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A sparkplug ion sensor can be used to measure the ion current in a homogeneous charge compression
ignition (HCCI) engine, providing insight into the ion chemistry inside the cylinders during combustion.
HCCI engines typically operate at lean equivalence ratios (/) at which the ion current becomes
increasingly indistinguishable from background noise. This paper investigates the effect of fuel additives
on the ion signal at low equivalence ratios, determines side effects of metal acetate addition, and vali-
dates numerical model for ionization chemistry. Cesium acetate (CsOAc) and potassium acetate (KOAc)
were used as additives to ethanol as the primary fuel. Concentration levels of 100, 200, and 400 mg/L
of metal acetate-in-ethanol are investigated at equivalence ratios of 0.08, 0.20, and 0.30. The engine
experiments were conducted at a boosted intake pressure of 1.8 bar absolute and compared to naturally
aspirated results. Combustion timing was maintained at 2.5� after top-dead-center (ATDC), as defined by
the crank angle degree (CAD) where 50% of the cumulative heat release occurs (CA50). CsOAc consistently
produced the strongest ion signals at all conditions when compared to KOAc. The ion signal was found to
decrease with increased intake pressure; an increase in the additive concentration increased the ion sig-
nal for all cases. However, the addition of the metal acetates decreased the gross indicated mean effective
pressure (IMEPg), maximum rate of heat release (ROHR), and peak cylinder pressure. Experimental results
were used to validate ion chemistry mechanisms for cesium and potassium using a single-zone numerical
engine model.
� 2015 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

An experimental and numerical investigation of how various
metal acetate fuel additives influence the ion chemistry in a homo-
geneous charge compression ignition (HCCI) engine operating at
boosted intake pressures is the primary objective of this study.
Additionally, characterizing the effect of potassium acetate (KOAc)
and cesium acetate (CsOAc) additives on engine performance is of
interest. The boosted results are presented next to naturally aspi-
rated operation as a means of comparison.

Homogeneous charge compression ignition (HCCI) engines
combine characteristics of both diesel and spark-ignited engines,
including a homogeneous mixture of fuel and air (similar to a
spark-ignited engine) and compression ignition (like a diesel
engine). HCCI engines typically operate at lean equivalence ratios
(/ < 0.4), producing a low flame temperature (<2000 K). Therefore
oxides of nitrogen (NOx) emissions, which are highly dependent on
temperature, are significantly lower compared to traditional com-
bustion methods [1]. Chemical kinetics largely dictate the burn
rate and combustion process in HCCI engines, as the temperature
rise caused by the compression process is used to produce thermal
conditions in which the mixture of fuel and oxidizer autoignite.

A main advantage of HCCI is its ability to achieve efficiencies
similar to diesel engines due to high compression ratios, the elim-
ination of throttling losses, and shorter combustion durations [2].
In addition to the low NOx emissions, HCCI engines also have lower
particular matter (PM) emissions in comparison to spark-ignited
(SI) and diesel engines. The lean dilute homogeneous air–fuel mix-
ture, and thus the absence of a diffusion flame, contributes to the
low PM emissions. Another distinct advantage of HCCI combustion
is its ability to operate on a number of different fuels including
gasoline [3], diesel [4], natural gas [5], ethanol [6], butanol [7],
and many different blends [8–10].

There are also several challenges facing HCCI. Due to the nature
of autoignition, the combustion event is quite rapid and can lead to
very high rates of heat and pressure rise at higher equivalence
ratios; this results in a high ringing intensity that can damage
the engine, lower efficiencies, and an increase in some emissions.
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Nomenclature

BDC Bottom Dead Center
CA50 crank angle at which 50% of the heat has been released
CI compression ignition
CsOAc cesium acetate
DME Dimethyl Ether
EGR Exhaust Gas Recirculation
HCCI homogeneous charge compression ignition
IMEPg gross indicated mean effective pressure
KOAc potassium acetate
LHV Lower Heating Value
LTC Low Temperature Combustion

LTHR Low Temperature Heat Release
MON Motor Octane Number
NOx oxides of nitrogen
PM Particulate Matter
PRF Primary Reference Fuel
ROHR rate of heat release
RON Research Octane Number
SI Spark Ignition
TDC Top Dead Center
TDI Turbocharged Direct Injection
UHC Unburned Hydrocarbons
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Additionally, since HCCI engines operate at low equivalence ratios,
their power output is also limited by the amount of fuel available
to the engine. As a result of these limits, HCCI engines tend to have
a narrow operating range [11]. However, boosted intake pressures
(to increase power) [12], partial fuel stratification (to reduce the
pressure rise rate) [13], and thermal stratification [14] are poten-
tial avenues to expand the operating range.

