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A B S T R A C T   

This work is an investigation on the influence of both residual gas and ozone on the combustion process in an 
HCCI engine fuelled with iso-octane/air/ozone mixtures and on how ozone reacts with residual gases. It is well 
known that ozone releases oxygen atoms mainly through the O3 + M⇄O2 + O + M reaction and this may lead to 
an improvement of the engine combustion. Nevertheless, the chemical interaction between ozone and the species 
in the residual gas has not yet been investigated in the literature. CFD simulations of a closed-valve engine cycle 
have been carried out by using an axisymmetric domain. The model has been validated against experimental data 
and a parametric analysis has been carried out to assess different compositions and amounts of residual gases on 
the engine performance. The results show that during compression ozone enables Low-Temperature Combustion, 
with a small amount of heat released before the occurrence of auto-ignition. The combustion is faster and 
advanced with a reduction of UHCs and an increase of NOx. The results show that the influence of ozone is more 
effective as the mass of residual gases increases. With an ozone concentration of 35 ppm at IVC the gross work 
per cycle increases by 2.52 %, 3.58 % and 5.7 %, compared to the case without ozone, with 0 %, 5 % and 10 % by 
mass of residual gases, respectively. It can be concluded that ozone is more beneficial for cases where combustion 
is slower due to the higher amount of residual gases.   

1. Introduction 

In the last decades, world energy consumption has continued to grow 
significantly, from about 88,000 TWh in 1980 to about 177,000 TWh in 
2021, more than doubling over 41 years [1,2]. Despite producing more 
and more energy from renewable resources every year, the global energy 
mix is still dominated by fossil fuels, whose consumption is globally 
increasing [1]. In the International Energy Outlook 2021 (IEO2021) [2], 
the U.S. Energy Information Administration stated that global energy 
consumption will increase by almost 50 % over the next 30 years, and 
the majority of this increase will be driven by non-OECD (Organization 
for Economic Cooperation and Development) countries, mainly due to 
the continuous population growth and the development needs of weak 
and less technological countries. Renewable energy resources, such as 
solar and wind energy, have strong fluctuations and are not always 
available and enough to meet energy demand. Therefore, combustion 
still plays a fundamental role in the today’s society, both for trans-
portation and for energy production. The increase in global energy de-
mand, however, conflicts with the need to reduce polluting emissions in 

order to safeguard the environment and human health. About 
three-quarters of global Greenhouse Gas (GHG) emissions come from the 
energy sector (about 73.2 %), while the transport sector accounts for a 
contribution of about 16.2 %. Road transport accounts for about 
three-quarters of transport emissions; most of this comes from passenger 
vehicles (cars and buses), which contribute 45.1 %, and the other 29.4 % 
comes from freight trucks [3,4]. 

Considering both the energy and the climate context, there is a need 
to develop efficient strategies and technologies for Internal Combustion 
Engines (ICEs), in terms of both performance and reduction of pollutant 
emissions. Several new combustion strategies aim to combine the ad-
vantages of Spark Ignition (SI) engines with those of Compression 
Ignition (CI) engines, while reducing the negative aspects of both 
technologies. In most cases, these unconventional engines are based on 
Low Temperature Combustion (LTC) strategies [5–7], such as the Ho-
mogeneous Charge Compression Ignition (HCCI) combustion engine, 
which are characterized by low emissions, such as SI engines, and high 
efficiency, such as CI engines. Specifically, HCCI engines are charac-
terized by very fast combustion of highly diluted fuel vapor and air. The 
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mixture of fuel and air is compressed until near-simultaneous auto--
ignition occurs at several locations in the combustion chamber. The use 
of a highly diluted mixture limits soot production and reduces the risk of 
detonation. Moreover, thermal NOx formation decreases significantly, 
since the average combustion temperature is relatively low [7–9]. 

In HCCI engines auto-ignition and the whole combustion process are 
governed by a complicated chemical kinetics, so the proper control of 
chemistry is the crucial aspect of this type of engine. Other critical issues 
concern with the i) imperfect charge homogeneity; ii) emissions of un-
burned hydrocarbons (UHCs) and CO due to the need to operate at very 
low equivalence ratios such that incomplete combustion may occur; iii) 
high pressure rise rate due to the quasi-simultaneous occurrence of 
many ignition kernels; iiii) high cycle-to-cycle variability and narrow 
engine operating range. In order to overcome such challenges, many 
factors [10–12] have been investigated: equivalence ratio; composition 
and temperature of the charge [13]; the shape of the combustion 
chamber, which affects turbulence and combustion [14–16]; wall heat 
transfer; lubricating oil effect [17]; EGR [18,19]; the use of oxidising 
species, such as O3 or NOx [20–23]. 

