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 Pinj = 1000 bar, Load = 5 bar IMEP Pinj = 1000 bar, Load = 11 bar IMEP 

CAD CH H3O
+ CH H3O

+ 

723 

    

725 

    

730 

    

735 

  

  

740 

  

  

 

8.7 RELATIVE CONTRIBUTION OF CHEMICAL AND THERMAL IONIZATION OF NO  
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         Figure 8.10 demonstrates a set of detailed graphs showing the breakdown of the 

total NO+ content to its chemical and thermal components at low and high injection 

pressures and loads. As shown in the upper graphs, NO+ THERMAL is negligible at low 

injection pressure at all loads, however, this is not the case at high injection pressure.   

          A comparison is made between two cases, (case 1: Pinj 400 bar at high load) and 

(case 2: Pinj 1000 bar and low load). The overall cylinder gas temperature of case 2 is 

slightly lower than that of case 1, however, NO+ THERMAL in case 2 is much higher and 

reason behind this is the elevated local temperatures in case 2.   

          NO+ THERMAL is observed to follow the temperature trace where both peaks 

occur relatively at the same location.  In addition, a phase shift between NO+ THERMAL 

and NO+ CHEMI is noticed which is due to the fact that the main contributor to the 

thermal ionization of NO is the high temperature while chemical ionization of NO 

depends on charge transfer reactions between NO and other ionized species. 

          Tables 8.4, 8.5, 8.6, and 8.7 show a 3-D iso-surface representation of 

temperature, NO, NO+ CHEMI, and NO+ THERMAL inside a sector of the combustion 

chamber. 
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Figure 8.10   Temperature (Green line), NO+ Total (Black line), NO+ CHEMI (Blue line), 

and NO+ THERMAL (Red line) traces obtained from 3-D modeling at low injection 

pressure (Top graphs) and high injection pressure (Bottom graph). 5 bar IMEP and 11 

bar IMEP are simulated at each injection pressure. 
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TABLE 8.4 

 Pinj = 400 bar, Load = 5 bar IMEP 

CAD Temperature NO NO+ Chemi NO+ Thermal 

725 

    

730 

    

735 

    

740 

    

745 
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CHAPTER 9   CONCLUSIONS  

9.1 CONCLUSIONS 

1. A new kinetic mechanism “Diesel Ion Formation, (DIF)” is developed for diesel 

engines. All published mechanisms in the literature are for ionization in spark ignition 

engines and HCCI, where the combustible mixture is homogeneous. DIF accounts for 

chemi-ionization and thermal ionization of NO and other species.  

 

2. A new ion measuring technique is developed, referred to as “Multi Sensing Fuel 

Injector, (MSFI)”.  The fuel injector is used as an ion current probe, injection timing 

and a diagnostic tool for injection and combustion. 

  

3. Another new technique is developed to use a gas sampling probe as an ion current 

sensor. Such a probe has been used in this dissertation to simultaneously measure 

the NO and ion current in a heavy duty diesel engines under different engine 

operating conditions. 

 

4. A new technique is developed to predict the soot content in the exhaust from the ion 

current signal. This technique is applied to a heavy duty diesel engine and the 

predictions from the ion current signal agreed with soot measurements by an opacity 

meter, under steady and transient operating conditions. 
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5. A Chemkin zero-dimensional model is used to determine the effect of equivalence 

ratio on the ion current signal and the relative contribution of species such as H3O
+, 

NO+ in the ion current. 

 

6. The DIF model is introduced to a 3-D CFD model to simulate the effect of injection 

pressure and engine load on the ion current signal. Experimental and modeling 

results showed a good agreement.      

7. A 3-D representations of ionized species inside the combustion chamber showed the 

effect of injection pressure and load on the distribution of the ionized species and 

their variation during the combustion process. 
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APPENDIX  A 