Relatively high levels of UHC and CO emissions are another
issue for HCCI engines [15,16], primarily the result of two routes:
(1) trapped fuel/air mixture in the crevice regions [17] and (2) cold
boundary layers near the chamber surface [18]. The gases present
in the chamber during the expansion stroke are relatively cold and
the temperature is not high enough to fully oxidize the gases exit-
ing the crevice region. In regards to the cold boundary layer, the
mixture does not combust in these regions due to thermal
quenching.

Lastly, controlling the autoignition event is one of the most dif-
ficult problems to solve in HCCI engines, as autoignition is primar-
ily controlled by the chemical kinetics of the mixture. The driving
reactions are very sensitive to intake temperature and in-cylinder
composition. In SI engines, the spark initiates the combustion
event; fuel injection timing initiates the combustion event in diesel
engines. These methods offer a great deal of control over when
combustion occurs. However, in HCCI engines, combustion timing
is difficult to control due the autoignition process. In order to con-
trol combustion timing, one must accurately measure when the
ignition event occurs. Different combustion timing measurement
methods have been researched, including piezo-electric pressure
transducers, microphones [19], torque sensors [20], and sparkplug
ion sensors. This study evaluates the use of sparkplug ion sensors
as a means of detecting the combustion event.

Ion sensors in engines have been used in a variety of ways,
including for misfire and knock detection in SI engines [21–23]
and flame detectors [24] in HCCI engines. The electrically conduc-
tive properties of a flame enable ion measurement since ions are an
intermediate step in hydrocarbon combustion processes [25]. A
sparkplug ion sensor measures the ion signal in the combustion
chamber by applying a bias voltage to the sparkplug gap. The ion
current signal is produced by ions generated during autoignition;
these ions become the conductive carriers within the gap.

The chemi-ionization process shown by Eq. (1) drives the ion
signal inside an engine [26]. Free electrons are drawn to the posi-
tively charged center electrode of the sparkplug, thus producing
the ion signal which is measured by the electric circuitry and pro-
vides an indication of the combustion event.

CHþ O ! CHOþ þ e� ð1Þ
Multiple factors can influence the generation of ions and elec-

trons, and thus the ion signal. Intake pressure, location in the com-
bustion chamber, electrode surface area, and fuel composition
have all been shown to affect the ion signal [26–28]. Of particular
interest to this study is the trend that boosted intake pressures
suppress the ion signal for neat fuels. Additionally, leaner equiva-
lence ratios result in lower in-cylinder temperatures and lead to
decreased production of CH radicals (evident in Eq. (1)). This can
further reduce the ion signal. At extremely lean conditions, the
ion signal becomes indistinguishable from the background noise.
Fuel additives have been shown to enhance the strength of the
ion signal. A previous study showed that the addition of metal
acetates improved the ion signal-to-noise ratio at naturally aspi-
rated conditions [29]. This study includes additional metal acetates
and expands the operating regime to include boosted intake
pressures.

The addition of metal acetates to the primary fuel enhances the
ion signal by increasing the electron concentration inside the com-
bustion chamber. The metals, belonging to the alkali metal group,
have different ionization potentials. The first ionization potential
for potassium is 50,338 K and 45,119 K for cesium [30]. The Saha
Equation, shown in Eq. (2), correlates the ionization potential, elec-
tron density, and temperature dependence of the reactions. N rep-
resents the respective species number densities, Kp is the
equilibrium constant, P is the pressure, T is the temperature, and
hmetal is the ionization potential.