As for the latter issue, many studies in recent decades have dealt with 
the properties of ozone and its influence on combustion systems [24]. 
There are several features of ozone that are interesting in the combus-
tion process. One of those is its relatively long lifetime (about 25 h at 
room conditions and zero humidity) [25]. Thus, ozone can be available 
in the combustion chamber to promote fuel oxidation. Another relevant 
aspect of ozone is its efficient and economical production even under 
high-pressure conditions. These conditions are typical of most com-
bustion devices. Studies conducted on ozone assisted combustion have 
covered several aspects such as: mixture ignition, flame propagation 
speed, flame structure and stability. The benefits of using ozone in 
combustion systems are mainly due to the atomic oxygen available by 
the ozone decomposition reaction, i.e. O3 + M⇄O2 + O + M. Noma-
guchi and Koda [26] measured the burning velocity of CH4/Air mixture 
at room and stoichiometric conditions. The results showed that, by 
adding 5000 ppm of ozone to the mixture, the burn rate increases by 5 
%. Similar results were also obtained by Halter et al. [27]. Ombrello 
et al. [28] investigated the thermal and kinetic effects of O3 on flame 
propagation by using C3H8/O2/N2 laminar lifted flames. They observed 
an acceleration of chemical kinetics with ozone by comparing flame 
stabilization locations for cases with and without O3. The IDT of a 
CH4/O2/O3/Ar mixture was studied by Xie et al. [29] using a Rapid 
Compression Machine (RCM), thus showing that IDT decreases with 
ozone addition. Similar results were also obtained by D’Amato et al. 
[30] for isooctane/O3/air mixtures. Gao et al. [31] examined the effect 
of ozone on methane, propane and ethylene, finding that the laminar 
flame speed at room conditions increased for alkanes and decreased for 
ethylene, due to ozonolysis reactions. Vu et al. [32] carried out experi-
ments with CH4/air and C3H8/air mixtures, finding that ozone addition 
was able to stabilize an initially unstable flame, due to the increase in the 
laminar flame speed. Similar results were also obtained by Zhang et al. 
[33]. They found that the flammability limits of syngas were extended 
with ozone addition. Khan et al. [34] investigated the effects of O3, H, 
CO and EGR addition to Haltermann gasoline by evaluating laminar and 
turbulent flame speeds using spherically propagating premixed flames in 
a constant volume combustion vessel. The authors found that the in-
crease of the initial temperature and pressure of the mixture resulted in a 
significant increase in the laminar flame speed. Similar results were also 
obtained by D’Amato et al. [35,36], who conducted a numerical 
investigation on the laminar flame speed of iso-octane/air and meth-
ane/air mixtures. With iso-octane, ozone can generate a cool flame [35], 
thus increasing the laminar flame speed due to the different reaction 
paths. Recently, the influence of ozone on flame ignition and propaga-
tion, detonation and explosion limits for H2/O2 mixtures has been 
investigated in [37–40]. The main conclusions are that ozone increases 
flame speed and influences both reactions and preferential diffusion, 
mainly due to the reaction with H, i.e. H+ O3⇄O2 + OH. 

Since ozone influences ignition timing and flame acceleration and 
stabilization, various ICEs parameters may be influenced, such as igni-
tion timing, heat release rate, operating range, pollutant emissions. 
Nishida and Tachibana [41] investigated the use of ozone to control the 
auto-ignition timing in an HCCI engine by conducting both experimental 
and numerical analyzes. The results encouraged the use of ozone for this 
purpose, showing that it is a good practice to control the auto-ignition 
timing by varying the ozone concentration. Similar results were also 
obtained by Foucher et al. [20], who studied the influence of ozone in an 
n-heptane-fuelled HCCI engine and observed that the addition of 50 ppm 
of O3 was able to advance ignition by about 15 CAD. Masurier et al. [42] 
showed that the addition of ozone allows controlling the combustion 
phasing and increasing the indicated mean effective pressure in HCCI 
engines fed with alcohol fuels. Yamada et al. [43] studied the use of 
different additives in a mixture with DME as fuel in an HCCI engine, 
finding that ozone, other than advancing the auto-ignition timing, 
reduced the ignition temperature of the cool flame. Masurier et al. [22] 
considered different Primary Reference Fuels (PRFs) to evaluate ozone 
effect on a single cylinder of an HCCI engine. The authors found that 
ozone promoted the formation of a cool flame and advanced the entire 
combustion process. Masurier et al. [23] evaluated the influence of 
ozone with NO and NO2 as additives, finding that ozone was the species 
that most advanced and accelerated the combustion process. Pinazzi and 
Foucher [44,45] investigated the influence of ozone in an engine oper-
ating under Partially Premixed Compression Ignition (PPCI) mode with 
direct gasoline injection. The authors found that ozone had a greater 
impact on the engine performance if fuel injection was advanced. 
Seignour et al. [46] carried out experiments using an ultraviolet light 
absorption diagnostic to understand the influence of specific parameters 
and species on ozone decomposition in an HCCI engine. They found that 
iso-octane and water vapor had a greater effect on ozone decomposition. 
Seignour et al. [47] examined ozone-assisted combustion in an HCCI 
engine, comparing hydrogen and iso-octane as fuels. Analyzes were 
conducted on the influence of intake pressure, intake temperature and 
ozone on the combustion for both fuels. They found that ozone had the 
greatest impact, and it was also used to shift the combustion region of 
isooctane in order to make a valid comparison with hydrogen. Anaclerio 
et al. [48] conducted experiments to evaluate the effect of ozone in a 
gasoline SI engine. The results showed an advance and increase in the 
in-cylinder pressure peak with ozone addition, resulting in auto-ignition 
and knocking for high ozone concentrations in stoichiometric mixtures, 
whereas, under lean conditions, ozone increased flame stability and 
shortened combustion duration. 

