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ABSTRACT

Reactivity controlled compression ignition (RCCI) is an alternative combustion strategy with
the potential of significant advantages in terms of increasing thermal efficiency together with
reduction of NOx and soot emissions. The RCCI engines have been encountered not to be
applicable broadly since they suffer from some difficulties mainly contributed to the
controllability of combustion and limited operating ranges. The difficulties become even worse
where low-reactivity fuels like natural gas (NG) are applied. Ozone gas, a chemical species
with an extreme level of reactivity, can improve the combustion efficiency along with the
advancement of combustion phasing in the RCCI engine. In this study a multidimensional
computational fluid dynamic (CFD) which is coupled with proper detailed chemical kinetic
mechanisms is employed to investigate the influence of ozone addition (i.e., 10, 100 and 1000
ppm) to air-fuel mixture with different initial conditions (e.g., intake temperature and
equivalence ratio), on the performance and emissions characteristics of the RCCI engine. The
results imply that the addition of even low concentrations of ozone (10 ppm) have considerable
influences on the RCCI combustion characteristics. Addition of ozone by a distinct quantity
not only can enhance the combustion phasing controllability, but also can extend the operating
range of the RCCI engine in both lower intake air temperature and the lower fraction of the
high-reactive fuel. From the results it is conceived that by adding 1000 ppm ozone into the air-
fuel mixture, it is possible to reduce the diesel fuel fraction from 20 % to 10 % and intake air
temperature from 355 K to 335 K, respectively.

Keywords: RCCI Engine, Numerical Simulation, Detailed Chemistry, Natural Gas, Ozone
Species

1. Introduction

Based on the recent emission regulations, the level of NOx and particulate matter (PM)
pollutions should be reduced drastically and RCCI combustion strategy would be a promising
solution to reach this restricted emission levels [1]. Although, the RCCI mode of operation
could manage simultaneously the emissions level (i.e., NOx and PM) and fuel consumption as
well as reach high thermal efficiency [2,3], but the low reactivity fuel (i.e., NG) characteristics
causes restrictions in application of this combustion strategy [4-6]. Cetane number of NG is
low and as result, it is necessary to preheat the intake charge and/or use turbocharger to avoid
long ignition delay in NG/diesel RCCI engines [7-10]. Long ignition delay will cause to
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instable combustion (i.e., misfire) and as result, high level of CO and HC emissions will be
produced during the combustion process [11,12]. To overcome this concern, some researchers
varied the cetane number of mixtures by combination of two or more fuels with distinct
properties. Rahnama et al. [13-15] numerically investigated the combustion and emission
characteristics of a NG/diesel RCCI engine enriched with reformer gas. They reported that
reformer gas addition could enhance the combustion efficiency and decrease CO emission.
Gharehghani et al. [16] experimentally investigated the effect of using biodiesel instead of
diesel fuel in enhancing the reactivity of the mixture in a NG/diesel (biodiesel) RCCI engine.
Their revealed results showed that CO emission for CNG/biodiesel case reduced drastically,
and the HC emission level was 32.5 % lower than compared to CNG/diesel RCCI engine.
Replacing the high reactivity fuel was also reported by other researchers and showed the same
trend for emissions behavior [17-20]. Kakoee and colleagues tried to improve the lean
combustion condition in a NG/diesel RCCI engine by using hydrogen [21]. They used a 3D
numerical model coupled with reduced chemical kinetics to explore the effect of various
hydrogen concentrations on the lean burning (i.e., low load) conditions of RCCI engine. Their
results showed that that 30 % H> addition to the intake mixture causes that the amount of UHC
and CO lower by 29.8 % and 35.5%, respectively. Using pre-combustion chamber as an
effective tool to improve the lean burning condition and reducing the CO and HC emissions
was reported by some researchers [22]. Using other low reactivity fuels (i.e., ethanol) instead
of NG is the other solution which was investigated numerically and experimentally by the
researchers [23, 24]. Some investigators used variable valve timing strategy together with
RCCI combustion mode to reach the better performance and enhanced emission treatments of
engine [25,26]. Changing the injection timing of high/low reactivity fuels as well as changing
the reactivity of mixture by varying the portion of each fuel reported as effective ways to reach
lower CO and HC emissions levels [27-30]. The results of an experimental study which
investigated the various direct-injected fuels with cetane number (CN) ranging from 34 to 100
revealed that for cetane number higher than 56, the high level of EGR (~ 45 %) is suitable
regarding stable combustion [31]. The role of low reactivity fuel stratification on the
performance of NG/diesel RCCI engine was investigated numerically by Mikulsi and
Bekdemir [32]. They concluded that NG stratification leads to higher combustion efficiency
and lower HC and CO emissions.

