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Abstract

This study examines the application of ion current measurements to the identification of heat release param-
eters inside the combustion chamber of a homogeneous charge compression ignition (HCCI) engine fuelled
with gasoline. HCCI combustion was achieved with the use of exhaust gas trapping. Combustion parame-
ters derived from the in-cylinder pressure and ion current measurements were compared and analysed. Ion
current measurements were accomplished using the existing spark plug and a dedicated electronic circuit.
The experiments were performed at a variable excess air ratio and a variable amount of trapped residuals.
The results showed a good correlation between peak values of the ion current and heat release rate, except
for the cases where a fuel-rich mixture was burnt. The computed ion current integral over the volume of the
combustion chamber showed a good agreement with the heat released in the combustion chamber, however
this parameter was found to be affected by the amount of trapped residuals. Combustion timing characteris-
tic values computed using heat release and ion current were found to be correlated, however the relationship
was not linear.
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1. Introduction

Homogeneous charge compression ignition (HCCI) is a novel combustion technique which
offers excellent fuel economy and reduced exhaust emissions. Since the combustion process is
initiated by an increase in the temperature inside the combustion chamber, combustion starts at
multiple locations simultaneously. Given that combustion is governed by the chemical kinetics
of hydrocarbons oxidation rather than by thermodynamic processes, heat release is very rapid
and results in the creation of a close to ideal Otto cycle. This increases thermal efficiency of
the process when compared with spark ignition or diesel engines. Volumetric combustion of the
mixture provides a uniform temperature distribution within the cylinder, which — combined with
a high fuel dilution — provides low-temperature combustion. Such a combustion process produces
extremely low NOyx emissions and smokeless exhaust [1, 2].
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To achieve HCCI combustion, engine designs incorporate different compression ratios, in-
take air preheating as well as the application of unconventional mechanical designs [3]. HCCI
combustion can also be achieved by the application of exhaust gas trapping during an exhaust
stroke via negative valve overlap (NVO). The NVO technique enables auto-ignition of gasoline
and other high octane number fuels at compression ratios typical of spark ignition engines [4—6].

Auto-ignition timing in HCCI combustion is primarily controlled by compression tempera-
ture histories. It is also affected by the mixture composition and its reactivity [7-9]. However, it
should be noted that the aforementioned parameters cannot be directly and separately controlled
in actual engines. Therefore, the successful implementation of such engines will depend on the
development of control technologies. The crucial challenges for HCCI engines include the con-
trol of combustion timing in variable operating conditions, the expansion of an operating range
in the HCCI mode and engine operation under transient conditions [10-12].

The active control of combustion timing requires a feedback signal. There are a number of
approaches to identifying combustion parameters. Besides the reference method consisting in
measuring the in-cylinder pressure and performing an analysis based on the first law of thermo-
dynamics, other techniques can be applied, such as optical measurements [13] and ion current
sensing [14-16].

Ion current sensing is a viable alternative to expensive piezoelectric in-cylinder pressure
transducers. Moreover, there is no need to use an additional sensor, as the existing sparkplug
can be used for this purpose. The ion current measurement technique was already applied in
spark ignition engines to the identification of misfires and knocking combustion [14]. However,
during the spark discharge, ion current readings are distorted. The use of this technique for HCCI
engines opens new measurement possibilities. For the operation of an engine in the autonomous
HCCI mode, the ignition circuit is switched off, thus the spark plug can be exclusively used as a
sensor, providing good insight into the combustion process.

The first effort to utilize ion current sensing to control HCCI combustion was made by
Strandh et al. [17]. This initial study demonstrated that the ion signal is a good indicator of
combustion phasing. The authors noted that a satisfactory signal-to-noise ratio can be achieved
solely for rich mixtures, i.e. for low fuel dilution. A continuation of the research by Vressner
et al. [18] revealed that the ion current was sensitive to the type of fuel used; higher signal
amplitudes were observed for higher octane numbers. Also, the authors installed a couple of
spark plugs in different locations and observed that the recorded signals varied within the space
of the combustion chamber. Dong et al. [19] performed a computational study to analyse the
mechanism of phase variability between heat release and ion current. The authors found that for
lower excess air ratios there was a good agreement between the phasing of ion concentration
and the heat release rate, whereas for lean mixtures, the ion signal could be delayed due to a
decrease in the ion recombination rate. Butt et al. [20] used different fuel additives to improve
the ion current signal at lean mixture conditions. Recently, Liu et al. [21] demonstrated the ef-
fect of mixture stratification on the ion current. The application of late fuel injection during the
compression stroke resulted in an increase in the ion concentration near the spark plug in the
examined engine.