Reactions in chemkin format                          A          n        E              

nc7h16 + h           = c7h15-2 + h2            4.380e+07  2.0   4760 

nc7h16 + oh         = c7h15-2 + h2o           4.500e+09  1.3   1090 

nc7h16 + ho2       = c7h15-2 + h2o2          1.650e+13  0.0   16950  

nc7h16 + o2         = c7h15-2 + ho2           2.000e+15  0.0   47380 

c7h15-2 + o2        = c7h15o2                 1.560e+12  0.0   0.0 

c7h15o2 + o2       = c7ket12 + oh            1.350E+14  0.0   18232.712 

c7ket12            = c5h11co + ch2o + oh    3.530e+14  0.0   4.110e+4 

c7h15-2               = c2h5 + c2h4  + c3h6    7.045E+14  0.0   3.46E+04 

c3h7                    = c2h4 + ch3              9.600e+13  0.0   30950.0 

c3h7                    = c3h6 + h                1.250e+14  0.0   36900.0 

c3h6 + ch3          = c3h5 + ch4              9.000e+12  0.0   8480.0 

c3h5 + o2            = c3h4 + ho2              6.000e+11  0.0   10000.0 

c3h4 + oh            = c2h3 + ch2o             1.000e+12  0.0   0.0 

c3h4 + oh            = c2h4 + hco              1.000e+12  0.0   0.0 

ch3   + ho2          = ch3o  + oh              5.000e+13  0.00  0.0  

ch3   + oh            = ch2   + h2o             7.500e+06  2.00  5000.  

ch2   + oh            = ch2o  + h               2.500e+13  0.00  0.0  

ch2   + o2            = hco   + oh              4.300e+10  0.00  -500.  

ch2   + o2            = co2   + h2              6.900e+11  0.00  500.  

ch2   + o2            = co    + h2o             2.000e+10  0.00  -1000.  

ch2   + o2            = ch2o  + o               5.000e+13  0.00  9000.  
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Reactions in chemkin format                          A          n        E              

ch2   + o2            = co2   + h     + h       1.600e+12  0.00  1000.  

ch2   + o2            = co    + oh    + h       8.600e+10  0.00  -500.  

ch3o  + co           = ch3   + co2             1.570e+14  0.00  11800.  

co    + oh            = co2   + h               8.987e+07  1.38  5232.877 

o     + oh             = o2    + h               4.000e+14 -0.50  0.  

h     + ho2           = oh    + oh              1.700e+14  0.0   875.  

oh    + oh            = o     + h2o             6.000e+08  1.30  0.  

h     + o2    + m   = ho2   + m               3.600e+17 -0.72  0.  

h2o2  + m           = oh    + oh    + m       4.300e+16  0.00  45500.        

h2    + oh            = h2o   + h               1.170e+09  1.30  3626.  

ho2   + ho2         = h2o2  + o2              2.000e+12  0.00  0.  

ch2o  + oh          = hco   + h2o             5.563e+10  1.095 -76.517 

ch2o  + ho2        = hco   + h2o2            3.000e+12  0.00  8000.  

hco   + o2           = ho2   + co              3.300e+13 -0.40  0.  

hco   + m            = h     + co    + m       1.591E+18  0.95  56712.329  

ch3   + ch3o       = ch4   + ch2o            4.300e+14  0.00  0.  

c2h4  + oh          = ch2o  + ch3             6.000e+13  0.0   960.  

c2h4  + oh          = c2h3  + h2o             8.020e+13  0.00  5955.  

c2h3  + o2          = ch2o  + hco             4.000e+12  0.00  -250.  

c2h3  + hco        = c2h4  + co              6.034e+13  0.0   0.0  

c2h5  + o2          = c2h4  + ho2             2.000e+10  0.0   -2200.  

ch4   + o2           = ch3   + ho2             7.900e+13  0.00  56000.  
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Reactions in chemkin format                          A          n        E              

oh    + ho2          = h2o   + o2              7.50E+12    0.0    0.0  

ch3   + o2           = ch2o  + oh              3.80E+11    0.0    9000.  

ch4   + h             = ch3   + h2              6.600e+08  1.60  10840.  

ch4   + oh           = ch3   + h2o             1.600e+06  2.10  2460.  

ch4   + o             = ch3   + oh              1.020e+09  1.50  8604.  

ch4   + ho2         = ch3   + h2o2            9.000e+11  0.00  18700.  

ch4   + ch2         = ch3   + ch3             4.000e+12  0.00  -570.  

c3h6                   = c2h3 + ch3              3.150e+15  0.0    85500.0 

n+no<=>n2+o                                  3.500e+13    0.000   330.00 

n+o2<=>no+o                                  2.650e+12    0.000   6400.00 

n2o+o<=>no+no                               2.900e+13    0.000   23150.00 

n2o+oh<=>n2+ho2                             2.000e+12   0.000   21060.00 

n2o(+m)<=>n2+o(+m)                          1.300e+11    0.000   59620.00 

ho2+no<=>no2+oh                             2.110e+12   0.000   -480.00 

no+o+m<=>no2+m                              1.060e+20    -1.410  0.0 

no2+o<=>no+o2                               3.900e+12    0.000   -240.00 

no2+h<=>no+oh                               1.320e+14    0.000   360.00 

o+ch=h+co                                    4.000E+13    0.00    0.000E+00                       

                                      Rev /  3.014E+14    0.22    1.752E+05 /                     
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Reactions in chemkin format                          A               n              E              