KP ¼ N2
e

Nmetal
� P
Ntotal

¼ exp � hmetal

T

� �
ð2Þ

As such, lower electron concentrations are expected at lower
gas temperatures. From a practical point of view, the authors are
not suggesting that these particular additives are suitable or ideal
candidates for use in production fuels and engines as a means to
enhance the ion signal. The aim of this study is to understand
the mechanisms behind ion signals in HCCI engines; the metal
acetates investigated here provide valuable insight into the under-
lying principles.
2. Materials and methods

2.1. Engine specifications

The engine used in the experimental portion of this paper is a
modified four-cylinder 1.9 L Volkswagen TDI engine. The engine
specifications and operating conditions are listed in Table 1. A
schematic of the experimental set-up is included in Fig. 1. In order
to operate in a HCCI mode, the engine includes significant modifi-
cations: replacement of the stock deep-bowl pistons with rela-
tively flat pistons to reduce heat transfer, modification of the
glow plug holes to fit standard 10 mm spark plugs (the ion sen-
sors), installation of in-cylinder quartz piezoelectric pressure
transducers (AVL Model QH33D) in the direct fuel injector ports,



Table 1
Engine specifications and operating conditions.

Configuration 4 cylinder
Displacement 1.9 L
Compression ratio 17.0:1
Bore 79.5 mm
Stroke 95.5 mm
Connection rod length 144.0 mm
Fuel injection Port fuel injection
Fuel pressure 45 PSI
Valves (intake, exhaust) 1, 1
Intake valve open (IVO) 2�CA BTDC
Intake valve close (IVC) 47.5�CA ABDC
Exhaust valve open (EVO) 47.5�CA BBDC
Exhaust valve close (EVC) 8�CA ATDC
Overlap 0�CA
Maximum valve lift 10 mm
Engine speed 1800 RPM
Volume BDC 504.72 cm3

Volume TDC 29.69 cm3

Fig. 1. Schematic of HCCI engine test bench, including intake system, and key
diagnostic sensors.

Fig. 2. Schematic of the ion signal acquisition system.
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design of a custom injection control system using solid-state relays
and control signals generated from a National Instruments Lab-
View program, use of a custom intake manifold including a port
fuel injector system, monitoring of exhaust composition via
wide-band lambda sensors, isolation of the cylinder 4 exhaust
manifold to ensure accurate measurement of the equivalence ratio,
replacing the turbocharger with an external 100 HP compressor
(including a 6 m3 surge tank) to achieve boosted intake conditions,
measurement of intake pressure via a piezoresistive pressure sen-
sor (Kulite XTEL 190 M) at crank-angle resolution, and temperature
monitoring via multiple K-type thermocouples in the intake and
exhaust manifolds.

Engine speed is controlled with an alternating current (AC)
motor-generator connected to the engine using a direct-drive shaft
and clutch. The engine speed is maintained at 1800 rpm at all
times. Combustion timing is controlled by varying the intake tem-
perature. Fig. 1 shows a schematic of the HCCI engine test bench
and key sensors for the data acquisition and control. The engine
has been converted to single-cylinder operation by deactivating
cylinders 1–3. The configuration of the engine facility and data
acquisition is similar to previous studies [29,31].

In-cylinder pressure is monitored using a pressure transducer
connected to a charge amplifier. The pressure measurements are
triggered by a crankshaft encoder with a resolution of 4 samples
per crank angle degree. At each testing condition, 300 consecutive
thermodynamic cycles are measured and recorded. The pressure
data is used to calculate the heat release rate and indicated mean
effective pressure. The most important recorded parameters for
the controlling of the engine and the evaluation include intake
pressure (pintake), intake temperature (Tintake), in-cylinder pressure
(pin-cylinder), equivalence ratio (U), exhaust temperature (Texhaust),
coolant temperature (Tcoolant), and oil temperature (Toil). The cool-
ant and oil temperature are kept in a constant range to guarantee
comparable results during operation of the engine.

