composition 

Table 5.2 provides steady-state inlet, combustion, and emissions results for the 

homogeneous (HMG) and thermally stratified (T1) operating conditions.  The Tin,avg 

value is the mass-averaged intake temperature, and the uin value is the calculated sensible 

internal energy delivered to the engine at the intake conditions provided in Table 5.1.  

The combustion parameters – peak pressure (PP), coefficient of variation of the peak 

pressure (COVPP), location of peak pressure (LPP), and standard deviation of the location 

of peak pressure (σLPP) – were calculated from the 100 cycles of pressure data that were 

acquired at each operating condition, and the emissions values were averaged over 30 

seconds after the engine reach steady-state operation. 
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Figure 5.13. Average mass fraction burned when combustion was first visualized and 
location of first autoignition (circles) for the compositionally and thermally 
homogeneous (HMG) condition.  Data for these plots were acquired on (a) 
January 10, 2008 and (b) January 15, 2008.   
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Table 5.2.  Steady-state inlet, combustion, and emissions results for the homogeneous 
(HMG) and thermally stratified (T1) operating conditions.  See Table 5.1 for 
the intake characteristics of these operating conditions. 

Inlet Combustion Emissions 

Condition Tin,avg  
(°C) 

uin 
(J) 

PP 
(kPa) 

COVPP
(%) 

LPP 
(° aTDC)

σLPP 
(°) 

CO2 
(%) 

CO 
(%) 

O2 
(%) 

HC 
(ppm)

NO 
(ppm)

HMG 117 25.6 2867 1.4 5.3 0.76 1.27 0.08 2.3 1551 14.9 

T1 111 24.1 2860 1.8 5.3 0.73 1.23 0.11 2.4 1548 12.7 

 

The results in Table 5.2 show small differences in the steady-state values when 

the engine was run under homogeneous or thermally stratified intake conditions.  The 

amount of internal energy required by the engine to maintain a constant LPP was 

approximately 6% lower when thermally stratified, which indicates that the charge was 

marginally easier to ignite than when homogeneous.  The peak pressures achieved for the 

two operating condition were nearly identical, although the variation in peak pressure 

was 0.4% higher when thermally stratified.  The CO emissions were higher and the NO 

emissions were lower when thermally stratified, indicating lower bulk gas temperatures, 

which is consistent with the lower temperatures at the inlet conditions and slightly lower 

peak pressures. 

The heat release rate curves for the HMG and T1 conditions are provided in 

Figure 5.14.  The curves suggest that the thermally stratified condition results in a wider 

heat release rate profile where the combustion starts earlier, ends later, and has a lower 

peak value for a constant combustion phasing.  The lower peak heat release rate is 

beneficial for avoiding harsh combustion that can lead to engine damage. 
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While the steady-state values and the heat release rate results show small 

differences between the homogeneous and thermally stratified conditions, the manner in 

which the combustion progresses spatially, shown in Figure 5.15, reveals a large 

difference.  For the homogeneous condition, as discussed previously, most of the charge 

ignites, on average, near the 50% burn point, but with a small spatial progression from 

the intake (bottom) to exhaust (top) side of the image.  No spatial progression is observed 

from right to left within the image.  For the thermally stratified condition, however, a 

substantial spatial progression exists from right to left within the image, or from the side 

into which the higher temperature charge was introduced to the side into which the lower 

temperature charge was introduced.  Additionally, the locations of first autoignition are 

concentrated on the right, or hotter, side of the combustion chamber.  These results 

indicate strongly that the local temperature field has a large effect on the HCCI 

combustion process.  The charge with higher local temperature ignites first and then the 
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Figure 5.14. Calculated heat release rate for the homogeneous (HMG) and thermally 
stratified (T1) operating conditions. 
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combustion progresses to the initially cooler regions, which are being heated by the 

ignited neighboring regions and by compression heating during the pressure rise 

associated with combustion. 

The widening of the heat release rate curve when thermally stratified can also be 

explained by the spatial progression of combustion.  The right side of the combustion 

chamber is locally hotter than would be experienced during homogeneous conditions, and 

therefore this charge would ignite earlier during the engine cycle.  After the first 

autoignition occurs, however, the homogeneous conditions result in a higher heat release 

rate because there are fewer low-temperature regions that require a higher degree of 

combustion-related heating than with thermally stratified conditions.  The higher heat 

release rates for homogeneous conditions lead to a shorter combustion duration. 
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Figure 5.15. Image plots showing the average mass fraction burned when combustion 
was first visualized and the locations of first autoignition for the (a) 
homogeneous (HMG) and (b) thermally (T1) stratified operating conditions. 

5.4.3. Stratified Fuel Concentration and A/F with Near-Homogeneous TTDC 

The steady-state results for the homogeneous condition and the stratified 

condition C1 are provided in Table 5.3.  Condition C1, where fuel was introduced 
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through intake valve 1 into a homogeneous air/argon mixture, produced in-cylinder 

conditions with large stratifications of fuel concentration and A/F but relatively small 

stratification of compression temperature, as discussed in section 5.2.2.2.  The steady-

state results again show small differences between the homogeneous and stratified 

conditions.  The internal energy supplied to the engine for condition C1 was higher than 

when homogeneous, but the higher internal energy resulted in more advanced 

combustion, so it appears the stratification results in no change to the amount of internal 

energy required to maintain constant HCCI combustion phasing.  The mismatch in LPP 

between the two conditions resulted from the inability to precisely achieve a prescribed 

combustion phasing with the test cell hardware. 

Table 5.3.  Steady state inlet, combustion, and emissions results for the HMG and C1 
operating conditions.  See Table 5.1 for the intake characteristics of these 
operating conditions. 

Inlet Combustion Emissions 

Condition Tin,avg  
(°C) 

uin 
(J) 

PP 
(kPa) 

COVPP
(%) 

LPP 
(° aTDC)

σLPP 
(°) 

CO2 
(%) 

CO 
(%) 

O2 
(%) 

HC 
(ppm) 

NO 
(ppm)

HMG 113 24.5 2900 1.5 5.3 0.77 1.18 0.10 2.6 1596 12.9 

C1 115 25.0 2921 1.3 4.9 0.65 1.21 0.10 2.4 1552 14.1 

 

The combustion results for condition C1 show higher PP and slightly lower 

COVPP and σPP, all of which are consistent with the slightly advanced combustion 

phasing and are not believed to be a result of the stratification.  Similarly, the slightly 

more complete combustion (higher CO2, lower O2 and HC) and higher NO values are 

consistent with the more advanced combustion and therefore cannot be attributed to the 

introduced stratification.  The more advanced combustion can be observed directly in the 

heat release rate curves shown in Figure 5.16.  The curve for condition C1 has a very 
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similar shape to the homogeneous condition, although it can be seen that it is slightly 

advanced.  The heat release rate appears to have not been affected by the introduced 

stratifications. 

Unlike the large change in the combustion progression observed in Figure 5.15 

for the thermally stratified condition, the combustion progression for condition C1 does 

not show significantly different spatial progress than the homogeneous condition, where 

the general trend is a slight progression from the intake to exhaust side of the combustion 

chamber.  As shown in Figure 5.17, the only difference that can be observed is that the 

average mass fraction burned at which combustion is first visualized is consistently less 

with condition C1 than with condition HMG.  This, again, is the result of the more 

advanced combustion phasing that may result in more luminous early combustion, 

causing the average mass fraction to shift towards smaller values. 
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Figure 5.16.  Calculated heat release rate for the HMG and C1 operating conditions. 
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Figure 5.17. Image plots showing the average mass fraction burned when combustion 
was first visualized and the locations of first autoignition for the (a) HMG 
and (b) C1 operating conditions. 

5.4.4. Stratified Fuel Concentration and TTDC with Homogeneous A/F 

The steady-state results for the homogeneous condition, the compositionally 

stratified condition C2, and compositionally and thermally stratified conditions C2-T1 

and C2-T2 are provided in Table 5.4.  As discussed in section 5.2.2.2, conditions C2, C2-

T1, and C2-T2 have the same stratification of fuel concentration and a constant A/F, but 

the range of estimated compression temperatures vary with the temperature conditions in 

the intake.  The smallest range of compression temperatures is achieved with condition 

C2-T1, where the lower intake temperature is coincident with the high γ, and the largest 

range is achieved with condition C2-T2, where the lower intake temperature is coincident 

with the low γ.  In all cases, the lowest in-cylinder compression temperatures were 

located in the side of the combustion chamber into which intake valve 1 delivers the 

charge, or the right side of the image field of view. 

The steady-state results again show very little difference when comparing the 

homogeneous condition and conditions C2, C2-T1, and C2-T2.  The delivered internal 
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energy required to achieve the HCCI combustion are within 3% of the value for condition 

HMG, and the higher peak pressures values observed with the stratified conditions are 

consistent with the more advanced locations of peak pressures.  The trends in the 

emissions values are also consistent with the LPP trends: lower CO, lower HC, and 

higher NO with more advanced combustion phasing. 

Table 5.4.  Steady state inlet, combustion, and emissions results for the HMG, C2, C2-
T1, and C2-T2 operating conditions.  See Table 5.1 for the intake 
characteristics of these operating conditions. 

Inlet Combustion Emissions 

Condition Tin,avg  
(°C) 

uin 
(J) 

PP 
(kPa) 

COVPP
(%) 

LPP 
(° aTDC)

σLPP 
(°) 

CO2 
(%) 

CO 
(%) 

O2 
(%) 

HC 
(ppm)

NO 
(ppm)

HMG 113 24.5 2900 1.5 5.3 0.77 1.18 0.10 2.6 1596 12.9 

C2 111 24.0 2924 1.4 5.1 0.66 1.21 0.09 2.5 1606 13.7 

C2-T1 104 23.8 2956 1.2 4.9 0.65 1.20 0.09 2.5 1540 13.7 

C2-T2 120 24.3 2964 1.4 4.9 0.66 1.22 0.09 2.4 1584 14.0 

 

The heat release results for conditions C2, C2-T1 and C2-T2 compared to the 

homogeneous condition are provided in Figure 5.18.  The heat release for condition C2 

shows slightly advanced combustion than condition HMG, consistent with the LPP 

values provided in Table 5.4.  The shapes of the curves are nearly identical.  Likewise, 

the shape of the heat release curve for condition C2-T1 has nearly identical shape to 

conditions C2 and HMG and is slightly advanced, consistent with the steady-state LPP 

values.  The heat release for condition C2-T2, however, shows a significant difference 

from the conditions C2, C2-T1, and HMG.  The combustion begins earlier in the engine 

cycle but finishes at about the same time, a result in the differences in shapes of the heat 

release rate curves.  For condition C2-T2, the heat release rate increases quickly after the 
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start of combustion but then slows starting near top dead center and follows a different 

slope until the peak heat release rate is reached.  For conditions C2, C2-T1, and HMG, 

the slope of the heat release rate curves continue to increase until near the peak heat 

release rate.  Additionally, the peak heat release rate is lower for condition C2-T2 than 

for the other conditions. 

As shown in Figure 5.19, the combustion progresses in a different manner 

depending on the stratified operating condition.  For condition C2, the combustion begins 

in the left side of the combustion chamber, where regions have locally lower fuel 

concentration but higher compression temperature, and proceeds towards to the right 

side.  The stratification effects at the C2 condition are not strong, however, because 

locations of first autoignition occur in locations throughout the combustion chamber, and 

a general progression from bottom to top, as is seen with homogeneous conditions, can 

still be observed.  The range of estimated compression temperatures is larger than was 
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Figure 5.18. Calculated heat release rate for the HMG, C2, C2-T1, and C2-T2 operating 
conditions. 
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observed with condition T1, but the observed effect on the combustion progression is 

significantly smaller.  Considering that the A/F is constant, this indicates competing 

effects between the fuel concentration and temperature stratification.  Regions on the left 

side of the combustion chamber are hotter but with lower fuel concentration.  These 

regions tend to ignite first because they are hotter, but the heat release due to combustion 

is smaller because of the lower amount of fuel being consumed, so the temperature effect 

cannot dominate.  The regions on the right hand side of the combustion chamber are 

cooler but have higher fuel concentration, so as combustion begins in these regions, a 

higher amount of combustion-related heating is achieved because more fuel energy is 

being released locally.  The overall effects indicate that the compression temperature 

stratification still controls the combustion progression on average, but the effects can be 

reduced by the competing fuel concentration stratification. 

When the amount of compression temperature stratification is reduced, as is 

achieved in condition C2-T1, the fuel stratification effect appears to control the spatial 

progression of the combustion.  As observed in Figure 5.19c, the combustion tends to 

begin more often on the right side of the combustion chamber, where the fuel 

concentration is highest, and proceeds to the left side, even though the estimated 

compression temperature is lowest on the right side.  The higher fuel concentration 

results in a higher degree of combustion-related heating and leads to earlier sustained 

combustion.  Again, the effect is not strong, however, due to the competing compression 

temperature stratification.  First autoignition sites occur throughout the combustion 

chamber, and a bottom-to-top progression can still be observed. 



 

122 

a) HMG 

0.9
0.8
0.7
0.6
0.5
0.4
0.3

xb

 

b) C2 

0.9
0.8
0.7
0.6
0.5
0.4
0.3

xb

 

c) C2-T1 

0.9
0.8
0.7
0.6
0.5
0.4
0.3

xb

 

d) C2-T2 

0.9
0.8
0.7
0.6
0.5
0.4
0.3

xb

 

Figure 5.19. Image plots showing the average mass fraction burned when combustion 
was first visualized and the locations of first autoignition for the (a) HMG, 
(b) C2, (c) C2-T1, and (d) C2-T2 operating conditions. 

When the compression temperature stratification is increased from the level 

observed with conditions C2, the temperature stratification dominates the fuel 

concentration stratification.  Figure 5.19d, for condition C2-T2, shows that the locations 

of first autoignition are exclusively located on the left side of the combustion chamber, 

where the hottest local conditions exist.  The lower local fuel concentrations in this 

region do not appear to have an effect.  The combustion has a strong progression from 

left to right, or hot to cold.  Very little bottom to top progression is observed, so the 
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compression temperature stratification effect also dominates the natural thermal 

stratification present in the homogeneous condition. 

5.4.5. Stratified Fuel Concentration, A/F and TTDC 

The steady-state results for the homogeneous condition, the compositionally 

stratified condition C3, and compositionally and thermally stratified conditions C3-T1 

and C3-T2 are provided in Table 5.5.  As discussed in section 5.2.2.2, conditions C3, C3-

T1, and C3-T2 have the same level of fuel concentration and A/F stratifications, but the 

range of estimated compression temperatures vary with temperature conditions in the 

intake because of the local γ values.  The smallest range of compression temperatures is 

achieved with condition C2-T2, where the lower intake temperature is coincident with the 

high γ, and the largest range is achieved with condition C2-T1, where the lower intake 

temperature is coincident with the low γ.  In all cases, the lowest compression 

temperature was located in the side of the combustion chamber into which intake valve 2 

delivers the charge, or the left side of the image field of view. 

The delivered internal energy required to achieve the HCCI combustion, again, 

shows little difference between the homogeneous and stratified conditions in Table 5.5.  

The internal energy delivered with condition C3-T1 was 5.5% less than with the 

homogeneous condition, while the remaining conditions are within 1.2%.  The 

combustion parameters are all very similar as well.  The changes in peak pressure are 

insignificant compared to the variations in those values, and only condition C3 shows a 

slightly more advanced combustion, a result of the test cell hardware, not stratification.  
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The emissions values show an increase in CO when the stratifications were introduced.  

Considering the wide range of local A/F present, it is possible that rich combustion in the 

locally rich regions or quenched combustion in the locally lean regions could lead to 

slightly less complete combustion.  The magnitude of this effect, however, is quite small 

as the CO values are extremely low for all conditions.  The HC and NO emissions remain 

essentially unchanged when the stratifications were introduced. 

Table 5.5.  Steady state inlet, combustion, and emissions results for the HMG, C3, C3-
T1, and C3-T2 operating conditions.  See Table 5.1 for the intake 
characteristics of these operating conditions. 

Inlet Combustion Emissions 

Condition Tin,avg  
(°C) 

uin 
(J) 

PP 
(kPa) 

COVPP
(%) 

LPP 
(° aTDC)

σLPP 
(°) 

CO2 
(%) 

CO 
(%) 

O2 
(%) 

HC 
(ppm) 

NO 
(ppm)

HMG 117 25.6 2867 1.4 5.3 0.76 1.27 0.08 2.3 1551 14.9 

C3 118 25.8 2902 1.5 4.8 0.69 1.19 0.12 2.5 1523 14.4 

C3-T1 116 24.2 2889 1.7 5.3 0.67 1.22 0.13 2.4 1584 15.6 

C3-T2 110 25.9 2892 1.7 5.2 0.73 1.25 0.13 2.4 1549 14.4 

 

The calculated heat release rates for conditions C3, C3-T1 and C3-T2 compared 

to the homogeneous condition are provided in Figure 5.20.  The combustion for condition 

C3 is more advanced than condition HMG, but the peak value is lower, which is not 

consistent with the trends observed previously for more advanced combustion, where the 

peak heat release rate increases as the combustion advanced.  Consequently, the 

combustion event for condition C3 must be slightly longer in duration than with the 

homogeneous condition.  Similar lengthening of the combustion can be observed for the 

compositionally and thermally stratified conditions C3-T1 and C3-T2.  The longest 

combustion duration was created with condition C3-T1, which has the highest amount of 
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compression temperature stratification, so the longer combustion duration is consistent 

with the longer duration observed with the thermally stratified condition T1. 

The manner in which the combustion progresses for condition C3, C3-T1, and 

C3-T2, shown in Figure 5.21, depends strongly on the level of compression temperature 

stratification present.  Condition C3, which has the middle range of compression 

temperature for the three stratified conditions in Figure 5.21, shows a combustion 

progression from the right, or hot, side of the combustion chamber to the left.  The effect 

is not overly strong, as the location of first autoignition is not exclusively on the right 

side of the combustion, and a bottom-to-top progression is observed as well, indicating 

that the natural thermal stratification is still significant. 

When the compression temperature stratification is increased in condition C3-T1 

by heating the intake charge with high γ, the spatial progression of the combustion shows 

a much stronger effect (Figure 5.21c).  The locations of first autoignition are almost all 

25

20

15

10

5

0

H
ea

t R
el

ea
se

 R
at

e 
(J

/d
eg

)

-15 -10 -5 0 5 10 15
Crank Angle (º aTDC)

HMG

C3

C3-T1

C3-T2

 

Figure 5.20.  Calculated heat release rate for the HMG, C3, C3-T1, and C3-T2 operating 
conditions. 
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on the hot side of the combustion chamber, and a strong progression from right to left 

(hot to cold) is present.   
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Figure 5.21. Image plots showing the average mass fraction burned when combustion 
was first visualized and the locations of first autoignition for the (a) HMG, 
(b) C3, (c) C3-T1, and (d) C3-T2 operating conditions. 

When the compression temperature stratification is decreased in condition C3-T2 

from the C3 condition by heating the charge with low γ, the combustion proceeds from 

the left of the combustion chamber to the right, even though the right side of the 

combustion chamber still has a higher temperature than the left.  Also, the right side of 

the combustion chamber still has the highest local fuel concentration, so the combustion 

not only proceeds from lower to higher temperature, it also proceeds from lower to higher 
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fuel concentration.  It would appear, therefore, that the large A/F stratification present in 

condition C3-T2 dominates the small compression temperature stratification and the fuel 

concentration stratification, as the left side of the combustion chamber contains the 

largest local A/F.  The A/F stratification also had an effect on conditions C3 and C3-T1, 

where the effects of combined fuel concentration and compression temperature 

stratifications have been tempered by the competing A/F stratification.   

5.5. Discussion 

5.5.1. Relative Magnitude of Fuel Concentration, A/F, and Compression 
Temperature Stratification Effects 

As a further discussion of the data presented in section 0, it is useful to compare 

various conditions that have the same level of stratification for one mixture property but 

varied levels in another.  Figure 5.22 provides an example of one such comparison, where 

the range of stratified compression temperature remains the same for the three conditions 

presented, but where stratified mfuel,eq is introduced between Figure 5.22a and 5.22b, and 

stratified A/F is introduced between Figure 5.22b and 5.22c.  It should also be noted that 

the image plots in Figure 5.22 are presented with the high temperature regions always on 

the right side of the image, so certain condition may be presented with their bottom axes 

reversed compared to when presented in section 0.  The axes orientation is indicated by 

the “Intake Path” value presented below the images.  Additionally, the sides of the image 

in which the mfuel,eq, A/F, and TTDC have their high and low values are presented below 

the images, as well as the 95% range of these mixture properties, based on the PDFs 

presented in section 5.2.2.2.  The γ values have been excluded from the present 
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discussion because a stratified γ affects the stratified compression temperature, as 

discussed above. 
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Figure 5.22. Comparison of how the combustion proceeds for conditions that have the 
same range of stratified compression temperature.  (a) Condition T1 only 
has stratified TTDC, (b) condition C2-T1 has stratified mfuel,eq and TTDC , and 
(c) condition C3 has stratified mfuel,eq, A/F, and TTDC. 

Condition T1, Figure 5.22a, shows the effect that a stratified TTDC with a range of 

62 °C has on the combustion progression.  As discussed previously, a strong hot-to-cold 

progression of the combustion is observed.  With condition C2-T1, a stratified mfuel,eq is 

introduced while maintaining the same range of stratified TTDC.  The image plot for this 

condition (Figure 5.22b) shows that the combustion now proceeds from the high fuel 

concentration regions to the low fuel concentration regions, which is opposite to the high 

temperature to low temperature direction.  The stratified mfuel,eq completely compensates 

for the stratified TTDC effect and in fact causes the combustion to proceed from the low 

temperature to high temperature.  A 2.3 mg range of stratified mfuel,eq has a greater effect 

on the HCCI combustion progress than a 68 °C range of stratified TTDC. 
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The image plot of how the combustion proceeds for condition C3 is presented in 

Figure 5.22c.  For this condition, the same ranges of TTDC and mfuel,eq are present as with 

condition C2-T1, except the high fuel concentration is concurrent with high temperatures.  

The combination of these two stratifications should, based on previous results, impart a 

strong right-to-left progression to the combustion.  What is observed, however, is a very 

weak right-to-left progression along with a weak bottom-to-top progression.   It would 

appear that the effect of the stratified A/F that was introduced, with the low A/F 

concurrent with the high temperatures and high fuel concentration, alleviates the effects 

of the combined fuel concentration and temperature stratification.  The result is a 

combustion progression that is very similar to the progression observed with 

homogeneous conditions (Figure 5.15a).  It can be concluded that a stratified A/F 

flowfield with a range of 20.6 affects how the combustion proceeds in a similar manner 

as a combined 62 °C TTDC and 2.3 mg mfuel,eq stratification. 

Image plots showing how the combustion proceeds when the range of TTDC 

stratification is varied while maintaining the same level of mfuel,eq stratification with a 

constant A/F are provided in Figure 5.23.  As discussed previous for conditions C2-T1, 

C2, and C2-T2 (§5.4.4), the stratified mfuel,eq initially controls how the combustion 

proceeds when the range of TTDC is 68 °C.  As the magnitude of stratified TTDC is 

increased, first the mfuel,eq and TTDC effects roughly equal each other when the range of 

TTDC values is increased to 114 °C (Figure 5.23b), and then the TTDC effect dominates 

when the range of TTDC values is increased to 184 °C (Figure 5.23c).  When comparing 

the image plots for condition C2-T2 and condition T1 (Figure 5.23d), it is observed that 
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the combustion proceeds in a virtually identical manner for the two conditions, even with 

the differently stratified flowfields.  The results provided in Figures 5.23b-5.23d indicate 

that a roughly 120 °C range of stratified TTDC must be introduced to compensate for a 2.3 

mg range of stratified mfuel,eq. 
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Figure 5.23. Comparison of how combustion proceeds for conditions that have the same 
range of stratified fuel concentration.  (a) Condition C2-T1 has a 68 °C 
range of TTDC, (b) condition C2 has a 114 °C range of TTDC, and (c) 
condition C2-T2 has a 184 °C range of TTDC.  Condition T1 (d) was 
provided because it has a virtually identical combustion progression to 
condition C2-T2 but under differently stratified flowfields. 

Figure 5.24 provides image plots comparing conditions that have the same ranges 

of stratified mfuel,eq and similar stratified TTDC but have different ranges of stratified A/F.  

For condition C1 (Figure 5.24a), a 2.3 mg range of stratified mfuel,eq is compensated 

almost entirely by the 10.3 range of stratified A/F, as the manner in which the 

combustion proceeds is extremely similar to the results obtained under homogeneous 

conditions.  The combustion proceeds from bottom to top with no side-to-side 

progression present.  When the range of stratified A/F is double to 20.6 in condition C3-

T2 (Figure 5.24b), a strong progression from left (high A/F) to right (low A/F) is 

observed.  A 10.3 range of stratified A/F mostly compensates for a 2.3 mg range of 
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stratified mfuel,eq, so when the range of stratified A/F is increased further, the A/F effect 

dominates how the combustion proceeds spatially. 
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Figure 5.24. Comparison of how combustion proceeds for conditions that have the same 
range of stratified fuel concentration and stratified compression 
temperature.  (a) Condition C1 has a 10.3 range of A/F and (b) condition 
C3-T2 has a 20.6 range of A/F. 

Figure 5.25 provides image plots that show very similar combustion progression 

that has a consistent bottom-to-top progression and either no or very weak side-to-side 

progression.  For the three stratified conditions (Figures 5.25b-5.25d), the stratified 

flowfields that were introduced acted against each other to produce no net effect when 

compared to the homogeneous condition (Figure 5.25a).  The magnitudes of the 

introduced stratifications that resulted in no net effect were discussed previously.  

