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CHAPTER 1

SCOPE OF WORK

1.1 Introduction

All combustion engines, whether gasoline or diesepel noxious emissions as the by-
product of combustion and are continuously expdsdtie increasing demands on fuel economy
while meeting the stringent emission standardss@&iengines, well-known for their superior
fuel economy and high power density, have undergmigEeable improvement since the past
decade. This development, particularly in passemghicles, has been primarily driven by the
demand of higher performance and better drivegtsiimbined with strict compliance to NOx
and soot emissions. The utilization of turbo-chaggand electronically controlled common rail
direct fuel injection have further enhanced theatélgy of diesel engines to achieve superior
fuel economy, higher specific power output and higgrmal efficiency. However, the problem
of cycle misfires causing unacceptable level of wnbd hydrocarbon emissions during cold
starting in diesel engines is still very obstin@@®mbustion instability and misfire are amongst
the serious problems that deteriorate the diesginenperformance during starting and idling
operation. Consequently, there is a need for abfead signal indicative of the in-cylinder
combustion process which could thereby augmentlgiiel of sophistication of combustion

control for the ECU (Electronic Control Unit).

Sensing techniques such as in-cylinder combustas gressure transducers and ion

current probes can be used to produce signalsaiticof in cylinder combustion process in



both gasoline and diesel engines. But, compargatdssure transducers, the ion current probes
are less expensive and highly sensitive of theeei@icycle in-cylinder combustion process
variation. Based on the understanding of ion curtechnology in the gasoline engines, the ion
current signal has been successfully implementedrfosfire and knock detection in gasoline
engines. However, the application of the ion curreignal in diesel engines is yet to be

thoroughly developed, particularly for the coldrsteg and idling operation of diesel engines.

This thesis investigates the ion current signalmduthe cold starting and idling operation
of a diesel engine. The problem of ion current aigtetection experienced during cold starting
and idling operation is dealt and addressed. Qiffeapproaches have been applied to improve
the ion current signal detection capability. Furthere, the study is extended to detect misfires

and late combustion during cold starting and idpgration of the diesel engine.

1.2 Thesis Outline

This thesis consists of 8 chapters. Chapter 2eiditirature review of the cold starting of
diesel engines and the ion formation during the lmastion of hydrocarbon fuel. It also covers a
review of the characteristics of ion current sigmagasoline and diesel engines. The effect of
different probe design on the ion current signablso described. Chapter 3 gives a detailed
discussion of the engine set-up and instrumentatoata acquisition system and the test
procedure. This chapter also gives a detailed geser of the ion current circuit. The ion
current signal detection problem at light loadthsroughly described in chapter 4. lllustrations
from optical measurements and experimental datased to better understand and describe the

causes of ion current signal misdetection. At latiting, the combustion instability has been



observed throughout the experimental investigatiolmsaddition, the combustion phasing and
the different combustion zones are also descrilmedhiapter 4. Furthermore, the difference
between apparent ion current misdetection and kohigdetection during cold starting and
idling operation is demonstrated through experimlenata and these two terms are clearly

defined for the use in the rest of this work.

Chapter 5 describes the test method and procedige for the investigation of ion
current signal misdetection. Detailed dimensionstt@ several different ion current sensor
probes tested in the study are given in this cmaptee logic behind the algorithms developed
for transient and steady state data analysis dooeghout the study is also explained. Chapter
6 includes the data analysis and results of cadisg using different probes. Transient data
from random cycles recorded during cold startingded to demonstrate combustion instability
and explain the effect of different probe desigmsi@an current signal detection during cold
starting. The detailed processed data for theeffiedifferent probes on the ion current signal at
different idling speeds is presented in chapteCHapter 8 gives further explanation of the
observed results. lon current signal charactesisiod the effect of the engine operating
parameters on the ion current signal are discusseé@tails to explain the phenomenon of ion
current signal misdetection. Final conclusiongha experimental investigation based on the

observed results and discussions are then listé &nd of chapter 8.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Modern diesel engines are equipped with highly aded electronically controlled fuel
injection systems which allow fuel delivery undegry high pressures along with multiple
injections per cycle and different injection rateagings. Furthermore, it also gives more
flexibility to the ECU to control different enginearameters in order to meet several emission
targets. While, the starting of spark ignition (8fjgines is easy because combustion is initiated
by a high energy electric spark, the cold starathgompression ignition (Cl) engines is difficult,
particularly at low ambient temperatures. Accogtim a combustion sensor is needed in order
to detect misfire or diagnose early or late combuastluring cold starting of Cl engines. ECU’s
currently used in diesel engines do not have feddlsignals indicative of the combustion

process.

lon current signal has been successfully implenteimte SI engines for combustion
diagnostics, in-cylinder combustion control, aieffuatio estimation, and to detect misfire and
knock [1-4]. This chapter covers a review of tisddcstarting phenomenon in diesel engines, a
comparison between the characteristics of ion atirsgnal in gasoline and diesel engines and

the effect of probe design parameters on the ioreotisignal in diesel engines.



2.2 Diesel Engine Cold Starting

Misfires and incomplete combustion are major cbutiors to the white smoke in the
diesel engine exhaust during cold starting. Theirengnisfires when the fuel-vapor mixture
formed near the periphery of the sprays fails twignite. Auto-ignition of the fuel- air mixture
in ClI engines primarily depends on parameters sigcthe air pressure and temperature at the
end of compression stroke [5], injection paramef@ys], cranking speed [5] and fuel properties
particularly the cetane number and volatility [8Jloreover, low ambient air temperatures
directly affect the compression pressure and teatpess, ignition delay and blow-by mass
fraction [9]. This kind of engine operation durietarting, wherein engine encounters a number
of misfires after it fires and reaches a steadyngdloperation, is referred to as combustion
instability [10]. Combustion instability and mis#s, during cold starting, thereby leads to
increased fuel consumption and high concentratioanburned hydrocarbon emissions which
appear as white smoke out of the tail-pipe. Consety the desirable characteristics for diesel
engine cold starting would be to have proper corimsphasing and avoid misfires till the
engine reach the steady idle speed. This can bevachby detecting misfire and/or diagnosing

early or late combustion with the help of technglogpable of sensing the combustion process.

2.3 Diesal Engine ldling Operation

In diesel engines, idling and light-load operatigmoduce significantly higher
hydrocarbon emissions [11]. This is mainly becanfsthe cool wall temperatures, and low gas
temperatures. Low wall temperatures reduce theafageaporation of the liquid film formed on

the wall and the formation of a combustible mixtu2uring idling, both the air temperature and



pressure near the end of the compression strokdewareecause of the relatively high heat losses
to the cool walls and the high blow-by lossesheat slow idling speed. This results in the
reduced fuel evaporation before it impinges on wadls. In addition to the slow physical
processes and the formation of an auto-ignitabldure, the low charge temperatures also slow
down the rates of the autoignition reactions ankhydethe start of the exothermic reactions
which lead to combustion. Furthermore, the highction of the fuel vapor left without
combustion near TDC, has a small chance to be zeddiater in the expansion stroke, because
of the low gas mass average temperature. The camndoin of high concentration of
hydrocarbons left unburned near TDC and the pamiation during the expansion stroke result

in the high hydrocarbon emissions during idlingl@sel engines [11].

2.4 Fundamentals of lonization in Gasoline and Diesel Engines

Chemi-ionization and thermal-ionization are the masources of ionization in
hydrocarbon flames [12, 13]. The magnitude of ipraduced through both chemi and thermal-
ionization is highly dependent on the air-fuel satif the charge mixture and the in-cylinder
combustion temperature [13-15]. S| (gasoline) eegioperate close to the stoichiometric air-
fuel ratio with a homogeneous mixture. As a restiie formation of ions through chemi-
ionization in the flame front zone is very high.sd] a high ion current is produced in the post
flame zone due to the thermal-ionization resultiregn the high in-cylinder gas temperatures.
On the other hand, combustion of a heterogeneowturaj typical to Cl (diesel) engines, is
characterized by auto-ignition of an overall leamtore, while the local air-fuel ratios vary from

very rich to very lean depending on the fuel spragracteristics. Consequently, the in-cylinder



gas temperatures reached are lower compared toothgasoline engines. Accordingly, the
amplitude of the ion current produced in dieselieeg is much weaker than that in gasoline

engines.

