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CHAPTER 1   INTRODUCTION 

          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) [1- 3].  These engines are required to meet stringent emissions standards, 

while still improving performance and reducing fuel consumption.   To meet these 

demands, close loop engine control strategies have been developed based on signals 

from several sensors that indirectly indicate the in-cylinder combustion process.   

          The effectiveness of the control strategies in fine tuning the engine parameters 

would significantly improve if an in-cylinder direct combustion sensor is developed [4].  

Of the methods known for detecting combustion conditions during engine operation, the 

ion current is considered to be highly useful because it can be used an indicator 

chemical species resulting from the engine combustion [5- 9].  As such, an in-cylinder 

ionization sensor may be employed to sense various engine parameters under different 

engine operating conditions [10- 23].  For instance, the ion current can indicate some 

combustion parameters, based on the fact that positive and negative ions and electrons 

are generated during the combustion process [6, 24- 27].   

          In gasoline engines, for instance, spark plugs are used as ion current sensors 

[28-35].  In diesel engines, glow plugs are modified and used as ion current sensors 

[36- 39].  However, the use of the modified glow plug is limited to engines fitted with 

glow plugs.  Other engines have to drill a hole in the cylinder head to accommodate a 

glow plug.   



2 

 

 

          The ion current has been well investigated in spark ignited engines, where the 

combustible mixture is homogeneous. However, limited research has been carried out 

and published in the area of ionization in diesel engines [36, 40- 43] where the mixture 

is heterogeneous and the combustion process is complex.  

          In order to use the ion current signal in diesel engines control, this signal has to 

be better understood, simulated, and predicted using adequate mathematical models 

under different engine operating conditions.  In this dissertation new experimental and 

analytical techniques are developed and implemented.  In addition, a new diesel ion 

formation chemical kinetics mechanism is developed.  This mechanism is then 

implemented in a three dimensional CFD code taking into consideration fuel injection, 

atomization, droplet and liquid film evaporation, and mixture heterogeneity. The model 

predictions are compared with experimental results obtained in a multi-cylinder diesel 

engine under different operating conditions.  
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CHAPTER 2   LITERATURE REVIEW 

2.1 CHAPTER OVERVIEW 

          This chapter gives a comprehensive review literature review of the research on 

ionization in diesel combustion.  The review covers ionization in different types of 

flames, negative and positive ions, soot ionization, models developed and the reactions 

for thermal and chemi ionization. 

2.2 INVESTIGATION ON POSITIVE IONS IN FLAMES 

          Van Tiggelen, Deckers and Jaegere [44] tried to identify the most abundant ions 

in some flames, and found that in acetylene and oxygen flames H3O
+ is the most 

abundant ion representing 70 to 90 % of the total ions. C3H3
+ was found only in rich 

acetylene flames. NO+ does not appear when nitrogen is not added to the flammable 

mixture. Very slight peaks were observed in order of decreasing importance as follows: 

HCO+, C2H3O
+, CO+, C2H2

+, C2
+, CH+, CH2

+, CH3
+ and OH+.  NO+ is the most abundant 

ion, almost 90 % of the total ion concentration, in nitrogen oxide producing flames 

followed by H3O
+ and NH4

+, C3H3
+ only in rich mixtures and slight peaks caused by 

HCO+, C2H2
+, NOH+ and C2H3O

+. NO+ and NH4
+ are the major ions in C2H2:NH3:O2 

flames.  Bertand and Tiggelen [45] investigated ions in ammonia flames and observed 

NO+, NH4
+ and N3O

+ in NH3:O2 mixtures. By adding H2 and N2 to the flammable mixture 

they obtained NO+ (80%) and H3O
+ (20%). They tried a third mixture of NH3:N2:CO:O2 

and found only NO+.  
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2.3 SOURCE OF NITRIC OXIDE IONS 

          Sugden [49] studied the source of NO+ ions in flames containing hydrocarbon 

additives. He proposed the source of NO+ formed in these flames based on 

measurements of the concentration profiles of NO+, O2
+, CHO+, and H3O

+.                                                 

          CO flames showed two regions of NO+ formation, a primary one in the reaction 

zone and a secondary one downstream of it. He found that NO+ formation in the 

secondary region is linked to that of O2
+ ion. NO addition results in the rapid 

replacement of O2
+ by NO+, and therefore the reaction   (O2

+ + NO => NO+ + O2)   was 

proposed.  However, NO+ formation in the primary region is shown to be consistent with 

charge exchange with the CHO+ ion, and the reaction   (CHO+ + NO => NO+ + CHO)   

was suggested. Formation of NO+ in hydrogen flames with NO addition is restricted only 

in the primary zone. 

          Sugden made a noticeable remark in this paper on hydrogen and CO flames. He 

found the value of [NO+] at its maximum greatly exceeds that of Saha equilibrium at the 

same temperatures used, 2400 K in this case. Also the rate of attainment of this value is 

likewise too fast for a process of direct thermal ionization of nitric oxide. 

          Goodings and Bohme [50] studied the formation of NO+ in methane-air flames. 

They mentioned that the production mechanism for NO+ is not straight forward. Despite 

the low ionization potential of NO, the amount of equilibrium thermal ionization 

calculated using Saha equation accounts for only about 1% of the NO+ observed during 

the experiments. 
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          Lin and Teare [51] studied air ionization in shock waves tube. They categorized 

the predominant electron production process in the following order, atom-atom ionizing 

collision, then atom-molecule collision, molecule-molecule collision. They also made a 

list of reactions for the oxygen-nitrogen system as follows 

 

They stated that among the previous reactions, the N-O reaction appears to be the 

major contributor of NO+ formation. 

          Tiggelen [45] proposed that chemi-ionization involving ground state oxygen atom 

and excited electronic state nitrogen lead to the formation of NO+ in NH3-oxygen flames. 

Hansen [52] studied NO ionization processes at fairly high temperatures, and found that 

the most important mechanism is the collision between N and O atoms. So he also 

favored the same reaction suggested by Lin and Teare.  
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          Bulewicz and Padley [53] showed that even in hot cyanogens-oxygen flame, 

chemi but not thermal ionization is the main source of ions.  Fialkov and Kalinich [54] 

found that NO+ concentration decreases as fast as the concentration of oxygen 

decreases in propane-air and benzene-air flames. They found that when oxygen is 

absent in the surrounding gas, NO+ is not formed. They also mentioned that the 

concentration of this ion with the equivalence ratio increases up to the appearance of 

the yellow soot luminosity.  Their findings correlate well with the suggestion that           

(N + O => NO+ + e)  reaction is one of the major sources of NO+ formation.  

2.4 INVESTIGATION ON NEGATIVE IONS IN FLAMES 

          Negative ions have been reviewed as well through the literature in order to 

compare its concentration with that of positive ions and electrons. Goodings and Bohme 

[55] studied the negative ion chemistry in methane-oxygen flames and found that 

downstream in the fuel lean flame the concentration of negative ions and free electrons 

are equal. However, in fuel rich flames, downstream, negative ions disappear making 

positive ions concentration equal to the free electrons concentration. As a conclusion, 

the negative ion profile decrease sharply when the concentration of hydroxyl (OH), 

oxygen (O), and hydrogen (H) radicals are rising rapidly. These are natural reagents for 

the loss of negative ions in associative detachment processes. 

          Hayhurst and Kittelson [56] studied oxy-acetylene flames and came up with the 

same conclusions as Goodings. They stated that in every flame the total negative ion 

current maximizes near the upstream edge of the visible reaction zone and the positive 

and negative ion currents are equal. Downstream of this point, negative ions decay 
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rapidly while the positive ion current continues to rise to a maximum two to three times 

that for negative ions. 

          Lin and Teare [51] studied the rate of ionization behind shock wave tubes in air 

and found that the concentration of O2
– and O– would always be negligible in 

comparison with the electron concentration when the gas temperature exceeds about 

1500 K.    

          Brown and Eraslan [57] agreed to not include negative ions in their chemical 

kinetic model based on the fact that most of the negative charge consists of free 

electrons, especially downstream of the reaction zone.  

          Fialkov [58] performed ion investigations on flames and proclaimed that 

negatively charged species are represented by electrons and negative ions and that it is 

very difficult to determine concentrations shares of each one of them. It is obvious that 

even if, say, half of the electrons are attached to species, the flame electric properties 

could be interpreted as if only free electrons are in the flame. Therefore, the equation   

n+ = ne , where ”n” is the number density of the species, is often adopted. He also stated 

that the absolute concentrations of negative ions were quite different, depending on the 

method of measuring. For example, Langmuir probes showed same concentration of 

positive and negative ions with electrons concentration only 2% of the positive 

concentration. However, mass spectrometer gave concentration of negative ions two 

order of magnitude less than positive ions. 
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2.5 MATHEMATICAL MODELS FOR IONS IN FLAMES 

          Ion-signal calculation using mathematical and chemical-kinetics modeling has 

been conducted over the past years in an attempt to better understand and predict the 

ion-current and thus use this signal as a method of engine control. In the next few lines, 

the difference between several ion-current models will be shown. 

          In 1988, Brown and Eraslan [57], from Iowa State University, simulated lean and 

close to stoichiometric acetylene flames using a chemical kinetic model. The set of 

reactions included the oxidation, pyrolysis, chemi-ionization, ion molecule reactions and 

charge recombination. Ions included in the model were H3O
+, CHO+, CH3

+, CH2O
+, 

CH3O
+, CH5O

+, C2HO+, C2H3O
+, C3H3

+, C5H3
+, C5H5

+, and C7H5
+. They found H3O

+, 

C3H3
+ and C2H3O

+ to be the three principal ions in this flame, and stated that ions of 

very large mass, greater than 300 amu, can appear, especially as the flame is made 

richer, as the critical equivalence ratio for soot formation is approached.  They also 

published another paper during the same year [59] which modeled the chemi-ionization 

reactions in acetylene fuel rich flame and concluded that the source of ions in fuel rich-

flame was not clear. 
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2.6 MATHEMATICAL MODELS FOR IONS IN INTERNAL COMBUSTION ENGINES 

          In 1996, Saitzkoff and Reinmann [5] from Lund Institute of technology simulated 

the ion current in spark ignited engines. They used the spark plug as an ion sensor and 

noticed that the ion current has three distinct phases. First a large current that 

generates a spark and ignites the mixture, then a current peak early in the combustion 

that does not seem to be directly related to the pressure and finally a current that seems 

to be directly related to the pressure in the cylinder. Their purpose was to explain the 

processes responsible for the last phase. An analytical expression for the ion current as 

function of temperature was derived using Saha’s equation as follows: 

   

Where, (Φs) is the species mole fraction, (Ei) is the ionization energy of the same 

species, (ntot) is the total number density, and the symbol (A) is a constant.   

          They found that a relatively minor species, NO, seems to be the major agent 

responsible for the conductivity of the hot gas in the spark gap. They proposed the 

mechanism of NO ionization to be only thermal, which means that it is only the high 

temperature that causes NO to ionize as follows   (NO => NO+ + e).   In order for them 

to match the experimental data with the calculated based on NO thermal ionization, they 

assumed NO concentration of 10,000 ppm at the adiabatic flame temperature of 2800 K 

and maximum pressure of 5.7 MPa. The results are shown in FIG 2.1.   
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Figure 2.1   Comparison between the measured current and the calculated current [5]. 

          Reinmann and Saitzkoff [24] measured the ion current and built a chemical kinetic 

model to predict the local air to fuel ratio in the vicinity of the spark plug in gasoline 

engines based on the chemiionization reactions which takes place within the first ion-

current peak, known as the reaction zone peak. The chemical model used was able to 

estimate only the ion current in the reaction zone and was burning a mixture of iso-

octane and    n-heptane, and was predicting a correlation between H3O
+ and the air/fuel 

ratio (λ). 

   

          The ions used within the model were CHO+, H3O
+, and C3H3

+.  A comparison 

between the experimental data and the model calculation results for the first ion current 

peak is shown in FIG 2.2, and it is obvious that there is a discrepancy which increased 

by increasing the equivalence ratio. 

_ 
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Figure 2.2    Ion currents calculated from the chemical kinetic model are indicated by the 

lines and the measured ion currents are represented by the symbols according to the 

legend [24]. 

          In another paper [6] in 1997, the same group talked again about the effect of NO 

in the post flame zone concluding that thermal ionization is the governing ion formation 

process in this region. They built a simple zero-dimensional model with chemical 

kinetics based on 64 species and 268 reactions in order to come up with the neutral 

species concentration in the post flame zone. For the NO calculation in the model, the 

reactions in the extended Zeldovich mechanism were used. The NO concentration 

predicted from that model was 14,800 ppm and was used as an input to the thermal 

ionization model in order to obtain the ionization ratio and thus the ion current.  
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          They also talked about the role of the negative ions and electrons in carrying the 

ion current and concluded, based on their calculations, that even if the major part of the 

electrons are attached and only a minority remain free, it is still the electrons that are 

responsible for the most of the current due to their much lower mass and therefore 

much higher drift velocity as shown in FIG 2.3.  

 

Figure 2.3   The calculated cumulative current contribution from electrons, positive and 

negative ions under stoichiometric condition [6]. 

          In 1998, the same group published a paper [60] which discusses the different 

processes of ion formation in flames using different fuels in a spark ignited engine. They 

noticed two ion current peaks and as previously mentioned, the first peak is due to 

chemi-ionization and the second peak is due to the thermal ionization of NO. They 

stated that the thermal equilibrium analysis for the second peak, performed in previous 

studies, was based on quite high concentrations of NO. Most exhaust gas 
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measurements indicated that the values used for the investigation seemed to be in the 

order of 3 to 10 times higher than the measured ones. They claimed that this difference 

arises from the fact that the local NO concentration around the spark plug may reach 

much higher values than the average concentration over the whole cylinder as the NO 

formation process is slow in comparison to other flame reactions. 