Interestingly, the stratified conditions that are provided in Figure 5.25 are the conditions 

with a uniform temperature between the two intake systems.  For the conditions 

considered, the compositional stratifications that were introduced all produced a stratified 

flowfield that had competing effects that acted to produce no net effect.   The conditions 

that produced noticeable changes to how the combustion proceeded where those with 
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thermal stratification, either introduced independently or in conjunction with 

compositional stratification. 
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Figure 5.25. Comparison of four conditions that had qualitatively similar spatial 
combustion progression. 

5.5.2. Applicability of Charge Stratification in Production Engines 

To address the possibility of using charge stratification in a production engine, an 

advanced recompression valving strategy will be considered because it would produce a 

flowfield with highly stratified mixture γ and mixture temperature, the condition in the 

present study that produced the largest observed effect on HCCI combustion.  Two 

fueling strategies were also considered: premixed fuel injection in which the air and fuel 

were perfectly mixed prior to induction into the cylinder, and an ideal direct in-cylinder 

injection strategy in which it was assumed that the fuel was injected prior to intake valve 

closure and instantaneously mixed with the air and residual to produce a homogeneous 

fuel distribution at bottom dead center.  Local cooling due to vaporization of the liquid 

fuel was ignored. 
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The iso-octane fueling rate was assumed to be 15 mg/cycle, a more realistic value 

for a production engine than the 5 mg/cycle used in the present experiments.  The in-

cylinder mixture was assumed to be equal volumes of air/fuel mixture at a temperature of 

50 °C and residual gas at a temperature of 327 °C.  This assumption resulted in a 

delivered air-fuel ratio of 19.4.  The mixture properties of the in-cylinder charge were 

calculated in the same manner as discussed in section 5.2.2.2, and identical in-cylinder 

mixing during compression was assumed. 
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Figure 5.26. PDF lines of (a) equivalent mass of fuel, (b) air-fuel ratio, (c) mixture γ, and 
(d) estimated compression temperature for a theoretical HCCI engine using 
a recompression valving strategy and premixed fueling. 

The estimated PDFs of local mixture properties when assuming premixed fueling 

in the hypothetical HCCI engine with recompression valving are provided in Figure 5.26, 
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where the xintake value represents the mole fraction of charge that entered the engine 

through the intake.  The estimated PDFs for the in-cylinder mixture properties appear 

similar to those detailed for condition C2 above.  The local fuel concentration (Figure 

5.26a) and estimated compression temperature (Figure 5.26d) are largely stratified, where 

regions with high fuel concentration have low compression temperature.  The local A/F is 

relatively constant (Figure 5.26b), with only a small variation due to the oxygen present 

in the residual gas.  The local γ value (Figure 5.26c) is also relatively constant, which 

results from the residual gas and the air/fuel mixture having very similar specific heats.  

The combination of stratified fuel concentration and stratified temperature is not likely to 

have a large effect on the combustion because of the competing effects of the two 

stratified parameters, similar to what was observed with condition C2. 

The estimated PDFs for an assumed uniform fuel distribution are provided in 

Figure 5.27.  The equivalent mass of fuel (Figure 5.27a) is constant throughout the 

combustion chamber, as specified, which causes a wider range of in-cylinder A/F values 

(Figure 5.27b), where the leaner condition corresponds to regions of higher intake air 

concentration.  Because of the uniform fuel distribution, the range of mixture γ values is 

larger (Figure 5.27c) which decreases the range of estimated compression temperatures 

(Figure 5.27d) because the regions of higher γ have lower initial mixture temperature and 

vise versa.  Competing stratification effects exist for this theoretical condition as well.  

The regions with highest compression temperature have the lowest A/F, and the regions 

with lowest compression temperature have highest A/F.  Again, there is a high likelihood 
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that the competing effects of stratified A/F and stratified TTDC will result in little to no net 

effect on the combustion. 
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Figure 5.27. PDF lines of (a) equivalent mass of fuel, (b) air-fuel ratio, (c) mixture γ, and 
(d) estimated compression temperature for a theoretical HCCI engine using 
a recompression valving strategy and direct-injection fueling that results in 
a uniform fuel distribution. 

Under the operating constraints of an engine, it appears that introducing stratified 

mixture properties that cause significant changes to the HCCI combustion is very difficult 

to accomplish.  First, the turbulent mixing within the engine is substantial and reduces the 

magnitude of the introduced stratification, thereby reducing the possible effects that the 

stratification could have on the combustion.  Second, any stratification that is introduced 

is seemingly accompanied by an additional, competing effect.  Introducing fuel 
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stratification results in regions with locally high fuel concentration (advancing effect) but 

locally low γ (retarding effect) and possibly locally low A/F (retarding effect).  

Introducing thermal stratification by retaining hot residual gas results in regions with 

locally high initial temperature, but these regions have also have low γ, so the effect of 

the introduced thermal stratification is reduced after compression.  The only way in 

which the competing effects of introduced stratification could be avoided would be to 

introduce thermal stratification to a compositionally homogeneous mixture.  Considering 

the minimal effect thermal stratification had on the HCCI combustion process, it would 

be very difficult to justify the extra cost to the engine manufacturer for the hardware 

needed to introduce the thermally stratified charge.  
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Chapter 6. Temperature Imaging Using the Dual-Tracer Planar 
Laser-Induced Fluorescence Technique 

CHAPTER 6 

TEMPERATURE IMAGING USING THE DUAL-
TRACER PLANAR LASER-INDUCED 
FLUORESCENCE TECHNIQUE 

 

6.1. Introduction 

The results in Chapter 5 revealed that the local mixture temperature just prior to 

combustion initiation had a strong effect on how HCCI combustion progressed spatially.  

Using many assumptions, it was possible to estimate the range of temperatures that were 

present in cylinder at the end of the compression stroke, and conclusions about the 

relative effects that each stratification type had on the combustion process could be 

drawn based on the estimated temperatures.  To be truly quantitative with regards to the 

effect that temperature stratification has on HCCI combustion, it would be beneficial to 

be able to measure the temperature directly at a time just prior to combustion initiation.  

Measuring temperature in the combustion chamber, however, is a fundamentally difficult 

thing to accomplish.  Direct physical access to the combustion chamber gases is nearly 

impossible because of the combustion chamber’s closed environment and because of the 

numerous moving engine components.  Therefore, a non-intrusive optical diagnostic 
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technique is required in order to access the temperature of the gases within the 

combustion chamber. 

Three optical diagnostic techniques that have ability to measure temperature 

spatially are laser Rayleigh scattering, dual-wavelength planar laser-induced fluorescence 

(PLIF), and dual-tracer PLIF.  The fundamentals of these three techniques were discussed 

in section 2.3.  Using data available in the literature, rigorous uncertainty analyses were 

performed to estimate the precision of each of these techniques and will be discussed in 

section 6.2. 

Based on the uncertainty analyses and other non-quantifiable experimental 

considerations, the dual-tracer PLIF was selected to be developed and applied in the 

engine.  Section 6.4 provides a summary of the calibration efforts, section 6.5 provides 

details of the tracer selection, and section 6.6 provides results obtained under motored 

and fired engine operation. 

6.2. Estimated Precision of Optical Temperature Measurements 

6.2.1. Noise Considerations 

When a charge-coupled device (CCD) is used to make the spatially resolved 

measurements, three sources of noise must be considered: shot, dark, and read.  Shot 

noise results from the probabilistic nature of photon detection and represents a 

fundamental noise limit for the ability to detect light; dark noise results from thermally 

generated electron hole pairs in the CCD array; and read noise originates in the readout 

electronics of the CCD camera. 
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For the temperature measurements that will be considered, the total measured 

signal is the sum of the signal of interest (Rayleigh or PLIF) and the background signal, 

which is any light that did not originate from the source of interest.  Because the signal of 

interest and the background signal are not distinguishable, the shot noise contribution of 

each source must be considered.  In general, the shot noise for a CCD (δξshot, counts) can 

be expressed as 

 ppPLIFDAshot SGC ,
2

/ ηκδξ =  (6.1) 

where SPLIF,pp is the measured signal (photons/pixel), η is the quantum efficiency, G is 

the intensifier gain, κ is the gain-dependent intensifier noise factor, and CA/D is the gain of 

the camera digitizer (counts/e-) [65,113].  Although an intensifier may be used along with 

the CCD to amplify the acquired signal, it is typically used to provide rapid shuttering to 

eliminate combustion luminosity, a requirement when imaging in combusting 

environments.  Unfortunately, the light amplification in the intensifier is also associated 

with a noise increase, as indicated by the κ term, which typically has a value between 2 

and 4 [65,114].  For CCDs not employing an intensifier, G and κ are unity. 

The dark and read noises are both properties of the CCD camera, but steps can be 

taken to minimize their contributions.  The dark noise is a strong function of the CCD 

temperature, so thermoelectric cooling of the CCD can be used to minimize the dark 

noise contribution.  Read noise scales with the pixel readout rate and can be decreased by 

slowly reading out the CCD array, although at a cost of increased dark noise.  The dark 

(δξdark, counts) and read (δξread, counts) noise are described by equations 6.2 and 6.3, 
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respectively, where Ndark is the dark noise charge (e-) and Nread is the read noise charge 

(e-). 

  darkDAdark NC /=δξ  (6.2) 

  readDAread NC /=δξ  (6.3) 

The total camera noise is the quadrature sum of the individual shot, dark, and read noise 

contributions. 

For the Rayleigh scattering and the dual-wavelength PLIF techniques, the laser 

energy must be measured on a pulse-to-pulse basis, which can be performed in two ways, 

either with a photodiode or an additional CCD camera.  With the photodiode, a beam 

splitter is used to redirect a portion of the laser pulse to the photodiode, which has a very 

fast time response and measures the time varying energy profile of the laser pulse.  With 

a CCD camera, the laser sheet is directed onto a fluorescing material (e.g. a Schott glass 

filter) after passing through the engine, and the resulting fluorescence is captured with the 

camera.  Laser energy detection with a photodiode will inherently be noisier because the 

measurement must be made very rapidly in order to sufficiently measure the energy of 

the ~10 ns duration laser pulse, so the latter technique will be the only technique that will 

be considered.  With the CCD energy measurement, the CCD array will acquire the 

fluorescence signal throughout the entire laser pulse and then will read that signal out 

very slowly, dramatically reducing the read noise contribution as compared to the 

photodiode measurement.  A further benefit of the CCD energy measurement is that the 

signal can be averaged over the entire beam area, thereby reducing the noise by a factor 

of the square root of the number of pixels over which the signal was averaged.  A 
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dispersion optic would be required to measure the pulse energies of the dual-wavelength 

approach in order to spatially separate the two laser pulses on to the single fluorescence 

media so the fluorescence can be captured with a single CCD camera. 

6.2.2. Estimated Precision of Laser Rayleigh Scattering 

With Rayleigh scattering, a single measurement can be used to measure 

temperature, so the temperature uncertainty of this technique can be estimated based on 

how precisely the signal can be measured, the uncertainty introduced due to the laser 

pulse energy measurement, and the sensitivity of the Rayleigh signal to temperature.  

Concerns about the variation in the effective Rayleigh scattering cross section between 

the products and the reactants will not be addressed in this evaluation, as the exact 

knowledge of the effective Rayleigh scattering cross section affects the accuracy, not 

precision, of the Rayleigh scattering temperature measurement.  Additionally, noise 

contributions from the calibration signals will not be considered because significant 

averaging can be used to reduce the uncertainties in the calibration measurements to 

effectively zero. 

In order to properly evaluate the noise characteristics of this measurement, a 

reasonable estimate of the Rayleigh scattering signal is needed because the photonic shot 

noise will be the major contributor to the overall measurement uncertainty.  Rayleigh 

scattering, however, has not been performed in our laboratory, so to estimate the 

Rayleigh scattering signal a PLIF signal will be used as a reference, and scaling 

arguments will be made based on the known Rayleigh scattering cross section of air, the 
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absorption cross section and fluorescence quantum yield of the fuel tracer used in the 

PLIF experiments, and the number densities of air and fuel in cylinder. 

The experiments in Chapter 4 can be used for a sample condition, where a photon 

flux of approximately 1600 photons per pixel was achieved with 266 nm laser pulse 

energies of ~18 mJ/pulse and an imaging time of 45° bTDC.  At this crank angle timing, 

the in-cylinder pressure was approximately 5 atm, and the temperature was 

approximately 600 K, as measured with a water-vapor-absorption-based technique [110].  

For these conditions, the product of the 3-pentanone absorption cross section and the 

fluorescence quantum yield is 3 orders of magnitude larger than the Rayleigh scattering 

cross section of air [57,115].  The number density of 3-pentanone, however, is 3 orders of 

magnitude lower than the number density of air, so it is reasonable to assume that the 

photon flux of Rayleigh scattering will be approximately equivalent to the photon flux of 

the known PLIF signal. 

Because Rayleigh scattering is an elastic phenomenon, spuriously scattered laser 

light can contribute significantly to the background signal because spectral filtering 

cannot be employed.  Therefore, it was assumed that the background signal was roughly 

half of the signal of interest, although it would not be unreasonable to assume that it 

would be higher, given the concerns discussed in [57,59,62]. 

With this approximate signal, a detailed error analysis was performed to assess 

the precision of the Rayleigh scattering temperature measurement technique.  The 

Engineering Equation Solver (EES) code that was used to perform these calculations is 

provided in Appendix D.1.  As discussed previously, the signal of interest and a 



 

143

background signal are indistinguishable, so the shot noise of both sources was 

considered.  A background correction scheme was considered in the calculations, and the 

laser pulse energy measurement uncertainty was calculated assuming a CCD-based 

measurement of a very strong, spatially averaged signal. 

Measurement uncertainties for the estimated signal level of 1600 photons per 

pixel were ±3.1%, which, because of the linear relationship with temperature, results in a 

±3.1% uncertainty in temperature, or ±18.6 K at 600 K.  In order to achieve ±5 K at 600 

K, the measurement uncertainty would need to be ±0.8%, which would be very difficult 

to achieve.  In fact, this level of uncertainty would not be achievable with the 1600 

photon per pixel signal; in the absence of background signal, the uncertainty of Rayleigh 

scattering signal was ±2.5%.  Assuming zero background, the photon flux would need to 

be an order of magnitude larger (~16000 photons per pixel), and the signal would need to 

be even larger in the presence of a background signal, which could never be totally 

eliminated. 

6.2.3. Estimated Precision of Dual-Wavelength, Single-Tracer PLIF 

When using the single-tracer, dual-wavelength PLIF technique to measure 

temperature, noise contributions of the two acquired signals and of the two laser pulse 

energy measurements must be considered when estimating the temperature uncertainty.  

Additionally, the sensitivity of the signal ratio to temperature must be determined to 

convert the uncertainty in the measured signal ratio to an uncertainty in temperature. 
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To make a reasonable estimate for the fluorescence signals obtained using this 

technique, the same PLIF signal discussed in section 6.2.2 was used as a reference, and 

the photon flux was estimated for other conditions using published absorption cross 

section and fluorescence quantum yield values.  Absolute 3-pentanone absorption cross 

section and relative fluorescence quantum yield values versus temperature were 

published by Koch and Hanson [68].  The absolute value of the 3-pentanone fluorescence 

quantum yield for 266 and 308 nm excitation were determined by Koch et al. to be 

1.004x10-3 and 1.08x10-3, respectively [116].  With the reference of 1600 photons per 

pixel at 600 K and 266 nm excitation, the PLIF signal levels for temperatures between 

500 and 800 K for both 266 and 308 nm excitation were calculated and are provided in 

Figure 6.1a. 
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Figure 6.1. (a) Estimated fluorescence signal for 3-pentanone excited at 266 nm and 
308 nm and (b) the ratio of estimated fluorescence signals for the dual-
wavelength PLIF technique. 

Uncertainty calculations were performed assuming a background signal that was 

10% of the signal of interest and assuming a CCD-based laser pulse energy 
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measurements.  The EES code that was used to perform these calculations is provided in 

Appendix D.2.  The calculation results indicated that the measurement ratio would have 

an uncertainty of ±3.5%, assuming all signals were acquired with a slow scan, 

thermoelectrically cooled, unintensified CCD camera.  Using the response of the ratio 

versus temperature (Figure 6.1b), it was determined that the ±3.5% measurement 

uncertainty was equivalent to an uncertainty in temperature of ±7 K at the reference 

condition of 600 K.  The calculated uncertainty changed with temperature and was 

calculated to be the best at 550 K, where temperature uncertainty of ±6 K was achieved.  

At temperatures lower than 550 K, the signal ratio is less sensitive to temperature, so 

uncertainty in the measured signal ratio results in a larger uncertainty in temperature, 

even with the increased signal and thereby lower measurement uncertainty.  At 

temperatures greater than 550 K, the photon flux decreases, resulting in greater 

measurement and temperature uncertainty. 

If an intensified camera is required to shutter background combustion luminosity, 

the uncertainty in the signal ratio measurement will increase due to a drop in the quantum 

efficiency (CCD:  η ≈ 0.94; intensifier photocathode: η ≈ 0.2 [65]) and the non-unity 

value of the intensifier noise factor (κ = 2 [65,114]).  Assuming the intensifier gain (G) 

has a value of 1, and the dark and read noises remain unchanged, the measurement 

uncertainty of the signal ratio at the reference condition increases to ±10.7%, which is 

equivalent to ±20.5 K at 600 K.  The increase in noise due to the intensifier is quite 

substantial, so an unintensified camera should be used if at all possible. 
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Because the uncertainty of the signal ratio measurement is dictated by photonic 

shot noise, higher signal levels are needed to achieve the desired precision.    To achieve 

±5 K uncertainty at 600 K, the uncertainty of the ratio measurement would need to be 

less than ±2.5%, which would only be accomplished with 3-pentanone signal levels of 

~3100 and ~4800 photons per pixel with 266 nm and 308 nm excitation, respectively.  

This doubling of the PLIF signals could possibly be achieved in two ways, either by 

increasing the laser irradiance or by increasing the tracer number density.  The laser 

irradiance could be increased either by increasing the laser pulse energy, decreasing the 

laser sheet extent, or both.  Care must be taken when increasing the laser irradiance, 

however, because damage to the optical components of the engine could result.  A shorter 

focal length lens would likely be needed to decrease the laser intensity at the cylinder 

window, but would increase the intensity in the center of the combustion chamber by 

decreasing the waist of the laser sheet.  With the shorter focal length lens, saturation of 

the laser-induced fluorescence would become a concern and would need to be avoided 

[117]. 

Increasing the tracer number density could also result in undesired complications.  

If the tracer number density is too high, significant absorption can occur in the direction 

of the laser sheet propagation, resulting in the loss of signal across the combustion 

chamber.  Also, as the fraction of the tracer in the fuel increases, the changes in fuel 

properties begin to become significant and changes to the combustion characteristics can 

occur. 
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6.2.4. Estimated Precision of Dual-Tracer, Single-Wavelength PLIF 

When using the dual-tracer, single-wavelength PLIF technique to measure 

temperature, only the noise contributions of the two acquired signals need to be 

considered because, as discussed in section 2.3.3.2, the technique is independent of laser 

pulse energy.  The sensitivity of the signal ratio to temperature will still need to be 

considered, however, to assess how the measurement noise translates to temperature 

uncertainty.  The uncertainty in the ratio of the tracer number densities, which is not 

identically 1 with this technique, was assumed to be minimal and was not considered. 

To evaluate the measurement uncertainty of the dual-tracer PLIF technique, it was 

assumed that the two fuel tracers were 3-pentanone and toluene.  3-pentanone was chosen 

for one of the fuel tracers because of the reasons discussed in section 2.3.3.2.  The second 

fuel tracer was chosen to be toluene because the fluorescence can be pumped 

concurrently with 3-pentanone at 266 nm, the fluorescence of toluene and 3-pentanone 

are spectrally different, the ratio of toluene fluorescence to 3-pentanone fluorescence has 

been found to be a modest function of temperature, and the spectroscopic properties of 

toluene have been extensively studied and are readily available in the literature [45,64,78-

80,84,118,119].  The availability of spectroscopic properties allows for the reasonable 

assessment of its signal strength at various conditions.  Fluorobenzene and triethylamine 

(TEA) fluorescence have been shown to have strong temperature dependence [45,82,84], 

but limited spectroscopic data for these tracers were available in the literature, so an 

assessment of the temperature precision achievable with these tracers could not be made. 
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The absorption cross section for toluene is an order of magnitude larger than that 

of 3-pentanone, as shown explicitly in [118].  Therefore, for the uncertainty assessment, 

it was assumed that the number density of toluene was one-tenth of the number density of 

3-pentanone, resulting in roughly equivalent laser absorption.  The absorption cross 

section and relative fluorescence quantum yield for toluene over a wide range of 

conditions were published by Koban et al. in [78], and the Stern-Volmer factor for a 

range of temperatures was provided by Koban et al. in [119].  The absolute fluorescence 

quantum yield for fluorescence excited with 266 nm at 296 K in a nitrogen environment 

was determined by Burton and Noyes, Jr., to be 0.30 [120].  Oxygen number density was 

calculated for the conditions experienced at 45° bTDC when supplying 100 °C air to the 

unthrottled engine. 

Based on the spectroscopic data presented in the literature and based on the 

assumption that the toluene number density was one-tenth of the 3-pentanone number 

density, an assessment of the toluene signal was made using the known 3-pentanone 

signal at 600 K and 5 atm as the reference.  The estimated toluene and 3-pentanone 

signals are shown in Figure 6.2a, and the signal ratio is shown in Figure 6.2b. 

Uncertainty calculations were performed assuming a background signal that was 

10% of the signal of interest.  The EES code that was used to perform these calculations 

is provided in Appendix D.3.  At 600 K and 5 atm, the uncertainty in the signal ratio 

when using an unintensified CCD camera was estimated to be ±3.5%, identical to the 

estimated uncertainty for the single-tracer, dual-excitation PLIF technique at the same 

condition.  The decrease in uncertainty due to not having to measure the laser pulse 
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energy was offset by a decrease in toluene signal compared to the 3-pentanone signal 

excited at 308 nm.  Using the signal ratio shown in Figure 6.2b, the ±3.5% uncertainty in 

the signal ratio was found to be equivalent to ±16 K, which is a result of a lower 

temperature sensitivity than with the dual-wavelength PLIF technique.  When an 

intensified CCD camera is considered, the signal ratio uncertainty increases to ±10.9%, 

or equivalently ±45.6 K. 
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Figure 6.2. (a) Estimated fluorescence signal for toluene and 3-pentanone excited at 
266 nm and (b) ratio of estimated fluorescence signals for the dual-tracer 
PLIF technique. 

The uncertainty analysis results for the dual-tracer PLIF technique show that 

signal ratio uncertainties are on the same order as those calculated for the dual-

wavelength PLIF technique.  Uncertainties in temperature are much higher, however, a 

result of the difference in temperature sensitivities for the two techniques.  In order to 

achieve ±5 K uncertainty in temperature, the signal ratio would need to be measured with 

±1% uncertainty, a requirement that could only be met with toluene and 3-pentanone 

signals of 28000 and 20100 photons per pixel, respectively.  It is evident that toluene is 
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not the best choice for the second tracer to be used in this technique and a tracer with 

stronger temperature dependence would be needed to make this technique viable. 

6.3. Selection of Temperature Imaging Technique 

The uncertainty calculation results showed that the PLIF-based temperature 

imaging techniques have two major advantages over laser Raleigh scattering.  First, the 

PLIF-based techniques are not susceptible to background signal contamination because 

the acquired fluorescence is sufficiently red shifted so that spectral filters can be used to 

suppress the spuriously scattered laser light.  Second, the PLIF-based techniques have 

higher temperature sensitivities, providing higher immunity to measurement noise.  As a 

result of these two considerations, the laser Rayleigh scattering technique has been 

excluded from future discussion. 
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Figure 6.3. (a) Calculated normalized signal ratio values and (b) temperature 
sensitivities for the dual-wavelength and dual-tracer PLIF imaging 
techniques. 
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A direct comparison of the two PLIF-based techniques is presented in Figure 6.3.  

In Figure 6.3a, the signal ratios for the two techniques have been normalized by the 

signal ratio values obtained at 500 K, and in Figure 6.3b the temperature sensitivity, 

defined as the rate of change of the signal ratio with respect to temperature, of the two 

techniques is presented for the temperature range over which the calculations were 

performed.  From these comparisons, the dual-wavelength PLIF technique shows the 

potential for much higher noise immunity for the wavelengths and tracers considered.  

The dual-wavelength signal ratio increases nearly twice as much over the 300 K range 

than the dual-tracer signal ratio.  This is reiterated with the temperature sensitivity values 

that are consistently larger for the dual-wavelength approach.  A high temperature 

sensitivity is desired because if the measurement uncertainty for the two techniques is the 

same (i.e. equivalent d(Ratio) values), then the technique with higher temperature 

sensitivity will have lower temperature uncertainty (i.e. lower d(Temperature) values). 

When selecting the best technique to be applied, practical concerns also needed to 

be considered.  The uncertainty calculation showed that the dual-wavelength PLIF 

technique had the highest temperature sensitivity, which could possibly be increased 

further with an optimized selection of wavelengths [74].  Unfortunately, only Nd:YAG 

lasers were available in our laboratory, so the wavelengths were limited to the 266 nm 

fourth harmonic and any wavelengths that can be created when using the fourth harmonic 

to pump either a Raman shifter or dye laser.  The conversion efficiencies of these devices 

are typically low, so achieving high enough laser energies would be a concern. 



 

152 

The laser profile stability when using the dual-wavelength PLIF technique would 

also be a major concern.  Recent efforts have shown that pulse-to-pulse laser profile 

variations can be on the order of 2% [109] and would lead to large temperature 

uncertainties because of the inability to sufficiently correct for these variations.  This 

effect would be exacerbated when using a dye laser or Raman shifter, where the non-

linear processes upon which these devices rely for wavelength conversion would amplify 

the laser profile variations, further increasing the temperature uncertainty resulting from 

laser profile variations. 