Fuel is port-injected in the intake manifold of cylinder 4 after
mixing of the hot and cold air streams. The fuel injector is con-
nected to a 12 volt battery through a solid-state relay, which pro-
vides control of the amount of fuel injected by varying the pulse
width. The equivalence ratio is measured using wideband lambda
sensors (Innovate Motorsports LC-1), located in the exhaust mani-
fold of cylinder 4. The lambda sensors output an analog voltage
proportional to the oxygen (or unburned fuel fraction) in the
exhaust. The lambda sensor output is used to control the pulse
width of the fuel injection event by a feedback control loop.

The crank angle at which 50% of the heat from combustion has
been released (CA50) is calculated from the in-cylinder pressure
data and monitored in real-time during testing. CA50 serves as a
feedback parameter for adjusting the intake temperature Tintake,
which is controlled by adjusting the intake air heater. Combustion
timing is advanced as the intake temperature is increased. As
shown in Fig. 1, the intake temperature is fine-tuned by adjusting
the amount of mass flow of hot air and cold (ambient temperature)
air. The amount of cold air is regulated via the pressure regulator
installed upstream of the intake in the cold air supply.
2.2. Ion circuit design

A sparkplug ion sensor is used for measuring the ion signal
using the center electrode as the positive bias [26]. Fig. 2 shows
a schematic of the ion signal acquisition system, which has been
used in a previous study [28]. A bias voltage of 237 V is applied
across the sparkplug; the resultant voltage is measured across a
241 kX resistor.

During autoignition in the combustion chamber, an ion current
is formed across the two biased electrodes of the unmodified spark
plug. Prior to sampling, the signal is passed through a band-stop
filter to smooth out signal noise. The filter specification is based
on maximizing the signal strength and stability while minimizing
the delay with respect to the start of combustion as measured by
the pressure transducer. The active twin-T band-stop filter, with



Table 2
Potassium reaction pathways.

Step Reaction A (cmmol s) b Ea (cal/mol)

1 K + O2 + M? KO2 + M 4.28E+23 �2.7 0.0
KO2 + M? K + O2 + M 2.06E+26 0.5 59034.0

2 K + OH + M? KOH + M 4.32E+22 �2 0.0
KOH + M? K + OH + M 1.75E+26 �3 84366.0

3 KOH + H? K + H2O 2.21E+12 0.5 0.0
K + H2O? KOH + H 2.01E+09 0.5 33713.0

4 KO2 + H? KO + OH 2.11E+11 0.5 0.0
KO + OH? KO2 + H 8.83E+15 0.5 11196.0

5 KO + H2O? KOH + OH 5.95E+11 0.5 0.0
KOH + OH? KO + H2O 1.72E+14 0.5 3026.8
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a roll-off rate of 40 dB/decade and a resonant frequency of 60.3 Hz,
is also used to remove 60 Hz noise from the signal. The circuit addi-
tionally serves as an isolation circuit to protect the data acquisition
system from any potential voltage spikes. Alternating current (AC)
noise reduction is achieved by four capacitors installed as close as
possible to the power supply pins on the breadboard for the oper-
ational amplifier.

2.3. Data acquisition and post-processing

The data was collected at stable, non-transient engine operating
points with constant intake conditions (temperature, pressure, and
equivalence ratio). Each test point was replicated for consistency in
the results. The measured data of the experiments is post-
processed to calculate the rate of heat release (ROHR) and the in-
cylinder temperature profiles [31]. The average pressure trace,
which serves as a basis for post-processing, is acquired using a Sav-
itzky–Golay filter with 19 points [32] in conjunction with three
hundred consecutive cycles. The ROHR model included heat loss
from blow-by to the walls, defined using a Woschni model and
using calibration factors determined from cycle simulation calcula-
tions [33,34]. Thermodynamic properties of the mixture are calcu-
lated using Lawrence Livermore National Laboratory (LLNL) and
National Aeronautics and Space Administration (NASA) polynomi-
als where it is assumed that the mixture during the compression
stroke consists of fuel, air, and residual gases. A cycle simulation,
assuming complete combustion, determines the amount and com-
position of residual gas. During combustion, the change from initial
mixture to combustion products is assumed to be proportional to
the Vibe combustion profile with an assumed start and end of com-
bustion determined using a two-step iterative process [34]: (1)
after ROHR is calculated, the new start and end of combustion is
calculated and compared with the assumed values and (2) if both
of them are equal the iteration is completed. The in-cylinder tem-
perature is calculated using the ideal gas equation and calculated
mass, volume, and composition profiles during the closed portion
of the cycle.