The aim of this work is to evaluate the combined effect of ozone and 
residual gases in an HCCI engine fuelled by isooctane. Pinazzi e Foucher 
[44,45] showed that, in a PCCI engine, ozone effect is limited by the 
presence of nitrogen oxides, due to direct reactions between O3 and NOx. 
Similar results were also obtained by Masurier et al. [23], who studied 
the performance of an HCCI engine with three different oxidizing 
chemical species (O3, NO and NO2) added to the mixture. The results 
showed that, by injecting only one species, ozone was the species that 
most advanced the auto-ignition. By adding nitrogen monoxide and 
ozone to the mixture, a combustion delay occurred, with a molar frac-
tion of ozone less than that of NO. As the mass of ozone increases to a 
value comparable to that of NO, an advanced combustion process 
occurred once again. These results suggest that the beneficial effect of 
ozone could be altered by the presence of NO, due to imperfect cylinder 
flushing and/or exhaust gas recirculation. On the other hand, there are 
both numerical and experimental studies that investigated the influence 
of ozone in compression ignition engines with the addition of EGR [46, 
49–51]. Seignour et al. [46] carried out experiments using an ultraviolet 
light absorption diagnostic to understand the influence of N2, CH4, CO2 
and H2O on ozone decomposition in an HCCI engine. The results showed 
that CO2 has no effect on the rate of ozone decomposition. Instead, ni-
trogen, methane and humidity have a great impact, reducing the time of 
ozone decomposition as the amount of nitrogen, methane or water 
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vapour increases. Similar analyzes were carried out by Song and 
Foucher [49] under engine relevant conditions in a rapid compression 
machine. The authors found that ozone decomposition is promoted by 
steam. Furthermore, the enhancement of ozone decomposition in the 
presence of methane is lower compared to that obtained with iso-octane. 
Sayssouk et al. [50] developed a 0-D model to predict the combustion 
parameters of an HCCI engine with the addition of different amounts of 
ozone and EGR. However, EGR consisted only of N2 to obtain different 
degrees of dilution and not to investigate the chemical reactions be-
tween EGR and ozone. In actual engines, EGR consists of thermal active 
components, such as CO or UHCs, that can influence the combustion 
timing. Kobashi et al. [51] carried out experiments on a GCI engine with 
the addition of ozone by recirculating a certain amount of exhaust gas. 
However, the chemical interaction between ozone and other species in 
the chamber was not investigated. In this scenario, the objective of this 
work is to understand how ozone reacts in the presence of residual gases 
for an HCCI engine. To our knowledge, this issue has never been 
investigated from others. To this end, CFD simulations have been carried 
out by using the Eddy Dissipation Concept (EDC) combustion model, to 
accurately solve the chemical kinetics. Specifically, a typical composi-
tion of residual gases has been considered and a parametric analysis has 
been carried out by varying the mass of residual gas and ozone to study 
their chemical interactions during compression and to assess the influ-
ence of ozone on the performance of the engine. 

This work is organized as follows: first, the mathematical model, 
with emphasis on the combustion model, the test case and numerical 
method are described; then, both the validation results, based on 
experimental data available in the scientific literature, and the influence 
of ozone and residual gases on engine performances are discussed; 
finally, conclusions are summarized. 

2. The model 

Simulations have been performed by employing a 2-D CFD model, 
which solves the Reynolds-Averaged Navier-Stokes (RANS) equations by 
using the RNG k − ε turbulence model with standard wall functions. A 
multicomponent diffusion model has been employed to solve the 
transport equations for each chemical species [52]. The Ansys® Aca-
demic Research CFD package, Release 20.2, [53] has been used for the 
simulations. 

The combustion model and the numerical setup are detailed in the 
following subsections. 

2.1. The combustion model 

The Eddy–Dissipation Concept (EDC) model, proposed by Magnus-
sen [54] and revisited with minor modifications [55], has been used to 
simulate turbulent combustion. The model assumes that a reacting fluid 
can be divided into two parts: the small turbulent structures (fine-s-
cales), where chemical reactions occur, and the non-reactive region 
(surrounding fluid mixture). The characteristic length and time of the 
fine-scales [54,56,57] can be related to the kinematic viscosity of the 
fluid, ν, the turbulent kinetic energy, k, and the dissipation rate of tur-
bulent kinetic energy, ε. This is because turbulence causes the mixing of 
chemical species between the fine-scales and the surrounding fluid, and 
the energy cascade occurs up to the Kolmogorov scales. 

The fine-scales are defined as: 

ξ* = Cξ

(
νε
k2

)1
4

(1)  

τ* = Cτ

(ν
ε

)1
2
, (2)  

where ξ* and τ* are the dimensionless length fraction and the charac-
teristic time of the fine structures, respectively, and Cξ and Cτ are model 

parameters. 
To compute a generic flow property, ϕ, the following equation is 

used: 

ϕ = ϕ
◦ [

1 − (ξ*)
3]

+ ϕ*(ξ*)
3
, (3)  

where ϕ◦ is the fine-scales property and ϕ* is the value in the sur-
roundings. Therefore, the mean reaction rate of the i-th chemical species, 
R̄i, is defined as: 

Ri =
ρ(ξ*)

2

τ* (Yi
◦

− Yi
*) (4)  

where ρ̄ is the mean density of the fluid, and Y∘
i and Y*

i are the i-th 
chemical species mass fractions of the surrounding and the fine struc-
tures, respectively. Using Eqs. (1)–(3), R̄i can be written as: 

R̄i =
ρ̄(ξ*)

2

τ*
[
1 − (ξ*)

3] (Ȳ i − Yi
*) (5) 

In spite of the original version of the EDC model, where the fine- 
structures are modeled as perfectly stirred reactors (PSRs), the fine- 
structures are treated as plug flow reactors (PFRs). With such an 
assumption, the fine structures are solved for the fine-scale character-
istic time with a drastic reduction of the computational time. Hence, the 
following equation is solved at each time-step and in each numerical cell 
by assuming constant gas pressure and enthalpy during the time-step 
integration: 

dYi
*

dt
= ω̇i, (6)  

where ω̇i is the instantaneous net chemical production/consumption 
rate. The term ω̇i is computed by assuming that each reaction rate sat-
isfies the law of mass action with the forward rate coefficient, kf, given 
by the Arrhenius equation: 

kf = ATβe
− Ea
RT , (7)  

where A is the pre-exponential factor, β is the temperature exponent and 
Ea is the activation energy. Eq. (6) is integrated over τ* by using initial 
conditions based on the fluid properties. 