The aim of the present study was to identify ion current signal parameters in a gasoline-
fuelled HCCI engine where exhaust gas trapping by NVO was used for initiation of combustion.
The engine was run at two valve-train settings providing different amounts of trapped residuals,
and at variable excess air. The results of ion current and heat release rate traces were com-
pared to verify the usability of the ion current as a feedback signal for estimating combustion
parameters.
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2. Experimental apparatus

A single-cylinder research engine fuelled with gasoline was used in the study. The variable
valve-train was set such as to provide NVO, and the valve lifts were reduced. Fuel was intro-
duced directly into the cylinder via a side-mounted single-stream swirl-type injector. The most
important engine parameters are specified in Table 1.

Table 1. Research engine specifications.

Displaced volume 498.5 cm?®

Cylinder diameter 84 mm

Piston stroke 90 mm

Compression ratio 11.7

No of valves 2

Fuel injector Solenoid actuated swirl-type
Fuel-rail pressure 11 MPa max.

The engine was installed on the engine test bed equipped with a DC motor as an engine
brake. The facility was equipped with all necessary measurement and control instrumentation.
In-cylinder pressure was measured with a miniature pressure transducer mounted directly in the
engine head, and ion current was detected via an in-house measurement circuit. A data recording
system of pressure, ion current and other crank angle-based parameters was triggered by an opti-
cal crankshaft encoder with an angular resolution of 0.1 crank angle degrees (CAD). The overall
main event excess air ratio was measured with a wide-band lambda probe installed in the exhaust
runner. Intake air mass flow rate was measured by a thermal flowmeter. Fuel consumption was
provided by a fuel balance. The engine was also equipped with a set of pressure and temperature
transducers to control the thermodynamic conditions of all media, intake air, exhaust, cooling
liquid, lubricating oil, etc. The engine management system was based on in-house PC software
connected with a real-time timing module for controlling injection timing and duration as well
as spark generation. A schematic of the experimental setup is shown in Fig. 1.
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Fig. 1. A schematic of the experimental test stand.
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Fig. 2 illustrates the circuit for measuring the ionization current, which consists of an ignition
coil, high voltage diodes D; and D5, an external voltage source of 200 V, a current sense resistor
Rs and a spark plug. The ion current, proportional to the degree of in-cylinder gas ionization,
was measured as a voltage drop on the resistor Rs. The low voltage drop on the resistor Rg

was multiplied by a voltage amplifier. The overall sensitivity of the measurement circuit was
0.726 V/uA.
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Fig. 2. A schematic of the ion current measurement
circuit.

3. Data analysis procedure

Combustion evolution was analysed on the basis of the measured in-cylinder pressure. A heat
release rate (HRR) was computed using the first law of thermodynamics in the following form:

HRR = 7
’)/_

1
1pdV+y_ Vdp, (1)

1
where V was a volume above the piston, and a ratio of specific heats Y was computed according
to instantaneous temperature and mixture composition in the cylinder. However, the HRR refers
to the whole combustion chamber. To express a heat release parameter, which can be compared
to the locally measured ion current, a power density in the combustion chamber was computed
according to the following equation:

HRR - @
—_— 2
v (@)

where o is an angular speed of the crankshaft. The mass fraction burnt (MFB) of fuel, a measure
of how much of the combustion process was completed, was computed as a ratio of the cumu-
lative heat release and the total heat release. The indicated mean effective pressure (IMEP) was
utilized to express the combustion system’s ability to do work. This measure is independent of
the cylinder size and is calculated from the in-cylinder pressure p using the following formula:

PD =

|
IMEP = — f pdv, 3)
Vs

where Vs is a swept volume of the cylinder.
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The space-averaged temperature inside the cylinder was computed using the gas equation of
state:

\4

r_?

TR’ “)

where an in-cylinder mass m included a mass of aspirated air, a mass of trapped residuals and a
mass of fuel. Instantaneous values of an individual gas constant R were computed according to
the variable mixture composition inside the cylinder. More information on zero-dimensional and
one-dimensional engine modelling can be found in [22].

An exhaust gas re-circulation (EGR) rate was expressed as a ratio of the mass of trapped
residuals and the entire in-cylinder mass during the main event, including fuel. The fuel dilution
ratio was expressed as a ratio of the entire in-cylinder mass and the mass of fuel. An excess air
ratio A was calculated as a ratio of the actual air/fuel ratio and the stoichiometric air demand of
fuel on a mass basis.