Although the above-mentioned efforts are interesting for researchers, but employment of them
is difficult for the automotive engines. Other interesting and applicable strategy which has been
used to control the premixed/homogeneous charged compression ignition (PCCI/HCCI)
combustion is to take advantage of minor species with high oxidation levels to improve the
combustion of the main fuel [33,34]. One of the remarkable oxidant species that could impact
the start of combustion and its phasing and as result, HC and CO emissions level, in
HCCI/PCCI engines is the Ozone species [35-37]. Researchers have shown that with existence
of ozone, oxygen atoms which are produced by decomposition of ozone molecules can help
initiating the oxidation process of the methane fuel [38, 39]. Also, ozone leads to higher
burning velocity of methane/air mixture and can help extending the stable combustion range in
HCCI engines [40,41].

Even though ozone addition for engines with HCCI combustion mode has been numerically
and experimentally investigated, to the best of authors knowledge, this study is the first of its
kind undertaken developing a 3-D simulation model to investigate the effect of ozone addition
on the combustion characteristics of NG/diesel RCCI engine. Accordingly, the combustion
process of a NG/diesel RCCI engine is modeled by employing a 3-D CFD simulation code
which works in conjunction with a set of reduced chemical kinetics mechanisms. Moreover,
for the first time, NG/diesel chemical kinetics is modified and upgraded by adding the ozone
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species together with its reactions to study the influence of ozone addition on required intake
temperature as well as optimal NG/diesel ratio for combustion stability (i.e., no misfire).
Numerical simulation results are validated by the experimental data acquired from a single-
cylinder Ricardo engine. Furthermore, for the constant intake temperature and NG/diesel ratio,
the effect of ozone addition is swept and for each case, the optimal ozone concentration is
determined.

2. Procedure of numerical investigation

2.1. Simulation methods and tools

The numerical simulation tools employed in the present work, is AVL Fire software. This
software has a 3-D CFD solver, based on finite volume method, and has the ability to solve in-
cylinder flow field equations with fuel injection and the chemical processes. To model the
turbulence effects, a version of the standard k—w turbulence model is used that can account for
flow compressibility. To simulate heat transfer between flow boundary layers and in-cylinder
walls, a standard wall function with modifications for variation of fluid density and turbulent
Prandtl number is employed [42]. Chemical kinetics phenomena control the combustion
procedure in RCCI engines and therefore, appropriate modeling of the chemical kinetics is an
essential part in the simulation of NG/diesel RCCI engine. The solver of the AVL Fire is
internally coupled with the CHEMKIN solver for chemical kinetics. In conjunction with the
CFD solver, the chemical kinetics solver, undertakes the equations of generation (and
destruction) rates for all chemical species and computes the according released heat [42].

To model the combustion in the NG/diesel RCCI engine, a reduced chemical kinetics
mechanism which was developed by Hockett [43] and consists of 141 species and 709
reactions, is used. In this numerical study, methane (CH4) is employed as a chemical surrogate
for natural gas (NG), while normal heptane (nC7H16) is used as a representative of diesel fuel.
To consider the effect of ozone species on the combustion characteristics, the mentioned
mechanism is combined with the Sub-mechanisms for Kinetics Reactions of Ozone, that are
presented in Table 1[35]. The reactions set contain such reactions as formation and
decomposition processes of ozone (O3 +M — 02 + O + M), oxidation by ozone (O3 + X—-02
+ XO0), and HO; species production (O3 + XH — HO2 + product). The finally resulted
mechanism that is used for the simulations has 726 reactions (709 for dual fuel mechanism and
17 for ozone processes) and 142 chemical species.