Finally, the mixture composition is computed by using the transport 
equation of each chemical species: 

∂
∂t
(ρYi) + ∇

→⋅(ρ v→Yi) = − ∇
→⋅ J→i + Ri (8)  

where ρ and v→ stand for density and velocity, respectively, Ȳi is the 
mean mass fraction of the i-th chemical species, and J→i is the diffusive 
mass flux of species i in the mixture. 

In the original version of the EDC model, the constants Cξ and Cτ are 
set in order to extend the validity range of the model and to achieve a 
good compromise between theoretical considerations and experimental 
data. Specifically, Cξ and Cτ are equal to 2.1377 and 0.4082, respectively 
[56]. For certain combustion configurations, such values have been 

Table 1 
Reference engine specifications.  

Bore 85 mm 
Stroke 88 mm 
Connecting rod 145 mm 
Displaced volume 499 cc 
Geometric compression ratio 16:1 
Intake valve closure IVC 157 CAD BTDC 
Exhaust valve opening EVO 140 CAD ATDC 
Equivalence Ratio 0.3 
Engine Speed 1500 rpm 
Fuel Iso-octane  
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modified as given in Ref. [58,59]. In this work, the constants are set to 

Cξ = 2.5652, Cτ = 0.4368 . (9)  

and have been slightly adjusted with respect to [56], to accurately 
simulate combustion in an HCCI engine. As regards the chemical ki-
netics, a skeletal kinetic mechanism for iso-octane [60], coupled with 

two sub-mechanisms for ozone [27] and nitrogen oxides [61], has been 
considered. Such a mechanism includes 187 chemical species in 931 
reactions and it has already been successfully employed in a previous 
work of the authors [35]. 

Fig. 2. Experimental (grey areas) and numerical results in terms of: (a) in-cylinder pressure; (b) heat release rate. In the legend, temperatures are in Kelvin and 
pressure in bar. 

Fig. 1. Computational grid at 30 CAD BTDC.  

M. D’Amato et al.                                                                                                                                                                                                                              



International Journal of Thermofluids 22 (2024) 100667

5

2.2. The test case and the numerical method 

In order to validate the numerical model, an engine operating under 
HCCI conditions has been considered. This engine has already been 
experimentally investigated in Ref. [21]. The main characteristics of the 
engine are summarized in Table 1. 

The vaporized iso-octane, air and ozone are mixed in a plenum 
located upstream of the intake manifold. The plenum is kept at a con-
stant temperature of 473 K. The intake pressure is set to 1 bar. Ozone 
concentration is measured downstream of the plenum by using an ozone 
analyzer and is a function of the capacity of the ozone generator. The 
experimental data have been collected in terms of in-cylinder pressure, 
from 30 CAD BTDC to 30 CAD ATDC every 0.1 CAD, during 100 working 
cycles. Ozone concentration is equal to 0, 3.1, 16 and 35 ppm, corre-
sponding to ozone generator capacity of 0, 5, 30 and 100 %, respec-
tively. The heat release rate has been obtained from in-cylinder pressure 
profiles by means of thermodynamic considerations. 

Numerical simulations are carried out with closed-valves, starting 
from intake valve closing (IVC = 157 CAD BTDC) to exhaust valve 
opening (EVO = 140 CAD ATDC). For instance, Fig. 1 shows the 
computational domain at 30 CAD BTDC. 

As shown in Fig. 1, an axisymmetric 2-D computational domain has 
been considered. This geometrical simplification is needed to drastically 
reduce the computational time due to the detailed chemical kinetics, 
which is solved for each numerical time-step and each numerical cell. 
The combustion chamber consists of a flat head and a cup in the piston. 
Crevices are also simulated, whose thickness is equal to 0.6 mm and 
whose volume is equal to 3.46 % of the volume at TDC. The mesh is 
composed of quadrilateral elements, except for the region near the pis-
ton cup profile. The grid at IVC consists of 16,346 numerical cells and 
has been generated by setting an average cell size equal to 0.5 mm. The 
mesh motion has been obtained by using a well-proven layering tech-
nique described in both the theory and user’s guide of the software [62, 
63]. 

The simulations have been carried out by considering, at IVC, a ho-
mogeneous mixture of iso-octane, air, ozone and residual gases, that are 
a result of the previous working cycle with different mass percentages, i. 
e. 0, 5 and 10 %. As regards the residual gas compositions, they have 
been computed by using two procedures. The first approach concerns 
with the evaluation of the mass fractions of residuals given the equiv-
alence ratio (ϕ) and the following global reaction: 

C8H18 +
25
2ϕ

O2 + 3.76*
25
2ϕ

N2→8CO2 + 9H2O +
25
2ϕ

(1 − ϕ)O2 + 3.76*
25
2ϕ

N2,

(10) 

In this case, the residual gas consists of CO2, H2O, O2 and N2, and 
hereafter this composition will be referred to as Simplified Mixture 
(SM). The second procedure takes into account a more accurate residual 
gas composition: a working cycle with SM composition at IVC has been 
initially simulated, and the gas composition obtained at Exhaust Valve 
Opening (EVO) has been used for the new working cycle. Only the 
chemical species whose amount is greater than 1 ppm are considered. 
The following system of equations is solved to compute the residual mass 
fractions at IVC with different amounts of residual gases, preserving the 
species mass ratio obtained at EVO of the previous working cycle: 

⎧
⎪⎪⎨

⎪⎪⎩

∑

i
Y′

i = RG, i = 1,…,NEVO
s

Y′
i

Y′
i*
= aEVO

i , i = 1,…,NEVO
s ∧ i ∕= i*

, (11)  

where the unknowns Y′
i are the mass fractions of the i-th chemical spe-

cies at IVC, NEVO
s is the number of chemical species in the residual gases, 

RG is the ratio between the residual gases mass and the total mass in the 
chamber at IVC, Y′

i* is the mass fraction of a specific chemical species in 

the mixture (N2 is chosen in this work), and aEVO
i is the ratio between the 

mass fraction of the i-th chemical species and the mass fraction of species 
i* at EVO of the previous working cycle obtained with SM. In what 
follows, such composition of residual gases will be referred to as 
Extended Mixture (EM). 