Figure 2.4-1 shows typical traces of cylinder gesspure and ion current signal in a Sl
engine. The spark plug is used as ion current seargbthe ion current signal is observed to be
characterized by two distinct peaks. Many studiagehreported the two peaks in case of Sl
engines and there is a general agreement whiclestgythat the first peak is mainly caused by
chemi-ionization in the flame front zone around #park plug gap in the very early stages of
flame propagation. The second peak is the resulbherimal-ionization of the gases around the
spark plug gap caused by the increase of their eestyre near the end of the combustion
process. [13, 15]. Several investigations have shdhat the amplitudes of the peaks
significantly vary and depend on the equivalende ran-cylinder combustion temperatures,
exhaust gas recirculation (EGR) rate and the tymgklacation of the ion current sensor in the

combustion chamber [13-16].
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Figure 2.4-1 Typical ion current signal in SI engie (Speed= 1300 RPM, torque= 22
Nm, A = 0.89) [15]

Unlike gasoline engines, the diesel engines undéegerogeneous combustion which
involves complex processes such as fuel injecti@porization, fuel-air mixing and auto-
ignition. The explanations of ion current signabccteristics in gasoline engines cannot be
applied to diesel engines because of the diffeigregs of flames resulting from heterogeneous
combustion in diesel engine. Accordingly, very li@d investigations have been conducted to
study ion current signal in diesel engines. Glawatnal. were the first to study ion current signal
in diesel combustion wherein, a modified glow plsgs used to measure ion current signal from
the combustion chamber [17]. Investigations ofitimezation in diesel engines reported that the
ion current signal can have one, two or more peakending on the engine operating conditions
such as load, speed, injection pressure and ioetming [13, 18, 19]. Recently, Badawly
al. reported that the amplitude and number of p&akbe ion current trace are dependent on

the sensor design and its location in combusti@mdier [20].



Figure 2.4-2 shows typical traces of the in-cylind@s pressure, rate of heat release
(RHR), mass average gas temperature, needlendtian current signal in a diesel enging, 14
and k represent the amplitudes of the first, secondthind peaks respectively as observed in the
ion current signal trace in Figure 2.4-2. The fipgtak | occurs just after the peak of the
premixed combustion (PPC) in the RHR trace. Thems@geak 4 and k appear during the
expansion stroke, close to point where mass avegragiéemperature reaches its peak value. The
presence of third peak is clearly identified only at high loads has beeported to be the result
of the flame reflecting back towards the ion sernmmbe from the combustion chamber bowl

[12, 13].
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Figure 2.4-2 Typical ion current signal in Cl engire (Speed= 1800 RPM, IMEP= 11
bar, SOI 13.25° bTDC, Injection Pressure 550 bar)1[9]
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2.5 Conclusions

The literature review on the cold starting andnglioperation of diesel engine suggest
that combustion instability and misfires are majordles to overcome. Combustion instability
and misfires severely degrade the engine perforenalwring starting and idling operations.
Also, unacceptable levels of unburned hydrocarbems increased fuel consumption are the
other side effects associated with the cold sigudind idling operation in diesel engine. In order
to solve these problems it is necessary to haeetmblogy capable of monitoring the course of
combustion in each cycle. Thus to facilitate detecbf cycle misfire or to diagnose early or late

combustion, a feedback signal indicative of theyhnder combustion process is necessary.

Comparing the capabilities of the available in1ogtkr combustion indicators, namely
pressure transducer and ion current sensor, theuoent sensing technology is economically
feasible in addition to its sensitivity to variai® in the combustion process. Review of ion
current signal fundamentals for both gasoline aileded engines reveal the significance of the
ion current signal since it holds detailed inforioatabout the combustion process. The sources
and characteristics of the ion current signal esdl combustion are significantly different than
those in gasoline engines. However, the ion cursgmal has been successfully implemented in
gasoline engines to detect misfires and therefocan also be developed to detect misfire and

diagnose early or late combustion in diesel engines
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CHAPTER 3

ENGINE SET-UP AND INSTRUMENTATIONS

3.1 Engine Set-Up

A Volkswagen 1.9L turbo-charged direct injectioreskl engine was used for this A
hydraulic dynamometer was coupled to the enginetfgel through a flexible coupling apply
load on the engine and to control the engine spEradine specifications are shown in Table

3.1-1

The engine was equipped with a high pressure comrmdninjection system with
solenoid operated injectors having five hole nozmleeach injector. A custom made open type
ECU giving access to parameters such as injectmimg, injection pressure, injection quantity

was used to control the engine. The engine testaoel instrumentation are shown in Figure

3.1-1.
Engine
Block
Dynamometer
Coupling
Shaft

Figure 3.1-1 Engine Test Cell
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Table 3.1-1. Engine Specification and Technical Dat

Engine type Diesel 4-stroke
Number of cylinders 4 - Inline
Bore / stroke (mm) 79.5/95.5
Connecting Rod (mm) 144
Displacement (cm®) 1,896
Compression ratio 195:1
Max. Torque @ 1900 rpm 220

Max. Power @ 3100 rpm 63
Lubrication oil capacity (It) 4.5

Lower idling speed (rpm) 900

upper idling speed (rpm) 3,500
Maximum tilting (9 15 to right

3.2 Engine Instrumentation

A brief description of the engine instrumentatisngiven in this section and a layout of

various instruments and measuring equipment is showhe Figure 3.2-1.

The engine has been instrumented to monitor segagahe parameters as seen in Figure
3.2-1. The engine cylinder head is instrumentedti wiKistler pressure transducer to measure gas
pressure inside each cylinder. The intake manifelditted with a pressure transducer and
thermocouple to measure intake air pressure anpleiture respectively. The high fuel pressure
in the common rail injection system is monitorethgspiezo-resistive type pressure transducer
fitted close to common rail so that the changeaihpressure during each engine cycle could be
closely observed. The injector in cylinder#4 istinmented with a needle lift sensor to record
the needle lift during the each engine cycle. Atiagph encoder with 0.25 crank angle degree
(CAD) resolution is installed on the crank shaft measure the instantaneous crank angle

position and speed.
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Figure 3.2-1. Engine Instrumentation Layout
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3.3 Dynamometer Set-Up

The engine is coupled to a hydraulic (water bratkg)amometer from Dynamic Test
System (DTS) from Shingle, CA. Figure 3.3-1 showsamometer set-up along with its own
control unit. The dynamometer is equipped with lcatl, speed sensor, several thermocouples
and pressure transducers in the cooling water. dym@mometer control unit manages and
controls the dynamometer speed once it is set tonatic operation mode by throttling the
electric stepper motor operated water outlet vallee software for dynamometer control unit
shown in Figure 3.3-2, along with its time basethdecquisition system records, calculates and
displays parameters such as brake torque, brakerpspeed, jacket cooling in-out temperature,

exhaust gas temperature, oil pan temperature, teoyperature and relative humidity.

Load control inlet Valve

e
m

Pressure

. regulator

1
.

I
et . . .,‘l_ _-i»] Dyno le—— From
sl ' | Control sELvices
@ ! Unit water line
Speed control E_ ) _+ Speed
outlet Valve signal
To drain

Figure 3.3-1. Dynamometer Set-up and Control Unit
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Figure 3.3-2. Dynamometer Control Unit System, Intdace and Display

Service line is used to supply water to the dynaetemthrough a pressure regulator
valve to maintain water pressure at 5 bar. Therentpad is controlled from the open ECU by

adjusting the fuel quantity being delivered to ithjectors.