Table 1. Sub-mechanisms for Kinetics Reactions of Ozone (k = AT"exp[-E/(1.9872T)] (cal/mol)[35]

Reactions A (mol/cm.s) n E (cal/mol)
03+N2-02+0+N2 4.00 x 10" 0.0 22667
02+0+N2-> 03 +N2 1.60 x 10 -0.4 -1391
03+02-02+0+02 1.54x 10 0.0 23064
02+0+02-03+02 3.26x 10" 2.1 0
03+03-02+0+03 4.40 x 10 0.0 23064
02+0+03-03+03 1.67x 10" -0.5 -1391
03 +H < 02+ OH 8.43x 1013 0.0 934
03+0<02+02 4.82x 10" 0.0 4094
03 + OH < 02 + HO2 1.85% 10! 0.0 831
03 +HO2< 02 +0OH + 02 6.09x 10% 0.0 938
03 + H20 < 02 + H202 6.62x 10% 0.0 0
03 + CH3 < 02 + CH30 3.07x 1012 0.0 417
03 + NO < 02 + NO2 8.43x 10" 0.0 2603
03+N < 02 +NO 6.03x 10%7 0.0 0
0O3+H < O+HO2 4.52x 101 0.0 0



03 + H20H + HO2 6.00x 1010 0.0 19840
03 + CH4o CH30 + HO2 8.13x 101° 0.0 15280

2.2. Grid generation

In the present investigation, the simulation is done on an engine closed cycle, from intake valve
close (IVC) to exhaust valve open (EVO) time. In addition, the simulated geometry can be
considered symmetrical. Therefore, Fame Engine Plus module from the AVL-Fire software is
used to generate a moving mesh of half of the in-cylinder geometry with a symmetry plane on
a closed cycle. To get more accurate results, finer computational cells should be generated in
the zone of the pre-chamber and its connecting part to the main chamber.

A view of the generated grid in the TDC position is shown in Figure 1. The generated moving
grid has 75493 cells in the TDC and 180118 cells in the BDC position.

Injection location

Pre-chamber

Cylinder head

Symmetry plane

Figure 1: Generated grid at TDC position

3. Experimental test setup and simulation validation

3.1. Experimental test setup and methods
Figure 2 shows the schematic (a) and real test setup (b) of RCCI engine experimental test rig
and employed measurement instrumentation. The test engine is a single-cylinder diesel engine
manufactured by Ricardo company that has been modified to operate in the RCCI mode.
Natural gas, which is the fuel with low reactivity, is added to intake air throughout the intake
manifold and diesel fuel, the highly reactive fuel, is injected directly into the cylinder. To
control the torque and speed of the engine, an electric 22 kW dynamometer is exploited.

AVL QC43D water cooled, piezo-electric type pressure transducer was used for measurement
of the in-cylinder pressure. A Fotek MES-2500 D-T magnetic rotary encoder with the
resolution of 2500 PPR was installed near to the crankshaft to monitor the crank angle. To
regulate the intake air temperature, an electrical air heater is installed on the intake manifold.
A high-pressure CNG reservoir tank was used with a gas regulator to provide the NG fuel with
a controlled constant pressure. To monitor the natural gas fuel flow rate, a Yamatake flow
meter was utilized, and a Lambda sensor was installed on the engine exhaust to monitor the
air-fuel ratio (AFR). K-type thermocouples with accuracy of +1°C were used for measuring
the temperature of intake air and exhaust gas. The intake charge and exhaust gas temperatures
were measured by using K-type thermocouples with an accuracy of +1°C.

To monitor the flow rate of the diesel flow, An AVL-735 fuel meter was used. The diesel
injector nozzle has four holes of diameter 0.25 mm, and the liquid fuel rail pressure can be
varied from 150 to 200 bars. The uncertainty values of experimental measurements are
presented in Table 2 and Table 3 presents the engine specifications data. To record the engine



pressure curve, in each operating state, the in-cylinder pressure data for 200 consecutive cycles
were gathered and their averaged values were exploited.

