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Abstract

A previously developed Stochastic Reactor Model (SRM) is used to simulate
combustion in a four cylinder in-line four-stroke naturally aspirated direct injection
Spark Ignition (SI) engine modified to run in Homogeneous Charge Compression
Ignition (HCCI) mode with a Negative Valve Overlap (NVO). A portion of the fuel
is injected during NVO to increase the cylinder temperature and enable HCCI com-
bustion at a compression ratio of 12:1. The model is coupled with GT-Power, a
one-dimensional engine simulation tool used for the open valve portion of the engine
cycle. The SRM is used to model in-cylinder mixing, heat transfer and chemistry
during the NVO and main combustion. Direct injection is simulated during NVO
in order to predict heat release and internal Exhaust Gas Recycle (EGR) composi-
tion and mass. The NOx emissions and simulated pressure profiles match experi-
mental data well, including the cyclic fluctuations. The model predicts combustion
characteristics at different fuel split ratios and injection timings. The effect of fuel
reforming on ignition timing is investigated along with the causes of cycle to cycle
variations and unstable operation. A detailed flux analysis during NVO unearths in-
teresting results regarding the effect of NOx on ignition timing compared with its
effect during the main combustion.
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1 Introduction

The widespread use of Internal Combustion Engines (ICE) and growing concerns over
climate change have made it necessary to improve the efficiency and emissions of modern
engines. HCCI has shown potential as an alternate ICE operating mode that offers low
NOx and particulate emissions and high efficiency. Unlike SI and Compression Ignition
Direct Injection (CIDI) engines, in which combustion is initiated with a spark or fuel in-
jection, there is no direct ignition control in HCCI. The in-cylinder temperature, pressure
and composition at Inlet Valve Closing (IVC), and to a lesser extent the turbulence, deter-
mine the combustion phasing, making HCCI more difficult to control than conventional
operating modes. To accurately model HCCI combustion it is therefore beneficial to use
a detailed chemical mechanism. Probability Density Function (PDF) based models have
proven advantageous for simulating HCCI combustion due to their ability to incorporate
detailed chemistry whilst maintaining low computational times [1].

Several different strategies for achieving stable HCCI have been investigated including;
heating the intake air [2], boosting the intake pressure [3], varying the compression ratio
[4] and the use of dual fuels or fuel additives [5]. The application of alternative fuels, such
as n-butane, propane, ethanol etc., has also been explored [3].

There are still problems with HCCI operation. Due to the low combustion temperatures,
HCCI operation can produce high CO and unburned hydrocarbon (UHC) emissions. Cur-
rently HCCI can only be used within a narrow operating range. The low load limit occurs
when the fuel concentration is too low to be ignited properly causing unstable operation.
During startup the charge is too cold for HCCI operation. At high loads the large rates of
heat release lead to engine knock.

A possible solution is to switch back to a conventional mode of operation at certain loads.
The transition from SI or CIDI to HCCI is challenging due to the different temperatures
and exhaust gas composition in each of the modes of operation [6, 7]. Switching from
HCCI to another mode is less problematic, however it is still important to obtain a smooth
transition [8].

To achieve HCCI combustion at compression ratios used in SI engines a NVO can be
used to trap exhaust gas in the cylinder, and utilize its thermal energy to raise the IVC
temperature [9, 10]. It also dilutes the charge, reducing the rate of heat release, making it
possible for higher loads to be achieved without knock. EGR increases the heat capacity
of the charge, which reduces the effect of air temperature on combustion [11] and reduces
the peak combustion temperature, helping to prevent NOx formation [12]. The use of in-
ternal EGR causes each cycle to rely on the temperature and exhaust gas composition of
the previous cycle. It was found that oscillatory cycles can occur when a late combustion
is quenched, causing a large amount of UHC to be present in the residual gas which burns
during NVO advancing the following cycle’s combustion phasing [10].
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Certain exhaust species retained by EGR may have a large influence on the combustion in
the following cycle. At high EGR ratios, combustion duration may be shortened by CO2

and H2O [13]. It has also been suggested that H2O advances ignition timing by a chemical
effect [12]. It was found that low concentrations of NO caused combustion phasing to
advance [14, 15]. It was suggested that NO advances combustion by the production of the
reactive OH radical as shown in reaction (1).