3.4 Engine Electronic Control Unit (ECU)

A custom made open type ECU from Electro-Mechankssociates, Ann Arbor, Ml is
used to control engine operation. The ECU gave @genss to the parameters such as injection
timing, injection pressure, injection quantity anmdiltiple injections. The ECU is capable of
controlling the injection timing in step of 0.1 CA&hd the injection duration in step of 1 psec.
Close loop feedback from the rail pressure sensaused to control the injection pressure
through the open ECU. Figure 3.4-1 shows the ECldviiare and the control interface screen

from the control computer.
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Figure 3.4-1. Engine Control Unit Hardware and Contol Interface

The ECU can operate the engine on two modes- manadé and automatic mode. In
the manual mode the injection parameters are reduo be entered manually whereas in
automatic mode the ECU controls engine through defned user values from the look-up
tables. In this research work, the manual modénefECU is used for the engine to operate at

defined parameters throughout the tests.

3.5 Data Acquisition System and Combustion Analyzer

A high speed 16 channel data acquisition systemn fidectro-Mechanical Associates,
Ann Arbor, MI is used to record the combustion ditan the engine. The data acquisition
system records several parameters such as in-eylgas pressure, needle lift, ion current signal
etc., on crank angle basis with resolution of CCAD. Figure 3.5-1 shows the data acquisition

system hardware and its controller interface.
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Figure 3.5-1. Data Acquisition System Hardware, Camoller Interface and Display

The data acquisition software is used to adjustghim, offset, smoothening, color,
display and other parameters for each channeliohaily. For the purpose of data smoothening
and to avoid excess of noise in the signal, theylmder pressure data is recorded on 5 point
average basis whereas ion current signal and néftdlata is recorded on 3 point average basis.
The control computer connected to the data acounsgystem includes combustion analysis

software which calculates and displays variousrengperating parameters online from the data
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being recorded. Some of the main measured andlasdduengine operating parameters are peak
cylinder pressure and its location, peak pre-migechbustion and its location, indicated mean

effective pressure, indicated torque, mean engieeds rpm and ion current peak position.

3.6 lon Current Sensor

The original glow plugs that came with the engine modified to be used as ion current
sensors in this study. The glow plug for each @dgmis replaced by the modified glow plug to
measure ion current signal in addition to its eraifunction of heating the air in the combustion
chamber. However, the ion current signal is rdedronly for the instrumented cylinder #4. The
modified glow plug (ion current sensor) needs tceleetrically insulated from the engine body
and cylinder head to complete the electrical ctrwni the flow of ions. The cylinder head acts as
one of the electrodes whereas the ion probe (glog lpeater element) which is insulated from
the cylinder body acts as another electrode. Thecuorent signal produced during combustion
passes through a 50 ohm resistor; the voltage sithesresistor is amplified and recorded by the

data acquisition system.

3.7 lon Current Measuring Circuit

Figure 3.7-1 shows the circuit used for measurargdurrent signal using the modified
glow plug. The ion current measuring circuit cotssief a variable DC voltage supply, ion
current sensor, a resistance (3pand a signal conditioning unit. The secondarguwtrwith 12

volt supply is an energizing circuit, to burn ammpsdeposits on the glow plug surface.
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Figure 3.7-1. lon Current Measuring Circuit

The variable power supply can provide up to 400\@@s. The acquired ion current is
passed through the &0resistance and the voltage drop across the resesta measured and fed
in to the signal condition unit for amplificatiofigure 3.7-2 shows the variable power supply
unit and the signal conditioning unit. In orderatoid interference of the transformer coils from
the power supply, the ion current measuring ciranid signal conditioning circuit are placed in

separate cabinets.

Figure 3.7-2. Power Supply and Signal ConditioningJnit
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CHAPTER 4

ION CURRENT SIGNAL DETECTION: PROBLEMS

AND CAUSES

This chapter covers a detailed analysis of theaamment signal during light loads and
idling operation in diesel engines and highlight® tproblems in signal detection. This is
followed by a discussion of causes of such problefitse causes of the cycle-to-cycle variation
in ion current signal are further explained by imsgaken for combustion in an optically

accessible engine at light loads.

4.1 Introduction

Comparing the capabilities of the available in4egler combustion indicators, namely
pressure transducer, optical sensors and ion dusesrsor, the ion current signal carries basic
information about diesel combustion which cannot dig#ained from other sensors. The
combustion in diesel engines can be consideredotsist of two modes. The first is the
premixed combustion mode and the second is thenguatiffusion controlled combustion mode.
Each of these modes has its mechanisms of ionizafibe first peak in the ion current signal
corresponds to the premixed combustion and thensep®ak corresponds to the mixing-
diffusion controlled combustion [13, 21]. Moreovtre amplitude and location of the ion current
peaks significantly vary with the change in endio&d, injection pressure and injection timing
[18, 19, 21]. However, in case of heterogeneoudurexcombustion, typical to diesel engines,
the use of ionization sensing technology has beeited due to the complexity of combustion.

Heterogeneous combustion is characterized with-igmition of air fuel charge mixture having
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an equivalence ratio varying from zero to infini@onsequently, it is highly impossible to
achieve same charge distribution in the combustiommber for each cycle which therefore

results into cycle-to-cycle variations in the ianrent signal.

4.2 Problem of lon Current Signal Misdetection

Misdetection of the ion current signal is a problanits employment as a reliable and

robust feedback signal to the ECU.
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Figure 4.2-1. Percentage of the lon Current SigndDetection in 100 cycles at Different
Engine Loads and Engine Speed= 1800 RPM [22]
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Figure 4.2-1 shows the percentage of the ion cusigmal detected in 100 consecutive
cycles at different but steady engine loads si@gftiom IMEP= 1 bar to 15 bar. The lower IMEP
represents the idling operation, where as the hiMEP represents high load operation of the
diesel engine. It is observed that the percentdgenocurrent signal detection is the lowest at
idling operation and improves to 100% detectiolMEP values above 3 bar. The zoomed box
plot within the Figure 4.2-1 shows a high dispemsio the percentage of ion current signal
detected at very low loads and this dispersion e&ptally diminishes with the increase in

engine load.
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Figure 4.2-2. Cylinder gas pressure, rate of heaketease and ion current signal at light load
for two arbitrary cycles [Inj. Press= 550bar; Const Speed= 1800 RPM]
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Figure 4.2-2 shows the cylinder gas pressure, RitRi@n current signal traces for two
arbitrary cycles at light load and injection prasswf 550 bar, measured during tests on
Volkswagen engine. The two combustion events predwomparable pressure and RHR traces.
However, although combustion can be detected flwenrtgas pressure in both cycles, the ion
current signal is detected only for one of the eycThis phenomenon wherein ion current sensor
fails to detect the ion current signal in the evehtombustion is termed as ion current signal
misdetection. The ion current signal misdetectmobserved to be prominent during idling and
light load operation of diesel engines. This isdewt in Figure 4.2-1 and has been reported in
other investigations.[22, 23]. Thus, the problenmoa current signal misdetection limits the use
of the ion current sensor to detect misfire andetoge reduces its reliability to be used as a

feedback signal for combustion diagnostics.

4.3 Causes of lon Current Signal Misdetection

The difference in overall equivalence ratio in damo and diesel engines primarily
causes a significant differences in the chara¢itesi®f the ion current signal produced in these
engines [24]. The amount of charge carriers predenihg the combustion in gasoline engines is
fairly high as compared to that in diesel enginBssides,the ion current signal in diesel

combustion lacks reproducibility due to the heterogpus nature of the charge.

lon current sensing is a local phenomenon [13, TBg¢ magnitude of the ions produced
from chemi-ionization and thermal-ionizations degesn the equivalence ratio and the in-

cylinder combustion temperatures [13]. Accordinghg ion current signal misdetection can be
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attributed to charge heterogeneity, very lean métuand low cylinder combustion gas

temperature typical at light loads and idling opieraof diesel engines.