Table 2: Experimental uncertainty values

Parameter

Uncertainty (%)

Temperature
Pressure
Engine speed
Fuel flow rate
Air flow rate

<2
<2
<1

<1
<1

Table 3 :Engine specifications

Parameter Specification
Engine type Single cylinder E6/MS
Bore 76.2 (mm)
Stroke 110 (mm)
Displacement 507 (cc)
Compression Ratio 17.2:1

IvC 144° BTDC
VO 7° BTDC
EVC 7° ATDC
EVO 144° ATDC
Injector hole diameter 0.25 (mm)

Injection Pressure

180 (bar)
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Figure 2: RCCI engine test rig and instrumentation; (a) Schematic view of test facilities and instrumentation,
(b) Real stance of engine test bed

3.2. Model validation

The experimental results of engine operation in RCCI mode were used to validate the numerical
model simulation data.

In experiments, the engine was operated on was 800 rpm speed, the intake temperature was
355 °K and the intake pressure was 1.2 bars. Total equivalence ratio of fuel was adjusted to a
constant value of 0.3 and the ratio of NG and diesel fuels is 80 % and 20 % of total energy
content, respectively.

The calculated and measured in-cylinder pressure are compared in Figure 3. It is seen that the
simulation properly predicts the start of combustion as well as combustion phasing and there



is a good agreement between the experimental and numerical results, specially throughout the
combustion process.
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Figure 3: Comparison of measured and calculated pressure and heat release rate curves

4. Results and discussion

Various different concentrations of ozone are chosen to investigate the influence of ozone
species on the combustion process and performance of NG/diesel RCCI engines.

To simulate the engine operation with ozone addition, it is supposed that a premixed charge of
airtO3+NG enters the cylinder. In the experiments, air is ozonized by passing through an
ozonizer (Fig. 2 (b)). Four concentration amounts for ozone addition are investigated in the
present work: no addition (0 ppm), low (10 ppm), medium (100 ppm) and high amounts (1000
ppm). To achieve the RCCI combustion mode in the present work, there is early injection of



the secondary fuel (diesel fuel) in the engine pre-chamber. In all of the presented cases, the
start of injection (SOI) time is 45° BTDC.

4.1. Ozone addition effects on combustion progress and engine performance

OH ion is known to be the most affecting among the species on the high temperature
combustion process to take place [44]. To investigate the ozone addition effect on generating
OH ion in the RCCI combustion mode, the state with initial temperature of 355 K, initial
pressure of 1.2 bars and initial equivalence ratio of 0.3, i.e., the baseline state, is considered.
Similar to the validation case, the ratio of NG and diesel fuels is also 80 % and 20 % of total
energy content. In the present section, simulations are done with consideration of making the
mixture with four above mentioned concentrations of ozone.

Mass fraction contours for distribution of OH species in the combustion chamber are shown in
figure 4. In this figure, in-cylinder distribution of the OH ion in five successive crank angles
near the piston TDC for the four mentioned values of ozone concentration are compared.
Presented sections in this figure are colored contours on the middle vertical section of the
combustion chamber and the illustrated crank angles are: -7°, 0°, 2°, 6° and 14° ATDC. It is
evident that addition of higher amounts of ozone causes earlier start in generation of OH which
results in earlier start of the high temperature combustion phase.
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Figure 4: OH concentration for five successive crank angles near the piston TDC, for different amounts of ozone
addition

To discuss the effect of ozone addition on engine performance characteristics, effect of adding
various amounts of ozone to the baseline conditions on HRR and in-cylinder pressure is
presented in Figure 5. The curves imply that adding ozone results in earlier rise of heat release
rate and the pressure and consequently, causes higher heat release rate and pressure peaks. It is
also seen that by increasing the amounts of added ozone, there will be more advancement in



heat release phasing and as a result, expedition in pressure rise and higher peaks of HRR and
pressure.
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Figure 5: HRR and in-cylinder pressure for various amounts of ozone addition to the baseline conditions

By definition, combustion efficiency is calculated as the total combustion heat released divided
to overall LHV energy of the consumed fuel [46]. This parameter can be considered as an
indicator for the completeness and quality of the combustion process.

Figure 6 shows Combustion efficiency for various amounts of ozone addition to the baseline
conditions. It can be seen that ozone addition takes the RCCI combustion process towards more
completeness. The reason is enhancement in mixture reactivity and the consequent sooner start
of combustion.

