N

N

Numerical Assessment of Ozone Addition Potential in
Direct Injection Compression Ignition Engines
Vincent Giuffrida, Michele Bardi, Mickael Matrat, Anthony Robert,

Guillaume Pilla

» To cite this version:

Vincent Giuffrida, Michele Bardi, Mickael Matrat, Anthony Robert, Guillaume Pilla. Numerical As-
sessment of Ozone Addition Potential in Direct Injection Compression Ignition Engines. International
Journal of Engine Research, 2022, 23 (1), pp.33-48. 10.1177/1468087420973553 . hal-03586133

HAL Id: hal-03586133
https://ifp.hal.science/hal-03586133
Submitted on 23 Feb 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://ifp.hal.science/hal-03586133
https://hal.archives-ouvertes.fr

Numerical Assessment of Ozone Addition
Potential in Direct Injection Compression Ignition
Engines

Vincent Giuffrida!, Michele Bardi!, Mickael Matrat!, Anthony Robert?, Guillaume Pilla’

L IFP Energies nouvelles, 1 et 4 avenue de Bois-Préau, 92852 Rueil-Malmaison, France ; Institut Carnot IFPEN
Transports Energie

Abstract

This paper aims at taking into account the chemistry of O3 in a 3D CFD simulation of compression ignition engine with
Diesel type combustion for low load operating points. The methodology developed in this work includes 0D
homogeneous reactors simulations, 3D RANS simulations and validation regarding experimental results. The 0D
simulations were needed to take into account O3 reactions during the compression stroke because of the high reactivity
of O3 with NO and dissociation at high temperature. The values found in these simulations were used as an input in the
3D model to match the correct Oz concentration at fuel injection timing. The 3D simulations were performed using
CONVERGE™ with a RANS approach. Simulations reproduce the compression/expansion stroke after the intake valve
closure to focus on the impact of O; on the fuel auto ignition. The comparison between numerical and experimental
results demonstrates that the proposed methodology is able to capture correctly the impact of O; addition on ignition
delay and on heat release. Moreover, the analysis of the data enables to better understand the fundamental processes
driving Osimpact in a Cl engine. In particular, using OD simulations, the plateau effect observed experimentally when
increasing O3 concentration is attributed to O; thermal decomposition and reaction with NO during the compression
stroke. Also, 3D CFD results showed that Os; impact is observed mainly during LTHR phase and does not affect the
topology and the propagation of the flame inside the combustion chamber.

1 Introduction

Compression ignition engines are the optimal choice in terms of efficiency providing lower CO, emission than
conventional spark ignition engines. However, the increasing restrictions in Euro norms push researchers to investigate
new combustion approaches. In particular, conventional diesel combustion (CDC) is limited by the NOx-soot trade-off,
which eventually hinders the simultaneous reduction of the two pollutants. To fulfill emissions regulations, Diesel
vehicles have to be equipped with costly after treatment systems 2.

An effective solution to break the NOx-soot trade-off, while keeping high thermodynamic efficiency, is the low
temperature combustion approach (LTC). LTC can be reached with many strategies such as homogeneous charge
compression ignition (HCCl) 2* or partially premixed combustion ignition (PCCl) >2. Despite the global in-cylinder
equivalence ratio in CDC is lower than the unit, most of the pollutants are caused by local heterogeneities which are
responsible for soot (¢>2) and NOx formation (T>1800K). Exhaust Gas Recirculation (EGR) dilution strategy is the most
effective to reduce combustion temperature and therefore NOx formation. However, the reduced oxygen availability
causes significant degradation of soot oxidation, resulting in an increase in particulate emissions 7.

Since the common goal of LTC strategies is to improve the local air-fuel mixture to reduce both local temperature and
equivalency ratio, chemical control of fuel auto-ignition can play an important role 8. While in conventional CDC, fuel
ignition is primarily determined by the injection timing, in LTC strategies a longer time is required to ensure a good
mixing between the fuel and the cylinder gases and to reduce the local equivalence ratio. The timing of ignition event
enable to control the local mixture at the time of combustion. At these conditions, injection strategy might not be



sufficient to control the combustion phasing °and different approaches can be found to achieve LTC in engines, such
as: spark assisted ignition ° or ignition assisted by the injection of a high reactivity fuel 1.

Another path to control fuel auto-ignition is to add highly reactive molecules which will have an impact on the ignition
chemistry. In this sense, Os is a very reactive molecule which has an important impact on fuel ignition, even at very small
concentrations. Several publications indicate that, in HCCI conditions, O; can be used to reduce the ignition delay,
extending the working operation range and improving the control on the combustion phasing *3. Magnus and Depcik
14 demonstrated experimentally that Oz can reduce ignition delay also in CDC combustion at low load conditions while
Bardi et al®® showed that Oz addition at low load conditions enables to improve combustion stability and increase the
maximum EGR rate for a given engine condition. Similar benefits were also found when testing the effect of O3in CDC
with low Cetane Number (CN) fuels. In general, all the studies showed that relatively low Os seeding in the intake flow
(~100ppm) can reduce significantly the ignition delay and the engine cyclic variations®®.