In the case of the recorded ion current traces, their peak values and locations were referred
to heat release parameters. Additionally, to express a quantity representing the amount of energy
released during the combustion process, the following ion current integral was determined:

IEOC
Iion: /iioanta (5)

fsoc

where tsoc and fgoc are the start and end of combustion time, respectively.

4. Experimental conditions

The experiments were performed at a constant rotational speed of the engine set to 1500 rpm
and fully open throttle. The engine was fuelled with European Euro Super commercial gasoline
with a research octane number of 95. A fuel sample was analysed according to the ASTM D
5134 standard [23]. The fuel consisted of 38% alkanes, 8% cycloalkanes, 8% alkenes and 37%
aromatics. Additionally, the fuel contained 4% ethyl tert-butyl ether and 5% ethanol. The overall
carbon-to-hydrogen ratio on a mass basis was 6.43 and the atomic hydrogen-to-carbon ratio
was 1.85.

The engine was operated in the NVO mode with the intake valve lift reduced to 3.6 mm and
the exhaust valve lift — to 2.9 mm. Two different NVO durations, each defined as an angular gap
between the exhaust valve closing and the intake valve opening, were applied: 176 CAD and
163 CAD. Such settings provided fractions of retained residuals in the combustible mixture of
approximately 0.55 and 0.4, respectively. An experimental matrix included two excess air sweeps
from slightly rich to lean mixture of the engine operating boundary, limited by the occurrence of
misfires. The mixture’s strength was controlled by the quantity of injected fuel. To achieve the
best mixing of fuel and oxidizer, all fuel was injected into the retained residuals, where the start
of injection was set to 20 CAD after top dead centre (TDC) of the piston.

Figure 3 shows the engine load expressed by the IMEP and fuel dilution ratio. It should be
noted that the effect of A on IMEP and fuel dilution is much stronger than the one resulting solely
from the mixture strength. This is a result of the influence of mixture strength on the amount of
trapped residuals. The leaner the mixture and the lower the exhaust temperature are, the higher
its density and the mass of trapped residuals become.
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Fig. 3. IMEP (left) and fuel dilution ratio values (right) in respect to the excess air ratio for all
investigated conditions.

5. Results and discussion

Fig. 4 shows the ensemble averaged traces of in-cylinder pressure in all investigated condi-
tions. It should be noted that the trends in combustion timings are not monotonic in respect to
excess air. For both investigated cases the most advanced start of combustion was observed at a
slightly lean mixture (A = 1.05). The application of both the richer and leaner mixtures resulted
in a retard of combustion. More information about combustion evolution is provided by the heat
release curves shown in Fig. 5. The peak values of heat release are correlated with combustion
timing. The highest values of the peak HRR were observed at A = 1.05. These trends in com-
bustion timing result from two dominant factors: the excess air itself and the extent of NVO
fuel-exhaust reactions. An increase in excess air obviously leads to a higher fuel dilution, which
reduces the reaction rates. This effect is additionally enhanced by an accompanying increase in
the amount of trapped residuals. The second factor is the effect of excess air on fuel reforming
during the NVO period. At lean mixtures, fuel-exhaust reactions produce high amounts of auto-
ignition promoting species and, additionally, lead to an increase in compression temperatures
due to the thermal effects of partial fuel oxidation [24, 25]. Thus, a reduction of reaction rates at
near stoichiometric mixtures can be attributed to reduced NVO exhaust-fuel chemistry, whereas
in the range of lean mixtures, an increased fuel dilution is the major factor behind combustion
delay.
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Fig. 4. An in-cylinder pressure in respect to a crank angle.
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a) NVO = 176 CAD. b) NVO = 163 CAD.
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Fig. 5. A computed heat release rate in respect to a crank angle.

The ion current traces shown in Fig. 6 exhibit trends similar to the ones observed for heat re-
lease rates. It should be noted, however, that an analysis of the ensemble average values may in-
troduce an aberration resulting from cycle-by-cycle combustion variability. This observation es-
pecially refers to the ion current traces with very narrow peaks. For example, for NVO = 163 CAD
and A = 1.14 the average value of peak ion current was 5.62 uA, whereas its location was
367.4 CAD. The values read from a 100-cycle ensemble average curve are 2.6 4A and 368,
respectively. To compensate for averaging errors, the combustion parameters obtained from the
HRR and ion current were compared using the estimates computed for each cycle separately and
then averaged.
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Fig. 6. An ion current in respect to a crank angle.