         Naoumov and Demin [61] simulated the ion current in spark ignited engines using 

a chemical kinetic model. The model of fuel and combustion included 65 species and 

247 reactions, and they used for gasoline vapor fuel simulation a mixture of octane 

(C8H18) and methylcyclohexane (C6H11 – CH3) and toluene (C6H5 – CH3). For chemi and 

thermal ionization they used a total of 6 reactions including CHO+, H3O
+, NO+, and 

electrons. They stated the NO thermal ionization process as an irreversible chemical 

reaction with only a forward reaction rate as shown below. 

 

Compared to the previous work done by Saitzkoff which only described the second 

peak, their model was able to capture both first and second peaks although the 

amplitudes does not completely match as shown in FIG 2.4. 
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Measurement 
Naoumov model 
Saitzkoff-Reinmann model 
 

 
 

 

Figure 2.4    Comparison between Saitzkoff and Naoumov models [61]. 

          In 2005, Mehresh and Souder [62] tried to simulate the ion current signal in an 

HCCI engine using detailed chemical kinetics for propane combustion, and included 

kinetics for ion formation. The ionization model contained 34 reactions and 9 ionic 

species NO+, N+, N2
+, O2

+, OH+, O+, H3O
+, HCO+, and electrons. Thermal ionization was 

not included in this model. They did not include any reactions of higher hydrocarbons 

with ions because their work was in the fairly lean regimes. 

          In 2007, Prager and Warnatz [63] modeled ionization in lean methane-oxygen 

flames involving an ion model containing 65 reversible reactions and 11 charged 

species, a set of positive and negative ions which are CHO+, H3O
+, CH5O

+, C2H3O
+, O2

-, 

OH-, O-, CO3
-, CHO2

-, CHO3
-, and electrons. No engine work was done in this paper. 
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2.7 CONCLUSION 

 From the literature review it is fairly clear that most of the researchers studied ion 

current in flames at atmospheric pressure because it is easy to collect ionic data 

using a mass spectrometer with direct contact to the flame. Eventually, some 

investigators started to work on ion current in metallic SI engines and create 

mathematical models to try to understand and correlate ion current traces 

obtained experimentally to the output of their models. All of the modeling work 

done in engines was conducted on spark ignited engines with homogeneous 

combustion where the equivalence ratio is fixed around unity.  

 The famous models published in the last few years are basically the Staizkoff-

Reinmann thermal model [5] which tried to explain and predicts only the second 

peak based on thermal ionization calculations of NO and Saha equation. They 

predicted the NO concentration and used it as an input to calculate the ion-

current second peak. They had to bump up the NO concentration levels 3 to 10 

times more than the actual one in order to get a match between their ion-current 

calculated and measured values. Increasing the [NO] level this way to reach a 

match means there is something missing and has not been accounted for in their 

model. Many people adopted that model later on and it has been used as for 

granted. Naoumov and Demin [61] published a better zero-dimensional chemical 

kinetic model, again for spark ignited engines, which can predict the first and the 

second peak based on chemi and thermal ionization. 

 



16 

 

 

CHAPTER 3    EXPERIMENTAL SETUP AND INSTRUMENTATION 

3.1 CHAPTER OVERVIEW 

          Experiments were carried out in two engine test cells. The first test cell contains a 

John-Deere heavy duty commercial diesel engine. The second test cell contains a 

single cylinder optically accessible diesel engine designed only for research purposes. 

This chapter describes in details all Lab equipments used in conducting this research. 

3.2 JOHN DEERE ENGINE 

          The engine used in part of this research is a 4.5L turbocharged, heavy duty, 

electronically controlled, direct injection commercial diesel engine provided by John-

Deere. The engine is fitted with a hydraulic dynamometer and equipped with a common 

rail injection system, and six holes solenoid activated injectors. The water-cooled engine 

is equipped with a Variable Geometry Turbocharger (VGT) with electronic control 

system to regulate the intake pressure and maintain it at a desired level according to 

experimental requirements. Figure 3.1 shows an image of the engine including the VGT, 

fuel tank, dynamometer, radiator, and coupling cage used to secure the engine 

flywheel, rotating shaft and couplings. Engine specifications are listed in Table 3.1.   

          Figure 3.2 is an image of the cylinder head (Top Figure) and piston bowl (Bottom 

Figure). The cylinder head contains 4 valves, two for intake (Left side), and two for 

exhaust (Right side). The centrally located fuel injector contains six holes separated by 

60° angle. The swirl motion direction, glow plug and pressure transducer locations are 
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shown in the figure. In addition, the position of the glow plug hole in reference to the fuel 

injector jets is clearly represented. It is highly important to keep the glow plug, when 

used as an ion sensor, away from the fuel jets path as it affects the ion current 

detection. Figure 3.2 also shows the piston bowl reflecting the fuel jets traces. The swirl 

direction is marked on the shallow engine bowl.  

TABLE 3.1 

Engine Model 4045HF485 

No. of Cylinders 4 Length (mm) 860 

Displacement (L) 4.5 Width (mm) 612 

Bore and Stroke (mm) 106 x 127 Height (mm) 1039 

Compression Ratio 17.0 : 1.0 Weight (Kg) 491 

Engine Type 4 stroke No. of Valves 16 

 

 

 

 

Figure 3.1 John-Deere direct injection diesel engine [64]. 
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Figure 3.2   Cylinder head (Top Figure) and piston bowl (Bottom Figure) [64]. 

3.2.1 John Deere Engine Instrumentation 

          The John-Deere engine is heavily instrumented in order to meet experimental 

requirements.  A Kistler piezoelectric pressure transducer is installed only in cylinder 1 

to acquire the cylinder gas pressure signal.  Furthermore, the fuel injector of cylinder 1 

is equipped with a needle lift sensor to measure the needle plunger displacement. The 
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engine is also equipped with a Kistler piezoresistive high pressure sensor to record the 

fuel pressure in the common rail system.  An Omega pressure transducer is fitted in the 

intake manifold to monitor engine’s intake pressure. In addition, intake temperature is 

recorded with a K-type thermocouple. Moreover, a fuel measuring system is used to 

keep track of the fuel consumption during engine operation. The Coriolis mass flow 

meter is able to measure flow rates as low as 1 gm/min.    

3.2.2 Emissions Measurements 

          NOx is measured on a cycle-by-cycle basis with a fast response NO analyzer 

(CLD 500) provided by Cambustion. An image of the analyzer is shown in FIG 3.3. A 

sampling probe is used to extract gases from inside the engine cylinder or from the 

engine exhaust system for NO measurements. The principle of operation is based on 

the Chemi-Luminescence-Detection (CLD). Introducing ozone to NO sampled by the 

analyzer creates a chemical reaction that emits light. This reaction is the basis for the 

CLD in which the photons produced are detected by a photo multiplier tube (PMT). The 

CLD output voltage is proportional to NO concentration [65].   

  

Figure 3.3   Fast NO analyzer (CLD500) provided by Cambustion [66].  
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          An opacity meter is used to measure soot produced in the exhaust. The basic 

principle used in measuring smoke density is the attenuation of the intensity of a 

collimated light beam by smoke aerosol absorption and scattering from exhaust gases.  

Measurement is accomplished by passing light pulses through the engine exhaust 

stream and detecting the loss in light transmission due to exhaust smoke with a 

photoelectric detector.  The relative light energy loss is translated into both opacity and 

smoke density signals, which are displayed digitally at the control unit and sent to the 

combustion analyzer by BNC cable [64]. Figure 3.4 shows the opacity meter mounted 

on the exhaust pipe of the John-Deere engine. 

  

Figure 3.4   John-Deere engine equipped with an opacity meter [64].  
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3.3 OPTICALLY ACCESSIBLE  ENGINE 

          An optically accessible direct injection 0.51L research diesel engine is used in the 

experimental work. The engine is provided by AVL Gratz, Austria. The single cylinder 

optical engine is fitted with a common rail fuel injection system rated to 1350 bar 

injection pressure. The solenoid activated fuel injector is centrally located inside the 

combustion chamber and has 5 symmetrically spaced holes of diameter 0.17 mm each. 

Engine specifications are listed in Table 3.2. 

TABLE 3.2 

Engine Model AVL 5402 

No. of Cylinders 1 Con-Rod Length (mm) 148 

Displacement (L) 0.51 Bowl Diameter(mm) 40 

Bore and Stroke (mm) 85 x 90 Bowl Depth (mm) 17 

Compression Ratio 15.0 : 1.0 Swirl Ratio 2.0 – 4.5 

Engine Type 4 stroke No. of Valves 4 

 

          Optical access is provided via an extended piston in which is mounted a 20 mm-

thick fused-silica (quartz) window. The window is mounted within a metallic casing and 

sealed with an epoxy. An O-ring forms a seal between the piston and window casing, 

facilitating removal of the window/casing assembly during cleaning. The placement of a 

mirror inside the piston assembly at 45° relative to the cylinder axis provides a view of 

the entire 40 mm-diameter combustion bowl [67, 68].  
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          The combustion bowl is of rectangular cross-section. Oil-less lubrication is 

provided by slotted graphite rings and the sealing by uninterrupted Bronze-Teflon rings. 

Compressed air directed at the underside of the piston window provides cooling of this 

assembly during operation [67, 68]. Figure 3.5 shows the extended piston and 

combustion bowl.  

 

Figure 3.5   Extended piston and combustion bowl geometry [67, 68]. 
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3.3.1 Optical Engine Instrumentation 

          The engine is driven by an AVL AC dynamometer at constant speeds. The engine 

is equipped with a non-cooled piezoelectric pressure transducer fitted in the cylinder 

head to measure cylinder gas pressure. An additional pressure transducer measures 

the pressure in the line between the fuel rail and injector. The fuel injector is 

instrumented with a needle lift detector to acquire the displacement of the needle 

plunger. 

          Images of combustion are recorded with the use of a high speed Phantom 

camera which can acquire up to 30 000 frames per second. The Phantom camera 

shown in FIG 3.6 is only capable of recording images in the visible range. However, an 

intensifier is needed to obtain shots of the combustion process in the Ultra-Violet (UV) 

range.  

 

 

 

Figure 3.6   Phantom Camera used in recording combustion images. 
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CHAPTER 4   ION CURRENT MEASURING TECHNIQUES IN DIESEL ENGINES 

4.1 CHAPTER OVERVIEW 

          The objective of this chapter is to discuss different ion current measuring 

techniques developed at Wayne State University in order to pursue my Ph.D research in 

diesel engines. Three ion probes were made to sense the ion-current signal in the 

engine cylinder. The first was a conventional glow plug modified to act as an ion sensor. 

This sensor requires a hole drilled in the cylinder head to accommodate the glow plug 

outer sleeve. I used this sensor to conduct experiments on the heavy duty John Deere 

metallic engine. The second sensor is called Multi-Sensing Fuel Injector (MSFI) where I 

use the fuel injector as an ion sensor. The MSFI can perform other sensing functions as 

well. I used the MSFI in the AVL single cylinder optically accessible diesel engine as the 

use of this sensor does not require a glow plug hole in the engine block. The third 

sensor is an In-Cylinder gas sampling probe modified to work as an ion sensor. This 

sensor was developed to study the correlation between certain sampled gases from the 

engine cylinder such as NO and the corresponding ion current in the same location. I 

used this sensor on the John Deere diesel engine where I fitted this sensor in the glow 

plug hole. The chapter will discuss the three measuring techniques in more details. 
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4.2 MODIFIED GLOW PLUG 

          Glavmo from Dephi, in 1999 was the first to modify a glow plug and use it as an 

ion current sensor [69].  The use of the modified glow plug as an ion sensor is limited to 

engines fitted with glow plugs.  Other engines have to drill a hole in the cylinder head to 

accommodate a glow plug.  At Wayne State University, I tried different designs to use 

the conventional glow plug as an ion sensor. The purpose of the design is to maintain 

the functionality of the glow plug while using it as an ion sensor. The cross section 

drawing and a picture of the new sensor is shown in FIG 4.1. The terminals of the glow 

plug circuit and ion current circuit are shown in the same figure. The original outer shell 

was used to maintain the distance of thread to the seat and the thread itself. The length 

of the inner sleeve was maintained same as the original design to avoid it hitting the 

piston head.  

 

Figure 4.1 Convention glow plug / Ion-sensor designed at Wayne State University [66]. 
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4.2.1 Ion Current Circuit 

          The ion current circuit comprises the modified glow plug, DC supply voltage, 

resistance and a signal conditioning system as shown in FIG 4.2. The inner rod of the 

modified glow plug is isolated from the engine body and connected to the positive 

terminal of the power supply. The outer sleeve of the glow plug is connected to the 

engine body to the negative terminal of the power supply. The inner rod of the glow plug 

is isolated from the outer sleeve using high temperature ceramic.  

 

  

Figure 4.2 Ion current circuit using a modified glow plug as an ion sensor [66]. 

 

          The DC supply voltage can produce 25, 50, 75, 100 volts. The measured current 

is of the range of micro amperes. A signal conditioning unit with 5B40 modules is used 

to amplify the ion current signal. These modules work at 10 kHz bandwidth and hence 

the phase delay is small. The input voltage range is ±100 mV and the output ±5 volt 

which means they amplify the signal 50 times. Figure 4.3 shows an image of the ion 

current circuit used in this dissertation.  
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Figure 4.3    Signal Conditioning System and Power Supply [66]. 
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 4.3 MULTI-SENSING FUEL INJECTOR 

         The idea of using the fuel injector with electrical positive tip as an ion current 

sensor was first proposed by Volvo in 2003 [70]. However, at Wayne State University 

this idea was enhanced and implemented in such a way that the fuel injector is not only 

utilized as a current sensor, but also as a multi sensing device, referred to as “Multi-

Sensing Fuel Injector”, (MSFI) [71].  Its sensing ability is based on the Hall Effect and 

the ionization property of flames.  The Hall Effect enables the MSFI to act as a current 

probe to detect the electric pulses for the start and end of injection. The ionization 

property of flames enables the MSFI to act as an ion current sensor.  Using this 

technology, the fuel injector is able to perform five functions in addition to its main task 

of injecting fuel inside the combustion chamber. The fuel injector is capable of detecting 

fuel injection timing, combustion timing, and in-cylinder emissions. Furthermore, the 

MSFI can detect malfunctions over the lifetime of the engine such as injector fuel 

leakage and dribbling, improper injector driver operation, and engine misfire. The signal 

developed from the injector circuit is fed to engine ECU to control different engine 

operating parameters.  The MSFI technology can be applied in direct injection diesel 

and gasoline engines operating in their conventional mode and in the HCCI regime. 