HO2 · + NO 
 OH · + NO2 (1)

The use of direct injection (DI) enables the amount and timing of fuel injection to be var-
ied as well as allowing multiple injections per cycle. Injecting a fraction of the fuel during
NVO and the remainder during intake is a promising strategy for controlling HCCI. This
has been found to increase the lean limit and reduce fuel consumption [16]. It produces
a nearly homogeneous mixture which results in an efficient, stable and fast combustion
[17]. The early injection can also result in reduced NOx and UHC emissions for the same
reason [18]. Injecting during NVO can increase pumping losses from the drop in cylinder
temperature and pressure as the fuel evaporates [19]. The opposite effect can be observed
when heat is released during the NVO expansion [18]. The reactions that take place have
also been reported to increase the fuel’s ignitability and advance the combustion phasing
[20–22]. This effect is known as fuel reforming and can expand the lean limit of com-
bustion without increasing NOx emissions [16]. Advancing the NVO injection timing or
increasing the fraction of fuel injected can advance the main combustion phasing due to
increased NVO heat release and fuel reforming [20–22]. The magnitude of control these
strategies offer is however highly dependent on the amount of O2 available during NVO
[23].

Simulations can be used to gain further insight into the complex processes occurring in
HCCI engines and may be used for optimizing control [24]. When a large amount of
EGR is used, multi-cycle simulations are required to couple consecutive cycles. PDF
based models can be used with detailed chemistry at relatively low computational cost
making them a useful tool for multi-cycle engine simulation.

The paper is structured as follows. Details of the model are described in the next section.
The following section shows results from the calibrated model. Simulation and experi-
mental results are then compared at various split ratios and injection timings. Next an
investigation into the causes of cycle to cycle variations (CCV) and unstable operating
conditions is presented. The effect of fuel reforming is then discussed and some interest-
ing results regarding the effect of NOx on combustion phasing are shown. Conclusions
are drawn in the final section.

4



2 Model Details

The previously developed Stochastic Reactor Model (SRM) [1, 25, 26] has been used to
simulate an HCCI engine operated with a 146 CAD NVO. The model is based on the
PDF transport equation [27] and uses the Euclidean Minimum Spanning Tree (EMST)
mixing model [28]. The model also contains stochastic heat transfer and direct injection
sub-models. A detailed Primary Reference Fuel (PRF) chemical mechanism containing
157 species and 1552 reactions was used.

Details of the engine are given in Table 1. A split injection strategy was used, in which
20-40 % of the fuel was injected during NVO, referred to as pilot injection. The pilot
injection timing was also varied. The second injection took place during the intake stroke
and was assumed to result in a homogenous mixture at IVC. For this reason all particles
at IVC were given the same composition and temperature. The cooling effect of spray
evaporation was accounted for at IVC. The compositions at IVO and EVO were stored
and used as the EGR composition at the following closed valve event. The mass and
composition of EGR at IVO was also stored and used as the mass and composition of
EGR at IVC. It was assumed that any EGR lost through the intake valve is re-inducted
during the next intake stroke and that the difference in its composition and mass between
consecutive cycles is small enough to cause no effect. Due to fluctuations in air and EGR
mass in each cycle, the fuel mass rather than equivalence ratio was set and the EGR mass
instead of ratio was used. The SRM was coupled with GT-Power, a one dimensional
engine simulation tool, to enable multi-cycle simulation. GT-Power was used to model
heat and mass flow through the engine during the intake and exhaust events. Each case
was run for 40 cycles with 100 stochastic particles.

Table 1: Engine specifications.
Cylinders 4
Fuel 95 RON gasoline
Bore [mm] 87.5
Stroke [mm] 83.0
Con. rod length [mm] 146.3
Disp. volume [cm3/cyl] 499
CR 12
IVO [CAD BTDC] 295
IVC [CAD BTDC] 125
EVO [CAD ATDC] 109
EVC [CAD ATDC] 279
Start of main inj. [CAD BTDC] 260
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3 Model Calibration

The different operating conditions modelled are given in Table 2. The base case, case 1,
was used to calibrate the engine model parameters. Cases 2 and 3 had different fuel split
ratios compared to the base case. The fuel split ratio is the mass of fuel supplied in the
main injection divided by the total amount used per cycle. Cases 4 and 5 had different
pilot injection timings to the base case.