These hardware and laser profile stability concerns led to the selection of the 

dual-tracer PLIF technique for further development.  Dual-tracer PLIF can be 

accomplished with a single Nd:YAG laser, which are readily available in our laboratory, 

and shot-to-shot profile variations would not be an issue because the same laser pulse is 

used to excite the fluorescence from each tracer.  Furthermore, a single CCD camera 

could be used to capture the fluorescence from the two tracer molecules, simplifying the 

image acquisition setup.  To use a single camera, however, the fluorescence must be split 

by an image doubling prism prior to being spectrally filtered and collected.  The image 

doubler halves the number of photons collected for each tracer, which lowers the signal-

to-noise ratio and increases the temperature uncertainty. 

The temperature sensitivity for dual-tracer PLIF can be improved through an 

appropriate selection of the second fluorescent tracer, with the first tracer being 

3-pentanone.  As the calculations above showed, the temperature sensitivity with the 

3-pentanone and toluene mixture was not very strong, and therefore toluene would not be 
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the most desired choice as the second tracer.  Alternate tracers, such as fluorobenzene and 

TEA, have been shown to have strong temperature sensitivities and were considered. 

A drawback of dual-tracer PLIF is that the second fuel tracer will have its 

fluorescence collisionally quenched by molecular oxygen.  Therefore, calibration of the 

dual-tracer PLIF will need to be extended over an appropriate range of molecular oxygen 

concentrations, and when applying the technique in environments with non-uniform 

oxygen concentration a method to estimate the local oxygen number density will be 

needed to correct the measured signal ratio for the collisional quenching effects.  This 

increases the complexity of the calibration and image processing routines, and introduces 

another source of experimental uncertainty that would lower the temperature precision. 

6.4. In Situ Calibration of Dual-Tracer PLIF Technique 

To apply the dual-tracer PLIF temperature imaging technique, the function that 

relates the signal ratio back to temperature needed to be determined over the range of 

temperatures, pressures, and oxygen concentrations experienced in cylinder at the engine 

operating conditions of interest.  To limit the calibration space, the pressure at which the 

technique was to be applied was specified, and the calibration and application 

experiments were performed only at that pressure.  The temperature and oxygen 

concentrations that defined the calibration space will be discussed with the calibration 

results. 

Calibration of dual-tracer PLIF measurements of temperature have been 

performed with 3-pentanone / toluene and 3-pentanone / TEA mixtures and are available 
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in the literature [45].  These calibrations, however, were not adequate for use in the 

current experiments.  First, the calibrations in [45] were performed at an atmospheric 

pressure, not at the higher in-cylinder pressures where the technique was to be applied.  

Second, a different experimental setup was used, which has a large effect on the 

calibration response because of differences in camera characteristics and filter 

transmittances. 

To ensure that the calibration space and the optical setup for the calibration 

experiments were consistent with those experienced during the application of the dual-

tracer PLIF technique, the calibration experiments were performed in situ.  By 

performing the calibration experiments in the engine, the experimental setup was exactly 

the same for the calibration as when the technique was applied.  Additionally, the 

difficult task of achieving concurrently high temperatures and high pressure in a steady 

flow device was eliminated.  The engine intake system, described in detail in section 3.1, 

allowed for easy control of the inlet temperature and oxygen concentration.  The 

difficulty with applying the in situ calibration was achieving an independent measure of 

temperature at the calibration conditions.  For this initial work, a dual-zone ideal gas 

model was used to estimate the in-cylinder temperature at the crank angles of calibration.  

Future work will apply a water-vapor absorption measurement to the engine to acquire an 

independent measure of temperature at the calibration conditions. 

6.4.1. Excitation Laser Pulse Delivery 

A schematic of the optical setup used to deliver the laser light to the engine is 

provided in Figure 6.4.  The 266 nm fourth harmonic of the EKSPLA NL303D laser 
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system (see §3.3.1.2) was used to excite the fluorescence.  Because the laser system had 

internal optics to separate the laser harmonics, no external light separation was required.  

After exiting the laser system, the beam was directed first through a quartz window, 

which reflected ~12% (~6% per surface) of the beam energy to a Newport model 818J-50 

pyroelectric energy meter for continuous energy monitoring, and then through an f = 

1000 mm plano-convex spherical lens prior to entering the engine.  The focus of the 

spherical lens was located approximately 100 mm prior to entering the UVFS window 

housed in the aluminum plug mounted in the pressure transducer port.  Concerns over 

window damage and fluorescence saturation prevented the laser focus from being located 

within the combustion chamber.  The laser beam was directed through the pent-roof 

section of the combustion chamber, approximately 6 mm below the peak. 

Nd:YAG 1
Nd:YAG 2

Harmonics

Quartz 
WindowSpherical Lens

Laser Focus

= Mirror

= Beam Dump

Energy 
Meter

 

Figure 6.4.  Optical setup for dual-tracer PLIF temperature imaging experiments. 

The laser system was operated so that one laser pulse was delivered from each 

laser head for each image acquired.  The laser pulses were separated by 200 ns, which 



 

156 

was a short enough time duration to essentially freeze the flowfield but allowed for 

doubled laser energy input without window damage.  The Q-switch delays were set for 

each laser to achieve laser energies of ~4.5 mJ per each laser pulse, or ~9 mJ total per 

each acquired image. 

6.4.2. Timing Electronics 

A Berkeley Nucleonics Corporation (BNC) 565 Series pulse generator was used 

to control the EKSPLA laser operation.  The pulse generator was triggered off of the 

rising edge of a TTL pulse produced by a Quantum Composers model 9310 pulse 

generator, which in turn was triggered by the falling edge of a TTL produced by the 

engine control unit (ECU).  The Quantum Composers pulse generator was used to 

suppress noise in the ECU TTL signal that resulted in false triggers when connected to 

the BNC pulse generator directly. 

After the trigger signal was received by the BNC pulse generator, the output 

trigger to laser 1 was initiated.  As discussed previously (§3.3.1.2), the flash lamps of the 

EKSPLA lasers fire on the rising edge of the input trigger and the Q-switch fires on the 

falling edge, so the pulse width for laser 1 was set to 390 µs, resulting in ~4.5 mJ laser 

pulse energy.  To achieve similar pulse energy with laser 2, a 370 µs pulse width was 

required, so the output trigger pulse to laser 2 was initiated 20.2 µs after the input trigger 

was detected.  The 20 µs delay was required to account for the differences in Q-switch 

delays between the two lasers, and the additional 0.2 µs (i.e. 200 ns) delay was the time 

delay between the output laser pulses. 
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The laser flash lamps needed to be fired at 10 Hz for stable operation, but the 

ECU supplied a 5 Hz signal at the 600 engine speed.  To double the output frequency to 

the lasers, the BNC pulse generator was operated in “burst” mode, where two output 

trigger signals were generated for each input trigger, with a 100 ms delay between each 

output burst.  Additionally, the lasers were operated with an “F Div” value of 2, so the Q-

switches were fired for only one out of every 2 input triggers.  To ensure the lasers fired 

on the compression stroke, the laser operation was initiated before the pulse generators 

were run. 

When the PI-Max camera was used, the same BNC pulse generator that controlled 

the lasers was used to control the camera intensifier.  The TTL trigger pulse to the camera 

control box was set with a 369.95 µs delay so the TTL was output 50 ns prior to when the 

laser 1 Q-switch was fired, or ~100 ns before the laser 1 pulse output [108].  The 

intensifier gate width was set to 400 ns, long enough to acquire the fluorescence from 

each laser pulse but short enough to reject any combustion-related luminosity.  To ensure 

the camera was only triggered during the compression stroke, the camera trigger output 

channel was operated with a one pulse on, one pulse off duty cycle. 

When the Andor camera was used, an additional BNC pulse generator (model 

555) was used to control the camera operation.  A second ECU falling-edge trigger 

initiated the pulse generator operation, which generated TTL pulse to trigger the Andor 

camera operation.  The second ECU trigger was set to occur 180 crank angle degrees, or 

50 ms at 600 rpm engine speed, before the laser trigger output.  The shutter duration of 

the Andor camera was set to 100 ms. 
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6.4.3. Image Acquisition 

For each engine operating condition, 100 data images (fuel injectors on) and 100 

background images (fuel injectors off) were collected.  To determine the crank angle at 

which the image collection was to occur, the cylinder pressure data were acquired for 100 

cycles after steady-state engine operation was achieved.  After the cylinder pressure data 

were ensemble averaged over the acquired cycles, the crank angle at which a specified in-

cylinder pressure occurred was evaluated, and the imaging crank angle was set 1.5 

degrees advanced from that crank angle to take into account the 390 µs delay between the 

ECU trigger and the laser pulse. 

As mentioned in the previous section, one of two cameras was used to acquire the 

fluorescence, either the PI-Max intensified camera, used under fired engine operation, or 

the Andor unintensified camera, used under motored engine operation (see §3.3.2 for 

specifications).  The same f/4.5, f = 105 mm UV-Nikkor lens was used with each camera.  

Using a single camera to acquire the fluorescence from the two tracers was made possible 

by an image doubler and spectral filters.  A schematic showing the orientation of the 

camera, filters, and image doubler relative to the imaging mirror of the optical engine is 

shown in Figure 6.5.  The Bowditch piston extension and base piston have been shown in 

cross section for clarity, and mounts for the filter holder and camera have been excluded. 

The image doubler and spectral filters were mounted in a custom filter holder 

designed such that the centerline of the image doubler was co-planar with the mating 

plane of the two filters.  In order to capture the two fluorescence signals on the single 

CCD camera, the image doubler needed to be as close to the imaging mirror as possible.  
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Engine hardware constrained the location of the spectral filter to be approximately 50 

mm closer to the camera than the doubler.  The ability of the image double to sufficiently 

separate the doubled image with no overlap and the ability of the spectral filters to isolate 

the appropriate fluorescence signals were addressed and will be subsequently discussed. 

Camera

UV-Nikkor Lens
f/4.5
f = 105 mm

Imaging Mirror

Filter Holder

3-Pentanone Filter

Aromatic/Amine 
Filter

Image Doubler

Doubler Holder

Bowditch 
Piston 
Extension

Base 
Piston

 

Figure 6.5.  Image acquisition hardware for dual-tracer PLIF temperature imaging 
experiments. 

6.4.3.1. Image Doubler Performance 

To address the image doubler’s ability to sufficiently separate the doubled signal 

when imaged on a single CCD camera, the combustion chamber was illuminated by an 

incandescent light and imaged with both filter holders open and with an optically opaque 

material placed alternately in each filter holder.  The background-subtracted images 

acquired by the Andor camera under these conditions are provided in Figure 6.6, along 

with representative line profiles along the dashed line shown in the images.  The line 

profiles indicate that the top ~100 pixel rows and the bottom ~100 pixel rows are at the 

camera-noise limit when the opaque material is housed in the top (3-pentanone) filter 

holder and bottom (aromatic/amine) filter holder, respectively.  The signal dips in the line 

profiles at the 60th and 455th rows correspond to the pressure transducer access hole in 
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spark-plug-hole adapter and indicate the location of the peak of the pent roof.  Because 

the laser beam will travel through this region, no significant signal cross contamination 

between the filtered fluorescence was expected to occur. 
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Figure 6.6. Doubled combustion chamber images (a) with both filter holders open, (b) 
with the top filter holder blocked, and (c) with the bottom filter holder 
blocked.  Line profiles along the dashed lines located in the images are 
provided in (d). 

6.4.3.2. Spectral Filter Performance 

As discussed in section 3.3.3, the spectral filters were selected to transmit ketone 

fluorescence (Figure 3.12a) or aromatic/amine fluorescence (Figure 3.12b) while 

rejecting the scattered excitation laser light at 266 nm.  To evaluate the filters’ ability to 
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accomplish these tasks, laser-induced fluorescence experiments were performed using 

only 3-pentanone as the tracer and also only toluene as the tracer.  Because the 

fluorescence from only one tracer would be present, the performance of the optical filters 

could be assessed by observing how much light was detected in the regions that should 

have had the fluorescence and scattered light completely filtered. 

a) 3-Pentanone Fluorescence 

 

b) Toluene Fluorescence 

 

Figure 6.7. Filtered fluorescence signals acquired when using (a) 3-pentanone tracer 
only and (b) toluene tracer only.  The grayscales of the images range from 
zero to one-half of the maximum value to accentuate the low light levels.  
The lack of signal in the bottom portion of (a) and the top portion of (b) 
reflects exceptional filter performance. 

Filtered images of the background-subtracted fluorescence acquired with only 3-

pentanone tracer and only toluene tracer with the spectral filters in place are provided in 

Figures 6.7a and 6.7b, respectively.  The grayscales of the images have been stretched 

from zero to one-half of their maximum value to accentuate lower light levels.  As 

observed in the images, the filters do an excellent job of rejecting the fluorescence from 

the opposite fuel tracer and the scattered laser light.  The lack of signal in the bottom 

portion of Figure 6.7a indicates the aromatic/amine filter set is completely blocking the 3-

pentanone fluorescence, and the lack of signal in the top portion of Figure 6.7b indicates 

that the 3-pentanone filter is completely blocking the toluene fluorescence.  Additionally, 
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the same lack of signals indicates that the filters are also blocking the scattered laser light, 

as desired. 

6.4.4. Image Processing 

The MATLAB software package was used to analyze the images acquired for 

each operating condition.  A custom code, provided for reference in Appendix E.1, 

performs a series of operations to correct the data, tabulate output parameters, and write 

the desired results to output files.  The same function was used when processing 

calibration or application data, as the correction routines were exactly the same. 

After the images were read into the MATLAB workspace from the 100-image 

.tif files from the PI-Max camera or 100-image .fit files from the Andor camera, 

the image processing routine began by correcting each data image for background signal 

from spuriously scatter light within the combustion chamber and from the camera 

pedestal, which is an artificial offset added to the images in the camera software.  To 

perform the background correction, a scaled ensemble-averaged background image was 

subtracted from each data image.  The value that scaled the averaged background image 

was set equal to the spatial average of 20 rows in the vertical middle of each data image 

divided by the spatial average over the equivalent area of the ensemble-averaged 

background image.  The scaling value was incorporated in the background correction 

routine to account for the possibility of significant shot-to-shot variations in the 

background signal of each data image.  The 20 rows over which the scaling value was 
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calculated were sufficiently far away from the fluorescence signal to provide a good 

indicator of the background signal present in a given data image. 

After background correction, the ensemble average of the data images was 

calculated and used to determine the vertical offset between the two laser beams imaged 

on the single image.  After rotating the ensemble-average data image so that the laser 

beams were horizontal as viewed in the image, the signal contained in each row of the 

image was summed, producing a single vertical line profile of the fluorescence captured 

in the image.  Two Gaussians were fit using a custom MATLAB function (see Appendix 

E.2) to the line profile, one for the top half of the image (0 < r < R/2) and the other for the 

bottom half of the image (R/2 < r < R) where r represents the row in the image and R is 

the total number of rows in the image.  The Gaussian curves were integrated to produce 

the cumulative fluorescence functions for each image half.  The vertical offset (∆r) 

between the fluorescence signals was determined by minimizing the function 
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where B is the cumulative fluorescence function for the bottom half of the image and T is 

the cumulative fluorescence function for the top half of the image.  The ∆r value was 

varied in one-quarter pixel increments by resampling the cumulative fluorescence B for 

non-integer ∆r values. 

The mean data images were binned in the processing code to produce line profiles 

of the fluorescence within the combustion chamber.  The fluorescence was binned over 

three pixels in the beam-propagation direction (~0.7mm for the PI-Max camera, ~0.6 mm 
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for the Andor camera) and over the full width at half maximum (FWHM) of the laser 

beam.  The Gaussian fit of the fluorescence signal in the top half of the image was used 

to identify the row of peak fluorescence and the full width at half maximum (FWHM) of 

the laser beam within the combustion chamber. 

Each individual data image was processed similarly to the mean data image.  The 

fluorescence line profiles for each tracer in an image were normalized by the line profiles 

calculated from the mean homogeneous data image to correct for any fluorescence non-

uniformities.  An input flag was programmed into the code to allow the mean 

homogeneous profiles to be read from external text files when analyzing data images 

acquired under stratified conditions.  Signal ratios were calculated from the mean-profile-

normalized fluorescence signals. 

6.5. Tracer Selection 

To determine the tracer combination that had the highest temperature sensitivity 

when used in dual-tracer PLIF, data were acquired for three tracer combinations under 

the same range of operating conditions, and the results were compared directly.  The 

common tracer for the three combinations was 3-pentanone, as discussed previously, 

which was mixed 20% by volume into the base (iso-octane) fuel.  The other tracers 

considered for the second tracer were toluene, fluorobenzene, and TEA.  Based on the 

uncertainty analysis above, the signal ratio obtained with the 3-pentanone / toluene 

combination was not expected to have the strongest temperature sensitivity, but it was 

considered nonetheless to provide a baseline for comparison.  The second tracer was 
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mixed 2% by volume into the base fuel, based on the roughly ten times increase in 

absorption cross section of toluene over 3-pentanone [118].  Photophysical data for 

fluorobenzene and TEA were not readily available in the literature, so similar absorption 

characteristics between toluene, fluorobenzene, and TEA were assumed and the 2% 

second tracer mixture fraction was held constant. 

The signal ratio for each tracer combination was acquired over a range of intake 

temperatures from 60 °C to 140 °C and at three in-cylinder pressures (500, 1000, and 

1500 kPa) when feeding air only to the engine.  Acquiring the data at the different 

pressures allowed the pressure effect to be evaluated.  The effect of oxygen concentration 

was not taken into consideration when selecting the best tracer combination. 

Signal ratio results acquired at the same inlet conditions with the three tracer 

combinations are provided in Figure 6.8.  The results are presented versus intake charge 

temperature and not in-cylinder temperature, although a 1:1 correspondence between 

intake temperature and in-cylinder temperature is expected for a given in-cylinder 

pressure because the engine test cell parameters were all the same.  A relative comparison 

between fuel tracer combinations at the same intake and in-cylinder pressure is therefore 

valid. 

The results with toluene (Figure 6.8a), fluorobenzene (Figure 6.8b), and TEA 

(Figure 6.8c) all show a signal ratio that increases monotonically with increasing 

temperature, which is the primary requirement for use in the dual-tracer PLIF technique.  

The absolute value of the signal ratios differ with the tracer molecule, a result of the 

different levels of the second tracer fluorescence considering that the 3-pentanone signals 
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are the same for a given intake temperature and in-cylinder pressure.  The signal ratios 

also show a pressure dependence for all three combinations.  With toluene and 

fluorobenzene, the signal ratio decreases with increasing pressure, although the difference 

in signal ratios between 1000 and 1500 kPa is very small.  The relative response of the 

signal ratios with temperature, however, changes very little with pressure.  The similar 

characteristics of toluene and fluorobenzene are not unexpected considering the 

molecular similarities of these two aromatic molecules. 

With TEA, the signal ratio increases with increasing in-cylinder pressure, 

opposite to the trend observed with the aromatic tracer molecules, and a larger difference 

between 1000 and 1500 kPa in-cylinder pressures is observed.  Additionally, the slope of 

the ratio versus intake temperature appears to increase with increasing pressure, a 

characteristic that is beneficial because, as discussed previously, higher temperature 

sensitivity leads to higher measurement noise immunity. 

Because the signal ratios obtained for the three tracer combinations have different 

absolute values, a direct comparison between the tracers is provided in Figure 6.8d where 

the signal ratios obtained at 1500 kPa pressure have been normalized by the signal ratio 

obtained at an intake temperature of 60 °C.  This normalization allows for direct 

comparison of the relative response of the signal ratio to temperature for the three tracer 

combinations.  It is apparent from this comparison that the TEA / 3-pentanone tracer 

combination has the highest temperature sensitivity when used in dual-tracer PLIF.  The 

signal ratio with this tracer combination increased ~90% from its value at an intake 

temperature of 60 °C over the range of intake temperatures considered.  The signal ratios 
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obtained with toluene and fluorobenzene, which have very similar characteristics, 

increased only ~40% over the same range on intake temperatures. 

a) Toluene / 3-Pentanone 

0.5

0.4

0.3

0.2

0.1

0.0

I to
l /

 I 3p

1601208040
Intake Temperature (°C)

 500 kPa
 1000 kPa
 1500 kPa

 

b) Fluorobenzene / 3-Pentanone 

4

3

2

1

0

I FB
 / 

I 3p

1601208040
Intake Temperature (°C)

 500 kPa
 1000 kPa
 1500 kPa

 

c) Triethylamine / 3-Pentanone 

1.0

0.8

0.6

0.4

0.2

0.0

I TE
A

 / 
I 3p

1601208040
Intake Temperature (°C)

 500 kPa
 1000 kPa
 1500 kPa

 

d) Normalized Comparison at 1500 kPa 
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Figure 6.8. Dual-tracer PLIF signal ratio results obtained with (a) toluene/3-pentanone, 
(b) fluorobenzene/3-pentanone, and (c) triethylamine/3-pentanone tracer 
combinations.  A normalized comparison (d) shows the much higher 
temperature sensitivity for thiethylamine/3-pentanone tracer combination. 

6.6. Application 

The dual-tracer PLIF temperature imaging technique was applied using the 

PI-Max and Andor cameras at a number of engine operating conditions that could be 
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separated based on the dilution gas used: argon or nitrogen.  Under argon dilution, the 

PI-Max camera was used exclusively because under these conditions the engine was 

firing, so the intensifier on the PI-Max was necessary to shutter the combustion 

luminosity.  When firing, the engine was operated with homogeneous (HMG, see Figure 

5.2a for intake distribution), thermally stratified (T1, Figure 5.2b), compositionally 

stratified (C2, Figure 5.2d), and combined thermally and compositionally stratified (C2-

T1, Figure 5.2d; C2-T2, Figure 5.2e) intake conditions.   As indicated, these operating 

conditions were identical to conditions that were detailed in Chapter 5.  The 

homogeneous intake condition produced a presumably homogeneous in-cylinder 

temperature conditions for comparison, the thermally stratified condition produced 

temperature stratification with homogeneous oxygen concentration, and the 

compositionally stratified condition produced concurrent stratifications of temperature 

and oxygen concentration. 

Under nitrogen dilution, the air mass flow rate was held constant as with argon 

dilution, but the fuel flow rate was doubled to 10 mg/cycle to increase the fluorescence 

signals of the two tracers.  The engine did not fire under nitrogen dilution, so the fuel 

flow rate was not limited by concerns of engine failure due to rapid combustion.  

Additionally, because no combustion was present, the mechanically shuttered Andor 

camera could be used as well as the PI-Max camera.  Both cameras were used to assess 

the effect that the intensifier-related noise had on the precision of the dual-tracer PLIF 

technique. 
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Homogenous and thermally stratified intake conditions were introduced when 

motoring the engine under nitrogen dilution.  For the homogeneous condition, the intake 

temperature was set to 115 °C, roughly the same homogeneous temperature for the firing 

conditions.  When thermally stratifying the charge, intake path 1 was heated to 165 °C 

and intake path 2 was heated to 65 °C, a 100 °C temperature difference at the end of the 

intake runner.  All other operating conditions were held the same as with argon dilution. 

6.6.1. Calibration Conditions 

Three in situ calibrations were required to apply the dual-tracer PLIF at the 

operating conditions described above.  One calibration was required with argon dilution 

and with the PI-Max camera.  With this calibration, the range of intake temperatures was 

selected to be between 85 °C and 150 °C to bracket the intake temperatures used when 

applying the thermally stratified operating conditions, and the range of oxygen 

concentrations was determined from the PDFs presented in Figure 5.3 to be between 

oxygen mass fractions of 2.1% and 5.3%.  The calibration pressure was selected to be 

1500 kPa, corresponding to ~22° bTDC.  This pressure was chosen because it occurred 

sufficiently before the early combustion stages, thereby avoiding any signal bias due to 

tracer consumption. 

Because the argon mass flow rate had to be held constant in order to achieve the 

same pressure history during compression as achieved under fired operation, a 

combination of air, nitrogen, and oxygen flows were required to achieve the desired 

oxygen concentrations.  The gaseous flow rates and orifices used for the calibration 

conditions are provided in Table 6.1.  
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Table 6.1.  Gaseous flow rates and orifices used to achieve the oxygen mass fraction 
(yO2) calibration range. 

yO2       
(%) 

mair 
(mg/cycle) 

dori        
(mm) 

mO2 
(mg/cycle)

dori       
(mm) 

mN2 
(mg/cycle)

dori       
(mm) 

mAr 
(mg/cycle) 

dori        
(mm) 

2.1 65.1 0.635 0 - 43.4 0.635 590 1.18 

3.6 110 1.17 0 - 0 - 590 1.18 

5.3 0 - 36.7 0.508 74.3 0.635 590 1.18 

 

Because the engine was firing during the argon-diluted calibration, extreme care 

was taken to not over-advance the combustion and damage the engine.  Increasing the 

intake charge temperature and increasing the oxygen concentration both advanced the 

combustion, so the combustion phasing was limited to a location of peak pressure at top 

dead center to prevent engine damage.  All of the calibration conditions could be 

achieved with this constraint except for the highest temperature, highest oxygen 

concentration condition. 

Two calibrations were required at the nitrogen-diluted operating conditions, one 

for each camera that was used to capture the fluorescence.  The two calibrations were 

required because of the differences in detection properties between the two cameras that 

would affect the signal ratio magnitude and possibly its response versus temperature.  

The range of intake temperatures considered with these calibrations was between 65 °C 

and 165 °C, corresponding directly to the range of intake temperatures introduced with 

the thermal stratification when applying the technique.  Only a 3.6% oxygen 

concentration condition was considered with nitrogen dilution, and this was achieved by 

supplying the engine with 110 mg/cycle of air and 455 mg/cycle of N2.  The calibration 
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pressure was selected, again, to be 1500 kPa, which for the nitrogen diluted case occurred 

at ~11° bTDC. 

6.6.2. Estimated In-Cylinder Temperature 

Because the hardware required to directly measure the in-cylinder gas 

temperatures using the water-vapor-absorption-based technique presented in [110] was 

unavailable, a simple thermodynamic model of the combustion chamber was used to 

estimate the in-cylinder temperature at the calibration conditions.  Fortunately, the data 

presented in [110] were acquired in the present engine, so reference in-cylinder 

temperature was available to address the accuracy of the model. 