The ozone concentration in the iso-octane/air/ozone mixture has 
been set based on experimental measurements. The swirl ratio is equal to 
1 with a rigid body profile. The initial conditions in terms of turbulent 
kinetic energy (k) and dissipation rate (ε) have been evaluated according 
to Ref. [64]. 

A numerical time-step equal to 0.1 CAD has been used except for the 
range from 80 CAD BTDC to 40 CAD ATDC, where the time-step has 
been reduced by a factor of 10 to improve the numerical accuracy at the 
end of the compression stroke and during combustion. 

The initial gas temperature and pressure, and the wall boundary 
conditions are discussed in detail in the following section. 

3. Results and discussion 

3.1. Model validation 

The validation of the model has been carried out by comparing the 
computed in-cylinder pressure profiles, the corresponding heat release 
rate profiles and the polluting emissions with measured data available in 
Ref. [21]. 

Fig. 2 shows the numerical pressure and heat release rate profiles. 
The grey colored region represents the uncertainties of the experimental 
measurements during 100 working cycles. In the figure, the legend 

Fig. 3. Results with the simplified mixture (SM) and the extended mixture 
(EM): (a) in-cylinder pressure; (b) cumulative heat release. 
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shows the temperature (Ti) and pressure (Pi) at IVC and the wall tem-
perature (Tw) for all the cases under investigation. Five percent by mass 
of residual gases have been considered with the simplified composition 
(SM). 

As shown in Fig. 2, initial and boundary conditions have been 
adjusted for different ozone concentrations at IVC, since ozone in-
fluences the combustion process and, therefore, pressure and heat 
release rate profiles. Without ozone, large cycle-to-cycle variations 
occur and combustion efficiency is low: the heat released is, on average, 
more than 16 % lower than that of the case when 35 ppm of ozone are 
added to the mixture. Therefore, initial and boundary conditions need to 
be adjusted depending on the case. Specifically, Ti and Tw have been 
increased with ozone concentration and initial pressure has been 
adjusted to get nearly the same mass at IVC for all cases. 

Fig. 2 shows a very good agreement between experimental data and 
numerical pressure profiles. As regards HRR profiles, a good agreement 
with experimental data is obtained, especially in the cases with low 
cycle-to-cycle variations, i.e. with 35 and 16 ppm of ozone. However, it 
should be considered that the experimental data in terms of HRR have 
been derived from pressure values using specific thermodynamic 
assumptions. 

The computed pressure peak occurs, without ozone, at about 9.8 
CAD ATDC, whereas, for the case with 35 ppm ozone, the pressure peak 
is advanced at 1.5 CAD ATDC. The peak values are 42 and 58.5 bar, 
respectively. As regards HRR profiles, without ozone, the HRR peak 

occurs at about 7 CAD ATDC and is equal to 32.3 J/CAD, and CA50 
(crank angle position at which 50 % of the total heat is released) is 7.8 
CAD ATDC. For the case with 35 ppm of ozone, the HRR peak occurs at 5 
CAD BTDC and is equal to 67.2 J/CAD, and CA50 is 4.7 CAD BTDC. 
Following the experiments, the computed combustion efficiency varies 
with ozone concentrations. Specifically, the total heat released is 283 J, 
293.5 J, 302.2 J and 305.4 J in the cases with 0, 3.1, 16 and 35 ppm of 
ozone, respectively. 

Another set of simulations has been carried out under the same initial 
and boundary conditions, with the species composition at IVC obtained 
by considering the EM composition for the residual gases. Specifically, 
all species with a concentration above 1 ppm at EVO have been 
considered for each case. The results are very similar to those obtained 
with the SM composition, as shown in Fig. 3. Indeed, the pressure pro-
files differ by a maximum of 0.46 bar for the case without ozone at 7 

Fig. 5. Numerical results with Ti = 480 K, Tw = 410 K, Pi = 0.97 bar for 
different ozone concentrations: (a) in-cylinder pressure; (b) in cylinder- 
temperature; (c) heat release rate. 

Fig. 4. Experimental and numerical normalized exhaust pollutants vs CAPmax 
with the SM and the EM approaches: (a) unburned hydrocarbons (UHCs); (b) 
nitrogen oxides (NOx). 
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Fig. 7. Numerical results with different ozone concentrations and residual gases mass fractions (RG): (a) in-cylinder pressure; (b) heat release rate.  

Fig. 6. Profiles of a) ozone; b) isooctane; c) cumulative heat release; d) blow-up of cumulative heat release as a function of CAD with 5 % by mass of residual gases 
and different ozone concentrations. 
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CAD ATDC, the HRR profiles differ by a maximum of 1.89 J for the case 
without ozone at 5.9 CAD ATDC and the largest difference in terms of 
the total heat released is 2 J and occurs in the absence of ozone. 

Fig. 4 shows the normalized values of exhaust pollutants, in terms of 
both unburned hydrocarbons (UHCs) and nitrogen oxides (NOx), as a 
function of the crank angle at which the pressure peaks occur (CAPmax), 
with both SM and EM approaches. The value of CAPmax is related to the 
capacity of the ozone generator. Specifically, as the ozone concentration 
increases, the pressure peak advances, as shown in Fig. 2(a). 