Table 2: Engine operating conditions.
Case 1 2 3 4 5
Fuel split 0.8 0.7 0.6 0.8 0.8
Pil. inj.[CAD ATDC] 315 315 315 305 285
Fuel [mg/cyl/cyc] 9.77 9.85 9.90 9.75 9.78
λ 1.33 1.32 1.31 1.32 1.29
Speed [RPM] 1511 1511 1511 1510 1513
BMEP [bar] 2.62 2.61 2.61 2.60 2.59

Figure 1a shows the average pressure profiles during the main combustion of case 1 for 40
simulated and 200 experimental cycles. The simulation matches experimental data well.
The NVO pressure profiles are compared in Figure 1b and suggest the simulated heat re-
lease during NVO is slightly lower and occurs later than it does in the experiment. Peak
pressures against the crank angle they occurred for forty consecutive cycles are compared
with experimental results in Figure 2. Peak pressures occur slightly earlier in the simula-
tion than the experiment. The average fuel air equivalence ratio obtained in the simulation
was 1.25, compared with a measured value of 1.33. This value is important as a poor
match would suggest incorrect EGR mass and temperatures at IVC and EVC. Emissions
data is given in Table 3. The NOx result suggests temperatures in the simulation were a
good match to the experiment. The model contains a crevice but no wall impingement
sub-model, which could be one cause of the low UHC and CO emissions obtained in the
simulation. The engine was also operated in SI mode at the same speed and load with an
injection timing of 308 CAD BTDC, producing 3120 ppm UHC and 4900 ppm CO. These
are very close to the HCCI values suggesting that wall impingement could be a major
cause of UHC and CO in the engine. The UHC emissions should not have a direct impact
on the following combustion due to the fuel injected during NVO, however the NVO heat
release may be effected. Consecutive cycles did not appear to show a trend as can be seen
by comparing peak pressures in Figure 3. This result agreed with the experimental data.

3.1 Fuel Split

The fuel split ratio was varied in cases 1-3 as shown in Table 2 with the other parameters
the same as in Table 1. All model parameters used were kept constant apart from the
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Figure 1: Average pressure profile during main combustion and NVO of 40 simulated and
200 experimental cycles of case 1.
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Figure 2: Peak pressure against the crank angle it occurs for 40 simulated and 200 ex-
perimental cycles of case 1.
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Table 3: Average emissions over 200 experimental and 40 simulated cycles (33 cycles for
case 3).

Case 1 2 3 4 5
NOx [ppm] Exp. 15.2 20.5 24.7 14.3 16.9
NOx [ppm] Sim. 8.0 9.9 10.9 8.0 7.8
CO [ppm] Exp. 1032 1008 1029 964 956
CO [ppm] Sim. 13.1 244.3 115.2 281.2 89.4
UHC [ppm] Exp. 2958 2789 2604 2924 2974
UHC [ppm] Sim. 8.5 57.2 30.5 65.2 22.1

values given in Table 2, which were varied in the experiments. Figure 4a shows a decrease
in the fuel split ratio caused an advance in combustion phasing. The same trend was seen
in the simulation as shown in Figure 4b. The average peak pressure was however lower
with lower fuel split ratios, which did not occur in the experiment. This was probably due
to a larger variation in combustion phasing in the simulations and the effect of averaging
the pressure profiles.

Table 4: Average results over 40 cycles (33 cycles for case 3).
Case 1 2 3 4 5
Lambda 1.25 1.24 1.23 1.25 1.25
Lambda NVO 1.02 0.93 0.85 1.02 1.02
IVC T [K] 503.5 503.9 502.8 504.3 506.1
EVC T [K] 695.0 697.5 697.3 695.9 694.4
NVO heat rel. [J] 43.1 43.5 42.7 43.6 45.2
CA50 [deg ATDC] 3.6 3.5 3.3 4.1 2.9
Internal EGR [%] 48.2 48.1 48.0 48.2 48.1