Furthermore, it can be retrofitted to already produced direct injection diesel and gasoline 

engines and this is why I used the MSFI on the optically accessible diesel engine. 
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          A test was performed in the optically accessible diesel engine using the MSFI 

technology. Figure 4.4 shows the results obtained from the MSFI together with needle 

lift, rate of heat release and cylinder gas pressure traces.  It demonstrates the periods 

when the injector acts as a Hall Effect device, and as an ion current sensor. Compared 

to spark plugs and glow plugs modified to work as ion sensors, the MSFI is the only 

sensor capable of combining two principals of operation in one signal as shown in FIG 

4.4. The details of traces in this figure will be explained in the following sections. 

 

 

Figure 4.4    MSFI signal, cylinder gas pressure, needle lift, and Rate of Heat Release. 

[Optical engine, rpm =1000, Start of Injection: 8.25°bTDC, Injection pressure: 400 bar]  
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4.3.1 MSFI Circuit 

          Figure 4.5 shows a schematic sketch of the MSFI system.  The system consists 

of a pair of electrically isolated electrodes separated by a gap where the fuel injector 

acts as one electrode and the engine body acts as the other electrode.  The fuel 

injector, located within the combustion chamber of the diesel engine, is electrically 

insolated from the rest of the engine body using various electrically non-conducting 

material parts.   The first is in the form of a washer placed underneath the fuel injector to 

insulate it from the engine cylinder head.  The second is placed between the injector 

holder and the cylinder head. The third is in the form of a coupling applied to the high 

pressure line upstream the fuel injector.   An ion current electric circuit is then 

connected to the fuel injector in order to produce a signal indicative of different functions 

of MSFI system.  The detection circuit includes a 100V DC power source with positive 

potential terminal connected to the fuel injector.  The negative potential terminal is 

connected to the engine body.  Current is measured in terms of the voltage drop across 

a resistor.  Since the current signal tends to be relatively weak, a signal conditioning unit 

and an amplifier are included in the circuit. The amplifier can be integrated with low 

pass, high pass filters to reshape the incoming sensor output signal for control 

purposes. 
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Figure 4.5   Insulation of a diesel engine fuel injector to act as MSFI and associated ion 

current circuit [72]. 

4.3.2 MSFI Sensing and Diagnostic Functions  

4.3.2.1 Injection Timing 

          An experiment was carried out in a diesel engine equipped with a solenoid 

activated fuel injector to compare MSFI response to the injection pulse signal. In the 

arrangement shown in FIG 4.5, the injector is a part of two electric circuits.  The first is 

the original circuit that includes the ECU and injector solenoid.  The second is the ion 

current circuit.  In order to determine the response of the second circuit to the pulse in 

the first circuit, a commercial current probe is clamped around the electric wiring to the 

injector solenoid.   At the same time the MSFI signal is recorded.  Figure 4.6 shows the 

output of the current probe and the corresponding MSFI signal.  The electric pulse 

signal was sent to the solenoid at 8.5 CAD before TDC for a duration of 4 CAD.  The ion 

current circuit signal showed two clear spikes with high amplitudes.  The first spike 
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coincides with the sharp rise in the current to activate the solenoid.  The second spike 

coincides with sharp drop in the current to deactivate the solenoid. It should be noted 

that the two small spikes detected in the ion current signal at 5 and 6 CAD before TDC 

are caused by the change in the pulse current from a high level to a low level as shown 

in the current probe signal.  From this analysis, it is clear that MSFI circuit can indicate 

the timing of both the activating and deactivating currents to the solenoid, based on the 

Hall Effect theory.  In addition, the MSFI signal can detect the timing of the changes in 

the activation current from a high level to a low level.  
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Figure 4.6   Comparison between MSFI and current probe signals produced by the 

electric pulse to the injector. 
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The signal produced by the MSFI in the optical diesel engine, given in FIG 4.7, shows 

the following: 

a. The electric pulse to activate the injector solenoid and start the injection process 

is at 8.5°bTDC.  

b. The electric pulse to deactivate the injector solenoid to end the injection process 

is at 4.5°bTDC.  The period between the two signals, the injection pulse width 

(IPW), is 4 CADs. 

c. Two low-amplitude signals between the signals stated in (a) and (b) are 

explained earlier, as being caused by the shift in the level of the current in the 

solenoid circuit from a high level to a low level. 
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Figure 4.7   Traces of the ion current, cylinder gas pressure, and rate of heat release 
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4.3.2.2 Combustion Timing 

Figure 4.7 shows the following: 

a. The start of the rise in the ion current at 5.8° after TDC. This coincides with the 

location of peak of the rate of heat release due to premixed combustion, which 

coincides closely with the point at which the cylinder gas pressure reaches its 

highest rate of rise due to combustion.  

b. The peak of the ion current, at 7.5° after TDC.  This coincides with the end of the 

premixed combustion fraction. 

c. The period from the activating current pulse spike to the start of combustion. 

Another test was conducted in the optically accessible diesel engine where a high 

speed imaging PHANTOM camera is used to capture images of the combustion 

process at a speed of 30,000 frames per sec. The MSFI signal was also recorded as 

shown in FIG 4.8. The images show two combustion regimes.  The first is the premixed 

combustion which is characterized by the blue flame. The second is the diffusion 

controlled combustion characterized by the sooty yellow flames.  It is clear from the 

images that the start of the rise of the ion current, at 5.6 CAD after TDC, is associated 

with the peak of the rate of heat release in the premixed combustion regime.   
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Figure 4.8   High speed camera images along with ion current measurement. Rate of 

Heat Release trace (dash-dotted red line) is shown on top followed by cylinder pressure 

trace (dashed black line) and ion current signal (solid blue line).  

 

          Another analysis has been carried out to study the effect of engine warm-up on 

the start of combustion location as well as start of ion current signal along the first 400 

engine cycles of the optically accessible diesel engine.   Figure 4.9 reflects strong 

correlation between the location at which the ion-current signal starts and the first visible 

blue flame image caused by premixed combustion captured by the phantom camera.  

During cold start, late premixed combustion is caused by low engine temperature and 
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thus longer ignition delay. Figure 4.9 reflects the start of combustion and ion current 

signal at 10 CAD after TDC in the first few cycles. As the engine warms up, ignition 

delay is shortened advancing the start of combustion and ion current until thermal 

stability is achieved. 
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Figure 4.9   A correlation between the location of the start of ion current signal (solid 

blue line) and the first visible blue flame indicative of premixed combustion (dashed red 

line) during engine warm-up procedure.  
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4.3.2.3 Injection Diagnostics 

          The signal produced by the MSFI detected two malfunctions in the injection 

process, the first is fuel leakage from the injector and the second is a malfunction in the 

injector driver. 

 

4.3.2.3.1 Fuel Leakage 

          Figure 4.10 demonstrates a cycle where fuel leakage from the injector was 

detected in the MSFI ion current signal. The traces are identical to those illustrated in 

FIG 4.4 except for a bump in the ion current signal that appears in the expansion stroke 

at around 20° after TDC. The duration and the peak of this bump indicate the presence 

of high concentrations of ions and electrons close to the injector tip.  Out of 400 

recorded engine cycles, 7 cycles were found with the late ionization current bump.  The 

source of these ions was investigated by examining high speed images taken in the 

optical diesel engine at the same time the data in FIG 4.10 was recorded.  The images 

for the cycles with ion bumps show a small luminous flame at the injector nozzle tip that 

coincides with the timing of these bumps.   It is concluded that these bumps are caused 

by fuel leaking out of the injector holes, burning close to the surface of the injector tip 

and releasing charged particles captured by the MSFI.   
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1.1  

  

 Figure 4.10   Output Signal from MSFI system with a leaking injector 

4.3.2.3.2 Injector driver malfunction    

          Figure 4.11 shows MSFI signals for two cycles, and the corresponding traces for 

the needle lift and the electric current measured by a commercial current probe clamped 

around the wiring to the fuel injector. The first cycle is represented by solid lines, while 

the second cycle is represented by dotted lines.  The preset amount of fuel delivery is 

the same for the two cycles.  The second cycle shows a healthy operation, as the probe 

shows a sharp rise in the electric current to activate the solenoid to start fuel injection, 

and a sharp decay in the electric current to deactivate the solenoid to end the injection 

process.  For this cycle, the MSFI signal shows two clear spikes of equal amplitudes 

that coincide with the current probe signals.  The amount of fuel delivered in this cycle is 

reflected by the width and amplitude of the needle lift signal shown in the upper graph of 

FIG 4.11.    
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          The first cycle represents a defective injector driver behavior that produced a 

higher lift and longer opening duration compared to the other cycle.   The reason for 

such behavior can be found by analyzing the current probe signal.  This signal shows a 

slower rate of decay in the deactivating current to the solenoid to close the needle. It 

took the current about 1.5 CAD more to drop in cycle 1 than in cycle 2 to deactivate the 

solenoid. A slow needle closing has serious implications on fuel atomization and 

penetration and ultimately on engine out emissions, particularly soot and hydrocarbon 

emissions.    This malfunction of the driver can be detected from the MSFI signal, where 

the spike that corresponds to the needle closing shows much lower amplitude than that 

corresponding to the needle opening.  This analysis demonstrates the ability of the 

MSFI to detect cycle-to-cycle variations in fuel injection.  
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Figure 4.11   Comparison between two cycles representing a normal and a faulty 

injector driver.  The top figure shows the activating current measured by the current 

probe and needle lift.  The bottom figure shows the output of the MSFI signal. 
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4.3.2.4 Combustion Diagnostics 

          The ion current signal depicts many characteristics of combustion in diesel 

engines. The MSFI being an integral part of each cylinder can produce a signal 

indicative of the state of combustion in the cylinder. This is particularly important in 

multi-cylinder engines if one cylinder is faulty. Any fault such as a misfire in one of the 

cylinders in a multi-cylinder engine can be a major source of loss of power, poor fuel 

economy and high hydrocarbon emissions.  

          A test was carried out using the optical diesel engine equipped with the MSFI 

system. Phantom camera images were recorded along with the MSFI signal. Figure 

4.12 reflects cycle 20 during a cold start sequence where the engine is fairly cold with 

peak pressure of almost 38 bar.  The weak MSFI signal reflects partially firing (close to 

misfiring) conditions as it is evident in the RHR and pressure traces. The corresponding 

images in FIG 4.12 show poor combustion with low light intensity.  

          Figure 4.13 represents cycle 210 in the cold start sequence and in this case the 

engine is fairly hot. The pressure trace has a peak value of almost 55 bar.  Compared to 

FIG 4.12, the combustion in this cycle is successful with no evidence of misfire. This is 

reflected on the MSFI signal which is more significant.  In addition, Phantom camera 

images in FIG 4.13 represent clearly the two modes of combustion (premixed and 

diffusion controlled).  
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12 CAD  13 CAD    14 CAD   15 CAD  

Figure 4.12   Cycle number 20 during an engine cold start experiment. High speed 

camera images along with MSFI measurement. Rate of Heat Release trace (dash-

dotted red line) is shown followed by cylinder pressure trace (dashed black line) and 

MSFI signal (solid blue line). 
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9 CAD  10 CAD  12 CAD  15 CAD  

Figure 4.13   Cycle number 210 during an engine cold start experiment. High speed 

camera images along MSFI measurement. Rate of Heat Release trace (dash-dotted red 

line) is shown followed by cylinder pressure trace (dashed black line) and MSFI signal 

(solid blue line). 
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4.3.3 MSFI Control Algorithm 

          Figure 4.14 outlines a flow chart for an algorithm the ECU can follow to verify 

various operating conditions of the engine based on the MSFI signal [71, 72]. The ECU 

initially determines whether or not a start of injection spike (SOIS) is detected.  If the 

ECU does not detect this spike (SOIS), then it concludes that the fuel injection system 

failed to deliver fuel into the combustion chamber. In a following step, if the ECU detects 

SOIS and does not detect the end of injection spike (EOIS), then it concludes an 

abnormality in the injector driver as well as the delivery of a larger amount of fuel than 

the preset value. If it detects EOIS, then it proceeds to the subsequent step. 

          In the next step, the ECU determines whether or not a start of combustion peak 

(SOCP) is detected. If no, this means that combustion did not occur. In one final step, if 

the ECU detects a fuel leakage bump or fuel dribbling peak (FDP) in the MSFI signal, 

the ECU concludes that combustion has occurred but with a fuel leakage problem. The 

ECU can make a decision about the fuel injector reliability, and whether or not it needs 

to be changed depending on the frequency of FDP peaks in the signal.  If the FDP peak 

is not detected, then the ECU concludes that the injection of fuel and the combustion 

thereof are successful. Accordingly, the output signal of the MSFI can be used as a 

feedback signal to the ECU for engine control and diagnostics.   
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Figure 4.14    Flowchart illustrating an algorithm for ECU to follow using MSFI signal.  
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4.3.4 Mathematical Model to Compare Between Conventional Glow Plug Ion-Sensor 

and MSFI  

          An investigation is carried out to compare between the electric field generated by 

a conventional ion probe such as a modified glow plug, and the centrally located MSFI.   