Combustion Efficiency (%)
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Figure 6: Combustion efficiency for various amounts of ozone addition to the baseline conditions

The parameter CAS50 is defined as the engine crank angle in which 50% of the total introduced
fuel is burned. For the baseline case, Figure 7 illustrates the result of adding various amounts
of ozone on engine CAS50. The figure shows that addition of 1000 ppm ozone can make an
advancement of 12° in CA50 (from 6° ATDC for 0 ppm, to -6° ATDC for 1000 ppm ozone).
It 1s clearly seen that ozone addition amount has a direct relation with the advancement of



combustion phasing in the engine, which could be used to control the LTC engine combustion
phasing.

CA50 (deg ATDC)

0 100 200 300 400 500 600 700 800 900 1000
Ozone Concentration (ppm)

Figure 7: CA50 for various amounts of ozone addition to the baseline conditions

In the present work, indicated fuel conversion efficiency (IFCE) is the parameter that is used
for comparing the engine efficiency in the studied cases. The definition of IFCE is as follows:

IFCE = Workgross (1)
Fuel Energy

In the present paper, workgross denotes the indicated work delivered in a closed cycle from
engine IVC to EVO, therefore it doesn't account for intake and exhaust work losses. In addition,
Fuel Energy is the total LHV energy of the fuel. Figure 8 presents a comparison of IFCE values
for different ozone addition amounts to the baseline case is presented in. IFCE is seen to
increase with ozone addition at first, which is because of combustion improvement and then
decrease with ozone addition more than 100 ppm to 1000 ppm, which is because of the
excessive advancement in the combustion phasing, that results in more negative work during
the engine compression stroke and that can decrease the net engine work.
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Figure 8: IFCE for different amounts of ozone addition to the baseline conditions

In the present work, besides engine performance characteristics, unburned hydrocarbons
(uHC), Carbon monoxide (CO) and Nitrogen oxide (NO) emissions are considered. Emission
contours on the middle vertical section of the combustion chamber, for different amounts of
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ozone addition to the baseline conditions, in the time of engine EVO are illustrated in Figure 9
and the averaged values (over the entire volume) of emissions are presented in Figure 10. It is
clearly seen that the combustion improvement, which is the result of ozone addition, leads to
emitting lower amounts of HC and CO emissions but it has increased the levels of NO emission.
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Figure 9: Emission contours for different amounts of ozone addition to the baseline conditions, EVO time
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Figure 10: Emission Levels for different ozone addition amounts to the baseline conditions
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4.2. Effect of ozone addition concentration on required initial temperatures

In the engines with RCCI combustion strategy, one of the parameters with the most significant
effects on the engine combustion phasing is the temperature of intake air to the cylinder [45].
For mixtures with lower chemical reactivity, higher intake temperatures are required to have a
complete combustion. To investigate the influence of added ozone amount on combustion
process and performance characteristics in the RCCI engine, four cases with various intake
temperatures are simulated: the baseline temperature, which is 355 K and in addition, three
lower temperatures of 345 K, 335 K and 325 K. The other conditions are set the same as those
for the baseline simulated case: initial pressure of 1.2 bar, overall fuel with equivalence ratio
of 0.3 that is consisted of 80 % NG and 20 % diesel fuel (percentages of total energy content).
In a range of zero to high amounts, ozone addition values of 0, 10, 100 and 1000 ppm (of the
total in-cylinder mixture) to the intake air is investigated.
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Figure 11: HRR and in-cylinder pressure for different initial temperatures and amounts of ozone addition