The optical investigations on the ionization pheeaon in references [23, 25, 26]; give
further insight in ion current signal misdetectiah light loads. The details of the engine
instrumentation, optical set-up and ion currentssemmplementation are described in details in
reference [25]. Figure 4.3-1 and Figure 4.3-2 slmages of combustion in two random cycles

at the same engine operating condition; IMEP= laparengine speed of 1000 RPM.
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CAD =0.25 aTDC CAD =2.25aTDC

CAD =4.21 aTDC CAD =6.12 aTDC

CAD =8.41 aTDC CAD =10.24 aTDC

CAD =12.60 aTDC CAD =14.15 aTDC

CAD =16.07 aTDC CAD =18.11aTDC

Figure 4.3-1.High speed images of the visible light produced fra the combustion proces:
(Light load: Detection of the ion current) (OPT, IMEP= 1 bar, Const. Speed=1000RPNM
SOI=8° bTDC, Inj. Press= 800 ba) [23]
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CAD =0.16 aTDC CAD =2.10aTDC

CAD =4.14 aTDC CAD =6.09 aTDC

CAD =8.12 aTDC CAD =10.50 aTDC

CAD =12.56 aTDC CAD =14.12 aTDC

CAD =16.61 aTDC CAD =18.50 aTDC

Figure 4.3-2.High speed images of the visible light produced fra the combustion proces:
(Light load: Misdetection of the ion current) (OPT, IMEP= 1 bar, Const. Speed=1000RPNV
SOI= 8° bTDC, Inj. Press= 800 bar)[23]
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Although both the cycles produce same cylinder gassure and RHR traces, the ion
current signal is not detected in cycle represemtdedgure 4.3-2. At light loads, the quantity of
fuel injected is very small which results in a ligioverall lean mixture and low combustion gas
temperatures. The first appearance of the blueeflamthe form visible light, seen in the optical
images, marks the start of combustion. The comparg the blue flame during the combustion
event in Figure 4.3-1 and Figure 4.3-2 shows sicgnit cycle-to-cycle combustion variation
which thereby results in non-uniform flame disttibn across the combustion chamber. As a
result, depending on the location of the ion cursansor in the combustion chamber it might
not produce a signal if the flame does not occingyzione around the sensor and the ion current
is misdetected as indicated by images in Figure24/& medium and higher loads, the quantity
of fuel injected is comparatively large and therfeaspreads over the whole combustion chamber
and the ion current is detected. Hence, the probdénon current misdetection is usually

experienced only at light loads and idling operatd diesel engines.

4.4 lon Current Signal Misdetection and Actual Misdetection

Two definitions will be used to describe the reabehind the absence of an ion current
trace in any of the figures. The first'islisdetection” which indicates the absence of the ion
current signal that can either be due to failur¢hefsensor in detecting the ionization or due to
absence of ions owing to misfire or low combusti@mperatures. The second iActual
Misdetection” which is used to describe only the sensors failordetect ion current signal in
the presence of combustion event. In this cagealisence of the signal is only the fault of the

sensor, ignoring the inexistence of signal duaitioife of combustion. Figure 4.2-2 shows traces
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for two firing cycles, colored red and blue. Firimgthe two cycles is evidenced by the red and

blue cylinder gas pressure and the RHR traces. abkence of red ion current trace is definitely

caused by the failure of the sensor. This is reteto as Misdetection.

Figure 4.4-1 shows cylinder gas pressure, RHRi@amaturrent traces for three random

cycles at light loads. The red and blue tracescatdi cycles with combustion. However, the

absence of a red current signal indicates the r&ailof the sensor and is referred to as

Misdetection. The green traces indicate a very slse in RHR and a fairly late combustion in

the expansion stroke. This cycle can be considasedisfiring cycle and the absence of the ion

current signal is referred to as "Actual Misdeteati
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4.5 Combustion and lon Current Misdetection during Cold Starting
in Diesel Engines

The cold starting in diesel engines is charactdrlzginherent problems such as misfires
and combustion instability leading to significardn@bustion deterioration during the engine
start-up period. Through the period of engine stgrtthe ignition delay and auto-ignition
reactions in diesel combustion exhibit significadiscrepancy due to low combustion
temperatures reached during engine operation. Qoesdy, the outcome can be an early
combustion, a normal combustion, a very late comusr even a complete misfire thereby

resulting in to combustion instability.

Figure 4.5-1 shows the cylinder gas pressure anR REces for seven random cycles
recorded during the starting of the engine. TheairBgshows different combustion phasing
during cold starting. Combustion phasing can berdéaned by many parameters such as the
location of the 10%, 90% RHR of the total heataste In this investigation, LPPC (Location of

the peak of RHR due to premixed combustion) is disedombustion phasing.

Figure 4.5-1 shows that combustion phasing wasrebdeas early as -4 CAD and as late
as 40 CAD. Therefore, combustion phasing candosidered to be in one of the four zones as
shown in the figure. Each cycle can be categonzeter one of these zones. It is noticed that the
ion current peak in the very late combustion zanead weak that it cannot be detected by the

Sensor.
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Figure 4.5-1 In-cylinder gas pressure and RHR tracefor arbitrary cycles exhibiting
different combustion zones during cold starting

Another factor that has an impact on the peak efitin current signal is the local and
average equivalence ratio [12, 13, 18]. Sinceelliengines operate on an overall lean fuel-air
mixture, the peak of the ion current signal is $roampared to that in gasoline engines. During
cold starting of diesel engines, although the arhadiriiquid fuel injected into the combustion
chamber is large, the fraction of evaporated fgeloiv because of the low mass average air
temperatures. This adds to the effect of latelzmtion on the peak of the ion current signal
during the cold start of diesel engines. This p@seballenge in implementing ion current signal

as a feedback tool for combustion phasing contwahd cold starting.
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4.6 Chapter Summary

The chapter describes the problem of ion currgradimisdetection experienced at light
loads, typical to idling operation, and cold stagtiin diesel engines. The causes of the
misdetection of the ion current signal are ideatifiafter detailed analysis of the combustion
process, the ion current signal and images obtamed optically accessible diesel engine. The
lean fuel-air mixture during idling operation arftetlow in-cylinder combustion temperatures
during cold starting result in a weak ion curreighal that cannot be detected. This is referred
to as Misdetection due to the inability of the sensf detecting the ion current. The term
Actual Misdetection refers to the case when theinengnisfires. Misdetection and Actual
Misdetection of the ion current signal are problethat need to be addressed before its

application as a feedback signal to the engine ECU.
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CHAPTER 5

EXPERIMENTAL PROCEDURE

This chapter describes the experiments, testepure, signals filtering, signal

misdetection, and misfiring detection during cdiaksng and idling.

5.1 Introduction

lon current signal misdetection at idling and ligteids is a major problem that needs to be
solved before the use of ion current for feedbaugiree control. The ion current sensor
measures the concentration of ionized speciesaridtal area around the probe. [13]. The
shape and amplitude of the ion current is influenbg the design of the sensing probe as
well as its location in the combustion chamber @, To increase the amplitude of the ion
current signal, many approaches have considerbdseTlinclude increasing the probe length,
increasing the probe area or changing the applodtdge and polarity of the probe [20, 27,

28].

5.2 Test Procedure
The investigation in this thesis is divided intatmain sections.
A. Cold Start Tests:

The first consecutive two hundred cycles are remrat each test point. For each of the
cold starting test points the start of injectio®(pBis kept constant at 13° bTDC and the injection

pulse width is also maintained constant at 420 jusec
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B. Tests at no-load at three different speeds:

Two hundred consecutive cycles are recorded at ¢éesthpoint under steady state

conditions.

A MATLAB code is developed to compute the locatiohpeak of the RHR due to
premixed combustion (LPPC) the start of ion cur(&iC), and the ratio of cycles where the ion

current is not detected to the total number ofeycecorded.

5.3 Probe Geometry and Applied Voltage used for Experimental

| nvestigation

The effect of the following three parameters on ibre current signal misdetection is

investigated:
1) Probe length: short (20.85 mm), medium (23.7 rang long (26.4mm)
2) Probe diameter: small and large: 3.25 mm an8 da.