QuickField, finite elements analysis software, is used for the electric fields simulation 

[127]. This software has the ability to simulate uniform and non-uniform electric fields 

[128]. The strength of the electric field is determined by the voltage between the 

charged surfaces and the distance separating them.   Uniform electric fields are created 

between two parallel charged plates, concentric spheres, or coaxial tubes.   The electric 

field in the combustion chamber is not uniform, more complex and depends on the 

location of the ion probe.   

           In this investigation, a charged particle (electron or ion), is located inside the 

combustion chamber having a non-uniform electric field existing between the ion probe 

(positively charged) and the engine body (ground). The potential difference is 300 V in 

this case. The ion probe is the glow plug in one case and the MSFI in the second. 

Figure 4.15 illustrates the simulation results. A charged particle is placed once in the 

right half of the engine bowl and once more in the left half of the bowl. The charged 

particle has the possibility to follow 360 different paths. Six paths were chosen every 60 

degree. 

           Figures (4.15a) and (4.15b) show the simulated charged particle paths (in red 

lines) to a glow plug used as an ion sensor.   Figure (4.15a) shows the charged particle 

on the left side was able to reach close to the plug.   However, the particle on the other 
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side of the bowl shown in figure (4.15b), could not reach the plug because of the long 

distance where electric field is weak.   Therefore, only the charged particles located on 

one side of the combustion chamber have the chance to reach the glow plug.   This 

confirms the statement that the glow plug on any other ion current probe which is 

located on one side of the combustion chamber is a local sensor [73- 75].     

          On the other hand, figures (4.15c) and (4.15d) simulate the paths of the charged 

particles to the centrally located MSFI.  Both figures show an electric field that covers 

the whole combustion chamber with uniform strength.   Accordingly, it can be stated that 

the MSFI has an advantage over the conventional ion probes, since it does not act as a 

local sensor.  

 

(a) Glow plug (Ion Probe) with electron on left side                       (b) Glow plug with electron on right side 

 

 

(c) MSFI with electron on left side                                                  (d) MSFI with electron on right side 

    

Figure 4.15    Simulation results comparing between the electric field generated by a 

conventional glow plug ion sensor and the new MSFI. 
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4.4 IN-CYLINDER GAS SAMPLING/ION-CURRENT PROBE 

          Currently, there is no sensor that determines the correlation between chemical 

products developed during combustion and ion current signal. Combining in-cylinder 

sampling techniques with ion current detection is of great importance as it is necessary  

to better understand how ionization processes are tied to different combustion products, 

and thus create new methods to control internal combustion engines under various 

operating modes and fuels. Ion-sensors are local sensors [73- 75], they can only 

measure current created by species ionized in the vicinity of the sensor. Therefore, in-

cylinder sampling probes and ion sensors have to measure their signals at the same 

exact location in order to study the effect of different sampled species on the ionization 

signal.  

           In this dissertation, modifications to an existing in-cylinder sampling probe have 

been made to accommodate ion current measurements. The new In-Cylinder gas 

sampling/Ion-current probe has been patented through Wayne State University [76]. 

With the use of this novel sensor, I was able to study and reveal the effect of various 

specific species on the ion current signal as far as amplitude and shape. This sensor 

can accurately determine the contribution of the in-cylinder sampled species on the 

ionization signal.  The outcome of the use of this new probe will be shown and 

discussed in details in Chapter 6.  
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4.4.1 Sensor Design  

          The In-Cylinder gas sampling probe was modified to sense ion current as 

discussed above. The top image of FIG 4.16 shows an original gas sampling probe 

purchased from Cambustion, a company located in England, to measure In-Cylinder NO 

using a Fast NOx machine. The bottom image of FIG 4.16 shows the modifications 

made at Wayne State University to adapt the gas sampling probe for simultaneous 

measurement of ion current. A ceramic high temperature white coating is used to cover 

and insulate the sampling pipe electrically from the rest of the engine body. A glow plug 

adapter is then used as an outer sleeve to fit the sampling probe in the glow plug hole of 

the engine cylinder head.  

 

 

Figure 4.16 Top image – Original Gas sampling probe purchased from Cambustion, 

while Bottom image – Gas sampling probe modified to sense ion current. 

Glow Plug Adaptor  

 

Ion sensing and 

gas sampling tip 

 

Ceramic coating 

 



50 

 

 

4.4.2 Ion Circuit 

          After modifying the sampling probe to accommodate ion sensing, an ionization 

circuit is then added. Figure 4.17 represents a detailed outline of the ion current circuit 

used to operate the sensor.  A DC power supply with preset positive potential is used. 

The in-cylinder sampling tube is connected to the positive terminal. The outer sleeve 

(glow plug adapter) is connected as well as the engine body to the negative terminal of 

the power supply. Voltage drop is measured across a resistor and processed via a 

signal conditioning unit.  

  

Figure 4.17   Ion current circuit required for the new probe [76]. 
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4.4.3 System Hardware 

          Figure 4.18 outlines the arrangements required for full operation of the sensor in 

order to extract gases from the engine cylinder and to sense ion current. Two paths are 

shown in the figure, one is for gas sampling and the other is for ion sensing. First, the 

sampling tube is fitted inside the engine cylinder through the glow plug hole. Gas is 

sampled via the probe onto a Cambustion gas analyzer (CLD 500) and then to a data 

acquisition system. Second, Ion current is measured at the tip of the gas sampling 

probe using the ionization circuit discussed above and then to the same data acquisition 

system.     

 

Figure 4.18    Gas sampling system equipped with ion current circuit. 
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4.5 CONCLUSION 

 The conventional ion current sensor (modified glow plug) was first used to 

measure the ion current signal during engine tests. However, the glow plug was 

not suitable for all of the experiments I designed to complete my thesis. 

Therefore, new ion measuring techniques were developed and  implemented 

such as a Multi-Sensing Fuel injector (MSFI) and an In-Cylinder Gas Sampling / 

Ion-Current probe. 

 The MSFI is not only used as an ion sensor, but also as a multi sensor. It is able 

to act as an injection timing sensor, and an injection and combustion diagnostic 

tool. Furthermore, the signal produced by the MSFI is an indication of possible 

malfunctions in the injection system such as fuel leakage from the injector holes 

and abnormalities in the injector driver operation. 

 A control algorithm has been developed for the use of the MSFI output signal in 

the feedback loop to the engine ECU for injection timing and injection and 

combustion diagnostics. 

 An in-cylinder gas sampling probe was modified to measure the ion current 

signal and this new measuring technique allows gas sampling and ion current 

measurement to be performed at the same exact location. This is very important 

as we will be able to study the effect of certain species (the sampled gas) on the 

ion current behavior. 
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CHAPTER 5        SOOT AND ION CURRENT CORRELATIONS 

5.1 CHAPTER OVERVIEW 

          The objective of this chapter is to discuss the correlation between soot formed 

inside the combustion chamber and the ion current. Experimental work was conducted 

on the heavy duty John Deere diesel engine under transient and steady state operating 

conditions using open and closed ECUs. A conventional glow plug modified to sense 

ion current was used during this investigation. Detailed analysis was carried out 

reflecting positive soot contribution to the ion current signal.  

          Based on the analysis given in this chapter, a new technique has been developed 

at Wayne State University and patented [88] to determine the soot content in the 

cylinder from the ion current signal. The soot content determined by this technique is an 

indicator of the soot concentration in the exhaust. One of the main advantages of this 

technique is that it shows the soot content on a cycle-by-cycle basis under different 

steady and transient engine operating conditions. In addition, the soot content in each 

cylinder can be continuously detected by the ECU. Any malfunctioning cylinder could be 

easily identified by the ECU and corrective actions can be taken for this specific 

cylinder.  
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5.2 EXPERIMENTAL SETUP 

         The experiments throughout this chapter were conducted on a multi-cylinder 

heavy duty John Deere diesel engine where cylinder 1 was equipped with a pressure 

transducer and a conventional glow plug modified to work as an ion current sensor. The 

engine is equipped with a common rail injection system and variable geometry 

turbocharger (VGT). An opacity meter is fitted on the exhaust pipe for soot 

measurements as shown in FIG 5.1.     

  

Figure 5.1   Experimental layout used for soot and ion current measurements. 
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         A test matrix, designed to study the contribution of soot in the ion current signal, is 

shown in Table 5.1.  The engine was controlled using an open engine control unit 

(ECU), where engine parameters such as injection timing, injection pressure, intake 

pressure, and engine speed were controlled. The engine test was performed at a low 

injection pressure of 400 bar as well as at a high injection pressure of 1000 bar. A 

sweep of loads of 5, 7, 9, and 11 bar IMEP was conducted at each injection pressure. 

Start of fuel injection is kept the same in all tests. Speed is maintained constant at 1300 

RPM. In addition, the Variable Geometry Turbocharger (VGT) was used to maintain the 

same intake pressure during tests. Figure 5.2 shows cylinder pressure traces, needle lift 

signal, calculated rate of heat release, and cylinder temperature at 400 bar (top graph) 

and 1000 bar (bottom graph) injection pressure . 

 

TABLE 5.1 

Injection 
Pressure 

400 bar 1000 bar 

Engine 
Load 

SOI 
Fuel Flow 

(g/min) 
SOI 

Fuel Flow 
(g/min) 

      5 bar 8 bTDC 82.3 8 bTDC 75 

7 bar 8 bTDC 117 8 bTDC 108 

9 bar 8 bTDC 163 8 bTDC 131 

11 bar 8 bTDC 197 8 bTDC 173 
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Figure 5.2    Recorded cylinder pressure traces (Black) and needle lift signal (Green), 

and calculated rate of heat release (Blue) and cylinder temperature (Red) for a sweep of 

engine loads at two injection pressures, 400 bar (Top figure) and 1000 bar (Bottom 

figure). 
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5.3 CYCLE-BY-CYCLE ION CURRENT SIGNAL ANALYSIS 

          As a first step, I tried to study the correlation between the ion current signal and 

the soot measured in the engine exhaust port on a cyclic basis.  As shown in FIG 5.3,   

the maximum ion current amplitude in each cycle is plotted versus soot.  The figure 

consists of 4 graphs representing lowest (5 bar IMEP) and highest (11 bar IMEP) loads 

at each injection pressure.  
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Figure 5.3   A set of results showing ion current maximum amplitude (Max IC) and 

maximum soot (Max Opacity) measured on a cyclic basis.    
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- (CASE 1) Injection Pressure 400 bar, and 5 IMEP load:  As shown in the upper 

left graph of FIG 5.3, the ion current peak fluctuates around 60 uA and soot 

percent is close to 1.5.  

- (CASE 2) Injection Pressure 1000 bar, and 5 IMEP load:  As shown in the upper 

right graph of FIG 5.3, the ion current peak fluctuates around 180 uA and soot 

percent is close to 0.4.  

- (CASE 3) Injection Pressure 400 bar, and 11 IMEP load:  As shown in the lower 

left graph of FIG 5.3, the ion current peak fluctuates around 120 uA while soot 

reached its highest levels close to 11 %.  

- (CASE 4) Injection Pressure 1000 bar, and 11 IMEP load:  As shown in the lower 

right graph of FIG 5.3, the ion current peak fluctuates around 600 uA and soot 

percent is close to 3.5.  

The analysis shows that the ion current peak reached its lowest levels at low loads and 

low injection pressures. It increased slightly when the engine ran at higher loads. On the 

other hand, at high injection pressure, the ion current amplitude increased dramatically 

reaching its highest levels by increasing engine load.   As far as soot signal, it is clear 

that soot produced at lower injection pressure is fairly high, especially at higher engine 

loads.  

          A more detailed analysis was carried out to study the relationship between the ion 

current peak and soot signal within each of the 4 cases listed above. The data in FIG 

5.3 was re-plotted as shown in FIG 5.4 to come up with the correlation factor in each 
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case.  In FIG 5.4, maximum ion current is plotted versus maximum soot where each of 

the 4 graphs contains 100 points corresponding to 100 engine cycles. As shown, the 

correlation coefficients for cases 1, 2, 3, and 4 are 15.8%, 8.7%, 14.7%, and 29.8% 

respectively. These percentages reflect a fairly poor correlation between the ion current 

peak and maximum soot produced in all 4 cases. Thus the ion current peak cannot be 

used as a representative of soot, however this fact does not conclude that soot does not 

contribute to the ion current signal.   
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Figure 5.4   Correlation between maximum ion current and soot at low and high injection 

pressure and engine load on a cyclic basis. 
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5.4 ENGINE TRANSIENT OPERATION WITH OPEN AND CLOSED ECU 

         A test was conducted on the heavy duty John Deere engine using an open ECU 

under transient engine speeds, loads and intake pressures.  The speed was varied from 

1150 RPM to 2000 RPM while the torque fluctuated between 70 Nm and 220 Nm.   The 

figure shows traces for varying torques, manifold absolute pressures and speeds. The 

lowest figure shows two traces for the soot percentage. A new technique was used to 

predict soot from the ion current signal. Based on this investigation, a close match is 

achieved between the measured and predicted soot as shown in FIG 5.5.   
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Figure 5.5  Traces for instantaneous load, MAP, speed, and percentage of soot 

measured by the opacity meter and computed from the ion current signal.  
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          A second test was carried out to compare between predicted and measured soot 

using the original manufacturer closed ECU. In this test, the following engine operating 

parameters vary:  load, intake pressure, injection pressure, and injection timing. Only 

engine speed was kept constant.  