Fig. 7 shows the correlation between the average peak ion current and the average peak
HRR. Additionally, standard deviation (STD) values calculated from 100 consecutive cycles of
both quantities are marked by error bars. Overall, there is a good agreement between these two
variables, besides rich mixture regime. When the excess air was reduced below the stoichiometric
point, the peak ion current further increased while the heat release rates decreased. This obser-
vation suggests that the combustion of rich air-fuel mixture reduces reaction rates while at the
same time increasing ion concentration. This is plausible because ion concentration is sensitive
to temperature, which is obviously determined by mixture strength [26, 27].
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Fig. 7. Peak ion current versus peak HRR. Note depicted
data for the rich mixture.

It should be noted that the computed apparent heat release was the average over the whole
combustion chamber, whereas the ion current was measured locally, in the area of the spark
plug electrodes. To compensate for these effects, the integral of ion current over instantaneous
combustion chamber volume was calculated according to (5) and compared with the integral of
released heat. The results shown in Fig. 8 (left) indicate that, for each case, all data points follow
the same trend. Nevertheless, the trends differ for two investigated NVOs.
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Fig. 8. Integral of ion current versus cumulative heat release (left) and calculated peak
in-cylinder temperature (right) for all investigated conditions.

At larger NVO, a higher ion current can be observed, which is plausible because at variable
valve timings, the entire in-cylinder mass changes and thus influences the temperature. Fig. 8
(right) shows the correlation between ion current and peak in-cylinder temperature. Obviously,
the trend confirms that the concentration of ions is strongly affected by temperature. It can be
noted, however, that in a medium temperature range, larger NVO provided a higher ion current,
which suggests that the ion current is affected not only by the fuel concentration and temperature,
but also by the diluent (i.e. air or residuals causing dilution).

To illustrate the effect of diluent on ion current, Fig. 9 shows the correlation between ion
current integral and overall fuel dilution and excess air. The left graph shows that at larger NVO
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the observed ion current is higher for a given fuel dilution. In contrast, for a given A, smaller
NVO provides a higher ion current. These trends point to a complex nature of the effects of
in-cylinder conditions and mixture composition on the production of ions.
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Fig. 9. Integral of ion current versus fuel dilution degree (left) and excess air (right) for all investigated
conditions. Lines on graphs connect points of the same A and dilution accordingly.

The greatest potential of using ion current sensing for the HCCI engine control is the esti-
mation of combustion timing. Fig. 10 shows the correlation between average timings of peak ion
current and timings of peak power density calculated according to (2), which could be compared
with local measurements of the ion current for a perfectly homogeneous mixture. Additionally,
the STD values of both correlated parameters are marked by error bars. The correlation between
these parameters shows a good agreement provided that the combustion process occurs early,
which is the case with a less diluted mixture. It should be noted that the correlation between the
parameters was not affected by the EGR rate. Moreover, the measurement points of rich mixture
combustion follow this trend too. In general, the angular location of the peak ion current is de-
layed when related to the peak power density. However, for leaner mixtures, when approaching
the misfire limit, the peak ion current is substantially delayed, whereas the peak power density
locations become almost constant. Also, it is worth noticing that there occurs a large variability
of combustion timing in this regime.
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Fig. 10. Location of peak ion current versus location of
peak power density.
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The trends in ion current timings against the background of characteristic percentages of
MEFB shown in Fig. 11 demonstrate that the location of peak ion current and MFB depend on
fuel dilution. Assuming that around 50% point the MFB traces are linear, in near stoichiometric
conditions, the peak ion current correlates with approximately 60% of MFB. However, for higher
dilutions, the peak ion current is shifted towards the end of combustion.

a) NVO = 176 CAD. b) NVO = 163 CAD.
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Fig. 11. Location of peak ion current and location of 5%, 50% and 95% MFB versus air excess ratio.

6. Conclusion

Ion current measurements were applied to identify the combustion parameters of residual
effected HCCI engine fuelled with gasoline. It was found that the location of peak ion current
is well correlated with the location of peak heat release. However, for the lean mixture regime,
the ion current was delayed in respect to heat release. An integral of ion current over a volume
of the combustion chamber was proposed as an indicator of overall heat release. This quantity
showed a good agreement with cumulative heat release. However, it was found to be affected
by the amount of internally re-circulated exhaust. An increase in the amount of internally re-
circulated exhaust led to a higher ion concentration resulting from the reduction of excess air. It
is also plausible that trapped residuals increase the mixture’s reactivity as a result of exhaust-fuel
reactions during the NVO period.
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