Influence of various ozone addition amounts on in-cylinder HRR and pressure is illustrated in
Figure 11. Heat release rate and pressure curves for the previously mentioned cases, with
different initial temperatures are depicted in this figure. As the first observation, it can be seen
that for equal ozone addition amounts, increasing the initial temperature causes earlier heat
release and as a result, earlier pressure rise and higher-pressure peaks. In all cases, it is seen
that for equal conditions, as stated in the previous subsection, ozone addition causes earlier rise
in heat release rate and the pressure curve and consequently, higher heat release rate and
pressure peaks. It is seen that for the cases with zero ozone addition, reducing the Ti from 355
K to 345 K and less results in almost no combustion and heat release. For the mentioned cases,
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the figures show that adding ozone can make the combustion happen and so, extend the engine
operating range to lower initial air temperatures. It can also be seen that for lower initial
temperatures, more ozone is needed for the combustion process to occur properly, since higher
mixture reactivity will be required where there are lower temperatures. It is worthy to note that
for other performed simulations with lower temperatures (315 K and less) addition of no
amount of ozone is useful to make the combustion happen. This means that there exists a limit
for initial temperature range extension with ozone addition. One other fact that can be inferred
from Figure 11 is that for higher initial temperatures (355 K and 345 K), even adding very low
portions of ozone can intensively affect the combustion process and resulting heat release and
in-cylinder pressure. This fact means that addition of proper amounts of ozone can be a
promising means to control the combustion and operation in RCCI engine mode (and probably
for other LTC strategies). For the discussed cases, values of combustion efficiency are
compared in Figure 12. It can be seen that for initial temperatures lower than 355 K, ozone
addition causes extreme growth in the combustion efficiency, which is a result of reactivity
augmentation and consequently combustion improvement in the engine.
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Figure 12: Combustion efficiency for different initial temperatures and different amounts of ozone addition

To investigate the effect of ozone addition on combustion phasing in the RCCI engine, CA50
parameter for the different discussed cases is presented in Figure 13. In this figure, the cases
that face incomplete combustion and misfiring are omitted from the present phasing study. It
1s seen that higher initial temperature has resulted in more advancement in combustion phasing
(earlier CA50crank angles). It also can be seen that for equal initial temperatures, adding ozone
causes advancement in the combustion. It is also inferred that adding more ozone results in a
more advanced combustion phasing.

CA50 (deg ATDC)

0 100 200 300 400 500 600 700 800 900 1000
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Figure 13:CAS50 for different initial temperatures and different amounts of ozone addition

Values of IFCE for the discussed cases are compared in Figure 14. It can be seen that for highest
simulated initial temperature, i.e., 355 K increase in ozone addition from 100 ppm to 1000 ppm
results in decrease in engine efficiency. That is because, as seen from Figure 13, adding ozone
results in too much advancement in combustion phasing and that leads to increasing engine
negative work in the compression stroke and as a result, reduction in total engine work and
IFCE. On the other hand, where there is a lower initial temperature, as can be inferred from
Figure 12, addition of ozone addition improves the combustion process, and enhancement in
engine efficiency can happen.
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Figure 14: IFCE values for different initial temperatures and different amounts of ozone addition

It was seen that adding ozone can simultaneously make improvement in combustion and
advancement in its phasing. Therefore, ozone addition amount should be set properly for each
condition to improve the engine performance characteristics. For different values of initial
temperature and different amounts of ozone addition, Curves of HC, CO and NO emissions are
shown in Figure 15, Figure 16 and Figure 17 respectively. Emissions are presented in the gr
per kWh unit and for the reason of big differences in magnitudes are shown with the logarithmic
form in the vertical axis. It can be seen that for the cases with the same conditions, adding more
ozone results in decrease in HC and CO emissions, which is due to the earlier discussed
enhancement in combustion complement, which is resulted by the reactivity augmentation. It
is also seen that adding more ozone increases NO emission, which is because more complete
combustion and also earlier rise in engine in-cylinder pressure and temperature that leads to
higher temperatures in the cylinder, which is the main source of NO emission generation. In
addition, as expected, the figures show that because of the same reasons (more complete
combustion) for the cases with equal conditions, increasing T; decreases HC and CO emissions.
Moreover, because of more in-cylinder temperatures, increasing T; causes increase in NO
emission.