3) Applied voltage: 100V to 350V in steps of 50V

Figure 5.3-1 shows the cross sectional view ofdbmbustion chamber along with the
penetration of three different probe lengths inside combustion chamber. Different probe
length result into different penetration depth loé fprobe inside the combustion chamber. The
flame type and the volume of ion concentration atbthe probe can significantly vary with

change in the penetration depth of the probe.
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lon Current Probe
(Small Diameter 3.25 mm)
(Large Diameter 4.75 mm)

Injector Nozzle

Cylinder 3.12mm
Head

ol
r-ﬁ - Short {20.85 mm)

Medium (23.70 mm)
— Long (26.40 mm)

Fuel .-~
Spray
Axis

Piston
Bowl

Figure 5.3-1. Cross sectional view of combustion amber showing penetration of different
probe lengths

5.4 SIC Detection using Dynamic Threshold

A MATLAB code is used to reduce the noise in thgmai and determine the SIC, LPPC
and any misdetection on a cycle-by-cycle basis. rdduce the error due to random noise
fluctuations, a dynamic threshold for ion curreighal is set. A low pass filter is applied to the
RHR and ion current signals to get rid of the higdguency noise. A low pass filter with phase
correction is used, which has cut-off frequencylkHz and a generalized hamming window.

The threshold for ion current signal is estimatedsidering the signal for the 15 CAD (data for



35

threshold estimation, DTE). The maximum and coeffit of variation (COV) is calculated for

this period of signal data for each cycle and treghold is calculated as stated in Equation 1.

Threshold = [Max(DTE) + COV(DTE) x 4 + 0.005] x 2.1 (Equation 1)

5.5 Misfire Detection from RHR Trace

To assist in identifying misfired cycles, the RHBRce of each cycle is compared with the
motored cycle RHR trace. The peak of the RHR tm@icthe motored cycle is selected as a
threshold value to define a cycle misfire. An altion is developed in MATLAB to sweep
through the RHR trace of each cycle to find the imaxn value and its location in CAD.
Depending on the comparison of this maximum valith the motoring RHR trace, the cycle is
thereby identified as a fired cycle or misfired leycThe CAD location of the peak of the RHR
trace is used to classify combustion as earlymadrlate or very late as shown in Figure 4.5-1.

A very late combustion cycle is considered be diret cycle throughout the investigation.

5.6 Chapter Summary

This chapter walks through the experimental apgraawertaken towards resolving the
ion current signal misdetection. Different probeometries have been used for the detailed
experimental investigation of the ion current sigmasdetection with the aim to improve ion
current signal detection and its utilization forsfire detection during cold starting and idling
operation. The approach used for the detailed aisabyf the transient and steady state data is

thoroughly described in this chapter.
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CHAPTER 6

EXPERIMENTAL RESULTS: COLD STARTING

This chapter presents results of investigationthereffect of the probe geometry and the
applied voltage on the amplitude of the ion currsignal. Probes of different lengths and

diameters are used to determine the ability ost#resor to detect the misfiring cycles.

6.1 Introduction

The shape and amplitude of the ion current sigegledds on (a) surface area of the
probe exposed inside the combustion chamber, @)adtation of the probe in the combustion
chamber and (c) the applied voltage across thdretis [18, 20] . Short, medium and long
probe lengths are used to study the effect of aging the penetration depth of the probe into
combustion chamber on the detection of the ionetuirsignal. The effect of change in the probe
diameter along with change in the probe lengthls® anvestigated using small and large
diameter probes. Furthermore, the applied voltagearied from 100 to 350V for each probe
length and probe diameter to study the effect apploltage on the ion current signal detection.
Due to redundant nature of the results and to axepetition of figures limited data analysis is

reported.
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6.2 Effect of Probe Length on lon Current Signal Characteristicsand

Detection
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Figure 6.2-1. Cylinder gas pressure, RHR and ion ctent signal for five random cycles
using the short probe (20.85 mm) at applied voltagef 100V

Figure 6.2-1 shows cylinder gas pressure, RHR andcurrent signal traces for five
randomly selected cycles recorded with a shoth@tength at an applied voltage of 100V. Itis
noticed the short probe failed to detect ion curignal for some cycles where combustion

occurred as evidenced from their respective pressoud RHR traces.
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6.3 Effect of Applied Voltage on lon Current Characteristics and

Detection
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Figure 6.3-1. Cylinder gas pressure, RHR and ion ctent signal for five random cycles
using the short probe (20.85 mm) at applied voltagef 350V

Figure 6.3-1 shows the effect of increasing thdiag@®C voltage from 100 to 350V. By
increasing the voltage the amplitude of the iomrenirsignals increased. However, raising the
voltage by a factor of 3.5 did not improve the mmrent signal to the point of detectitige

combustion in all cycles.
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6.4 Combined Effects of Probe Length and Applied Voltage on lon

Current Characteristics and Detection
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Figure 6.4-1. Cylinder gas pressure, RHR and ion ctent signal for five random cycles
using the long probe (28.40 mm) at applied voltagef 100V

Figure 6.4-1 shows cylinder gas pressure, RHR ancturrent signal for random cycles
recorded during cold starting with a probe (28.4® tong) at an applied voltage of 100V. By
increasing the probe length a larger area of thbgwas exposed to the combustion products and

produced signals with higher amplitudes compargataowith short probe length. It is also worth
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noting that using a longer probe length undoubtetftected the ion current signal under all
combustion phases encounters during cold starknghermore, it is worth noting that the ion

current signal is detected for all the cycles ekéepthe misfired cycle seen in Figure 6.4-2.
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Figure 6.4-2. Cylinder gas pressure, RHR and ion ctent signal for five random cycles
using the long probe (28.40 mm) at applied voltagef 350V

Figure 6.4-3 shows in-cylinder gas pressure, RHR @m current signal traces for
random cycles recorded during cold starting usinigprag probe (28.40 mm) and higher applied
voltage of 350V. Increasing the applied voltagenfrd00V to 350V further increased the

amplitude of the ion current signal recorded.
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The pressure traces of arbitrary cycles in Figug&16 Figure 6.3-1, Figure 6.4-1, and
Figure 6.4-2 demonstrate random cycle to cycleatian and combustion deterioration in some
cycles during cold starting. Even under such vayyperating conditions the effect of the probe
length on the ion current signal detection andaitgplitude is noteworthy and seen in Figure

6.4-3.

Figure 6.4-3 shows data for two comparable combnstiycles both exhibiting a very
late combustion but one with a short probe (20.8®)amd the second with a long probe (28.40
mm), at applied voltage of 350V. The long probegté successfully detected ion current signal
for the very late combustion event, whereas shiae length failed to detect any ion current

signal.

50—

Pressure_Long_Probe —F 90

Pressure_Short_Probe
————- RHR_Long_Probe

-=mena--= lon_Current_Leng_Probe

lon_Current_Short_Probe

| ————— RHR_Short_Probe

Pressure (bar), RHR (J/CAD)
(dwig-rl) Jueiing uoj

Figure 6.4-3. Cylinder gas pressure, RHR and ion etent traces for two cycles with late
combustion: one with the short probe length and th@ther with long probe length and at
same applied voltage of 350V
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6.5 lon Current in a Cold Start Transient

A detailed cycle-byycle analysiwas made on two hundrednsecutivecycles recorded
during a cold starting transieniising probes of differerlengths. A sample of theresults is
given in Figure 6.5-Tor the first 200 cycles. The following parametare show for each of
the 200 cycle in four sectiorssarting from the tog (1) Instantaneous engine sp, (2) LPPC
and SIC, (3) RHR, where "18 for a fired cycle an"0" is for a misfired cycl; also shown in
the same section the i@arrent wher "1" is for detected and "0" is for misicted. (4) Actual
misdetectedon current signal, whiclindicates very weak combustionompletecombustion

failure. The details of the feaycles areshown in Figure 6.5-2.
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Figure 6.5-1Samplefigure represeniing the lon Current Signal Detection and Misdetectior
Data Analysis
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6.5.1 Effect of Probe Length at Applied Voltage of 100V

