49

{lon_Current_Misdetected = 12% || RHR_misfire = 1%

Misdetected
RHR_Misfire

J T

o i

{Actual_Misdetection = 1% —

lon

|

Actual
Misdetection

0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
# Cycle

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

Figure 6.5-11. Detailed processed data showing RPI8|C, LPPC, misfire and ion
current misdetection for long probe length and lar@ 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.
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Figure 6.6-1. % Actual Misdetection of ion currentfor varying probe length with
small probe diameter against the applied voltage
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Figure 6.6-2. % Actual Misdetection of ion currentfor varying probe length with
large probe diameter against the applied voltage

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

2500
2000

= 1500
o 1000
500
(4]
24
Q
b & 16
A =
- 8
v]
- [lon_Current_Misdetected = 0.5% || RHR_misfire = 0%
L 1
S @
w =
=
w
= E|
| e
5T O
=i {Actual_Misdetection = 0.5% [~
1
[ =
S
3
2
= o
£3 5
<=

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
# Cycle

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



65

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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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.
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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.



74

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.
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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.



83

AUTOBIOGRAPHICAL STATEMENT

| was born in Sinnar, India on Jun® 1988. My avid interest in exploring and learning
about the world of automobiles drove me to seledireeering as my career path. | completed
my Bachelor's degree in mechanical engineering fi@eravara Rural Engineering College,
University of Pune, India in June 2009. Internambaistion engine being the heart of the
automobiles, | elected combustion as my speciaizavhile | joined Wayne State University,
Detroit, Michigan in January 2010 to pursue of Masters degree in mechanical engineering.
After being through one year of coursework of mysteds degree program, Prof. Dr. Naeim
Henein gave me the opportunity to work in Centar Amtomotive Research as a Graduate
Research Assistant (GRA) under his guidance. | atd excited and thrilled for my first
experience with research. My research work maimgn@rised of studying ionization in the
heterogeneous combustion. | extensively worked omlitzylinder diesel engine to study ion
current signal detection during cold starting atlichg. | have always believed in being curious
and so my stride for the pursuit of knowledge awnts as | took up the Diesel After-treatment

System Calibration Engineer position with Ford Md@mmpany in October 2012.