To model the in-cylinder temperature, the combustion chamber was divided into 

two thermally isolated volumes: crevice and combustion chamber.  The crevice volume 

(Vcrev), the region between the piston and cylinder wall from the top of the piston to the 

top of the first compression ring, needed to be considered because in the optical engine 

the crevice volume was 15% of the clearance volume.  The combustion chamber volume 

was the difference between the total cylinder volume (V) and the crevice volume.  

Because the two volumes were directly connected with no restriction, the pressures of the 

two volumes were equivalent (Pcyl). 

The total trapped in-cylinder mass (m) was the sum of the delivered mass and a 

residual mass, which was estimated using a correlation for the residual mass fraction 

developed by Yun and Mirsky [121].  The gas constant (R) was calculated based on the 

known masses of fuel, air, nitrogen, and argon delivered to the engine. 
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The portion of the trapped mass stored in the crevice volume was determined 

using the ideal gas law.  The charge within the crevice volume was assumed to be at the 

cylinder wall temperature (Twall) because the radial thickness of the crevice volume was 

less than 0.5 mm, so the large surface area within the crevice volume allowed for 

substantial heat transfer to cool the crevice volume charge.  The wall temperature was 

estimated to be equal to the controlled coolant temperature. 

The mass in the combustion chamber was set equal to the difference between the 

trapped mass and the mass stored in the crevice volume, and the combustion chamber 

temperature was calculated using the ideal gas law.  When the two ideal gas calculations 

were combined, the following equation resulted and was used to estimate the in-cylinder 

temperature (T). 

 
( )

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

−
=

wall

crevcyl

crevcyl

RT
VP

mR

VVP
T  (6.5) 

When applying this two-zone model to the cylinder pressure data acquired in 

conjunction with the in-cylinder temperature data acquired in [110], good agreement was 

achieved, as shown in Figure 6.9.  The estimated temperature underestimates the 

measured temperature throughout most of the compression stroke, with a maximum 

deviation of about 20 K at 45° bTDC.  The agreement between the estimated and 

measured temperature is very good beginning at about 20° bTDC and continuing through 

top dead center.  Considering the fuel-tracer PLIF technique was calibrated in this range 

of crank angles, the two-zone model was determined to be adequate for estimating the in-

cylinder temperature at the calibration conditions.  
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Figure 6.9.  Estimated in-cylinder temperature using a two-zone ideal gas model 
compared to the measured pressure at the same engine conditions. 

6.6.3. Calibration Results 

Calibration results acquired with the PI-Max camera when operating the engine 

under argon dilution are provided in Figure 6.10.  The estimated in-cylinder temperature 

is plotted as a function of signal ratio, as this is the transfer function used to convert the 

acquired dual-tracer PLIF data to temperature.  The signal ratios were spatially averaged 

over the line profile and ensemble averaged over the 100 image data set; the size of the 

error bars indicates one standard deviation about the mean value.  The relatively large 

error bars result primarily from the relatively weak signals achieved at these high 

temperature conditions, a fact that will be discussed later. 

The calibration results show that the signal ratio is a function of temperature and 

of oxygen concentration, as expected.  Linear fits have been applied to the calibration 

curves for the three oxygen concentrations considered and are provided in Figure 6.10.  

The calibration results for the argon-diluted operating show that increasing the oxygen 

concentration results in decreasing signal ratio at a given temperature and slightly 



 

174 

decreasing temperature sensitivity, as indicated by the slopes of the linear fits, which 

increase with increasing oxygen concentration. 
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Figure 6.10.  Calibrations relating estimated in-cylinder temperature to measured dual-
tracer PLIF signal ratio when using the PI-Max camera under argon diluted 
conditions with varied oxygen mass fractions. 

The calibration results for the nitrogen-diluted condition for both cameras are 

provided in Figure 6.11.  The range of in-cylinder temperatures is much smaller than 

experienced under argon dilution because no combustion was present at any of the intake 

temperatures.  With argon dilution, combustion was present at the high-intake-

temperature condition, which caused an increase in the in-cylinder temperature and 

widened the range of intake temperature over which the calibration was applied.  Under 

nitrogen dilution, no combustion was present, so the range of in-cylinder temperatures 

was dictated only by the range of intake temperatures. 

The difference in the in-cylinder temperatures for the two cameras is a result of 

the different coolant temperatures used for these conditions.  A coolant temperature of 80 

°C was used when using the PI-Max camera, whereas a coolant temperature of 50 °C was 

used with the Andor camera.  The higher coolant temperature was desired for the PI-Max 
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because that matched the coolant temperature used with the same camera under argon 

dilution.  The signal ratio acquired by the PI-Max camera is also higher at a given in-

cylinder temperature, a result of the differences in the detection characteristics between 

the two cameras.  The calibration curves for both cameras show a non-linear response, 

and the equations for the second order polynomials that were fit to the data are provided. 
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Figure 6.11.  Calibrations relating estimated in-cylinder temperature to measured dual-
tracer PLIF signal ratio when using the PI-Max and Andor cameras under 
nitrogen diluted conditions. 

6.6.4. Application Results – Thermal Stratification 

6.6.4.1. Argon-Diluted (Firing) Conditions 

Temperature data, measured using dual-tracer PLIF, for the homogeneous and 

thermally stratified intake conditions during fired operation are provided in Figure 6.12.  

The data are presented in two ways.  Figure 6.12a provides the PDF of temperature 

tabulated over each line profile and over all 100 images, and Figure 6.12b provides PDF 

contours of the temperature data, which were calculated in the same manner as described 

in section 4.2.3.  The data for the thermally stratified condition shows very little 
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difference from the homogeneous condition.  The PDFs are centered at approximately the 

same temperature and have nearly identical widths, and similarly the mean line profiles 

are essentially the same.  The mean profile for condition T1 shows more variation than 

the mean profile for condition HMG, but this is a result of the mean-profile normalization 

and not a result of variations in temperature. 
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Figure 6.12. (a) PDFs and (b) PDF contours for the temperature measured using dual-
tracer PLIF under fired homogeneous (HMG) and thermally stratified (T1) 
conditions. 

To determine if the results presented in Figure 6.12 were real (i.e. the measured 

range of temperature does actually exist in the cylinder at the measurement crank angle) 

or if the measurement was at the noise limit, it is useful to compare the measured results 

to the theoretical temperature distribution assuming shot-noise-limited acquisition.  To 

perform this assessment, the average measured TEA and 3-pentanone signals were used 

along with the camera characteristics to calculate the photonic shot noise, which was then 

used to determine the measurement uncertainty in the signal ratio.  The calibration 

provided in Figure 6.10 was used to transform the measurement uncertainty to 
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temperature uncertainty.  The EES code used to perform this calculation is provided in 

Appendix F. 

Figure 6.13 provides a comparison of the measured PDF and a Gaussian with 

mean and standard deviation equal to the temperature mean and uncertainty determined 

by the shot-noise-limited temperature precision calculation.  As can be seen, the PDF of 

measured temperature has the same width as the shot-noise-limited PDF with a 

temperature uncertainty of ±35 K (±1σ).  From this assessment, it can be determined that 

the stratified temperature flowfield that was introduced has a variation about the mean 

temperature of less than ±35 K, although the exact temperature variation cannot be 

assessed at the current fluorescence signal levels. 
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Figure 6.13.  Measured PDF and the PDF shape assuming shot-noise-limited data 
acquisition for the PI-Max camera under argon diluted conditions. 

With argon dilution, the bulk temperature at which the measurements were being 

made was significantly higher than the temperature typically experienced in low-

compression-ratio engines with air dilution.  As the bulk temperature increases, the 

photophysical properties of 3-pentanone and TEA cause a decrease in fluorescence 
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signals.  This is the phenomenon that allows dual-tracer PLIF to measure temperature, 

but unfortunately the decrease in signals also reduces the signal-to-noise ratio, resulting 

in decreased temperature precision. 

It is interesting to note that the mean measured temperature for the thermally 

stratified condition (734.7 K) was slightly lower than for the homogeneous condition 

(737.7 K).  This result is consistent with the data presented in Table 5.2 which showed 

the amount of internal energy required to achieve the same combustion phasing was 

slightly lower when thermal stratification was introduced. 

6.6.4.2. Nitrogen-Diluted (Motoring) Conditions 

PDFs and PDF contours tabulated over the 100 images of temperature acquired 

with the PI-Max camera under nitrogen-diluted conditions are provided for the 

homogenous and thermally stratified conditions in Figure 6.14.  Contrary to the results 

obtained under argon-diluted conditions, significant differences are observed between the 

two data sets.  The PDF for condition T1 is slightly wider than the homogeneous PDF, 

and a shift to lower temperatures can be observed.  The PDF contours are also different.  

The mean line for the HMG condition is flat, aside from a small increase at the far right 

side of the combustion chamber.  This increase in temperature is likely a result of 

measurement uncertainty, as indicated by the increase in the confidence interval at these 

locations.  The mean profile for the thermally stratified condition shows a significant 

gradient from the right (higher temperature) side of the engine to the left, with a range of 

513 to 518 K.  
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Figure 6.14. (a) PDFs and (b) PDF contours for the temperature measured using dual-
tracer PLIF with the PI-Max camera under motored homogeneous (HMG) 
and thermally stratified (T1) conditions. 

The PDF obtained under homogeneous conditions and the estimated PDF 

assuming shot-noise-limited acquisition are provided in Figure 6.15.  The EES code used 

to calculate the shot-noise-limited temperature precision is provided in Appendix F.  

Because the measured PDF is wider than the shot-noise-limited PDF, it can be concluded 

that the temperature measurement is being made with adequate precision to identify 

either shot-to-shot variations in the mean temperature or temperature variations that exist 

within the images.  The average single-shot temperature variation, considered to be the 

mean of the standard deviations of temperature for each image, was calculated to be ±2.3 

K, nearly identical to the measured PDF width of ±2.4 K (±1σ).  The width of the 

measured PDF, therefore, appears to be a result of temperature variations that naturally 

occur within the flowfield for a given temperature image.  This PDF width is greater than 

to the shot-noise-limited precision of dual-tracer PLIF with the PI-Max camera under 

nitrogen-diluted conditions, which was calculated to be ±1.5 K (±1σ). 
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Figure 6.15.  Measured PDF and the PDF shape assuming shot-noise-limited data 
acquisition for the PI-Max camera under homogeneous nitrogen diluted 
conditions. 

It has yet to be determined if this precision has actually been achieved, or if this 

small value is a result of uncertainty in the estimated in-cylinder temperature at the 

calibration conditions.  Thus, it is necessary to directly measure the in-cylinder 

temperature prior to stating definitively the precision with which the dual-tracer PLIF 

technique can be achieved with the PI-Max camera. 

PDFs and PDF contours tabulated over the 100 images of temperature acquired 

with the Andor camera under nitrogen-diluted conditions are provided for the 

homogeneous and thermally stratified conditions in Figure 6.16.  The temperature data 

obtained with the Andor camera shows very similar characteristics to that obtained using 

the PI-Max camera.  The PDF for condition T1 is wider than for condition HMG and is 

shifted to lower temperatures.  The mean PDF contour line for condition T1 shows a 

significant gradient from the right (hot) side of the engine to the left, with a range from 

530 to 534 K.  Additionally, the mean contour lines intersect at a distance roughly 10 mm 

from the centerline of the engine for the data obtained by both cameras. 
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Figure 6.16. (a) PDFs and (b) PDF contours for the temperature measured using dual-
tracer PLIF with the Andor camera under motored homogeneous (HMG) 
and thermally stratified (T1) conditions. 

The PDF obtained under homogeneous conditions with the Andor camera is 

compared to the estimated PDF for shot-noise-limited acquisition at the same conditions 

in Figure 6.17.  The EES code used to calculate the shot-noise-limited temperature 

precision is provided in Appendix F.  As with the PI-Max camera, the PDF for the 

temperature measured with the Andor camera is significantly wider than the shot-noise-

limited PDF, but the difference is much more pronounced with the Andor camera.  The 

average single-shot temperature variation was calculated to be ±1.4 K, which is slightly 

less than the measured PDF width of ±1.7 K (±1σ) but significantly larger than the shot-

noise-limited precision of dual-tracer PLIF with the Andor camera under nitrogen-diluted 

conditions, which was calculated to be ±0.6 K (±1σ).  Again, it appears that the natural 

variations in temperature within an image dominate the width of the temperature PDF 

tabulated over the 100 image data set.   The stated temperature precision again needs to 

be verified by directly measuring the in-cylinder temperature and using those 
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temperatures, and not the estimated temperatures, to relate the measured signal ratio to 

temperature. 

Also worth noting is the difference in the shot-noise-limited temperature 

precisions for the PI-Max and Andor cameras.  This difference illustrates the desire to use 

an unintensified camera and its superior noise characteristics because, at a fundamental 

level, it will be able to make more precise measurements. 
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Figure 6.17.  Measured PDF and the PDF shape assuming shot-noise-limited data 
acquisition for the Andor camera under homogeneous nitrogen diluted 
conditions. 

6.6.5. Application Results – Compositional & Thermal Stratification 

The PDFs and mean line profiles of the measured dual-tracer PLIF signal ratio for 

the homogeneous and compositionally stratified conditions under argon dilution are 

provided in Figure 6.18.  Because the engine was firing at these conditions, the data were 

acquired using the PI-Max camera.  The signal ratios are presented instead of temperature 

because under the compositionally stratified conditions the oxygen concentration varied, 
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and therefore the signal ratio variation could not be immediately transformed to 

temperature variation. 

The PDFs show very similar characteristics for the homogeneous and 

compositionally stratified conditions considered, but they also show very similar 

characteristics to the estimated measurement precision based on shot-noise 

considerations, which is provided as a bold line in Figure 6.18a.  The similarity between 

the measured and estimated shot-noise PDF indicates, again, that the measurements made 

with the PI-Max camera under argon dilution are at the camera shot-noise limit. 
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Figure 6.18. (a) PDFs and (b) mean line profiles the signal ratio measured using dual-
tracer PLIF with the PI-Max camera under homogeneous (HMG) and 
stratified (C2, C2-T1, C2-T1) conditions. 

The mean line profiles, however, do show differences between the operating 

conditions.  Note that the upper and lower confidence lines showed similar deviations 

from the mean profiles and therefore were excluded from Figure 6.18b for clarity.  The 

mean line profiles show decreasing signal ratio from the left side of the combustion 

chamber to the right.  For the stratified operating condition, the left side of the 
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combustion corresponds to regions with high argon concentration and low oxygen 

concentration, while the right side of the combustion chamber corresponds to regions 

with low argon concentration and high oxygen concentration.  Therefore, the signal ratio 

is higher on the left side of the combustion chamber due in part to lower oxygen 

concentration. 

An estimate of the temperature stratification at these conditions was provided in 

Figure 5.6, which shows consistently higher estimated compression temperatures on the 

left side of the combustion chamber, a result primarily of the large γ stratification (see 

Figure 5.5) created by the stratified argon.  Higher local temperature on the left side of 

the combustion chamber also acts to increase the signal ratio in these regions, so the 

effects observed in Figure 6.18b are the combined result of lower local oxygen 

concentrations and higher local temperature. 

In order to de-convolve the oxygen concentration and temperature effects on the 

measured signal ratio, either the oxygen concentration or the temperature must be 

estimated using the raw 3-pentanone signal or the raw TEA signal.  The 3-pentanone 

fluorescence line profiles, which are nearly independent of oxygen concentration, for the 

stratified conditions are provided in Figure 6.19.  The line profiles have been normalized 

by their mean values, so the ordinate axis now represents the deviation of the 3-

pentanone fluorescence signal about its spatial mean, and the line profiles were limited to 

±20 mm for consistent matching between the line profiles. 
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Figure 6.19.  Spatial-mean-normalized line profiles of the 3-pentanone fluorescence 
signal acquired by the PI-Max camera at conditions C2, C2-T1, and C2-T2.  
The reference line for fuel stratification only was acquired for the same 
experimental setup but under thermally homogeneous conditions. 

Also provided in Figure 6.19 is the mean 3-pentanone line profile for the data 

acquired in Chapter 4, where the fluorescence signal was obtained with the same engine 

hardware and with the fuel being fed into the engine through intake valve 1 only, 

consistent with the present compositionally stratified conditions.  The experiments in 

Chapter 4, however, were accomplished with air dilution and with a thermally 

homogeneous intake, so the acquired signals were a result of stratified fuel concentration 

only.  The current data and the previous data were acquired at different crank angles, but 

the results in Figure 4.18 show the line-profile shape changed minimally towards the end 

of compression, so it was assumed that the line profile from the previous data was a good 

representation of the 3-pentanone signal variation due to the fuel stratification only. 

The results in Figure 6.19 show that within the noise considerations the mean 3-

pentanone profile obtained with condition C2-T1 is the same as the profile representing 

thermally homogeneous fuel stratification.  As a result, it can be argued that if a stratified 
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temperature was present for condition C2-T1, it was not able to be resolved at the current 

measurement precision.  With no measureable temperature stratification present in 

condition C2-T1, the variation in the signal ratio can be attributed solely to the stronger 

oxygen concentration effect.  Assuming a bulk gas temperature equal to that observed 

under homogeneous conditions, the calibrations provided in Figure 6.10 were used to 

convert the signal ratio profile for condition C2-T1 to an oxygen mass fraction (yO2) 

curve, provided in Figure 6.20a.  Provided in Figure 6.20b is the oxygen mass fraction 

curve normalized by its spatial mean and the spatial-mean normalized 3-pentanone 

signal.  The two curves show very similar spatial variation across the combustion 

chamber, which is expected considering the fuel and oxygen were premixed prior to 

introduction into the engine. 
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Figure 6.20. (a) Calculated oxygen mass fraction (yO2) for condition C2-T1, and (b) a 
comparison of the spatial-mean-normalized oxygen mass fraction and 3-
pentanone fluorescence signals, which shows roughly equivalent mixing.  

Assuming equivalent mixing of the oxygen during the intake and compression 

processes, the oxygen mass fraction profile was used to correct the signal ratios acquired 
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at conditions C2 and C2-T2 for variations due to the local oxygen concentration, allowing 

the temperature to be evaluated.  A sigmoid function was fit through the oxygen mass 

fraction curve for condition C2-T2, as shown in Figure 6.20a, and was used instead of the 

raw oxygen mass fraction curve. 

The temperature values, evaluated using two-dimensional interpolation of the 

calibration data provided in Figure 6.10, are provided in Figure 6.21.  As can be seen, the 

temperature data are very noisy, making it difficult to discern any trends in the data.  The 

temperature profiles for conditions C2 and C2-T2 are only slightly different than the 

profile for condition C2-T1, which was assumed to be homogeneous but was evaluated 

using the oxygen correction and two-dimensional interpolation to provide a baseline 

comparison.  The temperatures profiles for C2 and C2-T2 do show small (~15 K) 

gradients that decreases from left-to-right within the combustion chamber, indicating the 

presence of the stratified temperature flowfield presented in Figure 5.6, although the 

noise makes the trend difficult to quantify. 
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Figure 6.21.  Measured temperature line profiles for the C2, C2-T1, and C2-T2 stratified 
conditions. 
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6.7. Discussion 

The dual-tracer PLIF that was developed and applied in this chapter was found to 

have the ability to be a useful diagnostic for combustion research.  With TEA and 3-

pentanone as the fuel tracer combination, the temperature sensitivity that could be 

achieved was on the order of the sensitivity achieved by the more widely applied dual-

wavelength PLIF approach.  This was observed when applied at the lower temperature, 

nitrogen diluted-conditions.  The measurement precision was sufficient to differentiate 

the temperature fields created under homogeneous and thermally stratified conditions 

when using both the low-noise unintensitified camera and the higher-noise intensified 

camera.  Both cameras were also able to identify the temperature variations that naturally 

occur within a given image. 

Signal strength, however, limited the precision with which this technique could be 

applied at the high temperature, argon-diluted conditions.  Even after a high level of 

binning, the dual-tracer PLIF could not discern differences in the temperature flowfields 

when operating under homogeneous and thermally stratified conditions.  The dual-tracer 

PLIF was able to observe changes in the oxygen concentration distribution during 

compositionally stratified operation, although not without significant noise. 

In order for the dual-tracer PLIF to be applicable at the higher temperature 

conditions, the signal strength would need to be improved.  The fuel tracers’ 

photophysical parameters are dictated by the local thermodynamic conditions, so the 

increase in signal would need to be accomplished either by increasing the laser energy 

input or increasing the concentration of the fuel tracers.  Increasing the laser energy is 
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easily accomplished but is limited by the damage threshold of the engine’s windows and 

by saturation of the fluorescence.  Increasing the tracer concentration can also easily be 

accomplished by delivering more fuel per cycle or by increasing the concentration of the 

tracer mixed into the base fuel, although not without significant tradeoffs.  Increasing the 

fueling rate could result in overly rapid combustion and care must be taken to avoid 

engine damage due to harsh combustion.  Increasing the tracer concentration could 

change the fuel properties so much that the combustion that is being studied is 

characteristic of the tracer fuels and not the base fuel.  Additionally, laser absorption in 

the fuel tracers would become substantial, resulting in decreasing fluorescence signals in 

the laser propagation direction. 

Finally, an independent measure of the in-cylinder temperature is needed to make 

the dual-tracer PLIF technique quantitative.  Currently, too much uncertainty existed in 

the estimated temperature to address the accuracy of the measured temperature.  The 

desired water-absorption-based diagnostic will be applied to achieve this goal. 
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Chapter 7. Summary, Discussion, and Recommendations 
 

CHAPTER 7 

SUMMARY AND RECOMMENDATIONS 
 

7.1. Summary 

A series of experiments were performed detailing the effect that thermal and 

compositional stratification have on the homogeneous charge compression ignition 

(HCCI) combustion process.  The main experimental apparatus that was employed in 

these experiments was an optically accessible engine that allowed the nature of the 

delivered stratified flowfields to be quantified, and the spatial progression of the 

combustion process to be directly visualized.  The thermally and compositionally 

stratified flowfields were introduced to the engine by feeding each intake valve of the 

four-valve engine with independent intake systems. 

In the following sections, the significant results obtained and presented in this 

dissertation will be summarized and discussed, and then recommendations for future 

work will be provided. 

7.1.1. Results – Bulk Stratification  

The magnitude of bulk stratification that was introduced by independently feeding 

the engine’s two intake valves was investigated using planar laser-induced fluorescence 
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(PLIF).  The fuel tracer, 3-pentanone, was introduced through one intake valve only, 

allowing the charge that was introduced through that intake valve to be tracked and the 

mixing between the two intake streams to be quantified. 

The PLIF results showed significant mixing between the two intake streams.  

Initially, a large amount of stratification existed between the two intake streams during 

the intake stroke.  This large stratification decreased substantially during the intake stroke 

and early part of the compression stroke; continued mixing during the compression stroke 

further decreased the amount of bulk stratification maintained at the end of the 

compression process. 

Because a maximum amount of stratification was desired for the present 

investigation, a number of different intake-flow modifying devices were used in an 

attempt to maintain the largest amount of bulk stratification possible at the end of the 

compression process.  Most of the flow modifying devices that were used resulted in 

increased in-cylinder mixing (decreased bulk stratification) compared to a simple, 

straight runner.  The two flow-modifying hardware components that significantly 

increased the bulk stratification were intake baffles that directed the intake flows towards 

the top or the inside part of the intake valve face.  The bulk stratification maintained 

throughout compression increased 36% (measured as the average deviation of the mean 

fluorescence profile from the mean homogeneous fluorescence profile) when using the 

top-directing baffles and 30% when using the inside-directing baffles compared to when 

using the same runner with no baffles.  The results obtained with the top-directing flow 

baffles in conjunction with two different runner geometries showed improvements in the 
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bulk stratification of consistently over 36%, which indicated that the improved bulk 

stratification was robust to small geometric changes upstream of the cylinder head. 

7.1.2. Results – Chemiluminescence Measurements 

The effects that thermal and composition stratification had on HCCI combustion 

were investigated using the combination of cylinder pressure, engine-out emissions, and 

high-speed chemiluminescence measurements.  Thermal stratification was introduced by 

independently heating the charge delivered to each intake valve, and the various 

compositional stratifications were introduced by varying the locations in the intake 

system into which the fuel, air, and argon were introduced. 

Analysis of the stratified charge at the time of combustion was based on the 

mixing characteristics of the two intake streams determined in the bulk stratification 

investigation.  The three thermodynamic mixture properties of primary interest were fuel 

concentration, air-fuel ratio, and temperature.  Stratified compression temperature 

resulted from either a stratified mixture temperature prior to compression, or from a 

stratified specific heat ratio (γ) distribution.  Regions with higher mixture γ compressed to 

a higher temperature than regions with lower mixture γ, and this effect was often larger 

than the effect of stratifying the mixture temperature prior to compression. 

The cylinder pressure and emissions data, which quantified the engine-out 

characteristics, showed little-to-no difference when comparing the combustion under 

homogeneous conditions to combustion under stratified operation.  All combustion 
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results were obtained at the same combustion phasing (location of peak pressure) to 

eliminate that effect on the engine-out characteristics.   

Large differences in the spatial progression of the HCCI combustion were 

observed from the chemiluminescence movies when varying the delivered stratified 

flowfield.  With purely thermal stratification, a strong hot-to-cold progression was 

observed in combustion.  When the fuel concentration was stratified to ±25% of its mean 

value in the direction opposite to the previous level of thermal stratification, the effect 

was reversed.  Under this condition, the combustion proceeded from high fuel 

concentration (low temperature) to low fuel concentration (high temperature).  In the 

presence of adverse stratified fuel concentration, the stratified temperature needed to be 

roughly tripled compared to the stratified temperature flowfield experienced under purely 

thermally stratified conditions to achieve the same qualitative combustion progression in 

the chemiluminescence movies.  Similarly, an air-fuel stratification of approximately ±7 

was needed to compensate completely for the ±25% fuel stratification. 