Figure 6.5-3, Figure 6.5-4 and Figure 6.5-5 shosults of the processed data for short,
medium and long probes respectively at an appligthge of 100V. For short probe length
(Figure 6.5-3), misfire cannot be detected from Rt¢R but the fired cycles with ion current
misdetection are 79%. This implies that only 21%he&f firing cycles are detected with the ion
current signal. With medium probe length (FigurB-4), the ion current detection improved
significantly by increasing the penetration depthhe probe. No misfire is detected from RHR

but the number of cycles with ion current signasaeitection is reduced to 24.5%.
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Figure 6.5-3. Detailed processed data showing RPI8]C, LPPC, misfire and ion

current misdetection for short probe at applied volage of 100V
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Figure 6.5-4. Detailed processed data showing RPI8]C, LPPC, misfire and ion

current misdetection for medium probe at applied vitage of 100V



45

2500
2000
= 1500
& 1000
500
(¢}
a0
1] 40
o
o 2
- 0 20
04
- [lon_Current_Misdetected = 13.5% [ RHR_misfire = 1.6%
] 1
s g
=
T B
)
s {Actual_Misdetection = 12%
1
| =
S
©
e
m o
§32 5
<=

0 10 20 30 40 50 B0 70 80 90 100 110 120 130 140 150 160 170 180 190 200
# Cycle

Figure 6.5-5. Detailed processed data showing RPI8]C, LPPC, misfire and ion
current misdetection for long probe at applied volage of 100V

Further increase in the probe length to the longber (Figure 6.5-5), caused the
percentage of fired cycles with ion current misdeta to significantly decrease to 13.5% along
with misfired cycles based on RHR recorded as 1.BPerefore, the number of actual cycles
with ion current misdetection excluding the midfireycles is only 11%. Moreover, during
engine acceleration, it is also observed that &tealed by all the three probes is fairly accurate.
While approaching idling speed, the accuracy faeckng the SIC is low for the short probe and
significantly improved for longer probe. Also, thariation in the SIC is highest for the short

probe and is reduced with the increase in the plexgth.
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6.5.2 Effect of Probe Length at Applied Voltage of 350V

Figure 6.5-6, Figure 6.5-7 and Figure 6.5-8 shosulis for the short, medium and long
probes with applied voltage of 350V. With the irase in the applied voltage, the
electromagnetic field around the electrodes in@gaand therefore the probe attracts more
charge carriers. Figure 6.5-6 shows ion curren¢adiemn for short probe improved by 10% with
the increase in applied voltage from 100 to 350%t medium probe (Figure 6.5-7), the actual
misdetection of ion current is found to be 11% dridrther reduces to 8% for long probe length

(Figure 6.5-8). Also, an increase in the appliettagee improves the accuracy of SIC detection

for all the three probes.
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Figure 6.5-6. Detailed processed data showing RPI8]C, LPPC, misfire and ion
current misdetection for short probe at applied volage of 350V
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Figure 6.5-7. Detailed processed data showing RPI8]C, LPPC, misfire and ion
current misdetection for medium probe at applied vétage of 350V
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6.5.3 Effect of Probe Diameter at Applied Voltage of 100V

The surface area of the probe exposed into the gstioim chamber for sensing the ion
current can be increased by changing the probdHeagywell as probe diameter. Same tests of
varying the probe length from short to long probiéhvapplied voltage from 100 to 350V are
conducted for the larger probe diameter. Figure% Bigure 6.5-10 and Figure 6.5-11 show the

data for a large probe diameter for the short, omadand long probe lengths respectively at

applied voltage of 100V.
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Figure 6.5-9. Detailed processed data showing RPI8]C, LPPC, misfire and ion

current misdetection for short probe length and lage probe diameter at applied

voltage of 100V
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Figure 6.5-10. Detailed processed data showing RPI8|C, LPPC, misfire and ion
current misdetection for medium probe length and lage probe diameter at applied
voltage of 100V
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Figure 6.5-9 shows that for a short probe, the rarmtf cycles with ion current
misdetection is 37.5% and the number of misfiredh@ RHR trace is 1.5%. Therefore, the
actual misdetection of the ion current signal i%3&or medium probe shown in Figure 6.5-10,
the number of cycles with ion current misdetecti®snmeduced to 12%, whereas 1% misfired.
Thus, the number of cycles with the actual ion entrrmisdetection for the medium probe is
11%. Figure 6.5-11 shows the data for the long @relhere the cycles with ion current
misdetection recorded is 5% out of which 1.5% mesfiimplying the actual misdetection of the
ion current signal of only 3%. The accuracy in detg the SIC with respect to LPPC improved

significantly compared to the respective probes wihaller diameter.

6.5.4 Effect of Probe Diameter at Applied VVoltage of 350V

By further increasing the voltage to 350V, for tinereased probe diameter, the ion
current signal misdetection considerably reducedafbthe three probe lengths. For the short
probe shown in Figure 6.5-12 the actual misdetaadimpped down to 29% from 36% at 100V,
which is also significant improvement in ion cuiredetection as compared to 69.5%
misdetection with a smaller probe diameter at 398. medium probe, the actual misdetection
is reduced to 8% as shown in Figure 6.5-13. Incdme of long probe shown in Figure 6.5-14,

the actual misdetection of the ion current is obseito be only 2%.
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Figure 6.5-12. Detailed processed data showing RPM|C, LPPC, misfire and ion
current misdetection for short probe length and lage probe diameter at applied

voltage of 350V
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Figure 6.5-13. Detailed processed data showing RPM|C, LPPC, misfire and ion
current misdetection for medium probe length and lage probe diameter at applied
voltage of 350V
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Figure 6.5-14. Detailed processed data showing RPI8|C, LPPC, misfire and ion
current misdetection for long probe length and larg probe diameter at applied
voltage of 350V

6.6 Effect of Varying Probe Length, Varying Probe Diameter and

Varying Applied Voltage on Actual Misdetection

Figure 6.6-1 and Figure 6.6-2 shows the percentégetual misdetection of ion current
signal with different probe lengths for small amagle probe diameter respectively and plotted
against the applied voltage. In Figure 6.6-1, wisblow the actual misdetection for the small
probe diameter, the short probe exhibits the higimesdetection due to the smallest sensing area
exposed into the combustion chamber. Although pEied voltage improves the detection of
the ion current signal, the maximum improvementieadd is only about 10%. On the other

hand, the actual misdetection significantly decesass the probe length is increased.



53

100
=B~ Small_Probe
—@~- Medium_Probe
—X- Long_Probe
80 & - -
-'-'-_—-_______—- 1
{ |

£ i o~ ORI |

om

35

95

==

30

m

2

00

<45

20

» \\\_‘.
1 "'---..__________-__—.
EEE———! i —
0 | 1 1 |
100 150 200 250 300 350

Applied_Voltage (V)

Figure 6.6-1. % Actual Misdetection of ion currentfor varying probe length with
small probe diameter against the applied voltage



54

40
[ —M— Short_Probe
35 -_\. ! _ —®— Medium_Probe
= —X— Long_Probe
»—C
E _ |
£ £
g0
@ 520
b
s O
8 c15 -
Q O
S i |
e '
10 = .—-‘-"-—_______‘_‘_ T -
b
E—--h-"'""---N___‘ - 4
5 -
1 x #——‘”’———_——Fg—:—_——"‘_‘“—‘———n
0 1 1 1 il
100 150 200 250 300 350

Applied_Voltage (V)
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Figure 6.6-2 shows an enormous enhancement irotheurrent detection for the probes
with large diameter. The actual misdetection ofitmecurrent signal for the short probe dropped
to 36% compared with 79.5% for the same probe lemgtt with smaller probe diameter at
100V. In addition, increasing the voltage to 350Wed in improving the detection of the ion
current by 7%. The medium and long probes showeth@r improvement of the ion current

signal detection with total actual misdetection éowthan 8%.
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6.7 Chapter Summary

