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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 (NOy) 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.



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.



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. CsHs* 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*, C,H;0", CO", C,H,", C,", CH", CH,", CH3;" and OH*. NO" is the most abundant
ion, almost 90 % of the total ion concentration, in nitrogen oxide producing flames
followed by HsO" and NH,4*, C3Hs™ only in rich mixtures and slight peaks caused by
HCO", C,H,", NOH" and C,H3;0". NO" and NH," are the major ions in C,H»:NH5:0,

flames.

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

NO*, NH;" and N3O" in NH3:0, mixtures. By adding H, and N to the flammable mixture



they obtained NO* (80%) and H3O" (20%). They tried a third mixture of NH3:N,:CO:0;

and found only NO™.

lon formation in fuel rich and sooty flames is a fairly important especially in Diesel
combustion. Calcote and Olson [46] used a mass spectrometer to measure ion
concentration profiles in low pressure, rich, and sooty acetylene-oxygen, and benzene-
oxygen flames. As both flames were made richer and approached sooty conditions, the
predominant C3Hs" ion is replaced by large positive polycyclic aromatic ions, with mass
greater than 300, which ultimately became incipient soot particles. The most important

species besides C3Hs"™ are CsHs", CsHs', C7Hs', C7H7", C13Hg™ and CigHyy ™.

Calcote and Keil [47] proposed an ion formation mechanism of soot formation and
assumed a rapid growth of ions from the chemi-ion C3Hs" to form increasingly larger
ions which either become incipient charged soot particles or combined with electrons to

produce incipient neutral soot particles as shown in FIG 2.1.
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Figure 2.1 Chemi-ions to soot formation mechanism [47].

Hall-Roberts and Hayhurst [48] discussed two schools of thought on how soot
originates in fuel-rich flames. One school, according to the ionic theory, postulates that
small ions as CsHs" act as nuclei, so that species such as C,H, and C4H, add on to
them, and occasionally liberate H, in a repetitive growth process and finally form
charged then neutral soot, as proposed by Calcote. The other school of thought
believes that fairly similar processes occur, but the species involved are not ions, but

uncharged radicals and molecules.



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*, O,", 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 O," ion. NO addition results in the rapid
replacement of O, by NO™, and therefore the reaction (O," + NO => NO" + O,) 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.



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

N4 O+ 28V=N0" 4+,

N+ N+ 53.8:V=2N + e,

N+ 0y + 6.5eV = NQO; + ¢,

O+ 0+ 6.0eV =07 + ¢

0 4+ NO + 7.96V = NO; + ¢,
N+ NO 4 789eV 2 N,0O" + ¢,
X+ NO 4+ 803eV = X + NO™ + ¢,
O+ N, + 11.2eV = N0 + e,

Nz + Oy 4+ 11.2eV = NO + NO* + &,
O+ 0 4 11.7eV =205 + &,
X+ +121eV=2 X 4 00 + ¢
X+0+13.6V=X+ 0" +e,
X4+ N4+ 146eV=X + N* 4 ¢,
X4+ N+ 1566V =X 4+ Ny + e

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 NHz-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.



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



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 O, 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
ns=n., where O0no6 is the number density of
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.

t

he
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2.5 MATHEMATICAL MODELS FOR IONS IN FLAMES

lon-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 lowa 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. lons included in the model were HzO", CHO", CHs", CH,O",
CH30", CHs0", C,HO", C,H30", C3Hs", CsHs", CsHs®, and C;Hs*. They found HsO",
CsHs" and C,H30" 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 dlewsii ved using Sah

1
- "Px q [ Ef]
I = AJ==T - 1
n,, P 2kT @

Where, (0Os) is the species mole fraction, (Ej) is the ionization energy of the same

species, (Nyy) 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 2.2.
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Figure 2.2 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 HzO" and the air/fuel

ratio (&) .

|H,07] = 77 @

The ions used within the model were CHO", H30", and CsHs". A comparison
between the experimental data and the model calculation results for the first ion current
peak is shown in FIG 2.3, and it is obvious that there is a discrepancy which increased

by increasing the equivalence ratio.
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Figure 2.3 lon 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 2.4.

25
20
A
2 [
>15 -
B N
[ C
(=] - E Megative lons
2 10 - W Positive lons
E - Electrons
3 N
05 -
0.0 i il i S

200 10 0 10 20 30 40 B0 6O
Crank Angle (deg)

Figure 2.4 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
(CgH1g) and methylcyclohexane (Ce¢H11 T CHgs) and toluene (CgHs i CH3). For chemi and
thermal ionization they used a total of 6 reactions including CHO", HsO", NO", and
electrons. They stated the NO thermal ionization process as an irreversible chemical

reaction with only a forward reaction rate as shown below.

chemi-ionozation
1. CH+0 = CHO™ +e¢
charge transfer reactions
2. CHO"+H,0 = H,0"+CO
3. CHO" + NO & NO™ +HCO
charge recombination
4. H,O"+e= 2H +0OH
5. NO"+e= N+0O
ionization by collision + thermo- ionization
6. NO+M = NO*+e+ M

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 2.5.
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Figure 2.5 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*, N,*, O,", OH*, O*, H30", 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", H;0", CHs0", C,H30", Oy,

OH’, O, CO3, CHOZ, CHO3, and electrons. No engine work was done in this paper.



17

2.7 CONCLUSION

1 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 Sl 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.

1 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.
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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
Fuel Tank
DT-1000 dynamometer
Radiator

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



21

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 mani fol d t okepresauret o additem igptake edperaturenis
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

NOy 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 2071 45
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. QOil-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.

«— 85 mm Bore —»

40 mm
Dia.Bowl
— Intake Valve
Pockets
N Fuel Jet
Orientation

Exhaust Valve
Pockets

17 mm
i Bowl Depth

S — Piston Bowl

— O-Ring

——  Window
Casing

i  Fused Silica
UV Window

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. | 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 |
use the fuel injector as an ion sensor. The MSFI can perform other sensing functions as
well. | 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. |
used this sensor on the John Deere diesel engine where | 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, | 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.
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Figure 4.1 Convention glow plug / lon-sensor designed at Wayne State University [66].
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4.2.1 lon 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.

aB40
Conditioning

i odule

L Wariable Woltage Supphy
255007500 W

Cylinder

ShaftEncoder

Figure 4.2 lon 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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Power Supply
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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-
Sensing Fuel Inj e ct or 0 [71]. (ItMSeRsing 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 | 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.
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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.

MSFI Signal [V]
- o
3

Current Probe [A]

-14 -12 -10 -8 -6 -4 -2 0 2
CAD [Degree]

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.

14
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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.



39

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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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.