The advance in combustion phasing has been reported in the literature as due to increased
NVO heat release and due to the fuel becoming more reactive from reactions during NVO.
The average IVC temperatures in cases 1-3 are given in Table 4 and show only a slight
variation as does the NVO heat release. This suggests the reason for advanced combustion
phasing is the fuel reforming effect. The NOx emissions increased as more fuel was in-
jected during NVO, matching the experimental trend. This is probably due to combustion
occurring closer to TDC resulting in higher temperatures. By comparing Tables 4 and 2, it
can be seen that the air fuel equivalence ratio decreased with a decrease in fuel split ratio,
which was also observed in the experiment. Figure 5 shows the NVO pressure profiles
in the experiment and simulation for the three cases. The pressure before TDC is lower
when the fuel mass injected during NVO is increased. This was due to the evaporation of
the fuel cooling the charge. The effect of varying fuel split ratio is investigated further in
the Fuel Reforming section.
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Figure 3: Peak pressure against the cycle it occurs for 40 simulated cycles of case 1.
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Figure 4: Average combustion pressure profiles over (a), 200 experimental cycles for
cases 1-3, and (b), 40 simulated cycles for case 1 and 2, and 33 cycles for
case 3.
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Figure 5: Average NVO pressure profiles over (a), 200 experimental cycles for cases 1-3,
and (b), 40 simulated cycles for case 1 and 2, and 33 cycles for case 3.

The average pressure profiles and values for case 3 are only for the first 33 cycles as a
misfire occurred in cycle 34. This will be discussed in the Cyclic Variation and Instabili-
ties section.

3.2 Injection Timing

The pilot injection timing was varied in cases 1, 4 and 5 as shown in Table 2 with the
other parameters the same as in Table 1. All model parameters were kept constant apart
from the values given in Table 2, which were varied in the experiments. Figure 6a shows
an advance in pilot injection timing caused an advance in combustion phasing. The same
trend was seen in the simulation as shown in Figure 6b.

The average IVC temperatures increased as the pilot injection timing was advanced. This
was due to increases in NVO heat release, given in Table 4. Figure 7 shows the NVO
pressure profiles in the experiment and simulation for the three cases. The peak pressure
increased as the pilot injection timing was advanced due to increased heat release. The
increase in NVO heat release is caused by an increase in the fuels residence time in the
cylinder. This will lead to a less stratified mixture and allows more time for reactions to
occur.
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Figure 6: Average combustion pressure profiles over (a), 200 experimental cycles and (b),
40 simulated cycles for cases 1, 4 and 5.
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Figure 7: Average NVO pressure profiles over (a), 200 experimental cycles and (b), 40
simulated cycles for cases 1, 4 and 5.
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4 Results and Discussion

For all of the cases the simulation showed larger CCV and slightly advanced average
combustion phasing. The gasoline fuel was simulated with a PRF mechanism. Due to the
high temperature and low pressure experienced at IVC and EVC in an HCCI engine with
NVO, it is likely the octane index (OI) of the fuel will be lower than the actual RON. It
is also likely that it will be lower during NVO compared to the main combustion due to
the higher temperature at similar pressure. A PRF mixture with a RON of 60 was used
for both so it may be true that a higher main combustion PRF RON should have been
used which may have delayed the start of combustion bringing the simulations more in
line with the experiment. Another problem was with case 3 where a large amount of fuel
was injected during NVO. The actual fuel split comes from the ratio of injector voltage
pulse widths during each injection. It is likely that the actual ratio of pilot fuel to total
fuel was lower due to the delay before the fuel flowrate through the injector reaches its
maximum taking up a higher percentage of injection time for a shorter injection period.
Further investigations into the results are discussed in the following sections.

4.1 Cyclic Variation and Instabilities

The simulation of case 3 started well but then large CCVs developed which ended in
complete misfire as can be seen in Figure 8. The cycles fluctuate between high and low
peak pressures corresponding to early and late combustion phasing. From Figure 9 it can
be seen that heat release during NVO fluctuated between values centred at 30 J and 60 J.
The heat release during NVO has a strong impact on IVC temperature which in turn has a
large impact on combustion phasing. The cause of misfire in the simulation of case 3 was
a low IVC temperature resulting from too low heat release during NVO.