Analyzing Figure 14 and Figure 17 together reveals a noteworthy conclusion. It is seen that the
cases with T; of 325 K and 335 K and 1000 ppm ozone, result rather high efficiencies and very
low NO emission amounts. This means that with adding ozone it would be achievable to
operate the engine with lower intake air temperatures and simultaneously increase the
efficiency and remarkably reduce the NO emission.
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Figure 15: HC emission for different initial temperatures and different amounts of ozone addition
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Figure 16: CO emission for different initial temperatures and different amounts of ozone addition
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Figure 17: NO emission for different initial temperatures and different amounts of ozone addition
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4.3. Decreasing diesel percentage by adding ozone

In the previous section it was shown that via increasing the mixture reactivity, ozone addition
enables the RCCI engine to maintain a complete combustion with lower initial temperatures
and it brings about advantages of higher efficiencies and lower emissions. In the present
section, the main idea is to decrease the portion of the more reactive fuel and compensate the
mixture reactivity reduction by adding ozone to the intake air. To do so, same as the previous
section, initial temperature of 355 K, initial pressure of 1.2 bar and overall fuel equivalence
ratio of 0.3 are set for the simulations. For energy portions of the two fuels are assumed: the
baseline case of 20 % diesel and 80 % NG, the case with 15 % diesel and 85% NG, the case
with 10 % diesel and 90 % NG, and finally the case with 5 % diesel and 95 % NG. Four ozone
addition amounts of 0, 10, 100 and 1000 ppm are also assumed for the investigations. Influence
of ozone addition on heat release rate and in-cylinder pressure is shown in Figure 18 for the
four simulated fuel percentages. It can be seen that with equal ozone addition amounts,
lowering the portion of the reactive fuel, i.e., diesel, results in later start in heat release and also
decreases in-cylinder pressure and HRR. The pictures show that like in the previous section,
addition of ozone causes advancement in heat release and RCCI combustion phasing and also
the more the ozone addition is, the more the advancement in the combustion phasing will be.
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Figure 18: In-cylinder HRR and pressure for different diesel and NG ratios and amounts of ozone addition

For the RCCI cases with different portions of the two fuels with different reactivity levels, a
comparison of combustion efficiencies is presented in Figure 19. It can be seen that because of
incomplete combustion resulted from insufficient mixture reactivity, the cases with less
amounts of the diesel fuel have lower combustion efficiencies. In all cases, as expected, adding
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more amounts of ozone is seen to increase the combustion efficiency. Figure 19 shows that the
case with 10 % diesel fuel, have almost no combustion where no ozone is added, but with 1000
ppm ozone, this case experiences a perfect combustion process. On the other hand, for the case
with only 5 % of diesel fuel, it seems that however ozone addition improves the combustion,
but there is a limit for the improvement and 1000 ppm ozone can raise the combustion
efficiency only to about 42 %.
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Figure 19: Combustion efficiency for different diesel and NG ratios and different amounts of ozone addition

The effect of ozone addition on combustion phasing (CAS50) in the RCCI engine with various
portions of the two fuels is depicted in Figure 20. It can be seen from the curves that higher
portions of the more reactive fuel results in more advancement in combustion (earlier crank
angles for CA50). The picture also shows that with the same fuel composition, addition of more
ozone results in more advancement in combustion phasing.
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Figure 20: CA50 for different diesel and NG ratios and different amounts of ozone addition

In Figure 21, values of IFCE for the various portions of the two fuels are compared. As the
picture shows, for the case with 20 % diesel fuel, ozone addition up to 100 ppm leads to a slight
rise in the engine efficiency, but due to too advanced combustion phasing and the discussed
increase in the negative work during the engine compression stroke, addition of 1000 ppm
ozone has decreased the efficiency. One interesting result that Figure 19 shows is the case of
10 % diesel. This case is seen to have almost no combustion for up to 100 ppm ozone.
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Nevertheless, adding 1000 ppm ozone to the case with 10 % diesel, as shown in Figure 21,
results in a rather complete combustion and due to its late combustion phasing, the most engine
efficiency in all of the studies cases.
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Figure 21: IFCE for different diesel and NG and different amounts of ozone addition

One of the most important issues about the engines that work in low temperature combustion
modes (e.g., HCCI and RCCI engines) is their relatively high level of HC and CO emissions.
The amounts of HC and CO emissions for different diesel fuel portions and different ozone
amounts are shown in Figure 22 and Figure 23 respectively. For the cases with 20 % and 15 %
diesel fuel, it can be seen that ozone addition can cause a drastic reduction in levels of HC and
CO emissions, while according to Figure 21, their efficiency is increased or only slightly
decreased.
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Figure 22: HC emission different diesel and NG ratios and different amounts of ozone addition