The results from the detailed experimental invesiion on the effect of ion current
sensor design to improve ion current signal dedactiuring cold starting is described in this
chapter. Data from random cycles during the cagitisig and cycle-to-cycle data is analyzed to
study the effect of change in design parameterspaoloe intrusion in the combustion chamber,
which is related to probe length. Increasing thabp length, diameter and applied DC voltage
improve the ion current signal detection duringdcstarting. However, effect of changing the
probe length and changing the probe diameter sihoeve significant improvement as compared
to increase in the applied voltage. Also, increggnobe length, diameter and applied voltage

improve the accuracy in determining the SIC duthegtransient cold starting.
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CHAPTER 7
EXPERIMENTAL RESULTS: NO LOAD

OPERATION

7.1 Introduction

The phenomenon of ion current signal misdetectioneported to occur more often at
light loads and idling [22]. It is worth noting thahe amount of fuel injected inside the
combustion chamber is the least at idling cond#ievhich results in a higher chance of ion
current misdetection. Since the overall equivalerat® is very lean, the concentration of ions
formed is low compared to medium and high engirael$o Results for cold starting show that
ion current misdetection can be reduced by incngaprobe length, diameter and the applied
voltage. Therefore, the study is carried out byyway the probe length and diameter at no-load
and different speeds in order to examine the glfithe ion current sensor to detect ion current
signal during unwarmed up operation. The test itimm$ are conducted with constant SOI at

13°bTDC. Table 7.1-1 details the injection pulsetwiduration used for operating the engine at

three different speeds.

Table 7.1-1 Injection pulse width at different idling speeds

Speed (RPM) Injection Pulse width (usec)
1600 3125
1800 370.4
2100 396.8
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Three idling speeds viz., 1600 RPM, 1800 RPM an@02RPM were used for the
investigation. However, due to redundant naturthefdata, the detailed processed data is shown
only for 1800 RPM and at applied voltages of 100 850V. The effect of the probe length at

all speeds is summarized in the later part of trepter.

7.2 Effect of Probe Length on lon Current Signal Detection

7.2.1 At Applied Voltage of 100V

At 1800 RPM and applied voltage of 100V, the effeicprobe length on the ion current
signal detection is shown in Figure 7.2-1, Figura-Z, and Figure 7.2-3 for the short, medium
and long probes respectively. For the short prif®jon current signal misdetection is noted to
be 33% as shown in Figure 7.2Also, it is observed that the SIC indicates a snmaltcuracy
for the short probe as it lags the LPPC due todmmal strength. As the probe length increased
from short to medium to long probe the ion curnemgdetection is reduced from 33% to 8% to
0% respectively. The SIC is advanced with the iaseen the probe length suggesting that signal

sensing improved with the increase in probe length.
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Figure 7.2-1. Detailed processed data showing RPI8]C, LPPC, misfire and ion
current misdetection for short probe at applied volage of 100V and 1800RPM
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Figure 7.2-2. Detailed processed data showing RPI8JC, LPPC, misfire and ion
current misdetection for medium probe at applied vétage of 100V and 1800RPM
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Figure 7.2-3. Detailed processed data showing RPI8]C, LPPC, misfire and ion
current misdetection for long probe at applied volage of 100V and 1800RPM

7.2.2 At Applied Voltage of 350V

Figure 7.2-4, Figure 7.2-5, and Figure 7.2-6 sheaults for the effect of increasing
applied voltage to 350V on short, medium and lorabps respectively. The increase in voltage
reduced the signal misdetection for short prob8%o Further, the medium probe showed only
one cycle with ion current signal misdetection igufe 7.2-5. Whereas long probe successfully
detected ion current signal for all the cycles rded as seen in Figure 7.2-6. Although the
misdetection by increasing the applied voltage shaignificant improvement in the ion current
detection for the short probe, the SIC detectidmoiwever not as accurate as compared to longer

probe length.
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Figure 7.2-4. Detailed processed data showing RPI8]C, LPPC, misfire and ion
current misdetection for short probe at applied volage of 350V and 1800RPM
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Figure 7.2-5. Detailed processed data showing RPI8]C, LPPC, misfire and ion
current misdetection for medium probe at applied vétage of 350V and 1800RPM
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Figure 7.2-6. Detailed processed data showing RPI8]C, LPPC, misfire and ion
current misdetection for long probe at applied volage of 350V and 1800RPM

7.3 Effect of Probe Diameter on the lon Current Signal Detection

Changing the probe diameter increases the surfaeefar sensing the ion current inside
the combustion chamber. Tests with two differemtber diameters at different applied voltages
from 100 to 350V are conducted for misdetectionymis at 1600, 1800 and 2100 rpm. Results

of the detailed analysis are shown only for thertshnd long probe length at 100 and 350V at

1800 RPM.
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7.3.1 At Applied Voltage of 100V

Figure 7.3-1 and Figure 7.3-2 shows results fortspimbe and long probe at 1800 rpm
and with the applied voltage of 100V. Short proheveed ion current signal misdetection only
for 2% of the cycles whereas the long probe hamisoetection of ion current signal for all the

cycles recorded.
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Figure 7.3-1. Detailed processed data showing RPI8]C, LPPC, misfire and ion
current misdetection for short probe with increasedprobe diameter at applied
voltage of 100V and 1800RPM
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Figure 7.3-2. Detailed processed data showing RPI8]C, LPPC, misfire and ion
current misdetection for long probe with increasedorobe diameter at applied
voltage of 100V and 1800RPM

7.3.2 At Applied Voltage of 350V

Figure 7.3-3 and Figure 7.3-4 shows the ion currersidetection with short and long
probe at 1800 rpm and at applied voltage of 3508f. $hort probe, only one cycle has ion
current signal misdetection. In case of the lomppr as seen in Figure 7.3-4, one of the cycles
shows ion current misdetection which is also a inedfcycle; therefore, the actual misdetection
of the ion current signal is 0%. Moreover, the éadjameter probe shows an accurate detection

of the SIC compared to small diameter probe irretspe of probe lengths or applied voltages.
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Figure 7.3-3. Detailed processed data showing RPI8]C, LPPC, misfire and ion
current misdetection for short probe with increasedprobe diameter at applied
voltage of 350V and idling speed 1800RPM
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Figure 7.3-4. Details processed data showing RPMIG LPPC, misfire and ion
current misdetection for long probe with increasedprobe diameter at applied
voltage of 350V and idling speed 1800RPM
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7.4 Effect of Probe Length, Probe Diameter and Applied Voltage on

Actual Misdetection

Figure 7.4-1 and Figure 7.4-2 show the actual niessfi®n of the ion current signal at

three different speeds for short, medium, and lordpe at 100 and 350V using the small probe

diameter. The short probe shothe worst ion current signal detection at all sgesad applied

voltages. Increasing the probe length indicateg@ifecant reduction in the actual misdetection

of the ion current signal. The actual misdetecabi800 rpm shows least percentage compared

to 1600 and 2100 rpm.

Increasing the applied gelthiom 100 to 350V drops the actual

misdetection percentage for the medium and longehbzlow 10% as shown in Figure 7.4-2.
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Figure 7.4-1. Percentage of actual misdetection tfe ion current signal for different
probe length and engine speeds at 100V (small probieameter)
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Figure 7.4-2. Percentage of actual misdetection tfe ion current signal for different
probe length and engine speeds at 350V (small probieameter)

Further, the actual misdetection of the ion currgghal is plotted for the large probe
diameter as shown in Figure 7.4-3 and Figure 7.#-& observed that increasing the probe
diameter resulted in a huge drop in the actual etesdion percentage of the ion current signal,
and it is recorded below 5% for all the cases. Alkere is a trivial change seen in misdetection
percentage at different idling speeds. Use of nmacand long probes yielded ion current signal
misdetections lower than 0.5% at all tested spaedsapplied voltages. Figure 7.4-4 shows that
the medium and long probe successfully detectedidhecurrent signal for all the cycles

recorded.