Figure 9 shows no trend between EVC temperature and NVO heat release. The equiva-
lence ratios after pilot injection fall into clusters centred at 1.19 and 1.15 at heat release
values of 30 J and 60 J respectively. This suggests the mass of O2 trapped at EVC limits
the NVO heat release observed in the simulation. Figure 10 shows the 40 consecutive
fuel air equivalence ratios during NVO after the pilot injection. The values alternate be-
tween close to 1.15 and 1.19. This can explain the oscillating peak pressures observed.
High IVC temperatures are caused by a large amount of NVO heat release. A high IVC
temperature causes an advanced combustion phasing and a high peak pressure. The high
IVC temperature also reduces the mass of air inducted during the intake stroke. This in
turn causes low NVO heat release due to limited O2 availability and a retarded combus-
tion phasing in the following cycle. The simulated fuel air ratio was slightly richer than
the measured value (see Tables 2 and 4) which could explain why the simulation became
unstable and the experiment did not.
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4.2 Fuel Reforming

The calibrated model was used to investigate the effect of fuel reforming. NVO simula-
tions of case 1 were run with varying air mass fractions. The temperature at EVC was
694 K and the composition was taken from a combustion cycle with a peak pressure close
to the average. Figure 11 shows that an increase in the oxygen mass during NVO results
in more NVO heat release which agrees with the analysis in the previous section. The
mass fraction of carbon species containing different numbers of carbon atoms are com-
pared for the 0.94 and 1.03 fuel air equivalence ratio cases in Figure 12. The compositions
are given at 10 CAD after pilot injection, when the fuel had evaporated, and at IVO. The
figure shows the C7 and C8 mass fractions decrease during NVO as the PRF injected is
split into smaller molecules. The richer case maintains higher C7 and C8 mass fractions
as the reactions do not proceed as far as in the lean case. The C5 and C6 mass fractions
increase in the rich case and decrease in the lean case. Mass fractions of C2 to C5 increase
in both cases but to a higher extent in the rich case. In the rich case the CO and CO2 mass
fractions increased by 5.7×10−3 and 4.8×10−4 respectively. In the lean case the CO and
CO2 mass fractions increased by 1.0×10−2 and 1.3×10−2 respectively.

The compositions at IVO were then used in identical combustion simulations to asses
the chemical effect of the reformed fuel on combustion phasing. An IVC temperature
of 503.5 K was used in all of the simulations. Comparing Figures 11 and 13 shows an
increase in NVO heat release caused the combustion phasing to retard. The results suggest
the further the reactions proceed during NVO, the less reactive the charge becomes.
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The same combustion EVO composition, total fuel mass and EVC temperature used in the
previous NVO parameter sweep was used in simulations with different fuel split ratios.
The EVC air mass fraction was the same as for the 0.99 φ after pilot injection case. No
trend was seen in the NVO heat release as shown in Figure 14. The simulations resulted
in similar NVO heat release. To obtain the same heat release when more fuel is injected
suggests the reactions did not progress as far. Figure 15 compares the mass fractions of
C1-C8 species just after pilot injection and at IVO for the 0.81 and 0.59 fuel split ratio
cases. The figure shows the reactions in the 0.81 fuel split case proceed further than in
the 0.59 case. The CO and CO2 mass fractions increased by 1.2×10−2 and 2.9×10−3

respectively in the 0.81 fuel split ratio case. In the 0.59 fuel split ratio case the CO and
CO2 mass fractions increased by 1.3×10−2 and 2.8×10−3 respectively.

Figure 16 compares the CA50 when the IVO compositions from the NVO simulations
were used, along with the remaining fuel, in combustion simulations with IVC tempera-
tures of 503.5 K. The figure suggests a decrease in fuel split ratio causes an advance in
combustion phasing. When the fuel split ratio was 0.75 the NVO heat release was much
lower than the other cases. This resulted in an advanced combustion phasing similar to
the 0.59 fuel split case. The heat released during NVO per mass of pilot fuel injected was
7120 J/g and 8220 J/g in the 0.59 and 0.75 cases respectively. The results suggest that
lower NVO heat release per mass of pilot fuel injected results in a more reactive charge.
A combustion simulation was run with the same EGR mass but the composition was that
used at EVC. All of the fuel was added to investigate the combustion phasing without fuel
reforming. The CA50 for this case was 1.3 deg ATDC. This case was also run with the
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Figure 16: CA50 during main combustion using EGR from NVOs with different fuel split
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NOx removed from the EGR resulting in a CA50 1.9 deg ATDC.