The numerical results show an overall good agreement with exper-
iments in terms of UHCs, with small differences between the simplified 
and extended approaches. As the ozone concentration increases (i.e. 
CAPmax decreases), unburned hydrocarbons concentration decreases up 
to about 26 % and 19 % with respect to the measured and computed 
concentrations, respectively, without ozone. For instance, for the case 
without ozone, a percentage of about 4.66 % and 5 % of the initial hy-
drocarbons mass remains unburned by employing the extended and 
simplified procedures, respectively. On the other hand, for the case with 
35 ppm of ozone, these percentages drop to 0.47 % and 0.46 %, 
respectively. This unburned mass is mainly the fuel trapped in the 
crevices, where no combustion occurs. 

Furthermore, nitrogen oxides decrease as the ozone concentration 
decreases, i.e. CAPmax increases. As NOx are produced by the high local 
temperatures reached in the chamber, a larger amount of nitrogen 

oxides is found where combustion is faster and more complete. The SM 
and EM procedures give similar results. Some discrepancies between 
numerical and experimental results in terms of the amount of nitrogen 
oxides are observed, mainly as ozone concentration decreases. These 
differences may be related to the measured cycle-to-cycle variability. 
Indeed, as shown in Fig. 2(a), for the cases without and with 3.1 ppm 
ozone, the computed pressure traces are located in the upper part of the 
respective experimental shadow regions, and this leads to a more effi-
cient combustion and, consequently, to a higher NOx production. 

To ensure that the model is able to assess the influence of ozone on 
combustion, and that the above results are not merely the outcome of ad- 
hoc initial and boundary conditions, a set of simulations have also been 
carried out for different initial ozone concentrations, by keeping the 
same initial and boundary conditions in terms of gas pressure and 
temperature, i.e. Ti = 480 K, Tw = 410 K, Pi = 0.97 bar. Fig. 5 shows the 
results in terms of pressure, mass-averaged in-cylinder temperature and 
heat release rate. The results show trends similar to those of Fig. 2, but 
less pronounced. Specifically, with 35 ppm ozone, the pressure peak 
increases by 10 bar and occurs 4.7 CAD earlier than the case without 
ozone. In addition, the auto-ignition timing is advanced by about 5 CAD 
and the HRR peak is advanced by about 5.5 CAD and increases by 22 J/ 
CAD. The average in-cylinder temperature reaches a maximum value of 
1760 K with 35 ppm ozone, that is 150 K greater than that of the case 
without ozone. 

Fig. 8. Numerical results with different ozone concentrations and residual gases mass fractions (RG) in terms of species mass divided by the initial fuel mass (C8H18 
at IVC) vs CAD: a) O3; b) C8H18; c) HO2; d) H2O2; e) NO; f) NO, blow-up; g) NO2; h) NO2, blow-up. 
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3.2. Influence of ozone and residual gas 

The combined influence of ozone and residual gas on the combustion 
in the HCCI engine has been analyzed by varying the ozone concentra-
tion in the range 0–35 ppm and the residual gases mass fraction in the 
range 0–10 %. For such a study, the EM approach is used, since it in-
cludes combustion intermediates and partially oxidized and/or reactive 
species that could potentially interact with ozone during compression. 

Fig. 6 shows ozone, fuel and heat release profiles as a function of CAD 
with different ozone concentrations and with the same amount of re-
sidual gases (5 % by mass). 

Fig. 6(a) and (b) show that both ozone and fuel are depleted during 
the compression stroke. Specifically, ozone depletion is mainly due to 
the reaction O3 + N2⇄O2 + O+ N2, as discussed in Ref. [24,31,35,65, 
66]. Such a reaction is favored by the higher temperature reached by 
increasing the ozone concentration. Specifically, up to 100 CAD BTDC 
for all cases, the ozone concentration is almost the same as that at IVC. 
At 60 CAD BTDC the mass of ozone reduces to 79 %, 70.7 % and 66.2 % 
with initial ozone concentrations equal to 3.1 ppm, 16 ppm and 35 ppm, 
respectively. Finally, at 20 CAD BTDC, the mass of ozone is less than 1 % 
for all cases. 

The availability of oxygen atoms, produced by the ozone depletion 
process, enables the reaction C8H18 + O→ C8H17 + OH and, subse-
quently, the reaction C8H18 + OH→ C8H17 + H2O, that both convert the 
fuel to C8H17 before auto-ignition. As shown in Fig. 6(b), iso-octane 
starts to be depleted earlier and to a greater extent for the cases with 
higher ozone concentrations. Specifically, at 20 CAD BTDC the mass 
percentage of isooctane is 89.2 %, 94.7 %, 99.2 % and 100 % of the 
amount available at IVC for the cases with 35 ppm, 16 ppm, 3.1 ppm and 
0 ppm of ozone, respectively. The above chemical reactions, in addition 
to leading to the production of radicals and intermediate chemical 
species, cause an acceleration of the chemical kinetics and a release of a 
certain amount of heat along the initial stage of combustion. Indeed, as 
shown in Fig. 6(d), for all cases with ozone, a small amount of heat is 
released before main combustion takes place. 

In order to analyse how ozone reacts with residual gases, computa-
tions have also been carried out by varying the amount of residual gas, i. 
e. 0 %, 5 % and 10 % by mass, for cases with 0 ppm and 35 ppm of ozone. 

The initial and boundary conditions are those described in Section 3.1. 
Fig. 7 shows the results of the simulations in terms of pressure and heat 
release rate profiles as a function of CAD. Figs. 8 and 9 show the mass 
profiles of some relevant chemical species, divided by the initial fuel 
mass, as a function of CAD. Finally, the combustion parameters CA10, 
CA50, CA90, the combustion duration and the total heat released are 
summarized in Table 2, by computing the combustion duration as the 
difference between CA90 and CA10 (i.e. the crank angles when 10 % and 
90 % of the total heat has been released, respectively). 