67

—M— Short_Probe
—®— Medium_Probe
—X— Long_Probe

% Actual Misdetection
of lon Current Signal
F -9

0 —\x 1
| |
1600 1800 2100
Idling Speed (RPM)
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7.5 Effect of Probe Length, Probe Diameter and Applied Voltage on

the Maximum Amplitude of lon Current Signal

Due to heterogeneity of diesel combustion, thecwment signal from diesel combustion
lacks reproducibility. As a result there existsiaton in the amplitude of the ion current signal
measured from the combustion event. Box plots Hieribn current peak amplitude with short,
medium and long probe are constructed from datarded for different voltages and idling
speeds. Box plots have been used in order to sumemidre variation in amplitude and at the
same time study the effect of the probe diameterhe length and the applied voltage on the
peak amplitude of the ion current signal. A typibak plot consists of the smallest observation
(sample minimum), lower quartile, median, upper rglga and largest observation (sample
maximum). Thus the box plots used in the analysie glear indication about the spread and the
median of the variation in the peak amplitude @& ibn current signal measured for each cycle

for each test point.

Figure 7.5-1-(a) and (b) shows box plot for the bimabe diameter at 1600 rpm. Figure
7.5-1-(a) shows peak amplitudes with applied va@ta§100V, where low amplitude is recorded
for the peak of the ion current signal with a snegitle to cycle variation. It is observed that the
peak amplitude did not increase with longer pradegth but the variation in the signal slightly
increases. Figure 7.5-1-(b) shows peak amplitudiéls applied voltage of 350V, the peak
amplitude increased compared with 100V. A signifidacrease in the cycle to cycle variation is
observed at 350V. Also, the peak amplitude increéselonger probe length; this indicates that

the sensitivity of the longer is more at highertage.
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By increasing the probe diameter, box plots fofetént probe lengths at 100V and 350V
for the 1600 rpm are shown in Figure 7.5-2-(a) @)dAlthough similar trends are observed for
the effect of increasing the probe length and agplioltage on the peak amplitude and variation
for the probe of large diameter, the amplitude leg peak ion current and its variation are

observed approximately 6 times higher.

Figure 7.5-3-(a) and (b) show box plots for the km@be diameter and Figure 7.5-4-(a)
and (b) show box plots for the large probe diamatd 800 rpm. Similar trends are observed for
the amplitude of the ion current peak and its vammat 1800 rpm. The peak amplitude and its
variation increased approximately 3 times withitierease in applied voltage from 100 to 350V
for the small probe and large probe diameter. Whitemh, the ion current peak and its variation

increased roughly 5 times with increase in the prdlameter at respective applied voltage.

Figure 7.5-5-(a) and (b) show box plots for the bim@be diameter and Figure 7.5-6-(a)
and (b) show box plots for the large probe diamate2100 rpm. The trends observed for the
amplitude of the ion current peak and its variat®in agreement with the lower speeds. Also,
the peak amplitude and its variation increased@pprately 3 times with the increase in applied
voltage from 100 to 350V for the small probe aslwaslthe large probe diameter. However, the
ion current peak and its variation increased rou@ll times with increase in the probe diameter

at respective applied voltage.
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7.6 Chapter Summary

The results from the detailed experimental invesiion on the effect of ion current
sensor design to improve ion current signal detacturing no load operation is thoroughly
described in this chapter. Cycle-to-cycle datanialyzed to study the effect of change in design
parameters and probe location on ion current detecBimilar to the results from the previous
chapter, the details from the processed cycle-tbecgata analysis demonstrate a significant
effect of the ion current probe design as welltsocation in the combustion chamber on the ion
current signal detection. Increasing the probe tlengncreasing the probe diameter and
increasing the applied DC voltage helps to imprthesion current signal detection at different
engine speeds for no load operation. However, effechanging the probe length and changing
the probe diameter shows more significant improvenas compared to increase in the applied
voltage. Furthermore, it is also observed thateasing the probe length, probe diameter and
applied voltage also improves the accuracy in dateng the SIC during the no load operation.
The effect of increasing the probe length and pdiaeneter at different applied DC voltage on
the ion current signal peak amplitude is summariasithg the box plots. The box plots also

exhibit the cycle-to-cycle variation in the peakmitnde of the ion current signal.
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CHAPTER 8

SUMMARY AND CONCLUSIONS

This experimental investigation on the ion curréetection during cold starting and no-
load operation indicated that the surface argh®fprobe exposed as well as its location in the
combustion chamber significantly affect the ionreat signal detection. Detailed discussion on
the ion current signal characteristics at differengine operating conditions and the effect of
changes in sensor design on the ion current sidetdction are discussed in the following

sections. Conclusions from the experimental ingesibns are listed at the end of this chapter.

8.1 Thesis Summary

lonization in the gasoline and diesel engines acaudifferent environments, due to the
distinct differences between the quality of the bostible mixtures in the two engines. In case
of gasoline engines, the mixture is almost homogsrand close to stoichiometric. It produces
high ion current amplitudes because of high inaddir temperature reached during combustion.
However, in diesel engines, the mixture is hetenegus and the equivalence ratio varies from
zero to infinity. But, the overall equivalenceioateven at full load, is still lean resulting in
lower combustion gas temperatures compared to igasehgines. This explains the reason
behind the lower ion current amplitudes reachedi@sel engines. Moreover, the lighter the
load, the leaner is the overall equivalence ratid the lower is the combustion temperature.
The worst condition for ionization is at no-loaddacold starting. This explains the reason

behind the absence of the ion current signal urider low temperature engine operating
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conditions. Another reason for the absence or nestien of the ion current signal is poor

combustion and complete misfiring.

In order to solve the misdetection of the ion catrgignal at cold starting, no-load and
idling operating conditions, the effect of increapsithe applied voltage, probe length and probe

diameter are investigated.

8.2 Conclusions

1) The absence of the ion current signal duringl csibrting and no-load operation,

including idling, can be the result of the followgin

a) Inability of the sensor and associated eledricuit to produce a detectable signal
indicative of the combustion produced ionizationThis is considered to be an Actual

misdetection.

b) Failure of the combustion process to reach gpésature high enough to produce
enough ionized species. This can be considerehgise misfiring caused by many problems

related engine operation and referred to as Mistlete

2) The detection of the ion current signal canrberoved by one or a combination of

the following:

a) Applying a higher DC voltage in the ion curretgctric circuit.

b) Increase the area of the sensing part of thieepiia diameters and/or length.



76

c) Changing the location of the sensing part of ghabe in the combustion chamber.

This can be achieved by adjusting the intrusiopasition in the combustion chamber

3) The accuracy in determining the SIC is enharimedsing larger sensing area. The
enhancement by increasing the applied voltagetissmoemarkable as the increase in the surface

area.
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APPENDIX A

NOMENCLATURE

Actual Misdetection: Number of false misfire indicams because of failure to detect ion current

signal in fired cycles.

bTDC: Before top dead center

CAD: Crank angle degree

DC: Direct current

ECU: Electronic control unit

HCCI: Homogenous charge compression ignition

lon Current Misdetection: Total number of apparemsfire indications based on ion current

signal.

LPPC: Location of peak premixed combustion

RHR: Rate of heat release

RPM: Revolutions per minute

SI: Spark ignited

SIC: Start of ion current

SOI: Start of injection
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Cold starting of diesel engines is characterizeithbgrent problems such as long
cranking periods and combustion instability leadiogan increase in fuel consumption and the
emission of high concentrations of hydrocarbonscivldppear as white smoke. Accordingly, a
signal indicative of combustion during cold stagtiand idling operation is important for
combustion and emission control. The ion curreghai has been considered for the feedback
control of both gasoline and diesel engines. Howet ion current signal produced from the
combustion of the heterogeneous charge in diegghes is weaker compared to that produced
from the combustion of the homogeneous charge solgee engines because of the lower
combustion temperatures reached in diesel engin€snsequently, this presents a problem in
the detection of the ion current signal in diesgdires, particularly during starting and idling
operations. This research investigates and addrefs® ion current detection problems
pertaining to cold starting and idling at varioygeeds. Also, different approaches have been
endeavored to improve the signal detection undeselitonditions so as to aid its application for

misfire detection.
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