The prospect of using thermal or compositional stratification for combustion 

control, or to limit the rapid combustion pressure rise rates of HCCI combustion, appears 

unlikely based on the present data.  First, the integral engine characteristics changed very 

little when introducing the stratified flowfields (the cylinder pressure data and the 

emissions).  Next, the magnitude of the stratifications that could conceivably be 

introduced are quite limited considering the properties of the gases available (fuel, air and 

exhaust) and the inability to control the manner in which the stratification would be 
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introduced.  Additionally, as observed directly, the engine mixes very well, which again 

limits the magnitude of stratification that could be maintained until combustion. 

7.1.3. Results – Dual-Tracer PLIF 

 A dual-tracer planar laser-induced fluorescence (PLIF) temperature imaging 

technique was developed and applied in the optically accessible engine.  With this 

technique two fluorescence images were acquired of the same flowfield by 

simultaneously exciting two fuel tracers, spectrally separating and acquiring the two 

fluorescence signals, and relating the ratio of the two signals to temperature.  An in situ 

calibration of this technique was applied at various engine operating conditions, and 

initial application experiments were performed under fired and motored conditions. 

Initial results indicated that, with the correct tracer combination of 3-pentanone 

and  triethylamine (TEA), sufficient temperature precision could be achieved to measure 

single-shot temperature variations of ±2.3 K (±1σ) with an intensified camera and ±1.4 K 

(±1σ) with an unintensified camera at the lower temperature, nitrogen-diluted conditions.  

An independent measure of in-cylinder temperature at the calibration conditions is 

desired to verify the estimated temperature uncertainty and will be accomplished using a 

water-absorption-based technique. 

The temperature stratification produced with a thermally stratified intake systems 

increased the range of temperature measured over the 100 image data set by 0.6 K when 

the technique was applied under nitrogen-diluted conditions.  Mean line profiles acquired 

at the same conditions showed a 5 K gradient in temperature across the combustion 
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chamber.  When applied under argon-diluted conditions, the higher in-cylinder 

temperatures resulted in decreased fluorescence signals and a single-shot temperature 

precision of ±35 K (±1σ).  These lower signal levels made the application of the dual-

tracer PLIF technique with the current hardware difficult under argon-diluted conditions. 

7.2. Recommendations 

A number of recommendations can be made for future work related to the 

objective of this work.  The recommendations are with regards to additional experiments 

that could be performed with the current engine setup with little-to-no hardware 

modification. 

7.2.1. Bulk Stratification 

The flow-modifying hardware that resulted in increased bulk stratification was 

assumed to enhance the tumble intensity within the engine, thereby limiting the mixing 

between the two intake streams.  To investigate this assumption further, two additional 

data sets would be useful.  First, the intake valve could be outfitted with shrouds, which 

have been found to strongly increase the tumble motion within the engine [54].  With the 

shrouds in place, the experiments detailed in Chapter 4 could be repeated to see if the 

valve shrouds acted to enhance the bulk stratification even further.  Significant 

modification would be required on the cylinder head or the cam carries to devise a 

scheme to prevent the intake valves from rotating once the shrouded valves were 

correctly oriented with in the intake. 



 

196 

Second, it would be useful to measure the tumble coefficient for the intake flows 

of the present cylinder head with and without the flow modifying hardware.  These 

tumble coefficient results could be compared to the amount of bulk in-cylinder 

stratification maintained throughout compression to verify the assumption that increased 

tumble leads to increased bulk stratification.  If no correlation exists, then an alternative 

hypothesis would need to be suggested. 

7.2.2. Chemiluminescence 

Similar chemiluminescence experiments that were detailed in Chapter 5 could be 

performed over a wider range of HCCI combustion operation.  First, increasing the 

engine load would be useful.  Increasing the engine load would increase the 

chemiluminescence signal, leading to less noisy chemiluminescence movies at the current 

framing rate or allowing higher framing rate movies to be acquired.  The increased 

chemiluminescence signal would allow visualization of the portions of the combustion 

event that were not able to be imaged in the present experiments (i.e. early and late 

combustion phenomenon).  The higher framing rate would allow details of how the 

combustion proceeds to be identified at a higher temporal resolution. 

Increasing the engine load will have to be performed carefully, however.  By 

increasing the engine load, the amount of argon delivered to the engine will likely be 

decreased to maintain a lean air-fuel ratio.  The argon’s high γ value was relied upon to 

achieve HCCI combustion of the iso-octane fuel.  Removing some of that argon will 

decrease the amount of compression heating and may cause the intake temperature 
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required to achieve stable HCCI combustion to increase.  The intake temperature will 

need to be maintained below 200 °C to avoid engine damage. 

Different charge stratifications than investigated in Chapter 5 could be 

considered.  The locations of the intake system into which the various intake gases are 

delivered could be varied, and various levels of thermal stratification could be 

considered, either independently or concurrently with compositional stratification.  

Additionally, different diluent gases could be considered.  The argon will likely remain 

necessary for stable HCCI combustion operation, but other gases could replace some of 

the air delivered to the engine by delivering oxygen directly from a gas cylinder.  Carbon 

dioxide would be one such suggested gas because of its low γ.  A large γ stratification 

could be introduced by feeding argon through one intake valve and fuel, oxygen, and 

carbon dioxide through the other. 

7.2.3. Dual-Tracer PLIF 

The initial experiments using the dual-tracer PLIF temperature imaging technique 

showed promising results, but a number of improvements to the technique could be 

investigated.  First, different fuel tracers could be considered with the goal of maximizing 

the temperature sensitivity achieved at the conditions of interest.  One change that may 

have a benefit would be to use acetone instead of 3-pentanone.  These two tracers have 

similar fluorescence characteristics, but this simple change in tracer could have a positive 

effect on the temperature sensitivity and could be considered.  Other, less obvious tracer 
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combinations could be investigated by looking to the literature for possible tracer 

molecules. 

Additionally, a different excitation wavelength could be considered.  Because 

pulse-to-pulse laser stability is not a concern with the dual-tracer PLIF technique, 

wavelengths created using a Raman shifter could be considered.  This may be a strong 

consideration for improving the measurement noise experienced at the argon-diluted 

conditions.  Selecting a longer wavelength than 266 nm would mitigate the effects of the 

red-shifted absorption spectra high temperatures.  One would have to verify that the 

absorption spectra of the two tracers still overlap sufficiently when selecting different 

wavelengths, which could be achieved simply by performing a sample calibration at the 

conditions of interest. 

Higher laser energies should be considered to maximize the fluorescence from the 

two tracers.  To determine the maximum the laser energy input, sacrificial windows could 

be installed into the engine, and the laser energy should then be increased until the 

windows are damaged.  This exercise would provide an upper laser energy limit for the 

current engine hardware. 

To further maximize the acquired fluorescence signal, the image doubler could be 

replaced with a dichroic mirror that separates the fluorescence from the two tracers and 

directs it to two cameras.  The current use of an image doubler immediately cuts the 

fluorescence signal from each tracer in half.  By replacing the image doubler with a 

dichroic mirror, nearly the entire amount of fluorescence from each tracer could be 

captured, albeit with a more complex experimental setup that would require two cameras. 
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A final experiment that could be considered would be to combine the dual-tracer 

PLIF temperature imaging with the high-speed chemiluminescence imaging.  In this 

proposed experiment, the dual-tracer PLIF would be applied at a crank angle prior to 

combustion initiation.  With this measurement, the fuel and temperature distribution for a 

given engine cycle would be identified along with an estimation of the oxygen 

concentration.  Concurrently, high-speed chemiluminescence measurements could be 

acquired to track the combustion progression spatially throughout the combustion 

chamber.  The combination of these measurements would allow comparisons between the 

thermodynamic conditions of the in-cylinder flowfield just prior to combustion, the 

locations at which the combustion first initiation, and the spatial progression of the 

combustion. 
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Figure A.1. Progression of the PDFs and PDF contours for Runner SS from the 
earliest imaging crank angle (315° bTDC) through the latest 
imaging crank angle (45° bTDC). 
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Figure A.2. Progression of the PDFs and PDF contours for Runner Cu1 from 
the earliest imaging crank angle (315° bTDC) through the latest 
imaging crank angle (45° bTDC). 
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Figure A.3. Progression of the PDFs and PDF contours for Runner Cu1-FS 
from the earliest imaging crank angle (315° bTDC) through the 
latest imaging crank angle (45° bTDC). 
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Figure A.4. Progression of the PDFs and PDF contours for Runner Cu2 from 
the earliest imaging crank angle (315° bTDC) through the latest 
imaging crank angle (45° bTDC). 
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Figure A.5. Progression of the PDFs and PDF contours for Runner Cu3 from 
the earliest imaging crank angle (315° bTDC) through the latest 
imaging crank angle (45° bTDC). 
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Figure A.6. Progression of the PDFs and PDF contours for Runner Cu4 from 
the earliest imaging crank angle (315° bTDC) through the latest 
imaging crank angle (45° bTDC). 
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Figure A.7. Progression of the PDFs and PDF contours for Runner Cu1 with 
the top-directing baffles from the earliest imaging crank angle 
(315° bTDC) through the latest imaging crank angle (45° bTDC). 
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Figure A.8. Progression of the PDFs and PDF contours for Runner Cu1 with 
the bottom-directing baffles from the earliest imaging crank angle 
(315° bTDC) through the latest imaging crank angle (45° bTDC). 
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Figure A.9. Progression of the PDFs and PDF contours for Runner Cu1 with 
the inside-directing baffles from the earliest imaging crank angle 
(315° bTDC) through the latest imaging crank angle (45° bTDC). 



 

221

315° bTDC 

6

4

2

0

p 
( I

 / 
I–  )

1.51.00.5
I / I–  

1.5

1.0

0.5

I /
 I–

-24 -12 0 12 24
Dist. from CL (mm)  

270° bTDC 

6

4

2

0
p 

( I
 / 

I–  )

1.51.00.5
I / I–  

1.5

1.0

0.5

I /
 I–

-24 -12 0 12 24
Dist. from CL (mm)  

225° bTDC 

6

4

2

0

p 
( I

 / 
I–  )

1.51.00.5
I / I–  

1.5

1.0

0.5

I /
 I–

-24 -12 0 12 24
Dist. from CL (mm)  

180° bTDC 

6

4

2

0

p 
( I

 / 
I–  )

1.51.00.5
I / I–  

1.5

1.0

0.5
I /

 I–

-24 -12 0 12 24
Dist. from CL (mm)  

135° bTDC 

6

4

2

0

p 
( I

 / 
I–  )

1.51.00.5
I / I–  

1.5

1.0

0.5

I /
 I–

-24 -12 0 12 24
Dist. from CL (mm)  

90° bTDC 

6

4

2

0

p 
( I

 / 
I–  )

1.51.00.5
I / I–  

1.5

1.0

0.5

I /
 I–

-24 -12 0 12 24
Dist. from CL (mm)  

45° bTDC 

6

4

2

0

p 
( I

 / 
I–  )

1.51.00.5
I / I–  

1.5

1.0

0.5

I /
 I–

-24 -12 0 12 24
Dist. from CL (mm)  

Figure A.10. Progression of the PDFs and PDF contours for Runner Cu1 with 
the outside-directing baffles from the earliest imaging crank angle 
(315° bTDC) through the latest imaging crank angle (45° bTDC). 
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Figure A.11. Progression of the PDFs and PDF contours for Runner SS with the 
top-directing baffles from the earliest imaging crank angle (315° 
bTDC) through the latest imaging crank angle (45° bTDC). 
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Figure A.12. Progression of the PDFs and PDF contours for Runner Cu1 with 
the flow break-down screens from the earliest imaging crank angle 
(315° bTDC) through the latest imaging crank angle (45° bTDC). 
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Appendix B. EES Equations for Calculating Local In-Cylinder 
Mixture Properties 

 

APPENDIX B 

EES EQUATIONS FOR CALCULATING 
LOCAL IN-CYLINDER MIXTURE 
PROPERTIES 

 

"!Local In-Cylinder Mixture Conditions" 
"Created: April 2008, R.E. Herold" 
 
"Constants" 
V_disp = 550 [cm^3] 
CR = 8 
P_1 = 100 [kPa] 
P_2 = 100 [kPa] 
 
"Inlet conditions" 
"One parametric table is created for each stratified condition" 
"Range x_mix_1 values from 0 to 1 are specified" 
$IF PARAMETRICTABLE='C1' 
   m_fuel_1 = 5 [mg];     m_air_1 = 54.9 [mg];     m_Ar_1 = 294.3 [mg];     T_1 = ConvertTemp('C','K',115) 
  m_fuel_2 = 0 [mg];     m_air_2 = 55.1 [mg];     m_Ar_2 = 295.7 [mg];     T_2 = ConvertTemp('C','K',115) 
$ENDIF 
$IF PARAMETRICTABLE='C2' 
  m_fuel_1 = 5 [mg];     m_air_1 = 110 [mg];     m_Ar_1 = 218.3 [mg];     T_1 = ConvertTemp('C','K',111) 
  m_fuel_2 = 0 [mg];     m_air_2 = 0 [mg];     m_Ar_2 = 371.7 [mg];     T_2 = ConvertTemp('C','K',111) 
$ENDIF 
$IF PARAMETRICTABLE='C2-T1' 
  m_fuel_1 = 5 [mg];     m_air_1 = 110 [mg];     m_Ar_1 = 183.2 [mg];     T_1 = ConvertTemp('C','K',145) 
  m_fuel_2 = 0 [mg];     m_air_2 = 0 [mg];     m_Ar_2 = 406.8 [mg];     T_2 = ConvertTemp('C','K',73) 
$ENDIF 
$IF PARAMETRICTABLE='C2-T2' 
  m_fuel_1 = 5 [mg];     m_air_1 = 110 [mg];     m_Ar_1 = 266.1 [mg];     T_1 = ConvertTemp('C','K',73) 
  m_fuel_2 = 0 [mg];     m_air_2 = 0 [mg];     m_Ar_2 = 323.9 [mg];     T_2 = ConvertTemp('C','K',175) 
$ENDIF 
$IF PARAMETRICTABLE='C3' 
  m_fuel_1 = 5 [mg];     m_air_1 = 0 [mg];     m_Ar_1 = 370 [mg];     T_1 = ConvertTemp('C','K',118) 
  m_fuel_2 = 0 [mg];     m_air_2 = 110 [mg];     m_Ar_2 = 220 [mg];     T_2 = ConvertTemp('C','K',118) 
$ENDIF 
$IF PARAMETRICTABLE='C3-T1' 
  m_fuel_1 = 5 [mg];     m_air_1 = 0 [mg];     m_Ar_1 = 330 [mg];     T_1 = ConvertTemp('C','K',160) 
  m_fuel_2 = 0 [mg];     m_air_2 = 110 [mg];     m_Ar_2 = 260 [mg];     T_2 = ConvertTemp('C','K',76) 
$ENDIF 
$IF PARAMETRICTABLE='C3-T2' 
  m_fuel_1 = 5 [mg];     m_air_1 = 0 [mg];     m_Ar_1 = 409.1 [mg];     T_1 = ConvertTemp('C','K',76) 
  m_fuel_2 = 0 [mg];     m_air_2 = 110 [mg];     m_Ar_2 = 180.9 [mg];     T_2 = ConvertTemp('C','K',158) 
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$ENDIF 
$IF PARAMETRICTABLE='T1' 
  m_fuel_1 = 2.2 [mg];     m_air_1 = 49.3 [mg];     m_Ar_1 = 264.2 [mg];     T_1 = ConvertTemp('C','K',156) 
  m_fuel_2 = 2.8 [mg];     m_air_2 = 60.7 [mg];     m_Ar_2 = 325.8 [mg];     T_2 = ConvertTemp('C','K',75) 
$ENDIF 
$IF PARAMETRICTABLE='HMG' 
  m_fuel_1 = 2.5 [mg];     m_air_1 = 55 [mg];     m_Ar_1 = 295 [mg];     T_1 = ConvertTemp('C','K',115) 
  m_fuel_2 = 2.5 [mg];     m_air_2 = 55 [mg];     m_Ar_2 = 295 [mg];     T_2 = ConvertTemp('C','K',115) 
$ENDIF 
 
"Conditions in Surge Tank 1" 
V_fuel_1 = m_fuel_1*convert(mg,kg)/density(C8H18,T=T_1,P=P_1) 
x_fuel_1 = V_fuel_1/(V_fuel_1 + V_air_1 + V_Ar_1) 
V_air_1 = m_air_1*convert(mg,kg)/density(air,T=T_1,P=P_1) 
x_air_1 = V_air_1/(V_fuel_1 + V_air_1 + V_Ar_1) 
V_Ar_1 = m_Ar_1*convert(mg,kg)/density(Argon,T=T_1,P=P_1) 
x_Ar_1 = V_Ar_1/(V_fuel_1 + V_air_1 + V_Ar_1) 
MW_1 = x_fuel_1*MOLARMASS(C8H18) + x_air_1*MOLARMASS(air) + x_Ar_1*MOLARMASS(Argon) 
 
"Conditions in Surge Tank 2" 
V_fuel_2 = m_fuel_2*convert(mg,kg)/density(C8H18,T=T_2,P=P_2) 
x_fuel_2 = V_fuel_2/(V_fuel_2 + V_air_2 + V_Ar_2) 
V_air_2 = m_air_2*convert(mg,kg)/density(air,T=T_2,P=P_2) 
x_air_2 = V_air_2/(V_fuel_2 + V_air_2 + V_Ar_2) 
V_Ar_2 = m_Ar_2*convert(mg,kg)/density(Argon,T=T_2,P=P_2) 
x_Ar_2 = V_Ar_2/(V_fuel_2 + V_air_2 + V_Ar_2) 
MW_2 = x_fuel_2*MOLARMASS(C8H18) + x_air_2*MOLARMASS(air) + x_Ar_2*MOLARMASS(Argon) 
 
"Local mixture fractions" 
"x_mix_1 is specified in the parametric table" 
x_mix_2 = 1-x_mix_1 
y_mix_1 = (x_mix_1*(m_fuel_1/(V_disp/2)) + x_mix_1*(m_air_1/(V_disp/2)) + 
x_mix_1*(m_Ar_1/(V_disp/2)))/((m_fuel_equiv + m_air_equiv + m_Ar_equiv)/V_disp) 
y_mix_2 = 1-y_mix_1 
 
"Temperature" 
"T_mix is the temperature if the two streams mix adiabatically" 
"T_TDC is the tempeature if the two streams mix adiabaically then compress" 
T_mix =  (y_mix_1*T_1 + y_mix_2*T_2) 
T_mix_C = ConvertTemp('K','C',T_mix) 
T_TDC = T_mix*(CR)^(gamma_mix-1) 
T_TDC_C = ConvertTemp('K','C',T_TDC) 
 
"Equivalent mass of fuel" 
m_fuel_equiv = (x_mix_1*(m_fuel_1/(V_disp/2)) + x_mix_2*(m_fuel_2/(V_disp/2)))*(V_disp) 
m_air_equiv = (x_mix_1*(m_air_1/(V_disp/2)) + x_mix_2*(m_air_2/(V_disp/2)))*(V_disp) 
m_Ar_equiv = (x_mix_1*(m_Ar_1/(V_disp/2)) + x_mix_2*(m_Ar_2/(V_disp/2)))*(V_disp) 
 
"A/F ratio" 
AF_local = m_air_equiv/m_fuel_equiv 
 
"Ratio of specific heats (gamma)" 
y_fuel = m_fuel_equiv/(m_fuel_equiv+m_air_equiv+m_Ar_equiv) 
y_air = m_air_equiv/(m_fuel_equiv+m_air_equiv+m_Ar_equiv) 
y_Ar = m_Ar_equiv/(m_fuel_equiv+m_air_equiv+m_Ar_equiv) 
Cp_mix = y_fuel*CP(C8H18,T=T_mix) + y_air*CP(Air,T=T_mix) + y_Ar*CP(Argon,T=T_mix,P=P_1) 
Cv_mix = y_fuel*CV(C8H18,T=T_mix) + y_air*CV(Air,T=T_mix) + y_Ar*CV(Argon,T=T_mix,P=P_1) 
gamma_mix = Cp_mix/Cv_mix 
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Appendix C. Image Processing Code for Chemiluminescence 
Movies 

APPENDIX C 

IMAGE PROCESSING CODES FOR 
CHEMILUMINESCENCE MOVIES 

 

C.1. MATLAB Function for Extracting Data from .cin Files 

function [I,rows,cols,dT]=CIN_Movie_Reader_REH (filename,numframes) 
%********************************************************************** 
%   [I,rows,cols,dT]=CIN_Movie_Reader_REH (filename,numframes) 
% 
%   The following function is used to read a Phantom Camera .cin file 
%   without data loss to an unsigned 16-bit integer array. 
% 
%   Input: filename  - File name of .cin file to be converted.  If 
%                      not present in local directory, filename 
%                      should include full path and file name. 
%          numframes - Number of frames in the .cin file of interest. 
%                      The reader will convert the first numframes 
%                      images of the .cin file. 
%   Output:    I     - Converted array (3D 16-bit integer array) 
%              rows  - Image resolution of I (first dimension) 
%              cols  - Image resolution of I (second dimension) 
%              dT    - elapsed time after trigger (1 x numframes array) 
% 
%********************************************************************** 
  
fid = fopen (filename, 'r'); 
if (fread (fid, 1, '*uint16') == 18755) 
    A = fread (fid, 1, '*uint16');              %Headersize 
    A = fread (fid, 1, '*uint16');              %Compression 
    A = fread (fid, 1, '*uint16');              %Version 
    A = fread (fid, 1, '*int32');               %FirstMovieImage 
    A = fread (fid, 1, 'uint32');               %TotalImageCount 
    firstimageno = fread (fid, 1, 'int32');     %FirstImageNo 
    imcount = fread (fid, 1, 'uint32');         %ImageCount 
    offimheader = fread (fid, 1, 'uint32');     %OffImageHeader 
    offsetup = fread (fid, 1, 'uint32');        %OffSetup 
    offimoffsets = fread (fid, 1, 'uint32');    %OffImageOffsets 
    trigfrac = fread (fid, 1, 'uint32');        %Trig Timing (fraction) 
    trigsec = fread (fid, 1, 'uint32');         %Trig Timing (seconds) 
 
    fseek (fid, offimheader, 'bof'); 
    junk=fread (fid, 1, '*uint32');  clear junk; 
    width = fread (fid, 1, 'int32'); 
    height = fread (fid, 1, 'int32'); 
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    fseek (fid, offimoffsets, 'bof'); 
    imlocs = fread (fid, double(numframes), 'int64'); 
  
    fseek(fid,0,'bof'); 
    for i=1:10000000 
        if(fread(fid,1,'*uint16') == 1002) 
            break; 
        end 
    end 
    junk = fread(fid,1,'*uint16');  clear junk; 
  
    for i=1:numframes 
        fracstart = fread (fid, 1, 'uint32'); 
        secstart = fread (fid, 1, 'uint32'); 
        dT(i,1) = (secstart-trigsec) + ((fracstart-trigfrac)/(2^32)); 
    end 
  
    for frame=1:numframes 
        fseek (fid, imlocs(frame), 'bof'); 
        jump = fread (fid, 1, 'uint32') - 4; 
        fseek (fid, jump, 'cof'); 
        for j=1:height 
            I(height-j+1,:,frame) = fread (fid, width, 'uint16'); 
        end %for j 
    end  %for frame 
    %           imshow (I(:,:,5),[0 4096]); 
else 
    input ('hit ctrl - c: there is a problem'); 
end %if 
  
rows=height; 
cols=width; 
fclose (fid); 

C.2. Complete MATLAB Code for Chemiluminescence Analysis 

function ChemiProcess_v1(datestring) 
%********************************************************************** 
%   ChemiProcess_v1(datestring) 
% 
%   The following code was created to process the chemiluminescence 
%   movies acquired with the Phantom 7.1 high-speed camera under firing 
%   HCCI combustion.  The code reads in the movie data, corrects each 
%   frames for background and reflected light, and the outputs the 
%   following to file: 
%      1. Location of first autoignition 
%      2. Combustion progress (individual movies and average) 
%      3. Mean image intensit vs. CA 
%      4. .avi for every 10th movie 
%      5. 3x7 tiff of 21 movie frames for every 10th movie 
%      6. Binary images of where combustion occurred (indiv. & avg) 
% 
%   Folder structure: 
%      Main folder (location where this code should be run) 
%      --> within the main folder, there should be one folder for each 
%          data condition 
%          --> within each data condition folder, a folder called  
%              ‘RawMovies’ must contain the 50 .cin movies 
% 
%   Input:  datestring – 6 character string of the date in which the 
%                        movies were acquired.  The string must be  
%                        identical to the string in the initialize 
%                        section for specifying movie parameters 
% 
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%    Created:        January 2008 by R.E. Herold     
%    Last Modified:  May 2008 by R.E. Herold     
% 
%********************************************************************** 
  
warning off MATLAB:MKDIR:DirectoryExists; 
  
% Initialize constant movie parameters 
if strcmp(datestring, '080110') 
 trigCA = -5; 
 x_min = 33+1; 
 x_max = 346+1; 
 y_min = 13+1; 
 y_max = 324+1; 
elseif strcmp(datestring, '080115') 
 trigCA = -10; 
 x_min = 33+1; 
 x_max = 346+1; 
 y_min = 12+1; 
 y_max = 323+1; 
end 
  
numframes = 60; 
speed = 600; 
capersec = speed*(360/60); 
border = 0; 
CA_sat = 20;    % Crank angle at which image will saturate (aTDC) 
x_c_raw = ((x_max - x_min)/2) + x_min; 
y_c_raw = ((y_max - y_min)/2) + y_min; 
  
if ((mod(x_c_raw,2) + mod(y_c_raw,2))==1) 
 y_c_raw = y_c_raw + 0.5; 
end 
  
winrad = ((x_max - x_min)/2); 
xpts = 2*winrad + 1; 
ypts = xpts; 
  