Continuous exhaust emissions sampling occurs at the exhaust
manifold attached to cylinder 4, directly before where the exhaust
converges with that of the other cylinders. The gas analyzer system
(Horiba) includes separate analyzers to determine concentrations
of unburned hydrocarbons (flame ionization), oxygen (magneto-
pneumatic), carbon monoxide (infrared), carbon dioxide (infrared),
and nitric oxides (chemiluminescent). The results are reported as
dry concentrations, as water is condensed out of the exhaust sam-
ples before the gas analyzer. The emissions data is used to accu-
rately compute the equivalence ratio in post-processing [35].

2.4. Experimental procedure

Using the experimental apparatus described above, experi-
ments were conducted across a range of equivalence ratios (0.08,
0.20, 0.30) at an intake pressure of 1.8 bar (absolute) using a num-
ber of additive-in-ethanol combinations as fuel. Concentrations of
100, 200 and 400 mg/L of metal acetate-in-ethanol are investi-
gated, and results are compared with naturally aspirated condi-
tions. The mass concentrations of each additive are presented as
molar concentrations in the following figures. Ethanol is selected
as the base fuel because of its higher solubility of metal acetates
when compared to gasoline. An ion signal-to-noise ratio (SNR) is
computed to compare the signal strength against background noise
to accommodate comparison with the different fuel additives. The
ion circuitry outputs a filtered ion voltage to a data logging system
(National Instruments LabView) to compute the SNR using the
root-mean-squared of the signal noise during non-combustion
portions of the thermodynamic cycle.
2.5. Experimental uncertainties

The in-cylinder pressure and ion signals are averaged over 300
consecutive cycles. Cycle-to-cycle variation of the in-cylinder pres-
sure signals was 1% while the cycle-to-cycle variation of peak ion
signals was 20%. The larger ion signal variations are a consequence
of the local measurement inside the chamber, whereas the pres-
sure signal is averaged. Combustion timing, as defined by CA50,
remained constant at an average of 2.5� ± 0.25� ATDC for all test
conditions. Small variations in emissions data (6% for NOx, <2%
for other emissions) affect the calculated equivalence ratio by less
than 5%. These variations decreased at the higher equivalence
ratios.
2.6. Numerical model procedure

Insight into the alkali metal ionization processes occurring
inside the combustion chamber can be gained by simulating the
HCCI combustion process. A highly idealized, single-zone model
that is spatially uniform with time-dependent chemical composi-
tion, temperature, and pressure is modeled using an in-house
Well-Mixed Reactor (WMR) code, which includes Woschni heat
transfer equations [34]. A slider-crank relation is used to determine
the reactor volume during the closed part of the combustion cycle.
The detailed ethanol mechanism from Lawrence Livermore
National Laboratory (LLNL) [36] is augmented by adding an ion
mechanism (9 ionic species and 34 reactions) [37–41] for use in
the simulations. Mechanisms by Benilov et al. [42] and Husain
et al. [43,44] are used for the potassium and cesium oxidation pro-
cesses, respectively.

The ionization processes are optimized based on Ashton and
Hayhurst [45]. In the simulation, KOH and CsOH are treated as
the additives instead of the metal acetates based on work by
Zamansky et al. [46], who reported that alkali metal salts can
decompose into their vapor hydroxide in a very short time. For
example, the decomposition time from Na2CO3 to NaOH is 0.5 ms
at a temperature of 1800 K [46]; for experiments in this study,
the piston speed at 1800 rpm is 16.5 ms/stroke, so there is suffi-
cient time for metal acetates to decompose. In the numerical
model, the charge temperature at intake valve closing was
adjusted to maintain a 2.5� ATDC CA50 at 1800 RPM. Additionally,
the compression ratio in the model was adjusted to compensate for
blow-by gas for compression phase agreement. Experimental data
was used to then validate the numerical models.
2.7. Numerical model chemistry

Two 5-step models were used to model the potassium and
cesium oxidation process [42–44], as shown in Tables 2 and 3.
The tables include parameters for both the forward and reverse



Table 3
Cesium reaction pathways.