Fig. 7(a) shows that, for a given ozone concentration, an increase of 
the mass percentage of residual gases at IVC reduces the pressure peak in 
the chamber due to the less amount of fuel available at IVC. As a 
consequence, less heat is released, as shown in Table 2. As regards the 
combustion process, both Fig. 7(b) and Table 2 show that combustion 
duration is shorter as the percentage of residual gases decreases, both 
without ozone and with the addition of 35 ppm of O3. Specifically, the 
lower amount of residual gases also leads to an advance of the overall 
combustion process, as it can be seen by considering CA10, CA50 and 
CA90 of Table 2. 

Fig. 8(a) and (b) show that the depletion of both ozone and fuel is 
comparable for the same ozone concentration and different residual 
gases mass percentages. However, ozone depletion is slightly faster for 
cases with a higher amount of residual gases, whereas the opposite oc-
curs for fuel. Indeed, for the cases with 35 ppm of ozone, at 90 CAD 
BTDC, 2.88 and 2.86 gO3/kgfuel are found in the chamber with 0 % and 10 
% of residual gases, respectively. Conversely, at 30 CAD BTDC, 92 % and 
94 % of the initial fuel is still in the chamber with 0 % and 10 % of 

Fig. 9. Numerical results with different ozone concentrations and residual gases mass fractions (RG) in terms of species mass divided by the initial fuel mass (C8H18 
at IVC) vs CAD: a) CO; b) CO, blow-up; c) C8H17; d) CO2. 

Table 2 
Combustion parameters for the cases with 0 and 35 ppm of ozone and 0 %, 5 % 
and 10 % by mass of residual gases (RG) at IVC.   

Value0ppmO3 
/ Value35ppmO3  

RG ¼ 0 % RG ¼ 5 % RG ¼ 10 % 
CA10 [CAD] +3.09 / − 7.29 +3.30 / − 7.05 +3.49 / − 6.81 
CA50 [CAD] +7.16 / − 5.04 +7.82 / − 4.59 +8.62 / − 4.09 
CA90 [CAD] +15.69 / +1.02 +16.83 / +1.44 +17.69 / +1.94 
CA90-CA10 [CAD] 12.6 / 8.31 13.53 / 8.49 14.2 / 8.75 
Total heat release [J] 302 / 323 286 / 306 266 / 289  
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residual gases, respectively. 
Moreover, Fig. 8(c) and (d) show that, for the cases with 35 ppm of 

O3, as ozone starts to deplete, HO2 and H2O2 are produced. This is 
typically associated with the LTC regime, which leads to an early 
mixture auto-ignition. Fig. 10 shows the contour plots of temperature, 
turbulent viscosity, and mass fractions of O3, C8H18, HO2 and H2O2 at 60 
CAD BTDC for the case with 35 ppm of ozone and 10 % by mass of re-
sidual gases at IVC. The in-cylinder temperature is fairly uniform, except 
for regions near walls and crevices, and the maximum value (≈ 709 K) 
occurs in the center of the chamber. However, ozone depletion, and 
consequently fuel oxidation and the production of HO2 and H2O2 radi-
cals, start in the regions of the chamber with high thermal gradients, but 
reasonably far from the walls (temperature is still above 675 K). This 
result is in agreement with those obtained in both numerical and 
experimental findings in the literature concerning HCCI engines com-
bustion [15,16,66,67]. 

In the presence of residual gases, ozone reacts not only through the 
reaction O3 + N2⇄O2 + O+ N2, but also with other species, such as 
nitrogen monoxide, through the reaction NO + O3→ NO2 + O2 with 
reactants molar ratio equal to 1:1. In Fig. 8(e)–(h), it can be observed 
that, without ozone, the mass of both nitrogen monoxide and nitrogen 
dioxide remains the same up to about 20 CAD BTDC. Then, in the LTC 
regime, as shown in Fig. 8(f) and (h), nitrogen monoxide is oxidized to 
NO2 and, as temperature starts to rise very fast due to the increase of 
HRR, more nitrogen monoxide is produced and NO2 partially dissociates 
(from 20 CAD BTDC to 10 CAD ATDC). Finally, NO2 is produced again 
by NO oxidation. On the other hand, in the presence of ozone, at IVC NO 
is immediately converted into NO2, with a higher rate at 70 CAD BTDC, 

i.e. as a faster depletion of ozone occurs. This process is also shown in 
Fig. 11, where the in-cylinder distribution of NO and NO2 at 30 CAD 
BTDC are given for the cases with and without ozone addition and with 
10 % by mass of residual gases. Specifically, the highest concentration of 
NO is observed in the center of the chamber for both cases, i.e. without 
ozone and with 35 ppm ozone at IVC, whereas the opposite occurs for 
NO2. This is because NO production and NO2 dissociation are promoted 
by high temperature values, which occur in the center of the chamber. 
However, for the case without ozone, these two species are distributed 
quite uniformly in the chamber, except for the near-wall regions. On the 
other hand, for the case with ozone addition, the stratification is more 
pronounced and, except for the crevices, NO concentration is lower than 
the case without ozone. This is because NO reacts with O3 to produce 
NO2, but the reaction between O3 and NO occurs much more slowly in 
the crevices, due to the lower temperature than that of other regions. 
The reaction NO + O3→ NO2 + O2 reduces the amount of ozone for the 
production of oxygen atoms in the pre-heating zone, even if this reaction 
is not the only responsible for such a depletion. Indeed, for the case with 
35 ppm of ozone and 10 % of residual gases, at IVC the mass of NO and 
ozone are 0.32 μg and 19.25 μg, respectively. Thus, the reaction NO +

O3→ NO2 + O2 depletes less than 3 % by mass of the initial amount of 
O3. 