          The original manufacturer ECU used for this test was calibrated by the 

manufacturer to produce soot emissions within the EPA standards.  The test was 

developed to see if the predicted soot using the new technique is sensitive enough to 

capture the very low soot levels emitted.  The engine speed was kept constant at 1800 

RPM, load (IMEP) varied between 12 and 18 bar, injection pressure varied between 950 

and 1150 bar, and intake pressure (MAP) varied between 2.4 and 2.8 bar. The results in 

FIG 5.6 showed a good match between the measured and predicted soot ranging 

between 0.05% and 0.6%.   
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Figure 5.6   Correlation between measured and predicted soot using a closed ECU. 
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5.5 ADVANTAGES OF THE SOOT PREDICTION TECHNIQUE 

          The main advantage of the new soot prediction technique is to offer a cost 

effective method to determine soot concentration inside the combustion chamber using 

the ion current signal. The technique also provides a fast cycle-by-cycle soot 

computation to cope with the engine transient operation and high speeds. The feedback 

signal sent to the engine ECU can be used to adjust different engine operating 

parameters in order to produce less soot to comply with the EPA stringent emissions 

standard.  A list of advantages the soot prediction technique is provided as follows:  

1. Cost effective as the sensor involved is the ion sensor. 

2. Fast response soot measuring technique, as it depends on electron speed. 

3. Measures soot inside the combustion chamber. 

4. Measure soot on a cycle-by-cycle basis. 

5. Measure soot in each engine cylinder. 

6. No modifications required to the engine block. 

7. Onboard tool for soot determination. 

8. Compact design. 
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5.6 CONCLUSIONS 

 Experiments were designed to study the effect of soot on the ion current signal at 

different engine operating conditions.  

 The correlation between ion current signal amplitude and soot measured in the 

exhaust on a cycle by cycle basis turned out to be fairly weak. Therefore, another 

correlating technique was developed. 

 A new soot prediction technique was established based on the ion current signal. 

The technique was tested on a diesel engine at different operating conditions 

during steady and transient operation.  
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CHAPTER 6   IN-CYLINDER NO AND ION CURRENT CORRELATIONS 

6.1 CHAPTER OVERVIEW 

          Ion current sources in diesel engines are not well identified [79].  The purpose of 

this chapter is to study the effect of in-Cylinder NO concentration on the ion current at 

various engine operating conditions. The chapter introduces a novel technique of ion 

current measurement which involves the patented in-cylinder NO sampling-probe / ion-

current sensor [80] discussed in Chapter 4.  

         Ion current is a local signal and it is important to sample the cylinder gases for NO 

measurements at the same exact location of the ion current probe inside the 

combustion chamber. This allows us to determine experimentally the contribution of NO 

in the ion current.  Furthermore, this arrangement will help in determining if one of the 

ion current peaks is due to only NO thermal ionization, NO chemical ionization, or a mix 

of both and what is their ratio. Also to find out if the ion current is from a different 

source. The experiments were conducted on a heavy duty multi cylinder John Deere 

diesel engine under different engine parameters such as injection pressure and load.   
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6.2 EXPERIMENTAL SETUP 

         The experiments throughout this chapter were conducted on a multi-cylinder 

heavy duty John Deere diesel engine. The engine is equipped with a common rail 

injection system and Variable Geometry Turbocharger (VGT). The engine was 

controlled using a full accessed open ECU, where engine parameters such as injection 

timing, injection pressure, intake pressure, and engine speed were controlled.   
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Figure 6.1   Experimental layout used for NO and ion current measurements. 
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         A Kistler pressure transducer was fitted in the head of cylinder 1 to measure the 

cylinder gas pressure. An optical encoder was installed on the front end to acquire the 

crank angle position with a resolution of 0.25 CAD. Engine load, needle lift, intake 

pressure, and intake temperature were also acquired. The engine out emissions such 

as soot and NO were measured. An opacity meter measures the soot content of the 

exhaust gases.  A fast response sampling analyzer (CLD 500) was connected to the 

exhaust pipe for NO measurements. In addition, the CLD 500 analyzer was connected 

to the in-cylinder NO sampling-probe / ion-current sensor fitted in cylinder 1 to measure 

in-cylinder NO content as well as ion current. Figure 6.1 shows engine layout and 

instrumentation. 

          A test matrix was designed to study the contribution of NO measured inside the 

combustion chamber in the ion current signal.  The test matrix is shown in Table 6.1.  

The engine test was performed at a low injection pressure of 400 bar as well as high 

injection pressure of 1000 bar. A sweep of load of 5, 7, 9, and 11 bar IMEP was 

conducted at each injection pressure. Speed is maintained constant at 1300 RPM. In 

addition, the Variable Geometry Turbocharger (VGT) was used to maintain the same 

intake pressure during tests. Figure 6.2 shows cylinder pressure traces, needle lift 

signal, calculated rate of heat release, and cylinder temperature at 400 bar (top graph) 

and 1000 bar (bottom graph) injection pressure . 
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TABLE 6.1 

Injection 
Pressure 

400 bar 1000 bar 

Engine 
Load 

SOI 
Fuel Flow 

(g/min) 
SOI 

Fuel Flow 
(g/min) 

      5 bar 8 bTDC 82.3 8 bTDC 75 

7 bar 8 bTDC 117 8 bTDC 108 

9 bar 8 bTDC 163 8 bTDC 131 

11 bar 8 bTDC 197 8 bTDC 173 
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Figure 6.2    Recorded cylinder pressure traces (Black) and needle lift signal (Green), 

and calculated rate of heat release (Blue) and cylinder temperature (Red) for a sweep of 

engine load at 2 injection pressures, 400 bar (Top figure) and 1000 bar (Bottom figure). 
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6.3 AVERAGED ION CURRENT SIGNAL ANALYSIS 

          Figure 6.3 and FIG 6.4 represent the experimental results of the John-Deere 

diesel engine at different loads and injection pressures. Each trace is an average of 100 

cycles. Ion current is recorded against In-Cylinder NO. Different engine loads at 5, 7, 9, 

and 11 bar IMEP are shown at two injection pressures, 400 and 1000 bar. The engine 

speed is 1300 RPM.   The relationship between measured ion current and in-cylinder 

NO reflected the same trend at low and high injection pressures.  As engine load 

increased, both ion current and NO increased until 9 bar IMEP. Nevertheless, at higher 

loads, 11 bar, NO decreased but the ion current peak kept increasing.  
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Figure 6.3   Average traces of 100 cycles for In-Cylinder NO concentration and ion 

current signal (IC) at 400 bar injection pressure with varying load. 
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Figure 6.4   Average traces of 100 cycles for In-Cylinder NO mole fraction and ion 

current signal (IC) at 1000 bar injection pressure with varying load. 

 

6.4 THERMAL ION CURRENT CALCULATION  

          In SI engines, NO by itself is responsible for 95% of the available free electrons in 

the post flame gases, which is responsible for the second ion-current peak    [5, 6, 81- 

84]. Saitzkoff and Reinmann developed a mathematical model to predict the ion current 

second peak amplitude [5, 6, 24, 85] based on NO thermal ionization. Chemi-ionization 

was not accounted for in this equation.  The model was derived from the statistical 

physics Saha’s equation and used calculated cylinder temperature and assumed In-

Cylinder NO concentration as input [6, 24, 86].  
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Where, (I) is the ion current, (U) is the applied voltage, (d) is the ion sensor gap, (D) and 

(L) are the ion sensor diameter and length, (me) is the electron mass, (k) is Boltzmann 

constant, ( ) is the electron cross-section, (T) is temperature, (h) is Plank’s constant, 

(Ei) is the activation energy, (Φs) is the mole fraction of the species s, (e) is the electron 

charge, (ntot) is the total number density of the gas. 

          Thermal ion current calculations are conducted based on NO measured inside 

the cylinder and the calculated cylinder temperature by using equation 6.1. However, 

the accuracy of the calculations is affected by a major fact. The temperature used as an 

input to the mathematical model is the cylinder average temperature calculated from the 

pressure trace. This will result in lower calculated values of thermal ion current than in 

reality. The reason behind this is the fact that in diesel combustion local temperatures 

can reach much higher values than average ones due to the heterogeneity of the 

charge.   

           A sensitivity analysis is carried out to show the effect of NO and temperature on 

thermal ion current calculations. Figure 6.5 reflects these effects. Figure (6.5a) shows 

the thermal ion current calculated based on varying NO from 100 ppm to 10,000 ppm 

while maintaining the temperature constant at 2300 K. The thermal ion current is 
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100*10-6 A at 1000 ppm. It reached a maximum of 273*10 -6 A at 10,000 ppm. It is clear 

that even if NO is increased 10 times, the thermal ion current does not vary that much.  

          Turning to figure (6.5b), NO is kept constant at 1000 ppm while temperature 

changed from 2300 K to 4200 K.  Thermal ion current increased from 100*10-6 A at 

2300 K to 10 A at 4200 K. This analysis shows that thermal ion current is extremely 

sensitive to temperature rather than NO. Raising the temperature 2 times led to 

significant jump in the thermal ion current. On the other hand, the ion current did not 

change much by raising NO 10 times. This conclusion leads to the fact that small 

distortions and errors occurring while sampling the In-Cylinder NO will have minimal 

effect on the thermal ion current calculations.  
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(a)  NO Variation                                       (b) Temperature Variation 

Figure 6.5   Sensitivity analysis comparing thermal ion current sensitivity based on NO 

and temperature variation. 
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         Figure 6.6 shows 100 cycles averaged experimental results from the engine as 

well as calculated thermal ion current (TIC) at 400 bar and 1000 bar injection pressure 

with varying load.  Calculated average cylinder temperatures and NO concentrations 

measured inside the combustion cylinder are also plotted in FIG 6.6.  

          At 1000 bar injection pressure (FIG 6.6a), thermal ion current (TIC) picked up as 

the cylinder temperature increased with load. The highest thermal ion current occurred 

at 11 bar IMEP (Highest Load). Thermal ion current drops to zero with temperatures 

below 2000 K which is the case at 5 bar and 7 bar IMEP.  Turing to 400 bar injection 

pressure (FIG 6.6b), thermal ion current is almost negligible at all engine loads. This is 

caused by the fairly low cylinder temperature even at the highest load.   

          As a conclusion, thermal ion current (TIC) increases as the injection pressure 

goes up. In addition, TIC becomes more significant at higher loads due to increase in 

cylinder gas temperature.  This investigation indicates that there is a temperature 

window at which NO starts to ionize thermally. Furthermore, TIC follows the 

temperature trend rather than NO.  
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(a) 1000 bar injection pressure 
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(b) 400 bar injection pressure 

 

Figure 6.6   Averaged traces for cylinder temperatures, In-Cylinder NO, and calculated 

thermal ion current (TIC) at different loads. 
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          One final check on thermal ion current calculation is to verify the possibility of 

using the in-exhaust NO signal instead of in-cylinder NO as a simplified method to 

calculate TIC. Table 6.2 represents a comparison between in-cylinder NO and In-

exhaust NO mole fractions measured simultaneously in this investigation at various 

engine operating conditions. Based on the results reported in this table, it is clear that 

NO mole fractions measured inside the combustion chamber are at the most 2 times 

that measured in the exhaust port.  

 

TABLE 6.2 

Injection 
Pressure 

1000 bar 400 bar 

Engine 
Load 

NO In-Cylinder NO In-Exhaust NO In-Cylinder NO In-Exhaust 

      5 bar 1283 [ppm] 872   [ppm] 652 [ppm] 372 [ppm] 

9 bar 1722 [ppm] 1062 [ppm] 839 [ppm] 483 [ppm] 

11 bar 1655 [ppm] 957  [ppm] 800 [ppm] 422 [ppm] 
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          Figure 6.7 shows a comparison between thermal ion current (TIC 1) calculated 

based on in-cylinder NO signal and (TIC 2) calculated based on in-exhaust NO signal 

(measured in exhaust port) at 1000 bar injection pressure and 11 bar IMEP. A fairly 

good agreement is shown between TIC 1 and TIC 2. Thus, this test shows the ability to 

use NO concentration obtained from exhaust measurements in thermal ion current 

calculations. 
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Figure 6.7   Comparison between thermal ion current calculated from In-Cylinder NO 

signal and In-Exhaust NO. 
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6.5 CYCLE-BY-CYCLE ION CURRENT SIGNAL ANALYSIS 

          This section reflects cycle-by-cycle variations in the ion current signal recorded 

throughout the experiments under the conditions given in Table 6.1. Thermal ion current 

(TIC) based on NO thermal ionization is calculated from both in-cylinder NO and in-

exhaust NO signals at different engine loads and injection pressures. 
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(a) 400 bar injection pressure, 5 bar IMEP    (b) 1000 bar injection pressure, 5 bar IMEP 
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(c) Pinj at 400 bar, 11 bar IMEP            (d) Pinj at 1000 bar, 11 bar IMEP 

Figure 6.8   A set of graphs including ion current, NO, and calculated thermal ion current 

peaks on a cyclic basis. 
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          As a first step to study the correlation between the ion current signal and in-

cylinder NO, FIG 6.8 shows ion current peak (Max IC) versus in-cylinder NO peak (Max 

NO) in each cycle. The figure consists of 4 graphs representing lowest (5 bar IMEP) and 

highest (11 bar IMEP) loads at each injection pressure. In FIG (6.8a), Pinj 400 bar and 5 

bar IMEP, maximum ion current varies between 40 and 80 uA, while peak in-cylinder 

NO fluctuates from 400 to 1200 ppm. Both NO and IC peaks increased slightly at same 

injection pressure and higher load as shown in FIG (6.8c).  Turning to high injection 

pressure, FIG (6.8b) and FIG (6.8d) represent Pinj 1000 bar at 5 bar and 11 bar IMEP. 

A dramatic increase in NO concentration is shown in both figures. Furthermore, ion 

current recorded its highest values at high injection pressure and high load.   