Step Reaction A (cmmol s) b Ea (cal/mol)

1 Cs + O2 + M? CsO2 + M 3.16E+24 2.2 490.0
CsO2 + M? Cs + O2 + M 7.17E+13 0.5 44500.0

2 Cs + OH + M? CsOH + M 1.02E+22 1.66 0.0
CsOH + M? Cs + OH + M 3.73E+26 �3 90000.0

3 CsOH + H? Cs + H2O 2.21E+12 0.5 0.0
Cs + H2O? CsOH + H 3.70E+13 0.5 35700.0

4 CsO2 + H? CsO + OH 2.21E+12 0.5 0.0
CsO + OH? CsO2 + H 2.00E+14 0.5 10300.0

5 CsO + H2O? CsOH + OH 5.95E+11 0.5 0.0
CsOH + OH? CsO + H2O 5.03E+11 0.5 5320.0

Fig. 3. Signal-to-noise ratio (SNR) versus CsOAc molar concentration at intake
pressures of 1.0 and 1.8 bar.
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reactions. The reaction rate (k) is calculated using Eq. (3), where A,
b, and Ea are empirical parameters.

k ¼ ATb exp � Ea

RT

� �
ð3Þ

The ionization mechanisms were used to determine the rate of
electron production. While Eq. (1) is the dominant mechanism for
electron production in pure ethanol, the optimized potassium and
cesium ionization mechanisms are listed in Table 4 [45]. The
numerical model was adjusted to determine the Arrhenius
coefficient.
Fig. 4. Signal-to-noise ratio (SNR) versus KOAc molar concentration at intake
pressures of 1.0 and 1.8 bar.
3. Results and discussion

3.1. Effect of boost pressure and fuel additive concentration on ion
signal-to-noise ratio

Figs. 3 and 4 show the influence of boosted intake pressure on
the ion signal as characterized by the SNR for CsOAc and KOAc
additives, respectively. In each figure, naturally aspirated results
are included as dashed lines for comparison. Data marker shapes
indicate a change in equivalence ratio. The SNR increases as the
concentration of each fuel additive concentration is increased.
Additionally, as the equivalence ratio is increased, the ion signal
strength also increases. Furthermore, the ion signal is decreased
with an increase in boost pressure. At extremely lean conditions
(/ = 0.08), the ion signal is nearly indistinguishable from the noise
even at high concentrations of metal acetate additives.

As the intake pressure is increased, the SNR for each additive
across all equivalence ratios decreases. This can be attributed to
a decrease in in-cylinder temperature, enhanced radical recombi-
nation [47], and a higher resistance across the sensor gap between
electrodes. The in-cylinder temperature affects the reaction rate
related to ionization and electron density as described in Eqs. (2)
and (3).

Consistent with previous findings, the CsOAc additive produced
a larger increase in SNR when compared to KOAc. Fig. 5 compares
the SNR for each additive across all equivalence ratios. Higher
equivalence ratios increase the in-cylinder temperature and the
free radical concentration, which both yield increased ionization
and thus stronger ion signals. The trend between CsOAc and KOAc
SNR’s is attributed to the different ionization potentials. Since
cesium has the lowest ionization potential, less energy is needed
Table 4
Optimized ionization mechanism for K and Cs.

Reaction A (cmmol s) b Ea (cal/mol)

K + M = K+ + e� + M 3.10E+15 0.5 100110
Cs + M = Cs+ + e� + M 3.10E+15 0.5 71000
for ionization; this results in increased electron concentrations.
Higher electron concentrations produce stronger ion currents that
are then measured by the sparkplug ion sensor.

The SNR appears to reach a maximum value for each equiva-
lence ratio, as improvements diminish with increasing concentra-
tions. This asymptotic behavior has also been observed in
previous studies [29]. CsOAc shows a high SNR-to-concentration
sensitivity at lower concentrations and SNR improvements
decrease with incremental increases in concentration. KOAc fol-
lows a similar trend, though with a lower sensitivity at low
concentrations.