ch+o2=o+hco                                   3.000E+13    0.00    0.000E+00                       

                                      Rev /  3.579E+13    0.01    7.183E+04 /                     

ch+co2=hco+co                                3.400E+12     0.00    6.927E+02                       

                                      Rev /  2.628E+08    0.90    6.362E+04 /                     

ch+h2o=oh+ch2                                1.100E+12    0.00    -7.643E+02                       

                                      Rev /  4.802E+10    0.24    -1.928E+04 /                     

ch+h2o=h+ch2o                                4.600E+12    0.00    -7.643E+02                       

                                      Rev /  4.828E+17   -0.91    6.019E+04 /                     

oh+ch=h+hco                                  3.000E+13    0.00    0.000E+00                       

                                      Rev /  1.445E+16   -0.40    8.902E+04 /     

h+ch2=ch+h2                                  6.000E+12    0.00    -1.791E+03                       

                                      Rev /  2.147E+12    0.08    7.785E+02 /   

ch3+M=ch+h2+M                               6.900E+14    0.00    8.240E+04                       

                                      Rev /  1.135E+10    0.91    -2.638E+04 /                     

ch+ch4=h+c2h4                                3.000E+13    0.00    -4.060E+02                       

                                      Rev /  5.974E+17   -0.86    5.918E+04 / 

2CH2=C2H2+H2                                1.200E+13    0.00    8.121E+02                       

                                       Rev /  1.092E+20   -1.29    1.325E+05 /                     

2CH2=2H+C2H2                                1.100E+14    0.00    8.121E+02                       

                                      Rev /  3.779E+20   -1.34    2.830E+04 /   
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Reactions in chemkin format                            A               n              E              

O+C2H2=CH2+CO                               2.000E+06    2.10    1.562E+03                       

                                      Rev /  5.924E-01     3.68    4.762E+04 /          

C2H4+M=C2H2+H2+M                            7.500E+17    0.00    7.949E+04                       

                                      Rev /  1.695E+12    1.14    3.469E+04 /                     

O+C3H4=CH2O+C2H2                            1.000E+12    0.00    0.000E+00                       

                                      Rev /  2.244E+08    0.91    7.984E+04 /           

C3H6=CH4+C2H2                               3.500E+12    0.00    6.996E+04                       

                                      Rev /  1.417E+05    1.65    3.676E+04 /   

CH+C2H2=H+C3H2                              3.000E+13    0.00    -1.194E+02                       

                                      Rev /  1.722E+18   -1.02    3.792E+04 /     

O+C3H2=C2H2+CO                              6.800E+13    0.00    0.000E+00                       

                                      Rev /  8.925E+09    1.24    1.371E+05 /                     

OH+C3H2=HCO+C2H2                            6.800E+13    0.00    0.000E+00                       

                                      Rev /  5.706E+11    0.62    5.098E+04 /    
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APPENDIX  B 

The color code for all 3-D tables (Table 8.1 to Table 8.13) in chapter 8.   

Temperature  H3O+, NO+, C7H5+,  NO   CH 

C9H7+, C13H9+  Scale /1E5  Scale /1E10 

   Scale /1E12       
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 Diesel engines are known for their superior fuel economy and high power 

density.  However they emit undesirable high levels of nitrogen oxide (NOx) and black 

particulate smoke (Soot).  To reduce these emissions, close loop engine control 

strategies are required. Therefore, there is a need for an in-cylinder combustion sensor. 

The ion current sensor has been used for combustion sensing in gasoline engines for 

which ionization mechanisms have been developed. This is not the case in diesel 

engines. 

 In this dissertation, a new mechanism for ionization in diesel engines has 

been developed and experimentally validated. Moreover, a three dimensional model 

has been implemented utilizing the new ionization mechanism to get more insight and 

better understanding of the ion current behavior in complex diesel combustion process. 

This model has been used to develop a new technique that allows the prediction of the 

soot content in the engine exhaust based on the ion current signal. Furthermore, a new 

arrangement has been applied for the use of the fuel injector as an ion current probe, 
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injection timing sensor, and a diagnostic tool for injection and combustion.  Another new 

setup has been developed to use a fast gas sampling probe as an ion current probe. 

Such a probe has been used in the dissertation to simultaneously measure the NO 

content inside the combustion chamber of a heavy duty diesel engine and ion current 

under different engine operating conditions.  
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