           Calculated thermal ion current along all engine cycles is insignificant in all cases 

except one. In FIG (6.8d), high engine load and high fuel injection pressure, IC Thermal 

fluctuates around 100 uA, close to 15% of the total ion current signal.  Thermal ion 

current presence is one factor that explains ion current signal (max IC) high values 

shown in FIG (6.8d). Furthermore, the comparison between thermal ion current 

calculations based on in-cylinder and in-exhaust NO represents a close match as 

shown in the figure.     

            The data in FIG 6.8 was re-plotted as shown in FIG 6.9 to come up with the 

correlation factor in each case.  The correlation factor corresponding to FIG (6.8a), 

(6.8b), (6.8c), (6.8d) is 28.6%, 40.4%, 9.9%, and 2% respectively.  These percentages 

show that the correlation between NO peaks and IC peaks deteriorates as load is 

increased at all injection pressures. The reason behind this is the increase in soot levels 
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at high engine loads which becomes part of the total ion current amplitude as discussed 

in Chapter 5.  

          On the other hand, at low load, a better correlation is achieved as injection 

pressure is increased. This is caused by the increase in NO concentration inside the 

combustion chamber at higher injection pressures as the combustion is enhanced due 

to better fuel atomization. The worst correlation between NO and IC peaks takes place 

at Pinj 1000 bar and 11 bar IMEP. Besides NO, other factors affect the ion current 

signal in this case such as high soot amounts and high thermal ion current values. 
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Figure 6.9   Correlation between maximum ion current and In-Cylinder NO at low and 

high injection pressure and engine load on a cyclic basis. 
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          Another analysis is conducted to show the relationship between in-Cylinder NO 

peaks, Cylinder temperature peaks and thermal ion current peaks on a cycle-by-cycle 

basis at 1000 bar injection pressure and 11 bar IMEP.   Figure (6.10a) shows a 

correlation factor of 29.88% between thermal ion current and in-cylinder NO. However, 

the correlation factor is 90.87% between cylinder temperature and thermal ion current 

as shown in FIG (6.10b). These results are in good agreement with the sensitivity 

analysis performed in section 6.4. 
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(a) NO versus TIC    (b) Temperature versus TIC 

Figure 6.10   Correlation between thermal ion current (TIC) and In-Cylinder NO and 

cylinder temperature on a cyclic basis. 
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6.6 NO EFFECT ON ION CURRENT SIGNAL PROFILE 

          This section reveals new findings correlating in-cylinder NO to ion current signal 

shape on a cyclic basis at different engine operating conditions. Various cycles are 

shown at different engine loads and injection pressures. This novel analysis is fairly 

accurate as In-Cylinder NO and ion current were measured simultaneously. Moreover, 

this type of investigation requires ion current to be measured at the same exact location 

where NO is sampled inside the cylinder. This is important because ion probes are 

considered local sensors.  Figure 6.11 (Pinj 1000, 11 bar IMEP) shows traces for the 

cylinder gas pressure, calculated mass average gas temperature, NOx in the sample, 

and the measured ion current (IC) corresponding to that specific cycle. Thermal ion 

current (TIC) is also calculated. Despite the poor correlation (2%) between NO and IC 

maximum amplitudes, depicting the same number of peaks in the signals of the NO and 

ion current traces is a major finding that has been observed in all the cycles recorded. 

Figure 6.11 shows a sample of cycles with one to three peaks in the two signals.   

          Nevertheless, Figure 6.11 differentiates between the contribution of NO ionized 

chemically (NO+ Chemi) and NO ionized thermally (NO+ Thermal) to the ion current 

signal.  Thermal NO+ is calculated from in-cylinder NO, average cylinder temperature 

and equation 6.1. First, NO+ Thermal is responsible of thermal ion current (TIC) 

production as discussed before. TIC starts at 12 CAD aTDC and peaks at 22 CAD 

aTDC in most cycles as it follows cylinder temperature. Second, NO+ Chemi follows In-

Cylinder NO profile. It reflects the same number of peaks in the ion current signal.   In 

addition, a phase shift is clearly observed between Chemi and Thermal NO+ peaks. 
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(a) Cycle 6          (b) Cycle 8 
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(c) Cycle 61         (d) Cycle 77 
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(e) Cycle 97         (f) Cycle 98 

Figure 6.11   Cycle-by-Cycle Variation at 1000 bar injection pressure and 11 bar IMEP. 
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          Figure 6.12 represents different cycles at 1000 bar injection pressure and 5 bar 

IMEP. The correlation between ion current and NO profiles can still be observed. 

Nevertheless, NO+ Thermal is insignificant in this case as cylinder temperature is low. 

During this engine operating condition, soot production is minimal as discussed in 

Chapter 5. This reduces soot interference on the ion current signal dramatically. The 

major contributor to the ion current signal at high injection pressure and low load is 

mainly NO+ Chemi.     
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(a)  Cycle 30     (b) Cycle 70     
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Figure 6.12   Cycle-by-Cycle Variation at 1000 bar injection pressure and 5 bar IMEP. 
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          Figures 6.13 represents engine cycles at 400 bar injection pressure and high 

load. Figure 6.14 represents cycles at 400 bar injection pressure and low load. For both 

cases, the correlation between NO and ion current profiles is lost. Chemi NO+ effect is 

minimal at this fairly low injection pressure.  Thermal NO+ is insignificant. 
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(a) Cycle 20        (b) Cycle 85 

Figure 6.13   Cycle-by-Cycle Variation at 400 bar injection pressure and 11 bar IMEP. 
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(a) Cycle 20        (b) Cycle 30 

Figure 6.14   Cycle-by-Cycle Variation at 400 bar injection pressure and 5 bar IMEP. 
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6.7 CONCLUSIONS 

 Experiments were designed to study the effect of NO concentration on the ion 

current signal. An in-cylinder NO gas sampling probe was converted to work as 

an ion current sensor in order to study that effect.  

 Ion current based on NO thermal ionization was calculated using cylinder 

temperature and in-cylinder NO concentration. The thermal ion current was 

compared to that calculated based on NO concentration measured in the exhaust 

port. Both methods gave the relatively close results as the thermal ion current is 

sensitive to temperature rather than NO concentration. 

 Ion current was studied on a cycle by cycle basis. A strong correlation was found 

between the number of peaks in the ion current signal and that in the in-cylinder 

NO signal at high injection pressures. However, at low injection pressures, this 

correlation does not hold.     

 A differentiation can be made between NO ionized due to thermal processes and 

that ionized due to chemical processes. The peak ion current due to NO thermal 

ionization is well correlated with the peak cylinder temperature. The peak ion 

current due to NO chemi ionization is related to the peaks occurring in the in-

cylinder NO signal. 
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CHAPTER 7     MECHANISM OF IONIZATION IN DIESEL ENGINES 

7.1 CHAPTER OVERVIEW 

         Ionization in combustion engines produces a signal indicative of in-cylinder 

conditions that can be used for the feedback electronic control of the engine, to meet 

the production goals in performance, fuel economy and emissions.  Most of the 

research has been conducted on spark ignition engines where the ionization 

mechanisms are well defined.  A limited number of investigations have been conducted 

on ionization in diesel engines because of its complex combustion process.    

          This chapter presents a mechanism the author has developed for ionization in 

diesel engines considering the heterogeneity of the charge and the resulting variations 

in the combustion products.  The mechanism accounts for the wide variability in the 

equivalence ratio from very lean to near stoichiometric, rich and soot producing 

mixtures.  The mechanism is introduced in a diesel cycle simulation code to determine 

the contribution of different species in the ionization process.  In addition, the relative 

contribution of the chemi-ionization of NO as compared to the well known its thermal 

ionization is determined. 
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7.2 PROPOSED IONIZATION MECHANISM IN DIESEL COMBUSTION 

          The proposed mechanism is based on a set of elementary reactions chosen from 

a variety of sources and references.  The set of reactions along with the reaction rate 

coefficients describe the rate of formation and dissociation of various ionic structures as 

well as neutral species. Furthermore, the proposed mechanism considers chemi-

ionization, ion-molecule charge transfer, and charge recombination reactions as well as 

reactions representing thermal ionization of certain species.  The proposed mechanism 

will be referred to as “diesel ion formation mechanism”, (DIF).  DIF consists mainly of 62 

ionic reactions including 26 ionic species.  

7.2.1 Ionization Reactions 

          Early ions production is based on the chemi-ionization exothermic initiation 

reaction (R1) which is widely accepted as the source of ions in hydrocarbon flames [57, 

58, 129- 135]. CHO+ is assumed to be the source of all ions found in the charge during 

combustion. However, it is not the dominant ion and its lifetime is extremely short 

because it is rapidly consumed in charge transfer ion-molecule reactions [24, 58, 92- 

95]. 

CH + O  CHO+ + e  (R1) 

          Various nitrogenous ions such as NO+, NH3
+, and NH4

+ are also added to the pool 

of ions. Furthermore, detailed chemi-ionization reactions of NO are included through 

charge transfer reactions with CHO+, H3O
+, O2

+, N2
+, N+, CO+, CO2

+, C2H2
+, and C2H4

+.    
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          DIF also considers thermal ionization process of 4 species (NO, CH3, CHO, C3H3) 

represented in the form of a chemical reaction (R2 to R5).   The reactions backward 

third-order charge recombination specific reaction rate constant is known [104-106]. 

Equilibrium constant is calculated using Saha’s equation and thus the forward specific 

reaction rate constant is determined for all four reactions. The reaction activation energy 

in this case is equal to the ionization potential of the thermally ionized species. 

NO + M  M + NO+ + e  (R2) 

CH3 + M  M + CH3
+ + e     (R3) 

CHO + M  M + CHO+ + e (R4) 

C3H3 + M  M + C3H3
+ + e (R5) 

          NO, CH3, CHO, C3H3 are chosen from a set of 21 species considered for thermal 

ionization processes. The author investigated the contribution of many species in the 

thermal ion current at different equivalence ratios as shown in FIG 7.1. C3H3 and NO are 

the major contributors to the thermal ion current at equivalence ratio 0.4 as shown in 

FIG (7.1a). Figure (7.1b) reflects NO domination (99%) at equivalence ratio 1.0.  

However, in FIG (7.1c), NO share drops to 35% while CH3, CHO, C3H3 are considered 

at higher equivalence ratios, 2.2. Nevertheless, FIG (7.1d) shows that on the fairly rich 

side, at Φ = 3.0, C3H3 ionization dominates the thermal ion current.   
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(c) Equivalence Ratio = 2.2 
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(d) Equivalence Ratio = 3.0 

Figure 7.1    Representation of the contributors to thermal ionization at equivalence ratio 

0.4 1.0 (Top Graph), and equivalence ratio 2.2 (Bottom Graph) 3.0.  
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7.2.2 Thermochemical Data 

          Thermochemical database required for neutral and ionized species used in the 

DIF model is based on three properties, heat of formation, entropy, and specific heat. 

The values of these properties are highly affected by gas temperature; therefore JANAF 

tables [107, 108], NASA [109], and other references [57, 59, 110- 115] were used to 

gather these data. 

          Obtaining thermochemical data for neutral species is straightforward. On the 

other hand, gathering ions database at various temperatures is a difficult task to 

accomplish. Limited references provided information about ions thermochemical 

properties such as enthalpy of formation. In cases where some data are absent, 

estimations were made. That is based on the assumption that specific heats of ions are 

equal to the value for the corresponding neutral species as the contribution of a single 

electron to the specific heat of a molecule is expected to be very small [57, 59]. The 

same concept is applied to calculate ions entropies whenever the database is 

unavailable.  

7.2.3 Diesel Fuel Surrogate and Combustion Mechanism 

          As commonly recognized, real fuels are complex mixtures of thousands of 

hydrocarbon compounds including linear and branched paraffins, naphthenes, olefins 

and aromatics. It is generally agreed that their behavior can be effectively reproduced 

by simpler fuel surrogates containing a limited number of components [116, 117, 121- 

124]. Hence, n-heptane, a primary reference fuel for octane rating in internal 
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combustion engines, is chosen in this study to model combustion and transport 

processes taking place in diesel engines. N-heptane has a cetane number of 

approximately 56, which is slightly higher than the cetane number of conventional diesel 

fuel.  

          The main fuel oxidation mechanism used for this study is the Lawrence Livermore 

National Laboratory (LLNL) n-heptane detailed mechanism, version 3 [118]. It contains 

2540 reversible elementary reactions among 557 intermediate species. This detailed 

mechanism performs well at both low and high temperatures and over a broad range of 

pressures common to diesel engines. The mechanism is based on the previously 

developed and very successful mechanism of Curran et al. 1998 [119].   DIF is used 

along with the LLNL n-heptane mechanism to compute the concentrations of ions and 

intermediate combustion species in the diesel engine.  

7.2.4 Diesel Cycle Simulation Code 

          CHEMKIN-PRO, a powerful system to solve complex chemical kinetics problems, 

is selected for this study. This zero-dimensional software, generally favored for creating 

new mechanisms, is used to build the new DIF model. The internal combustion engine 

reactor (ICR) is picked to simulate the auto-ignition conditions in the diesel engine [119]. 

Variations in the volume of the ICR are calculated via equations provided by Heywood 

that describe the volume as a function of time, based on engine parameters, including 

compression ratio, crank radius, connecting rod length, speed of revolution of the crank 

,shaft and the clearance or displaced volume [137].  
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          This closed system reactor is a single-zone model assuming homogeneous 

charge contained in an adiabatic cylinder. Although these assumptions do not totally 

represent a real diesel engine with heterogeneous mixtures, this research is carried out 

based on the fact that a diesel engine burns pockets of flammable mixtures at different 

equivalence ratios affecting the ion current signal. Each of these pockets is studied 

separately within the internal combustion engine reactor [92].     