As the additive concentration is increased, the diminished
return seen in ion enhancement is related to the in-cylinder tem-
perature, which can be calculated using Woschni’s correlation
[34]. Fig. 6 shows that as the additive concentration is increased,
the maximum in-cylinder temperature slightly decreases. This
reduction in in-cylinder temperature affects the ionization process
of the metal acetates. Correspondingly, a threshold exists at which
additional metal acetates begin to reduce the in-cylinder tempera-



Fig. 5. Signal-to-noise ratio versus molar concentration of CsOAc and KOAc at an
intake pressure of 1.8 bar.

Fig. 6. Maximum in-cylinder temperature versus CsOAc and KOAc molar concen-
trations at equivalence ratios of 0.08, 0.20, and 0.30. Intake pressure is 1.8 bar.

Fig. 7. CsOAc pressure and ion current traces at / = 0.20.

Fig. 8. CsOAc pressure and ion current traces at / = 0.30.

186 J.H. Mack et al. / Energy Conversion and Management 108 (2016) 181–189
ture to a level where no additional ion signal benefits are observed
[29].
Fig. 9. KOAc pressure and ion current traces at / = 0.20.
3.2. Effect of fuel additive concentration on pressure trace and ion
signal

As shown in Fig. 3, an increase in the metal acetate concentra-
tion and equivalence ratio corresponds to an increase in SNR.
Figs. 7–10 display the pressure and ion current traces at equiva-
lence ratios 0.20 and 0.30 for CsOAc and KOAc additives. At /
= 0.08, ion signals are nearly indistinguishable, thus those plots
are not presented here. The primary vertical axis (pressure) scaling
is held constant for each figure; however, the secondary y-axis (ion
current) is scaled from 0 to 1 for / = 0.20 and 0 to 10 for / = 0.30
for clarity.

Increasing the equivalence ratio produces stronger, more
distinguishable ion signals. The CsOAc additive produces more
distinguishable ion signals for every concentration when compared
to KOAc. A slight decrease in cylinder pressure is observed with
increasing additive concentration. Metal acetates inhibit flame



Fig. 10. KOAc pressure and ion current traces at / = 0.30.
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development through reductions in maximum temperature, OH
radical production, and flame speed [48–50].

The decrease in in-cylinder pressure results in a lower gross
indicated mean effective pressure (IMEPg) for increased concentra-
tions. Changes in IMEPg were nearly equivalent for each additive as
the concentration is varied from 0 to 400 mg/L. At / = 0.30, IMEPg
decreases from 5.73 bar to 5.53 bar. At / = 0.20, IMEPg decreases
from 3.47 bar to 3.16 bar. At / = 0.08, IMEPg decreases from
0.89 bar to 0.71 bar.
Fig. 12. Intake temperature versus CsOAc and KOAc molar concentrations at
equivalence ratios of 0.08, 0.20, and 0.30.
3.3. Effect of fuel additive concentration on heat release rate

As the additive concentration is increased, the maximum rate of
heat release (ROHR) decreases. This effect is a function of the cor-
responding decreases in in-cylinder pressure and temperature.
Fig. 11 shows the maximum ROHR for a range of additive concen-
trations at equivalence ratios of 0.30, 0.20, and 0.08. As expected,
higher equivalence ratios produce the largest maximum ROHR;
an increase in metal acetate concentration lowers the maximum
ROHR at each equivalence ratio. At / = 0.30, the observed reduction
Fig. 11. Maximum rate of heat release (ROHR) versus CsOAc and KOAc molar
concentrations at equivalence ratios of 0.08, 0.20, and 0.30.
is �4%. For / = 0.20, the reduction in maximum ROHR is approxi-
mately 4.5%. The largest effect is seen at the lowest equivalence
ratio (/ = 0.08) where the decrease in ROHR is �4.7%. The reduc-
tion in maximum ROHR is evident even at the lowest additive
concentrations.