% Determine data folders in current direction and loop through 
home = pwd; 
files = dir; 
for a = 1:size(files)  % loop over data sets 
 if(files(a).name == '.') 
  % do nothing 
 else 
  if(files(a).isdir == 1)  % current file value is a folder 
   disp(files(a).name); 
   mkdir([files(a).name, '\ProcessedMovies\']); 
   mkdir([files(a).name, '\ProcessedMovies\AvgChemi\']); 
   mkdir([files(a).name, '\ProcessedMovies\AVIs\']); 
   mkdir([files(a).name, '\ProcessedMovies\SequenceTIFs\']); 
   mkdir([files(a).name, '\ProcessedMovies\CAofIgn\']); 
   mkdir([files(a).name, '\ProcessedMovies\BinaryIgn\']); 
   mkdir([files(a).name, '\ProcessedMovies\FirstIgn\']); 
   cd ([files(a).name '\RawMovies\']); 
   moviefiles = dir;  % find the raw movie file names 
   cd (home); 
    
   % initialize arrays for current data set 
   DataCA = zeros(ypts+2*border,xpts+2*border,50); 
   DataCA_mean = zeros(ypts+2*border,xpts+2*border,50); 
   DataBinaryInt = zeros(ypts+2*border,xpts+2*border,50);   
   meanI = zeros(numframes,50); 
   meanCA = zeros(numframes,50); 
    
   % Loop through the movies in RawMovies folder 
   movienum = 0; 
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   for b = 1:size(moviefiles)              % loop over movies 
    if(moviefiles(b).name == '.') 
     % do nothing 
    else 
     movienum = movienum + 1; 
     k = strfind(moviefiles(b).name,'.cin'); 
     movienamebase = moviefiles(b).name(1:(k-1)); 
     if (movienum == 1) 
      k = strfind(movienamebase,'_000'); 
      directorynamebase = movienamebase(1:(k-1)); 
     end 
                     
     % initialize arrays for current movie 
     DataCrop = zeros(ypts+2*border,xpts+2*border,numframes); 
     Data3 = zeros(ypts+2*border,xpts+2*border,numframes); 
     DataBinary = zeros(ypts+2*border,xpts+2*border,numframes); 
     DataThresh = zeros(ypts+2*border,xpts+2*border,numframes); 
      
     % read in movie frames from cine file 
     disp([' Read in movie ' moviefiles(b).name]); 
     [Data,rows,cols,dT]=CIN_Movie_Reader_REH ([files(a).name '\RawMovies\' 
moviefiles(b).name], numframes); 
                     
     % assign first image to be the background 
     bkgd(:,:) = Data(:,:,1); 
                                         
     fileout_avgchemi = fopen([files(a).name, '\ProcessedMovies\AvgChemi\' movienamebase 
'_AvgChemi.txt'], 'w'); 
     fprintf (fileout_avgchemi, 'CA_%s\tIavg_%s\r\n', movienamebase, movienamebase); 
     meanI(1, movienum) = mean2(Data3(:,:,1)); 
     meanCA(1,movienum) = (trigCA+dT(1)*capersec); 
     fprintf (fileout_avgchemi, '%10.5f\t%10.5f\r\n', meanCA(1,movienum), meanI(1, 
movienum)); 
                     
     % background subtract each movie frame 
     % crop image to contain only data 
     % set anything outside piston window to zero 
     disp([' Background correct movie ' moviefiles(b).name]); 
     found = 0; 
     for i = 2:numframes 
      Data(:,:,i) = Data(:,:,i) - bkgd(:,:); 
      DataCrop(border+1:ypts+border,border+1:xpts+border,i) = Data(int16(y_c_raw-
winrad):int16(y_c_raw+winrad), int16(x_c_raw-winrad):int16(x_c_raw+winrad),i); 
      for r=1:size(DataCrop,1)       % Loop row (y) direction 
       for c=1:size(DataCrop,2)   % Loop column (x) direction 
        distfrcent = sqrt((c-(border+winrad))*(c-(border+winrad)) + (r-
(border+winrad))*(r-(border+winrad))); 
        if(distfrcent > winrad) 
         DataBinary(r,c,i) = 0; % outside piston window, set to zero 
         Data3(r,c,i) = 0; 
         DataThresh(r,c,i) = 0; 
        else 
         if (DataCrop(r,c,i) < 15) 
          DataBinary(r,c,i) = 0;  % below the threshold, set to zero 
          Data3(r,c,i) = 0; 
          DataThresh(r,c,i) = 0; 
         else 
          if(found==0) 
           found=1; % flag, first frame light was observed 
           noFirst = i; 
          end % end if(found==0) 
          DataBinary(r,c,i) = 1; % flag light observed  
          DataBinaryInt(r,c,movienum) = 1; % flag light observed  
          if (DataCA(r,c,movienum) == 0) 
           DataCA(r,c,movienum) = dT(i)*capersec; 
          end % end if (DataCA(r,c,movienum) == 0) 
          Data3(r,c,i) = DataCrop(r,c,i); 
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          DataThresh(r,c,i) = DataCrop(r,c,i); 
         end % end if (DataCrop(r,c,i) < 15) / else 
         if (distfrcent > winrad-3) 
          DataThresh(r,c,i) = 1000; 
         end 
        end % end if(distfrcent > winrad) / else 
       end % end c=1:size(DataCrop,2)   % Loop column (x) direction 
      end % for r=1:size(DataCrop,1)    % Loop row (y) direction 
      meanI(i, movienum) = mean2(Data3(:,:,i)); 
      meanCA(i,movienum) = (trigCA+dT(i)*capersec); 
      fprintf (fileout_avgchemi, '%10.5f\t%10.5f\r\n', meanCA(i,movienum), meanI(i, 
movienum)); 
     end     % end for i = 2:numframes 
                     
     fclose(fileout_avgchemi); 
                     
     disp([' Process movie ' moviefiles(b).name]); 
     % for every 10th movie, create avi and 30 frame tif 
     if (rem(movienum,10)==0) 
      figure(1); 
      clf('reset'); 
      fcount=1; 
      for i=1:numframes 
       if ((trigCA+dT(i)*capersec)>-5) 
        LOW = 0; 
        HIGH = max(max(Data3(:,:,i))); 
        HIGH = max(HIGH,15); 
        h = figure(1); 
        set(h,'Position',[100 100 size(Data3(:,:,i),2) size(Data3(:,:,i),1)]); 
        figure(1); 
        imshow(Data3(:,:,i), 'DisplayRange', [LOW HIGH], 'InitialMagnification', 'fit', 
'border', 'tight'); 
        colormap(hot); 
        anno_handle = annotation('textbox', [.92 0.00 .08 .10], 'String', 
num2str((trigCA+dT(i)*capersec), '%6.2f'), 'Color', [1 1 1], 'FontName', 'Arial', 
'LineStyle', 'none', 'FontSize', 16, 'HorizontalAlignment', 'right'); 
        anno_handle2 = annotation('textbox', [0.00 0.00 .08 .10], 'String', 
num2str((HIGH), '%6.0f'), 'Color', [1 0 0], 'FontName', 'Arial', 'LineStyle', 'none', 
'FontSize', 16, 'HorizontalAlignment', 'left'); 
        anno_handle3 = annotation('ellipse', [0.00 0.005 0.995 0.995], 'Color', [1 1 1], 
'LineWidth', 1.5); 
        F(fcount) = getframe; 
        fcount = fcount+1; 
        clf('reset'); 
        if ((trigCA+dT(i)*capersec) > 10) 
         break; 
        end 
       end 
      end 
                         
      rows_ic = 3; 
      cols_ic = 7; 
      fs = 10; 
      imageseq = zeros(ypts*rows_ic+(rows_ic+1)*fs,xpts*cols_ic + (cols_ic+1)*fs); 
      for ro = 1:rows_ic 
       for co = 1:cols_ic 
        imageseq((ro*fs+(ro-1)*ypts +1):(ro*fs+(ro-1)*ypts +ypts), (co*fs+(co-1)*ypts 
+1):(co*fs+(co-1)*ypts +ypts)) = DataThresh(:,:,((noFirst-2)+(ro-1)*cols_ic+co)); 
       end 
      end 
      outfile = [files(a).name, '\ProcessedMovies\AVIs\' movienamebase '.avi']; 
      movie2avi(F, outfile, 'colormap', gray, 'compression', 'none', 'fps', 5) 
      imoutfile = [files(a).name, '\ProcessedMovies\SequenceTIFs\' movienamebase 
'_Seq.tif']; 
      imwrite(uint16(imageseq(:,:)), imoutfile, 'tif', 'compression', 'none'); 
     end 
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     % rescale for 16 bit tiff output (0=trigCA, 65536=CA_sat) 
     DataCA_out(:,:) = (DataCA(:,:,movienum))*(65536/(CA_sat-trigCA)); 
     imoutfile = [files(a).name, '\ProcessedMovies\CAofIgn\' movienamebase 
'_CAofIgn.tif']; 
     imwrite(uint16(DataCA_out(:,:)), imoutfile, 'tif', 'compression', 'none'); 
     imoutfile = [files(a).name, '\ProcessedMovies\BinaryIgn\' movienamebase 
'_BinaryIgn.tif']; 
     imwrite(uint16(DataBinaryInt(:,:,movienum)), imoutfile, 'tif', 'compression', 
'none'); 
                     
     firstign(:,:,movienum) = Data3(:,:,noFirst); 
     [maxincolumn, rowofmax] = max(firstign(:,:,movienum)); 
     [maxval, columnofmax] = max(maxincolumn);                     
     Row(movienum) = rowofmax(columnofmax); 
     Column(movienum) = columnofmax; 
     CA1stIg(movienum) = (trigCA+dT(noFirst)*capersec); 
     HIGH = max(max(Data3(:,:,noFirst))); 
     for i=1:size(firstign,1) 
      firstign(i,Column(movienum),movienum)=HIGH; 
     end 
     for i=1:size(firstign,2) 
      firstign(Row(movienum),i,movienum)=HIGH; 
     end 
     imoutfile = [files(a).name, '\ProcessedMovies\FirstIgn\' movienamebase 
'_FirstIgn.tif']; 
     imwrite(uint16(firstign(:,:,movienum)), imoutfile, 'tif', 'compression', 'none'); 
                                        
    end         % end if(moviefiles(b).name == '.') / else 
   end             % end b = 1:size(moviefiles) 
   DataCA_sum = sum(DataCA,3); 
   DataCA_sum_out(:,:) = (DataCA_sum(:,:))*(65536/(CA_sat-trigCA)); 
   imoutfile = [files(a).name, '\ProcessedMovies\' directorynamebase '_SumCAofIgn.tif']; 
   imwrite(uint16(DataCA_sum_out), imoutfile, 'tif', 'compression', 'none'); 
             
   DataBinaryInt_sum = sum(DataBinaryInt,3); 
   imoutfile = [files(a).name, '\ProcessedMovies\' directorynamebase 
'_SumBinaryIgn.tif']; 
   imwrite(uint16(DataBinaryInt_sum), imoutfile, 'tif', 'compression', 'none'); 
             
   for r=1:size(DataCA_sum,1)       % Loop row (y) direction 
    for c=1:size(DataCA_sum,2)   % Loop column (x) direction 
     if (DataBinaryInt_sum(r,c) ~= 0) 
      DataCA_mean(r,c,movienum) = DataCA_sum(r,c)/DataBinaryInt_sum(r,c); 
     else 
      DataCA_mean(r,c,movienum) = 0; 
     end 
    end 
   end 
             
   imoutfile = [files(a).name, '\ProcessedMovies\' directorynamebase '_AvgCAofIgn.tif']; 
   DataCA_out2(:,:) = (DataCA_mean(:,:,movienum))*(65536/(CA_sat-trigCA)); 
   imwrite(uint16(DataCA_out2(:,:)), imoutfile, 'tif', 'compression', 'none'); 
             
   % Location of first ignition to file 
   fileout=fopen([files(a).name, '\ProcessedMovies\' directorynamebase 
'_LocFirstIgn.txt'],'w'); 
   fprintf (fileout, 'Row_%s\tCol_%s\tCA_%s\r\n', directorynamebase, directorynamebase, 
directorynamebase); 
   for i=1:movienum 
    fprintf (fileout, '%10.5f\t%10.5f\t%10.5f\r\n', Row(i), Column(i), CA1stIg(i)); 
   end 
   fclose(fileout); 
             
   fileout=[files(a).name, '\ProcessedMovies\' directorynamebase 
'_AvgChemiAllMovies.txt']; 
   dlmwrite(fileout, meanI, 'delimiter', '\t', 'precision', 2); 
   fileout=[files(a).name, '\ProcessedMovies\' directorynamebase '_CAAllMovies.txt']; 
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   dlmwrite(fileout, meanCA, 'delimiter', '\t', 'precision', 2); 
  end     % end if(files(a).isdir == 1) 
 end         % end if(files(a).name == '.') / else 
end             % end for a = 1:size(files) 
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Appendix D. EES Equations for Estimating the Precision of 
Temperature Imaging Techniques 

 

APPENDIX D 

EES EQUATIONS FOR ESTIMATING THE 
PRECISION OF TEMPERATURE IMAGING 
TECHNIQUES 

 

D.1. Laser Rayleigh Scattering 

"!Rayleigh Scattering" 
R = (xi|sig_1/xi_E_1)     "R relationship will be used to find temperature using calibration" 
 
"Uncertainty of R value" 
deltaR = sqrt(delta_S1^2 + delta_E1^2) 
deltaR_relative = deltaR/R*convert("",%) 
   delta_S1 = (1/xi_E_1)*deltaxi|sig_1 
      Perc_S1 = ((delta_S1^2)/(delta_S1^2 + delta_E1^2))*convert("",%) 
   delta_E1 = -(xi|sig_1/xi_E_1^2)*deltaxi_E_1 
      Perc_E1 = ((delta_E1^2)/(delta_S1^2 + delta_E1^2))*convert("",%) 
 
"Nomenclature" 
"   S = photons per binned pixel" 
"   N = electrons per binned pixel" 
"   xi = camera counts binned per pixel" 
 
"Camera signal of measurement 1" 
xi|sig_1 = (xi|raw_1 - xi|bkgd_avg_1) 
   xi|raw_1 = C_AD_1*eta_1*G_1*S|raw_1 
   xi|bkgd_avg_1 = xi|bkgd_1 
      xi|bkgd_1 = C_AD_1*eta_1*G_1*S|bkgd_1 
S|raw_bs_1 = S|raw_1 - S|bkgd_1 
S|bkgd_1 = rtb*S|raw_bs_1 
 
"Uncertainty of measurement 1" 
deltaxi|sig_1 = sqrt(deltaxi|raw_1^2 + deltaxi|bkgd_avg_1^2) 
   deltaxi|raw_1 = C_AD_1*sqrt(deltaN|raw_shot_1^2 + deltaN|raw_dark_1^2 + deltaN|raw_read_1^2) 
      deltaN|raw_shot_1 = sqrt(eta_1*G_1^2*KAPPA_1*S|raw_1) 
      deltaN|raw_dark_1 = sqrt(N_dark_1) 
      deltaN|raw_read_1 = sqrt(N_read_1) 
   deltaxi|bkgd_avg_1 = deltaxi|bkgd_1/sqrt(NumIm_bkgd) 
      NumIm_bkgd = 100 
     deltaxi|bkgd_1 = C_AD_1*sqrt(deltaN|bkgd_shot_1^2 + deltaN|raw_dark_1^2 + deltaN|raw_read_1^2) 
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         deltaN|bkgd_shot_1 = sqrt(eta_1*G_1^2*KAPPA_1*S|bkgd_1) 
 
"Measurement of laser pulse energies" 
"Assume the energy is measured by a CCD" 
"Laser sheet excites fluorescence in a piece of Schott glass" 
"Assume fluorescence signal is strong enough to saturate the camera" 
xi_E_1 = C_AD_E1*N_sat_E1 
deltaxi_E_1 = (1/sqrt(NumPixels_E1))*C_AD_E1*sqrt(deltaN|raw_shot_E1^2 + deltaN|raw_dark_E1^2 + 
deltaN|raw_read_E1^2) 
   deltaN|raw_shot_E1 = sqrt(G_E1*KAPPA_E1*N_sat_E1) 
   deltaN|raw_dark_E1 = sqrt(N_dark_E1) 
   deltaN|raw_read_E1 = sqrt(N_read_E1) 
 
"Camera Properties" 
"Andor DV437 CCD" 
"Readout Rate = 31 kHz => Lowest read and dark noise" 
rate = 31000 [1/s] 
t_ppixel = 1/rate "Time to read each pixel" 
t_total = t_ppixel*Num_pixels "Total time to readout pixels" 
Num_pixels = (512/bin)^2 "Total number of pixels to be read out" 
bin = 2 "Pixel binning" 
t_shutter = 0.1 [s] "Shutter duration" 
N_prime_dark = 0.05 [1/s] "e- / pixel / s" "Dark noise emission rate at -45 C" 
N_dark = ((t_total+t_shutter)*N_prime_dark)*bin^2 "Dark noise accumulation per binned pixel" 
N_read = 2.2 "Read noise for 31 kHz readout rate per binned 
pixel" 
N_sat = (2^bit)/C_AD_1 "Number of electrons to saturate a pixel" 
N_sat = eta*S_sat 
eta = 0.94 
bit = 16 
 
"Signal 1 Camera" 
N_dark_1 = N_dark 
N_read_1 = N_read 
C_AD_1 = 1/0.7 "count/e-" "For 31 kHz readout rate" 
eta_1 = 0.94 "Unintensified" 
G_1 =1 "Unintensified" 
KAPPA_1 = 1 "Unintensified" 
 
"Signal E1 Camera" 
N_dark_E1 = N_dark 
N_read_E1 = N_read 
C_AD_E1 = 1/0.7 "count/e-" "For 31 kHz readout rate" 
eta_E1 = 0.94 "Unintensified" 
G_E1 =1 "Unintensified" 
KAPPA_E1 = 1 "Unintensified" 
N_sat_E1 = N_sat 
NumPixels_E1 = 50^2 
 
"Signal Values" 
S|raw_bs_1 = 1600 
rtb = 0.5 

D.2. Single-Tracer, Dual-Wavelength PLIF 

"!Single-Tracer, Dual-Wavelength" 
R = (xi|sig_1/xi|sig_2)*(xi_E_2/xi_E_1)     "R relationship will be used to find temperature using calibration" 
 
"Uncertainty of R value" 
deltaR = sqrt(delta_S1^2 + delta_S2^2 + delta_E1^2 + delta_E2^2) 
deltaR_relative = deltaR/R*convert("",%) 
   delta_S1 = (1/xi|sig_2)*(xi_E_2/xi_E_1)*deltaxi|sig_1 
      Perc_S1 = ((delta_S1^2)/(delta_S1^2 + delta_S2^2 + delta_E1^2 + delta_E2^2))*convert("",%) 
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   delta_S2 = -(xi|sig_1/xi|sig_2^2)*(xi_E_2/xi_E_1)*deltaxi|sig_2 
      Perc_S2 = ((delta_S2^2)/(delta_S1^2 + delta_S2^2 + delta_E1^2 + delta_E2^2))*convert("",%) 
   delta_E1 = -(xi|sig_1/xi|sig_2)*(xi_E_2/xi_E_1^2)*deltaxi_E_1 
      Perc_E1 = ((delta_E1^2)/(delta_S1^2 + delta_S2^2 + delta_E1^2 + delta_E2^2))*convert("",%) 
   delta_E2 = (xi|sig_1/xi|sig_2)*(1/xi_E_1)*deltaxi_E_2 
      Perc_E2 = ((delta_E2^2)/(delta_S1^2 + delta_S2^2 + delta_E1^2 + delta_E2^2))*convert("",%) 
 
"Nomenclature" 
"   S = photons per binned pixel" 
"   N = electrons per binned pixel" 
"   xi = camera counts binned per pixel" 
 
"Camera signal of measurement 1" 
xi|sig_1 = (xi|raw_1 - xi|bkgd_avg_1) 
   xi|raw_1 = C_AD_1*eta_1*G_1*S|raw_1 
   xi|bkgd_avg_1 = xi|bkgd_1 
      xi|bkgd_1 = C_AD_1*eta_1*G_1*S|bkgd_1 
S|raw_bs_1 = S|raw_1 - S|bkgd_1 
S|bkgd_1 = rtb*S|raw_bs_1 
 
"Uncertainty of measurement 1" 
deltaxi|sig_1 = sqrt(deltaxi|raw_1^2 + deltaxi|bkgd_avg_1^2) 
   deltaxi|raw_1 = C_AD_1*sqrt(deltaN|raw_shot_1^2 + deltaN|raw_dark_1^2 + deltaN|raw_read_1^2) 
      deltaN|raw_shot_1 = sqrt(eta_1*G_1^2*KAPPA_1*S|raw_1) 
      deltaN|raw_dark_1 = sqrt(N_dark_1) 
      deltaN|raw_read_1 = sqrt(N_read_1) 
   deltaxi|bkgd_avg_1 = deltaxi|bkgd_1/sqrt(NumIm_bkgd) 
      NumIm_bkgd = 100 
     deltaxi|bkgd_1 = C_AD_1*sqrt(deltaN|bkgd_shot_1^2 + deltaN|raw_dark_1^2 + deltaN|raw_read_1^2) 
         deltaN|bkgd_shot_1 = sqrt(eta_1*G_1^2*KAPPA_1*S|bkgd_1) 
 
"Camera signal of measurement 2" 
xi|sig_2 = (xi|raw_2 - xi|bkgd_avg_2) 
   xi|raw_2 = C_AD_2*eta_2*G_2*S|raw_2 
   xi|bkgd_avg_2 = xi|bkgd_2 
      xi|bkgd_2 = C_AD_2*eta_2*G_2*S|bkgd_2 
S|raw_bs_2 = S|raw_2 - S|bkgd_2 
S|bkgd_2 = rtb*S|raw_bs_2 
 
"Uncertainty of measurement 2" 
deltaxi|sig_2 = sqrt(deltaxi|raw_2^2 + deltaxi|bkgd_avg_2^2) 
   deltaxi|raw_2 = C_AD_2*sqrt(deltaN|raw_shot_2^2 + deltaN|raw_dark_2^2 + deltaN|raw_read_2^2) 
      deltaN|raw_shot_2 = sqrt(eta_2*G_2^2*KAPPA_2*S|raw_2) 
      deltaN|raw_dark_2 = sqrt(N_dark_2) 
      deltaN|raw_read_2 = sqrt(N_read_2) 
   deltaxi|bkgd_avg_2 = deltaxi|bkgd_2/sqrt(NumIm_bkgd) 
     deltaxi|bkgd_2 = C_AD_2*sqrt(deltaN|bkgd_shot_2^2 + deltaN|raw_dark_2^2 + deltaN|raw_read_2^2) 
         deltaN|bkgd_shot_2 = sqrt(eta_2*G_2^2*KAPPA_2*S|bkgd_2) 
 
"Measurement of laser pulse energies" 
"Assume the energy is measured by a CCD" 
"Laser sheet excites fluorescence in a piece of Schott glass" 
"Assume fluorescence signal is strong enough to saturate the camera" 
xi_E_1 = C_AD_E1*N_sat_E1 
deltaxi_E_1 = (1/sqrt(NumPixels_E1))*C_AD_E1*sqrt(deltaN|raw_shot_E1^2 + deltaN|raw_dark_E1^2 + 
deltaN|raw_read_E1^2) 
   deltaN|raw_shot_E1 = sqrt(G_E1*KAPPA_E1*N_sat_E1) 
   deltaN|raw_dark_E1 = sqrt(N_dark_E1) 
   deltaN|raw_read_E1 = sqrt(N_read_E1) 
xi_E_2 = C_AD_E2*N_sat_E2 
deltaxi_E_2 = (1/sqrt(NumPixels_E2))*C_AD_E2*sqrt(deltaN|raw_shot_E2^2 + deltaN|raw_dark_E2^2 + 
deltaN|raw_read_E2^2) 
   deltaN|raw_shot_E2 = sqrt(G_E2*KAPPA_E2*N_sat_E2) 
   deltaN|raw_dark_E2 = sqrt(N_dark_E2) 
   deltaN|raw_read_E2 = sqrt(N_read_E2) 
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"Camera Properties" 
"Andor DV437 CCD" 
"Readout Rate = 31 kHz => Lowest read and dark noise" 
rate = 31000 [1/s] 
t_ppixel = 1/rate "Time to read each pixel" 
t_total = t_ppixel*Num_pixels "Total time to readout pixels" 
Num_pixels = (512/bin)^2 "Total number of pixels to be read out" 
bin = 2 "Pixel binning" 
t_shutter = 0.1 [s] "Shutter duration" 
N_prime_dark = 0.05 [1/s] "e- / pixel / s" "Dark noise emission rate at -45 C" 
N_dark = ((t_total+t_shutter)*N_prime_dark)*bin^2 "Dark noise accumulation per binned pixel" 
N_read = 2.2 "Read noise for 31 kHz readout rate per binned 
pixel" 
N_sat = (2^bit)/C_AD_1 "Number of electrons to saturate a pixel" 
N_sat = eta*S_sat 
eta = 0.94 
bit = 16 
 
"Signal 1 Camera" 
N_dark_1 = N_dark 
N_read_1 = N_read 
C_AD_1 = 1/0.7 "count/e-" "For 31 kHz readout rate" 
eta_1 = 0.94 "Unintensified" 
{eta_1 = 0.2 "Intensified"} 
G_1 =1 
KAPPA_1 = 1 "Unintensified" 
{KAPPA_1 = 2 "Intensified"} 
 
"Signal 2 Camera" 
N_dark_2 = N_dark 
N_read_2 = N_read 
C_AD_2 = 1/0.7 "count/e-" "For 31 kHz readout rate" 
eta_2 = 0.94 "Unintensified" 
{eta_2 = 0.2 "Intensified"} 
G_2 =1 
KAPPA_2 = 1 "Unintensified" 
{KAPPA_2 = 2 "Intensified"} 
 