Amounts of NO emission for the discussed cases are depicted in Figure 24. Generally, engine
NO formation is a function of in-cylinder temperature, oxygen concentration, and available
time for reactions [47]. Because of the advanced combustion which causes higher in-cylinder
temperatures, as the Figure 24 appears, ozone increment results more NO emission. However,
for the presented cases, even after adding 1000 ppm ozone, despite the shown remarkable
reduction in HC and CO emissions, NO level is still below the amount specified by the stringent
regulations.
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Figure 24: NO emission for different diesel and NG ratios and different amounts of ozone addition

5. Conclusion

The effects of adding various amounts of an extreme active species, ozone gas, to in-cylinder
air-fuel mixture on combustion and performance characteristics of RCCI engine with NG and
diesel fuels was numerically investigated. The numerical tool was a 3-D CFD model with
consideration of appropriate chemical kinetic reactions. Firstly, experimentally obtained data
was used to validate the numerical model and after that, the simulations were conducted with
different values for ozone concentration, initial temperature, and the ratio of the two fuels, with
the assumption of constant energy content. Throughout all investigated cases, engine speed
considered at 800 rpm. The significant findings to emerge from the study can be concluded as
follows:

e Adding ozone accelerates the formation of OH radical, and that causes advancement in
high temperature heat release and combustion process. Adding more ozone leads to
earlier start of RCCI combustion and consequently, more combustion efficiency.

e Since the occurrence of RCCI combustion requires a certain degree of initial
temperature, ozone addition can help it to take place by having a lower initial
temperature condition. It was observed that adding 1000 ppm ozone, required 20 K
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lower initial temperature for RCCI combustion occurrence with a higher engine
efficiency and lower emission levels.

e Ozone addition advances the combustion phasing therefore it can result in decreasing
engine thermal efficiency. In order to gain optimum efficiencies, proper amount of
ozone must be added to suitably adjust the combustion phasing.

e Given higher combustion completeness by adding ozone, will decrease the
concentration of CO and HC emissions however it increases NO emission level.
Addition of 1000 ppm ozone decreased the CO level 100 times while this amount is
about 10° times for HC emission. Although, NO emission increased 100 times by 1000
ppm ozone addition, its amount is lower than NOx Euro 6 limit (i.e., 0.4 g/kWh).

e Addition of ozone enabled the engine to be operated under a different fuel share by
having a lower amount of high-reactive fuel (i.e., diesel) combined with a higher
amount of low-reactive fuel (i.e., NG) without encountering any delay in the start of
combustion which causes misfiring. By adding 1000 ppm ozone into the mixture, it is
possible to reduce the diesel fuel fraction from 20 % to 10 % by maintaining at the state
of complete combustion (i.e., combustion efficiency ~ 100 %)

In general, ozone addition in the fuel mixture of RCCI engines resulted in a better combustion
phasing adjustment, a decreased required initial intake air temperature, a lower consumption
of diesel fuel (which is more costly and more pollutant) with lower initial temperature. Adding
optimum amounts of a highly reactive species like ozone could be an effective means to address
the controllability issue of the RCCI engine as well as the other premixed charge LTC engines
in order to extend their operating range.
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Abbreviations List:

AFR Air Fuel Ratio

ATDC After Top Dead Center
BDC Bottom Dead Center
BTDC Before Top Dead Center

CA Crank Angle

CFD Computational Fluid Dynamics
CN Cetane Number

CNG Compressed Natural Gas

CcO Carbon Monoxide

EGR Exhaust Gas Recirculation

EVC Exhaust Valve Close

EVO Exhaust Valve Open

HC Hydro Carbon

HCCI Homogeneous Charge Compression Ignition
HRR Heat Release Rate

IFCE Indicated Fuel Conversion Efficiency

IVC Intake Valve Close

IVO Intake Valve Open

LHV Lower Heating Value

LTC Low Temperature Combustion

NG Natural Gas

NO Nitrogen Oxide

0) Oxygen

PCCI Premixed Charge Compression Ignition
PM Particulate Matter

ppm Parts Per Million
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PPR
RCCI
SOI
Ti
TDC

Pulses per Revolution

Reactivity Controlled Compression Ignition
Start of Injection

Initial Temperature

Top Dead Center
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