7.3 CYCLE RESOLVED ANALYSIS OF IONIZATION IN DIESEL COMBUSTION 

           The DIF is applied in a diesel cycle simulation to investigate in some details the 

proposed ionization mechanisms.  The heavy duty John Deere diesel engine 

configurations are used in this investigation. The engine has a 106 mm cylinder bore, 

127 mm stroke and 17.5 compression ratio. The start of fuel injection is at 4 crank angle 

degrees before TDC. N-heptane, in gaseous state, is assumed to be injected and form 

a homogeneous charge which burns according to the LLNL mechanism.  The effect of 

EGR (Exhaust Gas Recirculation) is not included in this study.  The simulation covers a 

wide range of mixtures, starting from  a fairly lean to close to stoichiometric, slightly rich, 

and extremely rich mixtures.  The equivalence ratio varied from 0.2 to 4.0.  The 

following figures show the results obtained from Chemkin simulation using the DIF 

model associated with LLNL n-heptane combustion mechanism.  

           Figure 7.2 shows the peak values of the cylinder gas pressure, temperature, and 

the concentration of the electrons at each equivalence ratio. The electrons 

concentration is fairly low at equivalence ratio of 0.2, increases sharply and reaches a 

peak at an equivalence ratio slightly higher than the stoichiometric.  This is followed by 
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a sharp drop at higher equivalence ratios and reached a minimum at Φ = 1.75.    A 

small peak in the electrons concentration is observed at Φ = 2, the critical equivalence 

ratio for soot formation. The reason behind this will be discussed in details.    
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Figure 7.2   Peak values of cylinder gas pressure, temperature, and electron 

concentration at different equivalence ratios. 

7.3.1 Effect of equivalence ratio on total ion concentration 

          Figure (7.3a), (7.3b), and (7.3c) show the cylinder gas pressure and electrons 

concentration from the start of injection at 4° bTDC to 40° aTDC at different equivalence 

ratios.  Pressure traces are plotted in dotted lines while electrons concentrations are 

plotted in solid lines.  Notice the variation in the vertical scale among the figures, made 

to show the shapes at different equivalence ratios. 

          Figure (7.3a) is for Φ = 0.6 to Φ = 1.2.  The pressure traces reflect the long 

ignition delay for the very lean charge caused by low temperature combustion regime 
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(LTCR). The ignition delay is reduced as the equivalence ratio increases.  As shown in 

the traces, electrons start to increase sharply with the increase in pressure in the high 

temperature combustion regime (HTCR).  Figure (7.3b) and (7.3c) reflect the decrease 

of ion current as the cylinder pressure drops as equivalence ratio increases. The start of 

the ion current can be considered as an indication of the start of combustion at all 

equivalence ratios.  Reaction (R1) shows clearly that CH radical is the initiator of the 

chemi-ionization process, as shown in FIG 7.4. The high concentration of the CH radical 

in diesel combustion has been reported from observations made on an optically 

accessible engine [41, 42].      
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Figure 7.3   Cylinder gas pressure and electron concentration traces at different 

equivalence ratios. 
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Figure 7.4  Comparison between CH (Left Graph) and H3O+ (Right Graph) 

concentrations at 2 different equivalence ratios 0.8 and 1.2. 

7.3.2 Effect of Equivalence Ratio on Ionized Species Development 

         Figure 7.5 is a more detailed set of figures showing the contribution of different 

species in the diesel ionization process at equivalence ratios that vary from 0.4 to 4.0. 

From all the 29 ionic species shown in section 7.2, only a few showed dominance. The 

dominant ions have longer lifetime because they are rapidly formed by consuming other 

ions through charge transfer reactions. Moreover, they have low rate of consumption. 

H3O+ dominates the ion current at fairly lean mixtures such as equivalence ratio 0.4.  

NO+ is the major ionic species around stoichiometry.  
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Figure 7.5   Detailed development of ionized species at different equivalence ratios. 
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7.3.3 Effect of equivalence ratio on major ionized species concentration  

         Figure 7.6 shows the peak values of the major ionic species at different 

equivalence ratio. Figure (7.6a) is a representation of the dominant ionized species 

concentration under a linear vertical scale while FIG (7.6b) reflects the same information 

under a logarithmic vertical scale. NO+ production is the highest around equivalence 

ratio of unity.  H3O
+ reached maxima at Φ equals 1.2.   

          It is interesting to notice the sharp rise in the concentration of C9H7+ ion as the 

equivalence ratios increases from 1.8 to 2.0.  This explains the source of the bump in 

the electron concentration observed previously in FIG 7.2 at Φ equals 2.0.               

From FIG (7.6b), it is clear that this bump resulted from the sharp rise in C9H7
+ 

concentration from 10-18 at Φ = 1.8 to 10-13 at Φ = 2.0. Meanwhile, H3O
+ and C7H5

+ 

concentrations did not change significantly.   
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Figure 7.6   Peak values of the major ionic species at different equivalence ratio. 

          Figure 7.7 is a 3-D plot of the concentration of the major ions from the TDC to 

40°aTDC, for different equivalence ratios.  H3O
+, C7H5

+, C9H7
+, and C13H9

+ are shown. 

This figure reflects an increase in the concentration of the heavier hydrocarbon ions at 

the higher equivalence ratios as discussed before.   

   

Figure (a) 

Figure (b) 
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Figure 7.7   3-D Plots for the concentration of the hydrocarbon ions from the TDC to 40° 

aTDC at different equivalence ratios.    
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7.4 RELATIVE CONTRIBUTION OF CHEMICAL AND THERMAL IONIZATION  

          Ion current in diesel engines is mainly formed by chemi-ionization and thermal-

ionization processes. The ratio between these two processes has not been studied 

before. This section investigates the effect of equivalence ratio on chemi and thermal 

ionization. Figures (7.8a) and (7.8b) show the peak values and the percentage of the 

peak values of the thermal and chemical processes in the total concentration of ions at 

different equivalence ratios.   

Figure 7.8 indicates the following:  

(a)  Chemi-ionization is dominant at equivalence ratios up to 0.6 and higher than 1.0.  

(b) The contribution of thermal ionization starts at Φ equal 0.8 and diminishes at Φ 

equals 1.6.  

(c)  Thermal-ionization is dominant from equivalence ratio 0.8 to 1.0.  
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(a) Peak Values     (b) Percentage of the peak values  

Figure 7.8   Contribution of the thermal and chemical processes in the total electrons 

concentration at different equivalence ratios.   
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          Figure 7.9 is a set of detailed graphs showing the breakdown of the total ion 

current signal at different equivalence ratios. Total electron traces, as well as thermal 

and chemical traces are plotted against crank angle degree. The contributions of 

thermal and chemical signals vary as the equivalence ratio changes. For Φ equal 0.8 

and 1.0, thermal signal surpasses the chemical signal. However, at 1.2 and 1.6 

equivalence ratios, chemical signal is more significant.   

          Regarding the thermal traces composition, NO+ is the dominant ion resulted from 

the thermal ionization process at equivalence ratios 0.8 to 1.6. CHO+ starts to contribute 

to the thermal signal along with NO+ at Φ equals 1.8. On the other hand, CH3
+, CHO+, 

and C3H3
+ are the major contributor to the thermal ionization signal from Φ equal 2.0 to 

4.0. However, the thermal ionization process is insignificant at equivalence ratios higher 

than 1.6 due to much lower cylinder temperatures.     
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Figure 7.9    Breakdown of the total ion current signal at different equivalence ratios. 

7.5 RELATIVE CONTRIBUTION OF CHEMICAL AND THERMAL IONIZATION OF NO 

          As previously discussed, NO+ is a major contributor to the ion current in diesel 

engines. Therefore, the source of NO+ formation is investigated. In SI engines, various 

studies showed that NO+ is mainly formed by thermal ionization processes [5, 6, 86]. 

Chemical processes were ignored. NO mole fraction was assumed 3 to 10 times higher 

than the measured values in exhaust in order to match the calculated values with the 

experimental [60]. However, in diesel engines, the DIF model shows that NO+ 

concentration in the combustion chamber is affected by thermal and chemical ionization 

processes. This agrees with the experimental data discussed in Chapter 6.  
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Figure 7.10 shows the effect of equivalence ratio on NO+ formed by chemi-ionization 

(NO+ Chemi) and by thermal ionization processes (NO+ Thermal). Peak values of NO+ 

Total, NO+ Chemi, and NO+ Thermal concentrations are shown in this figure.  

Figure 7.10 indicates the following:  

(a) NO+ Total (Chemi + Thermal) exists between equivalence ratios 0.4 and 1.6. 

(b) NO+ Chemi is the only source of NO+ formation between equivalence ratios 0.4 

and 0.6.  

(c) The contribution of NO+ Thermal starts at Φ higher than 0.6, and diminishes at Φ 

equals 1.6.  

(d) NO+ Thermal is dominant from equivalence ratio 0.8 to 1.4.  
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Figure 7.10   Peak values of NO+ Total, NO+ Chemi, and NO+ Thermal concentrations at 

different equivalence ratios. 

 

         Figure 7.11 is a set of detailed graphs showing the breakdown of NO+ at different 

equivalence ratios. (NO+ Thermal) and (NO+ Chemi) traces are plotted against crank 

angle degree. At Φ equal 0.4 and 0.6, only NO+ Chemi exists. At higher equivalence 

ratios (Φ = 0.8, 1.0, 1.2, and 1.6), both NO+ Chemi and NO+ Thermal are present.          

A phase shift between the peak value of NO+ Chemi and that of NO+ Thermal is 

observed. This observation matches the results obtained experimentally and discussed 

previously in Chapter 6.  
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Figure 7.11   (NO+ Thermal) and (NO+ Chemi) traces plotted at different equivalence 

ratios. 
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7.6 ION CURRENT SIGNAL BREAKDOWN 

         This section presents an analysis of an ion current signal calculated by the DIF 

model. Total ion current is divided into its two major components, thermal ionization and 

chemical ionization. In addition, ionized species contributing to each of these two 

components are shown.   

          Figure 7.12 shows the concentration of the different species which contribute in 

the ion current as a function of crank angle degrees during the combustion process at 

an equivalence ratio of 0.8. Total ion current signal is represented by the electron trace. 

Thermal ion current (Total Thermal) is composed of NO+ Thermal as shown in the 

figure. Chemical ion current (Total Chemi) is composed of NO+ Chemi and H3O
+. It is 

noticed that the contribution of H3O
+ in the total ionization is small compared to the 

contribution of NO. The concentrations of the remaining ions are insignificant at this 

equivalence ratio.      Total NO+ is the addition of (NO+ Thermal) and (NO+ Chemi).   
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FIGURE 7.12   Sample of ion current signal breakdown at Φ = 0.8. 
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7.7 COMARISON BETWEEN DIF AND EXISTING IONIZATION MODELS 

         Naoumov and Demin [16] developed a chemical kinetics model in 2004 to 

simulate the ion current in spark ignited engines. They used a total of 6 reactions (R6 to 

R11) including CHO+, H3O+, NO+, and electrons. Their model also included NO 

thermal ionization and chemi-ionization processes.  

CH + O   CHO+ + e  (R6)                     

CHO+ + H2O  H3O
+ + CO (R7)                 

CHO+ + NO  NO+ + CHO   (R8)                           

H3O
+ + e  2H + OH  (R9)          

NO+ + e  N + O   (R10)          

NO + M  NO+ + e + M  (R11) 

          Figure 7.13 gives a comparison between DIF model and Naoumov model 

simulation results at the same engine conditions. The simulation was conducted using 

Chemkin-Pro to show the differences between the two models at different equivalence 

ratios. Figure (7.13a) shows that both models predicted the same major ions (NO+ and 

H3O
+) contributing to the ion current signal at close to stoichiometry conditions. The 

difference in the amplitude of the two models is caused by NO+ chemi. In Naoumov 

model, CHO+ is consumed by reactions (R7 and R8) forming H3O
+ and NO+.  However, 

in the DIF model, other reactions (R12 and R13) consuming CHO+ are added. These 

reactions, with higher reaction rate, compete with reaction (R8) reducing the amount of 

NO+ chemi formed. 
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CHO+ + C3H2  C3H3
+ + CO (R12)                 

CHO+ + CH2  CH3
+ + CO   (R13)                           

          Figures (7.13b, 7.13c, and 7.13d) show a clear discrepancy between the two 

models at richer mixtures which represent a higher load in a real engine. Naoumov 

model showed a dominance of H3O
+ as the main source of ion current. The DIF model 

predicted different ionized species. DIF results are much closer to the experimental data 

discussed in Chapter 5 which shows that soot is a major contributor to the ion current 

signal at high engine loads. 
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(a) Naoumov model (Left Graph) and DIF model (right Graph) results at Φ = 0.8 
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(b) Naoumov model (Left Graph) and DIF model (right Graph) results at Φ = 1.6 
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(c) Naoumov model and DIF model results at Φ = 3.0 

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

CAD [Degree]

0

5·10
-16

10
-15

1.5·10
-15

2·10
-15

2.5·10
-15

C
o

n
c
e

n
tr

a
ti
o

n
 [
M

o
le

/c
m

3
]

Electron

H3O
+

NO
+

CHO
+

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

CAD [Degree]

0

5·10
-16

10
-15

1.5·10
-15

2·10
-15

2.5·10
-15

C
o

n
c
e

n
tr

a
ti
o

n
 [
M

o
le

/c
m

3
]

Electron

H3O
+

NO
+

C3H3
+

C5H3
+

C7H5
+

C9H7
+

C11H9
+

C13H9
+

CHO
+

O2
+

N
+

N2
+

C
+

CO
+

CO2
+

NH3
+

NH4
+

CH
+

CH2
+

CH3
+

CH4
+

C2H2
+

C2H3
+

C2H4
+

 

(d) Naoumov model and DIF model results at Φ = 4.0 

Figure 7.13 Comparison between DIF model and Naoumov model at different 

equivalence ratios. 
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7.8 CONCLUSION 

 A diesel ion formation (DIF) mechanism is developed consisting of a set of 

elementary reactions. These reactions include NO thermal and chemical 

ionization reactions. 