These results can be used to explain why a decrease in fuel split ratio caused an advance
in combustion phasing. At similar equivalence ratios and EVC temperatures the NVO
heat release did not vary much when different mass of fuel was injected during NVO.
This meant the heat released per mass of fuel was lower when more was added and the
reactions did not proceed as far. The results suggest that for the same NVO heat release
the fuel is more reactive if a larger percent of it undergoes a lower amount of reforming
reactions. This agrees with the experimental and model results of cases 1-3. In cases 1,
4 and 5, more heat was released as the injection timing was advanced resulting in a less
reactive charge. The increase in IVC temperature however had a stronger effect causing
combustion phasing to advance. The fuel used in the experiments was 95 RON gasoline.
This was simulated with a 60 RON PRF which may not capture the same properties how-
ever the simulated pressure profiles matched the trends seen in the experiment well.

4.3 NO Effect on Combustion Phasing

The effect of NO on combustion phasing was investigated using the SRM. The engine
parameters and operating condition used are given in Table 5. The concentration of NO
in the cylinder charge was varied between 0 and 503 ppm. A simulation was also run with
503 ppm NO2 for comparison.
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Table 5: Engine specification and operating condition.
Fuel Iso-octane
Bore [mm] 102.0
Stroke [mm] 120.0
Con. rod length [mm] 192.0
CR 13.8
Disp. volume [cm3/cyl] 980.6
Lambda 2.7
Speed [RPM] 1200
Temp. at IVC [K] 430
Pres. at IVC [bar] 1.04
IVC [CAD BTDC] 155

The combustion phasing was advanced by the addition of NO to the charge, as can be
seen from Figure 17. The effect is greatest at low levels of NO, which could be important
for low NOx HCCI combustion. The results are very similar to those that have been ob-
tained experimentally, where a 250 ppm NO concentration advanced combustion phasing
by roughly 6 CAD [14]. This was for an 84 RON PRF fuel in an HCCI engine operated
at 900 RPM with a compression ratio of 13.6, air fuel equivalence ratio of 3.0 and inlet
conditions of 1 bar and 100 ◦C.

4.4 NOx in the NVO

The NOx retained in the cylinder by early EVC is compressed with fresh fuel and the
other exhaust gas components. The results from the calibrated engine simulation show
NOx present at EVC to disappear during NVO. A detailed flux analysis has shown the
nitrogen in NOx is mostly converted to HNCO and HCNO. Figure 18 shows the flux
of nitrogen between species during NVO and the main reactions causing the flux. The
arrow thickness corresponds qualitatively to the magnitude of the flux and the reactions
in parentheses contribute to small amounts of the flux. The main reactions that occur are
reactions (2), (3), (1) and (4).

HNO · + H· 
 NO + H2 (2)

NO + H · + M 
 HNO · + M (3)

NO2 + CH3· 
 NO + CH3O· (4)

The fluxes between NO and HNO were roughly twice those between NO and NO2. The
integrated flux of the reaction between NO and HCCO was roughly 20 times lower than
those between NO and NO2. The three reactions between NO2 and HCCO all occurred at
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Figure 17: CA50 plotted against the concentration of NOx at IVC.

about the same rate, which was around half that between NO and HCCO. The net fluxes
are shown in Figure 19, where it can be seen the nitrogen from NO and NO2 is mostly
converted to HCNO and HNCO. The number of moles of NO, NO2, HCNO and HNCO
during NVO are shown in Figure 20.

The concentration of NOx at EVC was varied to investigate the effect of NOx on NVO
heat release. The ratio of NO to NO2 at EVC was left unchanged. The cumulative heat
release during NVO is shown in Figure (21). It was found that an increase in EVC NOx

resulted in less NVO heat release, which is likely to cause a retarded combustion phasing.
This is opposite to the effect when increased levels of NOx are present at IVC. The rates of
reactions 3 and 4 were extremely large in the NVO simulations. The overall effect of the
two reactions is to combine the H radical to form molecular hydrogen. To asses their effect
on NVO heat release simulations were done with them removed from the mechanism,
referred to as mech2. Mech1 refers to the standard mechanism used. Figure 22 suggests
these reactions were responsible for the decreased NVO heat release when EVC NO was
increased. With the reactions removed an increase in NO caused an increase in NVO heat
release compared to a decrease when the mechanism was not altered. This could have two
important effects. Firstly the reduction in concentration of the H radical. Secondly, H2 is
known to reduce OH concentration by reaction (5) [29].