"Signal E1 Camera" 
N_dark_E1 = N_dark 
N_read_E1 = N_read 
C_AD_E1 = 1/0.7 "count/e-" "For 31 kHz readout rate" 
eta_E1 = 0.94 "Unintensified" 
G_E1 =1 "Unintensified" 
KAPPA_E1 = 1 "Unintensified" 
N_sat_E1 = N_sat 
NumPixels_E1 = 50^2 
 
"Signal E1 Camera" 
N_dark_E2 = N_dark 
N_read_E2 = N_read 
C_AD_E2 = 1/0.7 "count/e-" "For 31 kHz readout rate" 
eta_E2 = 0.94 "Unintensified" 
G_E2 =1 "Unintensified" 
KAPPA_E2 = 1 "Unintensified" 
N_sat_E2 = N_sat 
NumPixels_E2 = 50^2 
 
"Signal Values" 
"Provided in a parametric table" 
{N|raw_bs_1 = 2480 "Estimated signal 1" 
N|raw_bs_2 = 1600 "Estimated signal 2" 
rtb = 0.1 "Ratio = raw signal to background"} 
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D.3. Dual-Tracer, Single-Wavelength PLIF 

"!Dual-Tracer, Single-Wavelength PLIF" 
R = (xi|sig_1/xi|sig_2)     "R relationship will be used to find temperature using calibration" 
 
"Uncertainty of R value" 
deltaR = sqrt(delta_S1^2 + delta_S2^2) 
deltaR_relative = deltaR/R*convert("",%) 
   delta_S1 = (1/xi|sig_2)*deltaxi|sig_1 
      Perc_S1 = ((delta_S1^2)/(delta_S1^2 + delta_S2^2))*convert("",%) 
   delta_S2 = -(xi|sig_1/xi|sig_2^2)*deltaxi|sig_2 
      Perc_S2 = ((delta_S2^2)/(delta_S1^2 + delta_S2^2))*convert("",%) 
 
"Nomenclature" 
"   S = photons per binned pixel" 
"   N = electrons per binned pixel" 
"   xi = camera counts binned per pixel" 
 
"Camera signal of measurement 1" 
xi|sig_1 = (xi|raw_1 - xi|bkgd_avg_1) 
   xi|raw_1 = C_AD_1*eta_1*G_1*S|raw_1 
   xi|bkgd_avg_1 = xi|bkgd_1 
      xi|bkgd_1 = C_AD_1*eta_1*G_1*S|bkgd_1 
S|raw_bs_1 = S|raw_1 - S|bkgd_1 
S|bkgd_1 = rtb*S|raw_bs_1 
 
"Uncertainty of measurement 1" 
deltaxi|sig_1 = sqrt(deltaxi|raw_1^2 + deltaxi|bkgd_avg_1^2) 
   deltaxi|raw_1 = C_AD_1*sqrt(deltaN|raw_shot_1^2 + deltaN|raw_dark_1^2 + deltaN|raw_read_1^2) 
      deltaN|raw_shot_1 = sqrt(eta_1*G_1^2*KAPPA_1*S|raw_1) 
      deltaN|raw_dark_1 = sqrt(N_dark_1) 
      deltaN|raw_read_1 = sqrt(N_read_1) 
   deltaxi|bkgd_avg_1 = deltaxi|bkgd_1/sqrt(NumIm_bkgd) 
      NumIm_bkgd = 100 
     deltaxi|bkgd_1 = C_AD_1*sqrt(deltaN|bkgd_shot_1^2 + deltaN|raw_dark_1^2 + deltaN|raw_read_1^2) 
         deltaN|bkgd_shot_1 = sqrt(eta_1*G_1^2*KAPPA_1*S|bkgd_1) 
 
"Camera signal of measurement 2" 
xi|sig_2 = (xi|raw_2 - xi|bkgd_avg_2) 
   xi|raw_2 = C_AD_2*eta_2*G_2*S|raw_2 
   xi|bkgd_avg_2 = xi|bkgd_2 
      xi|bkgd_2 = C_AD_2*eta_2*G_2*S|bkgd_2 
S|raw_bs_2 = S|raw_2 - S|bkgd_2 
S|bkgd_2 = rtb*S|raw_bs_2 
 
"Uncertainty of measurement 2" 
deltaxi|sig_2 = sqrt(deltaxi|raw_2^2 + deltaxi|bkgd_avg_2^2) 
   deltaxi|raw_2 = C_AD_2*sqrt(deltaN|raw_shot_2^2 + deltaN|raw_dark_2^2 + deltaN|raw_read_2^2) 
      deltaN|raw_shot_2 = sqrt(eta_2*G_2^2*KAPPA_2*S|raw_2) 
      deltaN|raw_dark_2 = sqrt(N_dark_2) 
      deltaN|raw_read_2 = sqrt(N_read_2) 
   deltaxi|bkgd_avg_2 = deltaxi|bkgd_2/sqrt(NumIm_bkgd) 
     deltaxi|bkgd_2 = C_AD_2*sqrt(deltaN|bkgd_shot_2^2 + deltaN|raw_dark_2^2 + deltaN|raw_read_2^2) 
         deltaN|bkgd_shot_2 = sqrt(eta_2*G_2^2*KAPPA_2*S|bkgd_2) 
 
"Camera Properties" 
"Andor DV437 CCD" 
"Readout Rate = 31 kHz => Lowest read and dark noise" 
rate = 31000 [1/s] 
t_ppixel = 1/rate "Time to read each pixel" 
t_total = t_ppixel*Num_pixels "Total time to readout pixels" 
Num_pixels = (512/bin)^2 "Total number of pixels to be read out" 
bin = 2 "Pixel binning" 
t_shutter = 0.1 [s] "Shutter duration" 



 

238 

N_prime_dark = 0.05 [1/s] "e- / pixel / s" "Dark noise emission rate at -45 C" 
N_dark = ((t_total+t_shutter)*N_prime_dark)*bin^2 "Dark noise accumulation per binned pixel" 
N_read = 2.2 "Read noise for 31 kHz readout rate per binned 
pixel" 
N_sat = (2^bit)/C_AD_1 "Number of electrons to saturate a pixel" 
N_sat = eta*S_sat 
eta = 0.94 
bit = 16 
 
"Signal 1 Camera" 
N_dark_1 = N_dark 
N_read_1 = N_read 
C_AD_1 = 1/0.7 "count/e-" "For 31 kHz readout rate" 
eta_1 = 0.94 "Unintensified" 
{eta_1 = .2 "Intensified"} 
G_1 =1 "Unintensified" 
KAPPA_1 = 1 "Unintensified" 
{KAPPA_1 = 2 "Intensified"} 
 
"Signal 2 Camera" 
N_dark_2 = N_dark 
N_read_2 = N_read 
C_AD_2 = 1/0.7 "count/e-" "For 31 kHz readout rate" 
eta_2 = 0.94 "Unintensified" 
{eta_2 = 0.2 "Intensified"} 
G_2 =1 "Unintensified" 
KAPPA_2 = 1 "Unintensified" 
{KAPPA_1 = 2 "Intensified"} 
 
"Signal" 
"Provided in parametric table" 
{S|raw_bs_1 = 2227 
S|raw_bs_2 = 1600 
rtb = 0.1} 
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Appendix E. MATLAB Code for Dual-Tracer PLIF Image 
Analysis 

 

APPENDIX E 

MATLAB CODE FOR DUAL-TRACER PLIF 
IMAGE ANALYSIS 

 

E.1. Complete MATLAB Code for Dual-Tracer PLIF Image Analysis 

function Ratio_TempPLIF(camera, extMPN) 
%********************************************************************** 
%   Ratio_TempPLIF(camera) 
% 
%   The following code was created to process the images acquired 
%   when apply the dual-tracer PLIF temperature imaging technique. The 
%   image were acquired either with the PI-Max or Andor cameras.  The 
%   code was written to accomplish the following tasks: 
%      1. Read in data and background images 
%      2. Background-subtract the data images 
%      3. Rotate the image so the laser beam is horizontal 
%      4. Determine the vertical shift between the laser beams 
%      5. Take ratio of images (mean and individual images) 
%      6. Tabulate and output desired statistics 
% 
%   Folder structure: 
%      Main folder (location where this code should be run) 
%      --> Within the main folder, there should be one folder for each 
%          data condition 
%          --> Within each data condition folder should be two files, 
%              a 100-image data file and a 100-image background file. 
%              The name of the data file MUST contain the letter 'd' 
%              but MUST NOT contain the letter 'b'. 
%              The name of the background file MUST contain the 
%              letter 'b' but MUST NOT contain the letter 'd'. 
% 
%   Input:  camera – String of the camera name 
%                    Choices: 
%                       'PI-Max' - Top = 3p signal; Bottom = TEA signal 
%                       'Andor'  - Top = TEA signal; Bottom = 3p signal 
%           extMPN - 0 = Line profiles for mean profile normalization 
%                        are created within the program 
%                    1 = Line profiles for mean profile normalization 
%                        are input from an external text files 
%                         - "MeanTEAProfile.txt" for TEA profile 
%                         - "MeanThPProfile.txt" for 3p profile 
%                        Files must be located in same directory as 
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%                        this processing code 
% 
%    Created:        March 2008 by R.E. Herold   
%    Last Modified:  April 2008 by R.E. Herold   
% 
%********************************************************************** 
  
warning off MATLAB:MKDIR:DirectoryExists; 
warning off MATLAB:divideByZero; 
  
%% Initialize and determine files 
thresh = 0.1;   % fraction of peak intensity below which pixels are set to zero 
if strcmp(camera,'Andor') 
 bin = 3;        % desired binning 
 medf = 3;       % size of median filter 
 dpixel = 0.205; % original in-plane pixel size 
 xcenter = 88;   % original x location of engine center 
elseif strcmp(camera,'PI-Max') 
 bin = 3;        % desired binning 
 medf = 3;       % size of median filter 
 dpixel = 0.241; % original in-plane pixel size 
 xcenter = 108;  % original x location of engine center 
end 
  
files = dir; 
for a = 1:size(files) 
 if(files(a).name == '.') 
 % do nothing 
 else 
  if(files(a).isdir == 1) 
   disp (files(a).name); 
   mkdir([pwd, '\', files(a).name,'\ProcessedImages\']); 
   mkdir([pwd, '\', files(a).name,'\ProcessedImages\BgkdCorrImages\']); 
   mkdir([pwd, '\', files(a).name,'\ProcessedImages\RatioImages\']); 
   subfiles = dir([files(a).name]); 
   for b=1:size(subfiles) 
    if(subfiles(b).isdir == 0) 
     if (strfind(subfiles(b).name, 'b')~=0) 
      bkgdfile = [pwd, '\', files(a).name, '\', subfiles(b).name]; 
     elseif (strfind(subfiles(b).name, 'd')~=0) 
      datafilename = subfiles(b).name; 
      datafile = [pwd, '\', files(a).name, '\', subfiles(b).name]; 
      if strcmp(camera,'Andor') 
       k = strfind(datafilename,'.fit'); 
      elseif strcmp(camera,'PI-Max') 
       k = strfind(datafilename,'.TIF'); 
      end 
      database = datafilename(1:(k-1)); 
      fbase = [pwd, '\', files(a).name,'\ProcessedImages\']; 
      out_MeanBC = [fbase, 'MeanBC_', database, '.tif']; 
      out_MeanBkgd = [fbase, 'MeanBkgd_', database, '.tif']; 
      out_MeanBCRot = [fbase, 'MeanBCRot_', database, '.tif']; 
      out_MeanBCRotTh = [fbase, 'MeanBCRotTh_', database, '.tif']; 
      out_MeanBCRotTop = [fbase, 'MeanBCRotTop_', database, '.tif']; 
      out_MeanBCRotBot = [fbase,'MeanBCRotBot_', database, '.tif']; 
      out_MeanBCRotTopFilt = [fbase, 'MeanBCRotTopFilt_', database, '.tif']; 
      out_MeanBCRotBotFilt = [fbase, 'MeanBCRotBotFilt_', database, '.tif']; 
      out_Ratio = [fbase, 'MeanRatio_', database, '.tif']; 
      out_RatioFilt = [fbase, 'MeanRatioFilt_', database, '.tif']; 
     end 
    end 
   end 
             
%% Read in raw background and raw data images; background correct data images 
   % Background correct images 
   disp('  Reading in background images'); 
   if strcmp(camera,'Andor') 
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    B = fitsread(bkgdfile); 
    for i = 1:size(B,3) 
     B(:,:,i) = double(B(:,:,i)); 
    end 
   elseif strcmp(camera,'PI-Max') 
    for i = 1:100 
     B(:,:,i) = double(imread(bkgdfile, i)); 
    end 
   end 
   B_mean = (mean(B,3)); % compute 100-image mean for background subtraction 
   imwrite(uint16(B_mean), out_MeanBkgd,'tif','compression','none') 
   w = size(B_mean,2); 
             
   disp('  Reading in data images'); 
   if strcmp(camera,'Andor') 
    D = fitsread(datafile); 
    for i=1:size(D,3) 
     mult = (mean(double(D(55-10:55+10,1:w,i)))/mean(B_mean(55-10:55+10,1:w))); 
     D(:,:,i) = double(D(:,:,i)) - mult*B_mean(:,:); 
    end 
   elseif strcmp(camera,'PI-Max') 
    for i=1:100 
     D(:,:,i) = double(imread(datafile, i)); 
     mult = (mean(double(D(55-10:55+10,1:w,i)))/mean(B_mean(55-10:55+10,1:w))); 
     D(:,:,i) = D(:,:,i) - mult*B_mean(:,:); 
    end 
   end 
   D_mean_bc = (mean(D,3));        % compute 100-image mean 
   imwrite(uint16(D_mean_bc), out_MeanBC,'tif','compression','none') 
             
%% Determine beam angle; rotate image so that beams are horizontal 
   disp('  Correcting and evaluating mean images'); 
   % extract line profiles for first, last columns 
   [h,w] = size(D_mean_bc); 
   h = 2*floor(h/2);   % makes image even # of points - may cut off bottom row of images 
   line = zeros(h,2); 
   prod = ones(h,1); 
   line(:,1) = D_mean_bc(1:h,1); 
   line(:,2) = D_mean_bc(1:h,w); 
  
   % truncate signals 
   % split line profiles in half;  
   % limit to > thresh*peak val for each half 
   maxval = zeros(2,2); 
   for c=1:2 
    for tb=1:2 
     maxval(c,tb) = max(line(((tb-1)*(h/2)+1):((tb-1)*(h/2)+(h/2)),c)); 
    end 
   end 
   for c=1:2 
    for tb=1:2 
     for r=((tb-1)*(h/2)+1):((tb-1)*(h/2)+(h/2)) 
      if (line(r,c) < thresh*maxval(c,tb)) 
       line(r,c) = 0.0; 
      end 
     end 
    end 
   end 
  
   % normalize signal peaks 
   for c=1:2 
    for tb=1:2 
     integ(c,tb) = 0.0; 
     for r=((tb-1)*(h/2)+1):((tb-1)*(h/2)+(h/2)) 
      integ(c,tb) = integ(c,tb) + line(r,c); 
     end 
     for r=((tb-1)*(h/2)+1):((tb-1)*(h/2)+(h/2)) 
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      line2(r,c) = line(r,c)/integ(c,tb); 
     end 
     integ2(c,tb) = 0.0; 
     for r=((tb-1)*(h/2)+1):((tb-1)*(h/2)+(h/2)) 
      integ2(c,tb) = integ2(c,tb) + line2(r,c); 
     end 
    end 
   end 
   clear integ line integ2 
  
   % determine beam angle 
   % forward direction 
   for i=0:4*(size(line2,1)/2) 
    offset = floor(i/4); 
    next = i/4 - offset; 
    this = (1-next); 
    for j=1:size(line2,1) 
     if  ((j+ceil((i/4))) > (h-1)) 
      prod(j) = 0.0; 
     else 
      prod(j) = line2(j,1)*(this*line2(j+offset,2) + next*line2(j+offset,2)); 
     end 
    end 
    sumprod(i+1) = sum(prod); 
   end 
   [C,I] = max(sumprod); 
   opp_f = (I-1)/4; 
   clear offset next this prod sumprod C I 
   % reverse direction 
   for i=0:4*(size(line2,1)/2) 
    offset = -floor(i/4); 
    next = i/4 - offset; 
    this = (1-next); 
    for j=1:size(line2,1) 
     if ((j+offset) < (2)) 
      prod(j) = 0.0; 
     else 
      prod(j) = line2(j,1)*(this*line2(j+offset,2) + next*line2(j+offset,2)); 
     end 
    end 
    sumprod(i+1) = sum(prod); 
   end 
   [C,I] = max(sumprod); 
   opp_r = -(I-1)/4; 
   clear offset next this prod line2 sumprod C I 
  
   if (opp_f == 0 && opp_r ~= 0) 
    opp = opp_r; 
    fr = 0; 
   elseif (opp_r == 0 && opp_f ~= 0) 
    opp = opp_f; 
    fr = 1; 
   else 
    opp = 0; 
    fr = 1; 
   end 
  
   % rotate image to make laser beams horizontal 
   D_mean_bc_rot = zeros(h,w); 
   for r=1:h 
    for c=1:w 
     dr = c*abs(opp/w); 
     dc = dr*tan(0.5*atan(abs(opp/w))); 
     offsetr = int16(floor(dr)); 
     offsetc = int16(floor(dc)); 
     offr = (dr - double(offsetr)); 
     currentr = (1.0 - double(offr)); 
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     offc = (dc - double(offsetc)); 
     currentc = (1.0 - double(offc)); 
     if(fr==0) 
      if ((r-offsetr-1)<1 || (c-offsetc-1)<1) 
       D_mean_bc_rot(r,c) = 0.0; 
      else 
       D_mean_bc_rot(r,c) = currentr*currentc*D_mean_bc(r-offsetr,c-offsetc) + 
offr*currentc*D_mean_bc(r-offsetr-1,c-offsetc) + offr*offc*D_mean_bc(r-offsetr-1,c-
offsetc-1) + currentr*offc*D_mean_bc(r-offsetr,c-offsetc-1); 
      end 
     else 
      if ((r+offsetr+1)>h || (c-offsetc-1)<1) 
       D_mean_bc_rot(r,c) = 0.0; 
      else 
       D_mean_bc_rot(r,c) = currentr*currentc*D_mean_bc(r+offsetr,c-offsetc) + 
offr*currentc*D_mean_bc(r+offsetr+1,c-offsetc) + offr*offc*D_mean_bc(r+offsetr+1,c-
offsetc-1) + currentr*offc*D_mean_bc(r+offsetr,c-offsetc-1); 
      end 
     end 
    end 
   end 
   imwrite(uint16(D_mean_bc_rot), out_MeanBCRot,'tif','compression','none'); 
              
%% Determine vertical shift between laser beams 
   % threshold entire image at thresh and output to file 
   D_mean_bc_rot_th = zeros(h,w); 
   maxcol = max(D_mean_bc_rot,[],2); 
   maxtb(1) = max(maxcol(1:(h/2))); 
   maxtb(2) = max(maxcol((h/2)+1:h)); 
   for c=1:w 
    for tb=1:2 
     for r=((tb-1)*(h/2)+1):((tb-1)*(h/2)+(h/2)) 
     if (D_mean_bc_rot(r,c) < thresh*maxtb(tb)) 
      D_mean_bc_rot_th(r,c) = 0.0; 
     else 
      D_mean_bc_rot_th(r,c) = D_mean_bc_rot(r,c); 
     end 
    end 
   end 
  end 
  imwrite(uint16(D_mean_bc_rot_th), out_MeanBCRotTh,'tif','compression','none'); 
             
  %integrate signal along laser beam path 
  test = sum(D_mean_bc_rot,2); 
  xval(:,1) = 1:1:(h/2); 
  xval(:,2) = ((h/2)+1):1:h; 
  intline(:,1) = test(1:(h/2),1); 
  intline(:,2) = test((h/2)+1:h,1); 
             
  % Fit gaussians through integrated signals 
  % Top half 
  [y0_t A_t x0_t sigma2_t] = gaussianfit(xval(:,1),intline(:,1)); 
  hwhm_t = sqrt(2*log(2))*sqrt(sigma2_t); 
  fit_t = A_t*exp(-((xval(:,1)-x0_t).^2)./(2*sigma2_t)); 
  % Bottom half 
  [y0_b A_b x0_b sigma2_b] = gaussianfit(xval(:,2),intline(:,2)); 
  hwhm_b = sqrt(2*log(2))*sqrt(sigma2_b); 
  hwhm = min(round(hwhm_t),round(hwhm_b)); 
  fit_b = A_b*exp(-((xval(:,2)-x0_b).^2)./(2*sigma2_b)); 
         
  %integrate fit gaussian curves 
  intlinecol(1,1) = fit_t(1); 
  intlinecol(1,2) = fit_b(1); 
  for r = 2:(h/2) 
   intlinecol(r,1) = intlinecol(r-1,1) + fit_t(r); 
   intlinecol(r,2) = intlinecol(r-1,2) + fit_b(r); 
  end 
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  %normalize signal 
  maxval(1) = max(intlinecol(:,1));    maxval(2) = max(intlinecol(:,2)); 
  intlinecol(:,1) = intlinecol(:,1)/maxval(1); 
            intlinecol(:,2) = intlinecol(:,2)/maxval(2); 
  
  for i=0:4*(floor(h/2)-1) 
   offset = floor(i/4); 
   next = i/4 - offset; 
   this = (1-next); 
   for r=1:(h/2) 
    if ((r+offset+1) > (h/2)) 
     diff2(r) = (1.0-intlinecol(r,1))^2; 
    else 
     diff2(r) = ((this*intlinecol(r+offset,2)+next*intlinecol(r+offset+1,2)) - 
intlinecol(r,1))^2; 
    end 
    sumdiff2(i+1) = sum(diff2); 
   end 
  end 
  [C,I] = min(sumdiff2); 
  vertshift = floor((I-1)/4); 
  next = ((I-1)/4) - vertshift; 
  this = 1-next; 
  % find row of peak fluorescence for top half of image 
  peakrow = round(x0_t); 
             
%% Take ratio of image halves (mean) 
  % extract image halves 
  imagehalf(:,:,1) = D_mean_bc_rot(1:(h/2),:);        % top half 
  imagehalf(:,:,2) = D_mean_bc_rot((h/2)+1:h,:);      % bottom half 
  % write images to file 
  imwrite(uint16(imagehalf(:,:,1)), out_MeanBCRotTop,'tif','compression','none'); 
  imwrite(uint16(imagehalf(:,:,2)), out_MeanBCRotBot,'tif','compression','none'); 
  % median filter 
  imagehalffilt(:,:,1) = medfilt2(imagehalf(:,:,1), [medf medf]); 
  imagehalffilt(:,:,2) = medfilt2(imagehalf(:,:,2), [medf medf]); 
  % write images to file 
  imwrite(uint16(imagehalffilt(:,:,1)), out_MeanBCRotTopFilt,'tif','compression','none'); 
  imwrite(uint16(imagehalffilt(:,:,2)), out_MeanBCRotBotFilt,'tif','compression','none'); 
                                    
  top_fwhm = zeros(4*hwhm+1,w-2);         top_fwhm_filt = zeros(4*hwhm+1,w-2*medf); 
  bottom_fwhm = zeros(4*hwhm+1,w-2);      bottom_fwhm_filt = zeros(4*hwhm+1,w-2*medf); 
  ratio_hwhm = zeros(4*hwhm+1,w-2);       ratio_hwhm_filt = zeros(4*hwhm+1,w-2*medf); 
  
  top_fwhm(hwhm+1:3*hwhm+1,:) = imagehalf(peakrow-hwhm:peakrow+hwhm,1+1:w-1,1); 
  top_fwhm_filt(hwhm+1:3*hwhm+1,:) = imagehalffilt(peakrow-hwhm:peakrow+hwhm,1+medf:w-
medf,1); 
  bottom_fwhm(hwhm+1:3*hwhm+1,:) = (this*imagehalf((peakrow-
hwhm+vertshift):(peakrow+hwhm+vertshift),1+1:w-1,2)+next*imagehalf((peakrow-
hwhm+vertshift):(peakrow+hwhm+vertshift),1+1:w-1,2)); 
  bottom_fwhm_filt(hwhm+1:3*hwhm+1,:) = (this*imagehalffilt((peakrow-
hwhm+vertshift):(peakrow+hwhm+vertshift),1+medf:w-medf,2)+next*imagehalffilt((peakrow-
hwhm+vertshift):(peakrow+hwhm+vertshift),1+medf:w-medf,2)); 
  ratio_hwhm(hwhm+1:3*hwhm+1,:) = 
top_fwhm(hwhm+1:3*hwhm+1,:)./bottom_fwhm(hwhm+1:3*hwhm+1,:); 
  ratio_hwhm_filt(hwhm+1:3*hwhm+1,:) = 
top_fwhm_filt(hwhm+1:3*hwhm+1,:)./bottom_fwhm_filt(hwhm+1:3*hwhm+1,:); 
  if strcmp(camera,'PI-Max') 
   ratio_hwhm(hwhm+1:3*hwhm+1,:) = 1./ratio_hwhm(hwhm+1:3*hwhm+1,:); 
   ratio_hwhm_filt(hwhm+1:3*hwhm+1,:) = 1./ratio_hwhm_filt(hwhm+1:3*hwhm+1,:); 
  end 
             
  imwrite(uint16(ratio_hwhm*(65536/20)),out_Ratio,'tif','compression','none');  
  imwrite(uint16(ratio_hwhm_filt*(65536/20)), out_RatioFilt, 'tif', 'compression', 
'none');  
             