 A zero-dimensional Chemkin model is used to study the effect of equivalence 

ratio on ions formed within a diesel cycle simulation.  

 The model results showed that NO+ dominates the ion current signal at 

equivalence ratios around unity.  

 A study was carried out to show the contribution of thermal and chemical 

ionization processes on the ion current. The study showed an equal contribution 

of both methods of ionization at certain equivalence ratios on the lean side. 

 A complete ion current signal breakdown during the combustion process is 

presented showing the thermal and chemi ionization, including the contribution of 

hydrocarbon ions.  

 A comparison between the results of the DIF model and a previous model 

presented by Naoumov was made.  

 

 

 



114 

 

 

CHAPTER 8   COMPUTATIONAL ANALYSIS 

 

8.1 CHAPTER OVERVIEW 

          As discussed in the previous chapter, a chemical-kinetics mechanism (DIF) was 

developed using a zero-dimensional software (Chemkin) to simulate ion current in 

diesel engines. The mechanism considered the wide variability in the equivalence ratio 

for very lean, near stoichiometric, rich and soot producing mixtures.  

         In this chapter, the DIF model is introduced in a 3-D diesel cycle simulation 

computational fluid dynamics (CFD) code to determine the contribution of different 

species in the ionization process at different engine operating conditions. The CFD code 

is coupled with DARS-CFD, another module used to allow chemical kinetics 

calculations. The three-dimensional model accounts for the heterogeneity of the charge 

and the resulting variations in the combustion products. In addition, the model shows 

the effect of fuel injection pressure on the ion current characteristics. Ion current traces 

obtained from the John-Deere heavy duty diesel engine were compared to the 3-D 

model results.  
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8.2 DIESEL FUEL SURROGATE AND COMBUSTION MECHANISM 

          As commonly recognized, real fuels are complex mixtures of thousands of 

hydrocarbon compounds including linear and branched paraffins, naphthenes, olefins 

and aromatics. It is generally agreed that their behavior can be effectively reproduced 

by simpler fuel surrogates containing a limited number of components [116-118]. N-

heptane as a diesel fuel surrogate is a large hydrocarbon molecule having a molecular 

weight very close to aviation fuels. Curran et al. (1998) developed a detailed n-heptane 

mechanism containing 570 species and 2520 reactions to study the oxidation of n-

heptane in flow reactors, shock tubes and rapid compression machines [119]. In order 

to simulate diesel combustion with CFD codes, Curran’s detailed mechanism was 

reduced by Reitz et al. (2004) at the Engine Research Center (ERC) in the University of 

Wisconsin-Madison [125]. The reduced n-heptane chemistry mechanism shown in 

APPENDIX A includes 33 species and 64 reactions including NOx reaction mechanism.   

The developed diesel ion formation (DIF) model from Chapter 7 is used along with the 

University of Wisconsin reduced n-heptane mechanism to compute the concentrations 

of ions and intermediate combustion species in the diesel engine.  

8.3 DIESEL CYCLE SIMULATION CODE 

          As a way to improve understanding of local combustion phenomena which could 

be hardly or impossibly detected from experimental techniques on a complete engine, 

CAE (Computer Aided Engineering) methods and in particular CFD (Computational 

Fluid Dynamics) gained an important role in the recent years. STAR-CD, a 3-D CFD 

code provided by CD-ADAPCO, is used to simulate the combustion process in direct 
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injection (DI) diesel engines. However, a single CFD code is often unable to ensure a 

comprehensive analysis of complex physical systems. The coupling of different 

simulation tools, each specialized in different physical aspects, is therefore becoming 

more and more important both in industrial and university based research applications. 

DARS-CFD (Digital Analysis of Reaction Systems) is a tool used to simulate complex 

chemistry when coupled with CFD codes.   

          In addition, ES-ICE is an extra tool required for engine simulation.  It 

automatically produces a parameterized meshed template that can be altered for 

specific engine configurations. ES-ICE produces a single mesh that can satisfy the full 

cycle of motion. This is possible because of the ability to add and remove layers of the 

mesh and change the connectivity of the mesh to maintain cell aspect ratios and quality 

throughout the entire cycle [126]. ES-ICE divides the simulated combustion chamber in 

equal sectors depending on the number of holes of the simulated fuel injector. This 

technique reduces the computational time significantly.   

           The model used in this research consists of a sector which represents the 

geometry of combustion chamber bowl of a diesel engine. The sector simulates fuel 

injection inside the combustion cylinder, and accounts for fuel atomization, evaporation, 

wall impingement, and swirl motion. In addition, the model considers the heterogeneity 

of the charge based on fuel and air mixing. Combustion is modeled after intake valve 

closing and before exhaust valve opening. The computational time is around 48 to 56 

hours per case.  
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8.4 CYCLE RESOLVED ANALYSIS OF IONIZATION IN DIESEL COMBUSTION 

           The reduced N-Heptane combustion mechanism and the developed DIF model 

are applied to a diesel cycle simulation to investigate in details the contribution of the 

ionized species. A sector of the heavy duty John-Deere direct injection diesel engine 

(configurations listed in TABLE 3.1) with exact engine bowl geometry is used in this 

investigation. The sector model is shown in FIG 8.1. The effect of EGR (Exhaust Gas 

Recirculation) was not included in this study.  The simulation covered a wide range of 

engine operating conditions including different loads and injection pressures.  

 

Figure 8.1   Sector of the combustion chamber bowl of the John-Deere direct injection 

diesel engine used in the 3-D model.    
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8.4.1 Experimental Results  

           Experiments were conducted to validate the 3-D model results. The test matrix 

shown in Table 8.1 consists of two injection pressures, 400 bar and 1000 bar. In each 

case, data such as cylinder pressure, ion current signal, in-cylinder NO concentration 

was recorded at low and high engine loads of 5 bar and 11 bar IMEP. The start of 

injection was kept constant at 8 CAD bTDC. A VGT was used to maintain the intake 

pressure constant at all engine loads and injection pressures. The in-cylinder gas 

sampling / ion current probe was fitted in the glow plug hole and used to detect the ion 

current signal during engine operation.   

           Figure 8.2 and FIG 8.3 show the pressure trace, needle lift signal, calculated 

temperature and rate of heat release at low and high loads for injection pressures of 

400 bar and 1000 bar respectively. 

 

TABLE 8.1 

Injection 
Pressure 

400 bar 1000 bar 

Engine 
Load 

SOI 
Fuel Flow 

(g/min) 
SOI 

Fuel Flow 
(g/min) 

      5 bar 8 bTDC 82.3 8 bTDC 75 

11 bar 8 bTDC 197 8 bTDC 173 
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Figure 8.2   Cylinder gas pressure (Black line), needle lift (Green line), cylinder 

temperature (Red line), and calculated rate of heat release (Blue line) at 400 bar 

injection pressure for 5 bar IMEP (Top graph) and 11 bar IMEP (Bottom graph).    
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Figure 8.3   Cylinder gas pressure (Black line), needle lift (Green line), cylinder 

temperature (Red line), and calculated rate of heat release (Blue line) at 1000 bar 

injection pressure for 5 bar IMEP (Top graph) and 11 bar IMEP (Bottom graph).    
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8.4.2 Comparison between Experimental and Simulation Results  

          In this section, the results obtained from the experiments and the CFD STAR-CD 

3-D model are compared at 4 engine operating conditions: 400 bar and 1000 bar 

injection pressures and a low load of 5 bar IMEP and a high load of 11 bar IMEP.    

          An assumption was made in the model in order to match the pressure traces 

obtained from the simulation with the experimental results. The start of injection (SOI) in 

the simulation has been retarded to 4 CAD bTDC instead of 8 CAD bTDC shown in 

Table 8.1. The reason is to account for the short ignition delay of n-Heptane. 

          Figure 8.4 is a representation of the rate of heat release (RHR) obtained in all 4 

cases from experiments and simulation. As shown, fuel evaporation, premixed 

combustion, and diffusion controlled combustion are well predicted by the 3-D model 

using the reduced N-Heptane chemical kinetics model. There is a fairly good agreement 

between the experimental and modeling results.      

         Figures 8.5 and 8.6 show a comparison between the experimental data obtained 

in the heavy duty John-Deere engine of FIG 8.2 and FIG 8.3 and the predicted ion 

current traces from the 3-D model. Figure 8.5 represents a 100 cycle average of 

pressure traces and ion current signals obtained experimentally at 400 bar injection 

pressure with 5 bar and 11 bar IMEP. Simulation results of both traces are 

superimposed. Figure 8.6 shows the same traces as FIG 8.5 but for injection pressure 

1000 bar. The figures show a fairly good agreement between the computed and 

measured ion current which reflects on the validity of the developed mechanism.  More 
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details about the composition of the ion current signal will be discussed in the coming 

sections. 

 

 

Figure 8.4   Comparison between experimental and predicted rate of heat release at 

400 bar and 1000 bar injection pressure at 11 bar IMEP. 
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Figure 8.5    Comparison between experimental and predicted pressure traces and ion 

current for 400 bar injection pressure at 5 bar IMEP (Top graph) and 11 bar IMEP 

(Bottom graph). 
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Figure 8.6   Comparison between experimental and predicted pressure traces and ion 

current for 1000 bar injection pressure at 5 bar IMEP (Top graph) and 11 bar IMEP 

(Bottom graph). 
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8.5 ION CURRENT SIGNAL BREAKDOWN 

          Analyzing and determining the major contributors into the ion current signal is 

essential for developing engine control strategies to meet stringent emissions standards 

and improved fuel economy. Figure 8.7 is a set of graphs obtained by the 3-D model 

showing the contribution of different species in the diesel ionization process at injection 

pressures 400 bar and 1000 bar. Based on the DIF model, only certain species showed 

dominance. The dominant ions have longer lifetime because they are rapidly formed by 

consuming other ions through charge transfer reactions. Moreover, they have low rate 

of consumption. The major contributors to the ion current signal in this diesel cycle 

simulation are H3O
+, (NO+ Total) represented by (NO+ CHEMI) caused by chemical 

ionization processes and (NO+ THERMAL) caused by thermal ionization. A small peak 

of C3H3
+ is shown in case of high injection pressure. 

8.5.1 Effect of Injection Pressure 

          H3O
+ obtained at 1000 bar injection pressure has higher amplitude than that 

obtained at 400 bar. In addition, H3O
+ shows a clear bump following the first spike at 

low injection pressure. This will be discussed later in this chapter. As of NO+, it reaches 

much higher values at high injection pressure. This is caused by a better fuel 

atomization thus more premixed combustion fraction and higher cylinder temperature 

and NO content.  
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8.5.2 Effect of engine load 

          Engine load has no effect on H3O
+ first spike amplitude. As of NO+, it does not 

show significant variation with engine load increase at low injection pressure. The 

reason behind this will be discussed in the following sections.  
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Figure 8.7 Detailed analysis of ion current carriers at 400 bar and 1000 bar injection 

pressure at low and high engine loads. 
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          Figure 8.8 shows a detailed breakdown of the ion current signal of FIG 8.7 where 

the composition of NO+ Total and CnHm
+ are represented at all 4 engine operating 

conditions. NO+ CHEMI is significant at all engine loads and injection pressures while 

NO+ THERMAL exists only at high injection pressure.  
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Figure 8.8   Detailed breakdown of the ion current signal based on the 3-D model 

results at different engine loads and injection pressures. 
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8.6 CORRELATION BETWEEN CH AND H3O
+ 

          The initiation reaction of ionization (R1) is based on forming CHO+ out of CH and 

oxygen atoms. However, CHO+ once formed is consumed by a charge transfer reaction 

(R2) forming H3O
+ which is the first dominant and persistent ion. The correlation 

between CH and H3O
+ is investigated.  

CH + O  CHO+ + e  (R1) 

CHO+ + H2O  H3O
+ + CO (R2) 

          Figure 8.9 shows the 3-D model results for CH and H3O
+ concentration at 400 bar 

and 1000 bar injection pressure, at low and high engine load. The figure shows a strong 

agreement between the two species. H3O
+ highly depends on CH thus it follows the 

same trend.  Tables 8.2 and 8.3 reflect a 3-D representation of CH and H3O
+ distribution 

inside the engine bowl. The color code for all 3-D tables is shown in APPENDIX B. 
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Figure 8.9   Traces obtained by 3-D model for CH concentration (Left graph) and H3O
+ 

concentration (Right graph) at different engine operating conditions.  

TABLE 8.2 
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 Pinj = 400 bar, Load = 5 bar IMEP Pinj = 400 bar, Load = 11 bar IMEP 

CAD CH H3O
+ CH H3O

+ 

723 

    

725 

    

730 

    

735 

    

740 

    

 

TABLE 8.3 
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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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TABLE 8.5 

 Pinj = 400 bar, Load = 11 bar IMEP 

CAD Temperature NO NO+ Chemi NO+ Thermal 

725 

    

730 

    

735 

    

740 

    

745 

    

 



135 

 

 

TABLE 8.6 

 Pinj = 1000 bar, Load = 5 bar IMEP 

CAD Temperature NO NO+ Chemi NO+ Thermal 

725 

    

730 

    

735 

    

740 

    

745 
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TABLE 8.7 

 Pinj = 1000 bar, Load = 11 bar IMEP 

CAD Temperature NO NO+ Chemi NO+ Thermal 

725 

    

730 

    

735 

    

740 

    

745 
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8.8 CONCLUSIONS 

 The DIF model was applied in a 3-D CFD code to study the effect of injection 

pressure and engine load on the ion current signal. The model results agreed 

with the experimental data. 

 Ion current due to NO thermal ionization is negligible at low injection pressures 

and low loads due to low local temperatures. 

 3-D representations are made for the distribution of different ions inside the 

combustion chamber at different engine loads and injection pressures.  
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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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