H2 + OH· 
 H2O + H· (5)

The rate of this reaction was found to increase with a decrease in EVC NOx, shown in Fig-
ure 23. Higher H2 concentrations occur when less NOx is present suggesting the hydrogen
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Figure 18: Molar flux of nitrogen integrated over NVO and main reactions that contribute
to each flux.
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Figure 19: Net molar flux of nitrogen integrated over NVO.
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Figure 20: Moles of NO, NO2, HCNO and HNCO during NVO.
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Figure 21: Cumulative heat release during NVO with different initial NOx concentra-
tions.
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Figure 22: Cumulative heat release during NVO with different initial NO concentrations
and mechanisms.
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Figure 23: Rate of reaction (5) during NVO with different initial NOx concentrations.

produced by reaction 2 is not the reason for a decrease in heat release. The reduction in
the H radical concentration by reactions 2 and 3 is the likely cause. This effect may also
contribute to CCV as advanced high temperature combustion produces more NOx result-
ing in less heat release during NVO, a colder IVC temperature and a retarded combustion
in the following cycle.

5 Conclusion

A stochastic reactor model (SRM) was calibrated to simulate an HCCI engine operated
with NVO and a split fuel injection strategy. The model captures trends in combustion
phasing and NOx emissions at different pilot injection timings and fuel split ratios.

When 40 % of the fuel was injected during NVO, large peak pressure oscillations between
consecutive cycles occurred in the simulation resulting in misfire in the 34th cycle. A high
IVC temperature caused an advanced combustion phasing and a richer cylinder charge.
The low O2 concentration caused low NVO heat release. This in turn caused a retarded
combustion phasing but a leaner mixture and high NVO heat release in the following cy-
cle.

The chemical effect of fuel reforming on combustion phasing was investigated using
60 RON PRF and a detailed PRF mechanism. Increasing the O2 concentration increased
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NVO heat release at the conditions studied. The reformed fuel became less reactive the
further reactions proceeded towards complete oxidation during NVO.

Advancing the pilot injection timing caused an increase in NVO heat release and ad-
vanced the main combustion phasing. The higher IVC temperature caused by increased
NVO heat release had a greater effect on combustion phasing than the reactions during
NVO that made the fuel less reactive.

Decreasing the fuel split ratio advanced combustion phasing. The percentage of reformed
fuel increased but the reforming reactions did not proceed as far. The heat released during
NVO and IVC temperature only showed a slight variation. The reduced progression of
the oxidation reactions during NVO had a larger effect on the main combustion phasing
than the increased mass of reformed fuel.

The effect of NOx in the model was investigated. Increasing NOx concentration at IVC
advanced combustion phasing as has been reported in the literature. In the simulations
the NOx was consumed during NVO preventing its occurrence at IVC. Increased levels of
NOx were found to decrease NVO heat release due to reactions involving HNO consum-
ing the reactive H radical.
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List of Abbreviations and Symbols

Abbreviations

ABDC After Bottom Dead Center
ATDC After top dead centre
BBDC Before Bottom Dead Center
BTDC Before top dead centre
CAD Crank angle degree
CA50 Crank Angle at 50 % heat release
CCV Cycle to cycle variations
CFD Computational fluid dynamics
CI Compression Ignition
CIDI Compression ignition direct injection
CPU Central processing unit
CR Compression ratio
DI Direct Injection
EGR Exhaust gas recycle
EMST Euclidean minimum spanning tree
EVC Exhaust valve close
EVO Exhaust valve open
HCCI Homogeneous charge compression ignition
ICE Internal Combustion Engine
IVC Inlet valve close
IVO Inlet valve open
NVO Negative valve overlap
OI Octane Index
PDF Probability density function
PRF Primary reference fuel
RON Research octane number
RPM Revolutions Per Minute
SI Spark ignition
SRM Stochastic reactor model
TDC Top dead centre
UHC Unburned hydrocarbons

Symbols

φ Fuel/air equivalence ratio [-]
λ Air/fuel equivalence ratio [-]
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