%% Bin mean data vertically to produce line profiles 
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  % Bin vertically over FWHM 
  % Bin horizonally as specified at start of code ('bin') 
  wbin = floor(w/bin); 
  for c=1+1:wbin-1 
   % distance from CL of engine 
   meanLineProfiles(c-1,1) = (((2*(c-1)*bin + bin + 1)/2) - xcenter)*dpixel;       
   if strcmp(camera,'PI-Max') 
    % TEA signal line profile  
    meanLineProfiles(c-1,2) = sum(sum(imagehalf(peakrow-
hwhm+vertshift:peakrow+hwhm+vertshift,(c-1)*bin+1:(c-1)*bin+bin,2)));   
    % 3p signal line profile  
    meanLineProfiles(c-1,3) = sum(sum(imagehalf(peakrow-hwhm:peakrow+hwhm,(c-1)*bin+1:(c-
1)*bin+bin,1)));   
    elseif strcmp(camera, 'Andor') 
     % TEA signal line profile 
     meanLineProfiles(c-1,2) = sum(sum(imagehalf(peakrow-hwhm:peakrow+hwhm,(c-
1)*bin+1:(c-1)*bin+bin,1))); 
     % 3p signal line profile 
     meanLineProfiles(c-1,3) = sum(sum(imagehalf(peakrow-
hwhm+vertshift:peakrow+hwhm+vertshift,(c-1)*bin+1:(c-1)*bin+bin,2)));   
    end 
   end 
   % Signal ratio line profile 
   meanLineProfiles(:,4) = meanLineProfiles(:,2)./meanLineProfiles(:,3);     
   if strcmp(camera,'PI-Max') 
    % Temp line profile 
    meanLineProfiles(:,5) = 42.75117893598637*meanLineProfiles(:,4) + 594.246802669146;      
   elseif strcmp(camera, 'Andor') 
    % Temp line profile 
    meanLineProfiles(:,5) = 42.75117893598637*meanLineProfiles(:,4) + 594.246802669146;      
   end 
  
   % write line profiles to file 
   lineprofilesFILE = [pwd, '\', files(a).name, '\ProcessedImages\MeanLineProfiles', '_', 
database, '.txt']; 
   fidLP = fopen(lineprofilesFILE, 'w'); 
   fprintf(fidLP, '%s\t%s\t%s\t%s\t%s\t\r\n', 'distMean', 'TEAMean', 'ThPMean', 
'RatioMean', 'TempMean'); 
   dlmwrite(lineprofilesFILE, meanLineProfiles, 'delimiter','\t','newline','pc','-
append'); 
   fclose(fidLP); 
             
   if(extMPN==0) % use current line profiles 
    refTEA = meanLineProfiles(:,2); 
    refThP = meanLineProfiles(:,3); 
    refTEAFile = [pwd, '\', files(a).name, '\ProcessedImages\MeanTEAProfile', '_', 
database, '.txt']; 
    dlmwrite(refTEAFile, refTEA, 'delimiter','\t','newline','pc','-append'); 
    refThPFile = [pwd, '\', files(a).name, '\ProcessedImages\MeanThPProfile', '_', 
database, '.txt']; 
    dlmwrite(refThPFile, refThP, 'delimiter','\t','newline','pc','-append'); 
   else   % get line profiles from files 
    refTEA = dlmread([pwd '\MeanTEAProfile.txt']); 
    refThP = dlmread([pwd '\MeanThPProfile.txt']); 
   end 
             
%% Process individual data images 
   disp('  Correcting and evaluating individual images'); 
   for i=1:100 
%% Background correct individual images 
    % Background correct individual data image 
    D_bc(:,:) = D(:,:,i); 
%% Rotate individual images 
    % Rotate image to make laser beams horizontal 
    D_bc_rot = zeros(h,w); 
    for r=1:h 
     for c=1:w 
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      dr = c*abs(opp/w); 
      dc = dr*tan(0.5*atan(abs(opp/w))); 
      offsetr = int16(floor(dr)); 
      offsetc = int16(floor(dc)); 
      offr = (dr - double(offsetr)); 
      currentr = (1.0 - double(offr)); 
      offc = (dc - double(offsetc)); 
      currentc = (1.0 - double(offc)); 
      if(fr==0) 
       if ((r-offsetr-1)<1 || (c-offsetc-1)<1) 
        D_bc_rot(r,c) = 0.0; 
       else 
        D_bc_rot(r,c) = currentr*currentc*D_bc(r-offsetr,c-offsetc) + 
offr*currentc*D_bc(r-offsetr-1,c-offsetc) + offr*offc*D_bc(r-offsetr-1,c-offsetc-1) + 
currentr*offc*D_bc(r-offsetr,c-offsetc-1); 
       end 
      else 
       if ((r+offsetr+1)>h || (c-offsetc-1)<1) 
        D_bc_rot(r,c) = 0.0; 
       else 
        D_bc_rot(r,c) = currentr*currentc*D_bc(r+offsetr,c-offsetc) + 
offr*currentc*D_bc(r+offsetr+1,c-offsetc) + offr*offc*D_bc(r+offsetr+1,c-offsetc-1) + 
currentr*offc*D_bc(r+offsetr,c-offsetc-1); 
       end 
      end 
     end 
    end 
    out_BCRot = [pwd, '\', files(a).name, '\ProcessedImages\BgkdCorrImages\BCRot_Im', 
num2str(i), '_', database, '.tif']; 
    imwrite(uint16(D_bc_rot), out_BCRot,'tif','compression','none'); 
  
%% Find row of peak fluorescence in individual images                 
    % Integrate signal along laser beam path 
    test = sum(D_bc_rot,2); 
    xval(:,1) = 1:1:(h/2); 
    intline(:,1) = test(1:(h/2),1); 
  
    % Fit gaussian through integrated signal to determine row 
    % of peak fluorescence 
    [y0_t A_t x0_t sigma2_t] = gaussianfit(xval(:,1),intline(:,1)); 
    peakrow = round(x0_t); 
    fit_t = A_t*exp(-((xval(:,1)-x0_t).^2)./(2*sigma2_t)); 
  
%% Take ratio of image haves for individual images   
    % extract image halves 
    imagehalf(:,:,1) = D_bc_rot(1:(h/2),:); 
    imagehalf(:,:,2) = D_bc_rot((h/2)+1:h,:); 
    % median filter 
    imagehalffilt(:,:,1) = medfilt2(imagehalf(:,:,1), [medf medf]); 
    imagehalffilt(:,:,2) = medfilt2(imagehalf(:,:,2), [medf medf]); 
    % take ratio of image halves and write to file 
    top_fwhm = zeros(4*hwhm+1,w-2);         top_fwhm_filt = zeros(4*hwhm+1,w-2*medf); 
    bottom_fwhm = zeros(4*hwhm+1,w-2);      bottom_fwhm_filt = zeros(4*hwhm+1,w-2*medf); 
    ratio_hwhm = zeros(4*hwhm+1,w-2);       ratio_hwhm_filt = zeros(4*hwhm+1,w-2*medf); 
    top_fwhm(hwhm+1:3*hwhm+1,:) = imagehalf(peakrow-hwhm:peakrow+hwhm,1+1:w-1,1); 
    top_fwhm_filt(hwhm+1:3*hwhm+1,:) = imagehalffilt(peakrow-hwhm:peakrow+hwhm,1+medf:w-
medf,1); 
    bottom_fwhm(hwhm+1:3*hwhm+1,:) = (this*imagehalf((peakrow-
hwhm+vertshift):(peakrow+hwhm+vertshift),1+1:w-1,2)+next*imagehalf((peakrow-
hwhm+vertshift):(peakrow+hwhm+vertshift),1+1:w-1,2)); 
    bottom_fwhm_filt(hwhm+1:3*hwhm+1,:) = (this*imagehalffilt((peakrow-
hwhm+vertshift):(peakrow+hwhm+vertshift),1+medf:w-medf,2)+next*imagehalffilt((peakrow-
hwhm+vertshift):(peakrow+hwhm+vertshift),1+medf:w-medf,2)); 
    ratio_hwhm(hwhm+1:3*hwhm+1,:) = 
top_fwhm(hwhm+1:3*hwhm+1,:)./bottom_fwhm(hwhm+1:3*hwhm+1,:); 
    ratio_hwhm_filt(hwhm+1:3*hwhm+1,:) = 
top_fwhm_filt(hwhm+1:3*hwhm+1,:)./bottom_fwhm_filt(hwhm+1:3*hwhm+1,:); 
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    if strcmp(camera,'PI-Max') 
     ratio_hwhm(hwhm+1:3*hwhm+1,:) = 1./ratio_hwhm(hwhm+1:3*hwhm+1,:); 
     ratio_hwhm_filt(hwhm+1:3*hwhm+1,:) = 1./ratio_hwhm_filt(hwhm+1:3*hwhm+1,:); 
    end 
    % write ratio images to file 
    out_Ratio = [pwd, '\', files(a).name, '\ProcessedImages\RatioImages\Ratio_Im', 
num2str(i), '_', database, '.tif']; 
    out_RatioFilt = [pwd, '\', files(a).name, 
'\ProcessedImages\RatioImages\RatioFilt_Im', num2str(i), '_', database, '.tif']; 
    imwrite(uint16(ratio_hwhm*(65536/20)), out_Ratio, 'tif', 'compression', 'none'); 
    imwrite(uint16(ratio_hwhm_filt*(65536/20)), out_RatioFilt, 'tif', 'compression', 
'none'); 
  
%% Calculate line profiles for individual images 
    % bin vertical over FWHM 
    % bin horizontally as specified at start of code 
    for c= 1+1:wbin-1 
     % distance from CL of engine 
     LineProfiles(c-1,1) = (((2*(c-1)*bin + bin + 1)/2) - xcenter)*dpixel;       
     if strcmp(camera,'PI-Max') 
      % TEA signal line profile       
      LineProfiles(c-1,2) = sum(sum(imagehalf(peakrow-
hwhm+vertshift:peakrow+hwhm+vertshift,(c-1)*bin+1:(c-1)*bin+bin,2)));   
      % 3p signal line profile 
      LineProfiles(c-1,3) = sum(sum(imagehalf(peakrow-hwhm:peakrow+hwhm,(c-1)*bin+1:(c-
1)*bin+bin,1)));   
     elseif strcmp(camera, 'Andor') 
      % TEA signal line profile 
      LineProfiles(c-1,2) = sum(sum(imagehalf(peakrow-hwhm:peakrow+hwhm,(c-1)*bin+1:(c-
1)*bin+bin,1))); 
      % 3p signal line profile 
LineProfiles(c-1,3) = sum(sum(imagehalf(peakrow-hwhm+vertshift:peakrow+hwhm+vertshift,(c-
1)*bin+1:(c-1)*bin+bin,2)));   
     end 
    end 
    % Signal ratio line profile 
    LineProfiles(:,4) = LineProfiles(:,2)./LineProfiles(:,3);     
    if strcmp(camera,'PI-Max') 
     % Temp line profile  
     LineProfiles(:,5) = 42.75117893598637*LineProfiles(:,4) + 594.246802669146;      
    elseif strcmp(camera, 'Andor') 
     % Temp line profile  
     LineProfiles(:,5) = 42.75117893598637*LineProfiles(:,4) + 594.246802669146;      
    end 
                 
    % TEA signal divided by the mean TEA line profile 
    LineProfiles(:,6) = (LineProfiles(:,2)./refTEA)*max(refTEA);  
    % 3p signal divided by the mean 3p line profile 
    LineProfiles(:,7) = (LineProfiles(:,3)./refThP)*max(refThP); 
    % Flatfile normalize then ratio 
    LineProfiles(:,8) = LineProfiles(:,6)./LineProfiles(:,7); 
    % Temp of Flatfile normalize then ratio 
    LineProfiles(:,9) = 42.75117893598637*LineProfiles(:,8) + 594.246802669146; 
    % Filtered TEA signal 
    LineProfiles(:,10) = medfilt1(LineProfiles(:,2),medf); 
    % Filtered 3p signal 
    LineProfiles(:,11) = medfilt1(LineProfiles(:,3),medf);  
    % Ratio of filtered signals 
    LineProfiles(:,12) = LineProfiles(:,10)./LineProfiles(:,11); 
    % Temp of filtered then ratio 
    LineProfiles(:,13) = 42.75117893598637*LineProfiles(:,12) + 594.246802669146;  
    % Mean profile normalize then filter TEA 
    LineProfiles(:,14) = 
(LineProfiles(:,10)./medfilt1(refTEA,medf))*max(medfilt1(refTEA,medf)); 
    % Mean profile normalize then filter 3p 
    LineProfiles(:,15) = 
(LineProfiles(:,11)./medfilt1(refThP,medf))*max(medfilt1(refThP,medf)); 
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    % Ratio of MPN and filtered signals 
    LineProfiles(:,16) = LineProfiles(:,14)./LineProfiles(:,15); 
    % Temperature of ratio of MPN and filtered signals 
    LineProfiles(:,17) = 42.75117893598637*LineProfiles(:,16) + 594.246802669146; 
                 
    TEAArray(:,i) = LineProfiles(:,2); 
    ThpArray(:,i) = LineProfiles(:,3); 
    RatioArray(:,i) = LineProfiles(:,4); 
    TempArray(:,i) = LineProfiles(:,5); 
    ffTEAArray(:,i) = LineProfiles(:,6); 
    ffThPArray(:,i) = LineProfiles(:,7); 
    ffThenRatioArray(:,i) = LineProfiles(:,8); 
    ffThenTempArray(:,i) = LineProfiles(:,9); 
    filtTEAArray(:,i) = LineProfiles(:,10); 
    filtThPArray(:,i) = LineProfiles(:,11); 
    filtRatioArray(:,i) = LineProfiles(:,12); 
    filtTempArray(:,i) = LineProfiles(:,13); 
    fffiltTEAArray(:,i) = LineProfiles(:,14); 
    fffiltThPArray(:,i) = LineProfiles(:,15); 
    fffiltRatioArray(:,i) = LineProfiles(:,16); 
    fffiltTempArray(:,i) = LineProfiles(:,17); 
   end 
  
   % write line profile arrays to files 
   % TEA signal 
   linearrayFILE = [pwd, '\', files(a).name, '\ProcessedImages\TEA_AllProfiles', '_', 
database, '.txt']; 
   fid = fopen(linearrayFILE, 'w'); 
   dlmwrite(linearrayFILE, TEAArray, 'delimiter','\t','newline','pc','-append'); 
   fclose(fid); 
   % 3p signal 
   linearrayFILE = [pwd, '\', files(a).name, '\ProcessedImages\ThP_AllProfiles', '_', 
database, '.txt']; 
   fid = fopen(linearrayFILE, 'w'); 
   dlmwrite(linearrayFILE, ThpArray, 'delimiter','\t','newline','pc','-append'); 
   fclose(fid); 
   % signal ratio 
   linearrayFILE = [pwd, '\', files(a).name, '\ProcessedImages\Ratio_AllProfiles', '_', 
database, '.txt']; 
   fid = fopen(linearrayFILE, 'w'); 
   dlmwrite(linearrayFILE, RatioArray, 'delimiter','\t','newline','pc','-append'); 
   fclose(fid); 
   % temperature 
   linearrayFILE = [pwd, '\', files(a).name, '\ProcessedImages\Temp_AllProfiles', '_', 
database, '.txt']; 
   fid = fopen(linearrayFILE, 'w'); 
   dlmwrite(linearrayFILE, TempArray, 'delimiter','\t','newline','pc','-append'); 
   fclose(fid); 
   % mean profile normalized TEA 
   linearrayFILE = [pwd, '\', files(a).name, '\ProcessedImages\mpnTEA_AllProfiles', '_', 
database, '.txt']; 
   fid = fopen(linearrayFILE, 'w'); 
   dlmwrite(linearrayFILE, ffTEAArray, 'delimiter','\t','newline','pc','-append'); 
   fclose(fid); 
   % mean profile normalized 3p 
   linearrayFILE = [pwd, '\', files(a).name, '\ProcessedImages\mpnThP_AllProfiles', '_', 
database, '.txt']; 
   fid = fopen(linearrayFILE, 'w'); 
   dlmwrite(linearrayFILE, ffThPArray, 'delimiter','\t','newline','pc','-append'); 
   fclose(fid); 
   % ratio of mean profile normalized signals 
   linearrayFILE = [pwd, '\', files(a).name, '\ProcessedImages\mpnThenRatio_AllProfiles', 
'_', database, '.txt']; 
   fid = fopen(linearrayFILE, 'w'); 
   dlmwrite(linearrayFILE, ffThenRatioArray, 'delimiter','\t','newline','pc','-append'); 
   fclose(fid); 
   % temp based on ratio of mean profile normalized signals 
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   linearrayFILE = [pwd, '\', files(a).name, '\ProcessedImages\mpnThenTemp_AllProfiles', 
'_', database, '.txt']; 
   fid = fopen(linearrayFILE, 'w'); 
   dlmwrite(linearrayFILE, ffThenTempArray, 'delimiter','\t','newline','pc','-append'); 
   fclose(fid); 
   % filtered TEA signal 
   linearrayFILE = [pwd, '\', files(a).name, '\ProcessedImages\filtTEA_AllProfiles', '_', 
database, '.txt']; 
   fid = fopen(linearrayFILE, 'w'); 
   dlmwrite(linearrayFILE, filtTEAArray, 'delimiter','\t','newline','pc','-append'); 
   fclose(fid); 
   % filtered 3p 
   linearrayFILE = [pwd, '\', files(a).name, '\ProcessedImages\filtThP_AllProfiles', '_', 
database, '.txt']; 
   fid = fopen(linearrayFILE, 'w'); 
   dlmwrite(linearrayFILE, filtThPArray, 'delimiter','\t','newline','pc','-append'); 
   fclose(fid);             
   % ratio from filtered signals 
   linearrayFILE = [pwd, '\', files(a).name, '\ProcessedImages\filtRatio_AllProfiles', 
'_', database, '.txt']; 
   fid = fopen(linearrayFILE, 'w'); 
   dlmwrite(linearrayFILE, filtRatioArray, 'delimiter','\t','newline','pc','-append'); 
   fclose(fid);             
   % temp based on ratio from filtered signals 
   linearrayFILE = [pwd, '\', files(a).name, '\ProcessedImages\filtTemp_AllProfiles', 
'_', database, '.txt']; 
   fid = fopen(linearrayFILE, 'w'); 
   dlmwrite(linearrayFILE, filtTempArray, 'delimiter','\t','newline','pc','-append'); 
   fclose(fid); 
   % mpn + filtered TEA signal 
   linearrayFILE = [pwd, '\', files(a).name, '\ProcessedImages\mpnfiltTEA_AllProfiles', 
'_', database, '.txt']; 
   fid = fopen(linearrayFILE, 'w'); 
   dlmwrite(linearrayFILE, fffiltTEAArray, 'delimiter','\t','newline','pc','-append'); 
   fclose(fid); 
   % mpn + filtered 3p 
   linearrayFILE = [pwd, '\', files(a).name, '\ProcessedImages\mpnfiltThP_AllProfiles', 
'_', database, '.txt']; 
   fid = fopen(linearrayFILE, 'w'); 
   dlmwrite(linearrayFILE, fffiltThPArray, 'delimiter','\t','newline','pc','-append'); 
   fclose(fid);             
   % ratio from mpn + filtered signals 
   linearrayFILE = [pwd, '\', files(a).name, '\ProcessedImages\mpnfiltRatio_AllProfiles', 
'_', database, '.txt']; 
   fid = fopen(linearrayFILE, 'w'); 
   dlmwrite(linearrayFILE, fffiltRatioArray, 'delimiter','\t','newline','pc','-append'); 
   fclose(fid);             
   % temp based on ratio from mpn + filtered signals 
   linearrayFILE = [pwd, '\', files(a).name, '\ProcessedImages\mpnfiltTemp_AllProfiles', 
'_', database, '.txt']; 
   fid = fopen(linearrayFILE, 'w'); 
   dlmwrite(linearrayFILE, fffiltTempArray, 'delimiter','\t','newline','pc','-append'); 
   fclose(fid); 
             
   % Display mean and st. dev. of Ratio values 
   avgR = mean2(ffThenRatioArray); 
   stdR = std2(ffThenRatioArray); 
   disp(['  Ratio = ' num2str(avgR) ' +/-' num2str(stdR)]); 
  end     % end if statement picking only directories in main folder 
 end     % end if/else statement excluding '.' and '..' in "dir" results 
end     % end loop for folders in pwd 
 
 

 



 

250 

E.2. MATLAB Function for a Gaussian Curve Fit 

function [y0 A x0 sigma2] = gaussianfit(x,y) 
% This function fits a gaussian to the supplied x & y data 
% The gaussian function is of the form: 
%   y = y0 + A*exp(-(((x-x0)^2)/(2*sigma2))) 
% This function has not been exhaustively tested for robustness, 
% so use at your own risk 
% Created by: R.E. Herold, April 2008 
  
% Determine appropriate guess values from supplied data 
[minval minvalloc] = min(y); 
[maxval maxvalloc] = max(y); 
sigma_est = 0.25*max(x); 
avg = mean(y); 
if ((minval-avg)^2 < (maxval-avg)^2) 
 y0_est = minval; 
 A_est = (maxval-minval); 
 x0_est = maxvalloc; 
else 
 y0_est = maxval; 
 A_est = (minval-maxval); 
 x0_est = minvalloc; 
end 
start_point = [y0_est A_est x(int16(x0_est)) sigma_est]; 
model = @gaussianfun;    %tells Matlab the name of the function to fit to 
  
options = optimset('Display','off'); 
estimates = fminsearch(model, start_point, options); 
y0 = estimates(1); 
A = estimates(2); 
x0 = estimates(3); 
sigma2 = estimates(4); 
  
% this function calculates the sum square error 'sse' between the  
% experimental 'y' data and the model gaussian function 
 function [sse] = gaussianfun(params) 
  y0 = params(1); 
  A = params(2); 
  x0 = params(3); 
  sigma = params(4); 
  FittedCurve = y0 + A*exp(-((x-x0).^2)./(2*sigma)); 
  ErrorVector = FittedCurve - y; 
  sse = sum(ErrorVector .^ 2); 
 end 
end 
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Appendix F. EES Equations for Calculating Shot-Noise-Limited 
Temperature Precision of Dual-Tracer PLIF 

 

APPENDIX F 

EES EQUATIONS FOR CALCULATING SHOT-
NOISE-LIMITED TEMPERATURE PRECISION 
OF DUAL-TRACER PLIF 

 

"!Dual-Tracer, Single-Wavelength PLIF" 
"!Shot-Noise-Limited Temperature Uncertainty" 
 
"Comment two of these three choices" 
Appl$ = 'PIMaxAr' 
{Appl$ = 'PIMaxN2'} 
{Appl$ = 'AndorN2'} 
 
$IF Appl$ = 'PIMaxAr' 
  "Temperature Calibration" 
  T = 461.86 + 54.2*R 
  deltaT = deltaR*54.2 
  "Camera Characteristics" 
  C_AD = 0.1 "counts/e-" 
  G = 144 
  kappa = 3 
  "Signals" 
  xi_TEA = 23142 
  xi|bkgd_TEA = (259-140)*3*7  "140 is the camera pedestal at acquisition settings" 
  xi_3p = 4536  
  xi|bkgd_3p = (232-140)*3*7  "140 is the camera pedestal at acquisition settings" 
$ENDIF 
 
$IF Appl$ = 'PIMaxN2' 
  "Temperature Calibration" 
  T = 571.85 - 88.657*R + 31.184*R^2 
  deltaT = deltaR*(-88.657 + 2*31.184*R) 
  "Camera Characteristics" 
  C_AD = 0.1 "counts/e-" 
  G = 144 
  kappa = 3 
  "Signals" 
  xi_TEA = 110207 
  xi|bkgd_TEA = (259-140)*3*7  "140 is the camera pedestal at acquisition settings" 
  xi_3p = 59501.5  
  xi|bkgd_3p = (232-140)*3*7  "140 is the camera pedestal at acquisition settings" 
$ENDIF 
 
$IF Appl$ = 'AndorN2' 
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  "Temperature Calibration" 
  T = 510.33 + 0.9364*R + 7.8151*R^2 
  deltaT = deltaR*(0.9364 + 2*7.8151*R) 
  "Camera Characteristics" 
  C_AD = 0.7 "counts/e-" 
  G = 1 
  kappa = 1 
  "Signals" 
  xi_TEA = 13431.3 
  xi|bkgd_TEA = (921-900)*3*7  "900 is the camera pedestal at acquisition settings" 
  xi_3p = 8142.97 
  xi|bkgd_3p = (928-900)*3*7  "900 is the camera pedestal at acquisition settings" 
$ENDIF 
 
"Signal Ratio" 
R = (xi_TEA/xi_3p) 
 
"Uncertainty in R" 
deltaR = sqrt(delta_1^2 + delta_2^2) 
deltaR_relative = (deltaR/R)*convert("",%) 
  delta_1 = (1/xi_3p)*deltaxi_TEA 
  delta_2 = -(xi_TEA/xi_3p^2)*deltaxi_3p 
  perc_1 = delta_1^2/(delta_1^2 + delta_2^2)*convert("",%) 
  perc_2 = delta_2^2/(delta_1^2 + delta_2^2)*convert("",%) 
 
"Nomenclature" 
"  xi = camera counts per binned pixel" 
 
"TEA signal" 
xi_TEA = xi|raw_TEA - xi|bkgd_TEA 
 
"Uncertainty of TEA signal" 
deltaxi_TEA = sqrt(deltaxi|raw_TEA^2 + deltaxi|bkgd_TEA^2) 
deltaxi|raw_TEA = sqrt(C_AD*G*kappa*xi|raw_TEA ) 
deltaxi|bkgd_TEA = sqrt(C_AD*G*kappa*(xi|bkgd_TEA))/sqrt(100) 
 
"3p signal" 
xi_3p = xi|raw_3p - xi|bkgd_3p 
 
"Uncertainty of 3p signal" 
deltaxi_3p = sqrt(deltaxi|raw_3p^2 + deltaxi|bkgd_3p^2) 
deltaxi|raw_3p = sqrt(C_AD*G*kappa*(xi|raw_3p)) 
deltaxi|bkgd_3p = sqrt(C_AD*G*kappa*(xi|bkgd_3p))/sqrt(100) 