The engine experiments maintained a constant combustion
timing of 2.5� after top-dead-center (ATDC), as defined by the
crank angle degree (CAD) where 50% of the cumulative heat release
occurs (CA50). Combustion timing was maintained using the appa-
ratus described in Section 2.1 with a variation of <0.25 CAD. Fig. 12
shows that the intake temperature (Tin) remains relatively constant
across the range of additive concentrations. The higher equivalence
ratios, / = 0.20 and / = 0.30, experience a slight rise in Tin (a max-
imum 0.6% and 3%, respectively). Thus, the maximum ROHR reduc-
tion can be attributed to the metal acetate addition rather than
changes in intake temperature. At the lowest equivalence ratio
Fig. 13. Normalized maximum values of ion current traces of experimental data
and numerical model over a range of CsOAc concentrations; / = 0.32 and
Pin = 1.0 bar.
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(/ = 0.08), a slight reduction in Tin is observed at a maximum level
of 1.1%.

These trends are consistent when compared to naturally aspi-
rated conditions [28]. As a result of the higher intake pressures
presented here, the required Tin and maximum ROHR values are
higher when compared to the naturally aspirated results.

3.4. CsOAc numerical modeling

Fig. 13 shows a comparison between the cesium ionization
numerical model and experimental results. The numerical model
was validated using the experimental results at / = 0.32 over a
range of CsOAc concentrations at an intake pressure of 1.0 bar.
The constants A = 3.1E + 15 cmmol s, b = 0.5, and Ea = 7.1E
+ 04 cal/mol were used for the reaction rate (Eq. (3)) to fit the
experimental data.
Fig. 14. Normalized maximum mole fraction of electrons over a range of intake
pressures for CsOAc additive; / = 0.30.

Fig. 15. Normalized maximum values of ion current traces of experimental data
and numerical model over a range of KOAc concentrations; / = 0.32 and
Pin = 1.0 bar.

Fig. 16. Normalized maximum mole fraction of electrons over a range of intake
pressures for KOAc additive; / = 0.30.
After validating the maximum value of ion current trace, the
cesium ionization mechanism is used to predict the ion current
traces at boosted conditions at each additive concentration. In
Fig. 14, the numerical model predicts the observed decrease in
peak ion signals as the intake pressure is increased. The model
additionally captures a decrease in ion signal with lower additive
concentrations.

3.5. KOAc numerical modeling

Fig. 15 compares the normalized maximum values of normal-
ized electron mole fraction between the potassium numerical
model and experimental results. The numerical model was vali-
dated using the experimental results at / = 0.32 and Pin = 1.0 bar.
The reaction rate used constants of A = 3.1E + 15 cmmol s, b = 0.5,
and Ea = 1.0011E + 5 cal/mol to fit the experimental data.

After validating the maximum value of ion current trace, the
potassium ionization mechanism is used to predict the ion current
traces at boosted conditions at each additive concentration. As
seen in Fig. 16, the numerical model shows that an increase in
intake pressure is accompanied by a reduction in the peak ion sig-
nal. The maximum normalized mole fraction of electrons decreases
at a greater rate for the KOAc additive in comparison with the
modeling results for CsOAc. Furthermore, a reduction in additive
concentration lowers the peak ion signal.

4. Conclusions

Two different metal acetates (CsOAc and KOAc) were used as
additives to ethanol in a homogeneous charge compression igni-
tion (HCCI) engine. The experiments show each additive produces
an increased ion signal-to-noise ratio (SNR), as detected using a
sparkplug ion sensor. The ion signal is more apparent at higher
equivalence ratios (/ = 0.20 and / = 0.30) and nearly indistinguish-
able at / = 0.08. An increase in intake pressure produces a decrease
in the ion signal, primarily attributed to a decrease in the in-
cylinder temperature. The CsOAc additive produced the strongest
ion signal enhancement than the KOAc additive across all operat-
ing conditions. The use of metal acetates as additives yielded
reductions in the gross indicated mean effective pressure (IMEPg)
and the maximum rate of heat release (ROHR). A single-zone
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numerical model was able to predict the peak ion signal, combus-
tion timing, and intake pressure dependence for both cesium and
potassium ionization chemistry.
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