The oxygen atoms produced by the reaction O3 + N2⇄O2 + O+ N2, 
being highly reactive, oxidise not only the fuel but many of the inter-
mediate species of the residual gas. As shown in Fig. 9(a)–(c), there is a 
production of both C8H17 (i.e. C8H18 + O⇄C8H17 + OH) and CO, which 
corresponds to a faster ozone depletion. Specifically, for the cases with 
ozone and with 10 % of residual gases, the peak of C8H17 is 1.73 % lower 

Fig. 10. In-cylinder contour plots at 60 CAD BTDC for the case with 35 ppm of ozone and 10 % by mass of residual gases at IVC.  
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than for the case without residual gases, due to a lower amount of ox-
ygen atoms that react with iso-octane. 

Finally, the engine performance parameters have been computed for 
the cases with different ozone concentrations and residual gases at IVC. 
The results are given in Table 3 in terms of i) the gross indicated work 
per cycle, Wg

c,I, defined as the work delivered to the piston along the 

compression and expansion strokes, computed as: Wg
c,I =

∫EVO

IVC

PdV; ii) the 

gross Indicated Mean Effective Pressure, IMEPg, computed as: IMEPg =
Wg

c,I
Vc

; iii) the gross indicated power output, Ṗg
I , computed as: Ṗg

I = Wg
c,I * 

RPM
60nrc 

where nrc is the number of revolutions per working cycle; and iv) the 

gross Specific Fuel Consumption, SFCg, computed as: SFCg =
MfuelIVC

Wg
c,I

, 

where MfuelIVC is the fuel mass at IVC, which is related to the gross 
thermodynamic efficiency of the cycle, ηg

th, by: ηg
th = 1

Hi,fuelSFCg where Hi,fuel 

is the lower calorific value of the fuel. 
The results show that ozone increases the engine performances and 

reduces the specific fuel consumption. The influence of ozone is more 
evident for cases with a higher percentage of residual gases. Further-
more, with the addition of 35 ppm ozone, combustion duration is 
reduced by 34.05 %, 37.25 % and 38.38 % for the cases with 0 %, 5 % 
and 10 % in mass of residual gases, respectively. Despite the presence of 
chemical species (e.g. nitrogen monoxide) that could limit the effec-
tiveness of ozone, their influence is negligible due to their small con-
centration. On the other hand, the benefit of ozone is greater for cases 
with a higher percentage of residual gases, since the amount of fuel 
decreases by increasing the residual gases mass fraction, which slows 

down the combustion process. 

4. Conclusions 

In this work, the influence of ozone addition in an HCCI engine 
fuelled with iso-octane has been investigated. Specifically, a parametric 
analysis has been carried out by varying the mass of residual gases in the 
chamber, with the aim of understanding the combined effect of ozone 
and residual gases. For this purpose, CFD simulations of a closed-valve 
engine cycle have been carried out, by solving the chemistry with a 
kinetic mechanism with 187 chemical species and 931 reactions. The 
model has been validated against experimental data available in the 
literature in terms of in-cylinder pressure profiles, heat release rate 
profiles and pollutants. The final considerations are:  

• Ozone addition (from 3 to 30 ppm) advances mixture auto-ignition 
and reduces combustion duration. Combustion is also more com-
plete, leading to a reduction in UHCs but to an increase of NOx, due to 
the higher temperatures reached in the chamber.  

• Ozone decomposes during the engine compression stroke, releasing 
oxygen atoms, which oxidize fuel and other intermediate species. 
This enables Low-Temperature Combustion with the release of spe-
cies such as OH, HO2 and H2O2. Reactions in the LTC regime also 
result in a small amount of heat being released before the occurrence 
of auto-ignition.  

• As the percentage of residual gas increases, more ozone is depleted 
by reacting with nitrogen oxide in the chamber through the reaction 
NO+ O3→ NO2 + O2. In addition, some of the oxygen atoms pro-
duced by the reaction O3 + N2⇄O2 + O + N2 react with other in-
termediate species instead of fuel. However, the amount of the 
chemical species that could limit the effectiveness of ozone is not 
enough to alter the benefits of using ozone.  

• As expected, without ozone, engine performance is reduced by 
increasing the amount of residual gas. However, ozone effect is larger 
by increasing the percentage of residual gas. Specifically, with an 
ozone concentration of 35 ppm at IVC, the gross work per cycle in-
creases by 2.52 %, 3.58 % and 5.7 %, compared to the case without 
ozone, by using 0 %, 5 % and 10 % by mass of residual gases; on the 
other hand, the specific fuel consumption is reduced by 1.54 %, 2.77 
% and 4.96 % for the same cases. 

Table 3 
Engine performance parameters with different ozone concentrations and resid-
ual gases mass fractions (RG) at IVC.   

Value0ppmO3
/
Value35ppmO3

− Value0ppmO3

Value0ppmO3

*100  

RG = 0 % RG = 5 % RG = 10 % 

Wg
c,I [J] 141.5 / +2.52 % 132.4 / +3.58 % 122.2 / +5.7 % 

IMEPg [bar] 2.83 / +2.52 % 2.65 / +3.58 % 2.45 / +5.7 % 
Ṗg

I [kW] 1.77 / +2.52 % 1.66 / +3.58 % 1.53 / +5.7 % 
SFCg [g/kWh] 184.26 / − 1.54 % 187.35 / − 2.77 % 192.65 / − 4.96 %  

Fig. 11. In-cylinder contour plots of NO and NO2mass fraction at 30 CAD BTDC for the cases with 10 % by mass of residual gases at IVC, with 35 ppm ozone at IVC 
(left) and without ozone addition (right). 
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