While experimental evidences of the potential of O; can be found in the literature, its applications are empirical and no
proper optimization recommendation can be found. 3D computational models, in general employed for engine
optimization, are still not capable to predict properly O; effect due to the lack of validation data as well as the complexity
of the chemistry related to Os. Kinetic mechanisms representative of Os-fuel interactions have been employed mostly is
simplified cases (e. g. homogeneous reactor) ¥’. However, it is not possible to establish a quantitative link between these
results and the effect observed in a direct injection engine, because of the close interaction between spray mixing,
temperature and chemistry which determine spray ignition.

This paper presents a methodology developed to include Os effect in a commercial 3D code (CONVERGE™ Vv2.4.20) and
its validation on experimental data obtained in an optical single cylinder engine. The application considered in this study
is a CDC case at high EGR rate and low load. The deployed strategy consists of two steps involving OD chemistry
calculations based on models available in the literature!” and 3D calculations. Results presentation is structured into
three parts. The first presents the two numerical methodologies and their validation by comparison with the literature
and dedicated experimental results. The second part presents the detailed results of the 0D chemistry calculation
allowing to take O; effect on ignition delay into account in engine 3D calculations. Finally 3D calculation results are
presented and compared to experiments conducted in an optical engine. These results are then discussed to better
understand O3 effects on combustion.

2 Material and methods

2.1 Engine and operating conditions

The experimental database used for CFD results validation was obtained in a previous experimental campaign on a
single-cylinder optical engine. The experimental methodology and the engine test bench is thoroughly described in *°
and the main characteristics of the engine are summarized in Table 1.

The optical engine is representative of a light duty direct-injection (DI) 4-stroke Diesel engine with central mounted
injector. The system is equipped with an intake heater that enables to control the intake gas temperature and a
simulated EGR (pure nitrogen) circuit to target representative oxygen concentrations of standard engines. A commercial



ozone generator (Anseros COM-AD-01) was implemented in the intake line and an ozone analyzer was installed to
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measure its concentration, as shown in

Figure 1: CAO of the simulated engine at bottom dead center showing the intake and exhaust pipes, the cylinder head
and the piston bowl.

. One particularity of this engine is to have a modular configuration allowing to install optical accesses or to replace them
with metallic parts. The configuration used in this study to conduct the modeling work implies only a transparent piston
access. This configuration tolerates relatively high-loads and continuous firing mode. It also provides representative
thermal conditions of a conventional single cylinder diesel engine, and therefore accurate combustion analysis 8.



Table 1: Single cylinder optical engine main characteristics

Number of cylinders 1
Cycle 4-stroke
N. of intake valves 2
N. of exhaust valves 1
Combustion chamber Flat bowl
Bowl diameter 483 mm
Cylinder head type Flat
Displacement 499 cm3
Bore 85 mm
Stroke 88 mm
Connecting rod length 145 mm
Swirl at bottom dead center 1.1
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Figure 1: CAO of the simulated engine at bottom dead center showing the intake and exhaust pipes, the cylinder head
and the piston bowl.

The experimental study previously conducted demonstrated that ozone has an impact on auto-ignition delay only for
low load operating point with high EGR rate **. Thus, low load point at medium speed (3 bar IMEP at 2000 rpm) with
40% EGR was chosen. The initial average intake temperature and pressure were respectively 307 K and 1.05 bar. In this
condition, an early injection at -26 CAD before top dead center (TDC) was chosen to optimize the combustion phasing
without Os. A EU-standards diesel fuel was used (B7) with an overall equivalence ratio of 0.65 and a variation of O3
concentration at the intake from 0 to 178 ppm was performed. The O3 effect on auto-ignition delay (ta) is presented in
Figure 2 for the in cylinder pressure and the apparent heat release rate (HRR). A reactivity boost is observed through a
ta reduction with an earlier combustion phasing and an increase of maximum pressure around 10 bar with 70ppm of O;
injected at the intake (Os,nt 70ppm). This effect is attributed to the presence of Osinside the cylinder and the consequent
formation of radical O. These radicals interact with fuel and reduce the reactions activation energy. This aspect is better
described in the next section and detailed in 3. Also, a plateau effect appears for O3 concentration above 100 ppm.
These experimental results will serve as a reference for 3D modeling strategy development.
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Figure 2: Experimental pressure and apparent HRR for 5 ozone concentration initially introduce

2.2 CONVERGE™ description and numerical strategy

CFD simulations are performed with CONVERGE™ adapting the code version v2.4 to account for Os reactivity. Three
complete cycles are simulated to provide numerical convergence. The computational domain contains the full geometry
(combustion chamber, intake pipe and plenum and exhaust pipe). All the geometrical details of the bottom part of the
cylinder head are also included (injector geometry, intake and exhaust valve bottom). The grid is automatically
generated by a cut-cell method implemented in CONVERGE™ which is coupled with automatic mesh refinement (AMR)
19, This approach avoids time-consuming mesh generation, which is of particular interest in the engine framework due
to the moving boundary layers and complex geometries.

Simulations are performed in the RANS phase-averaged framework. Classical eddy-viscosity concept is assumed for
closing the Reynolds tensor, and the turbulent viscosity is computed from the RNG k-& model ?°. The wall heat transfer
is ensured by the O’Rourke and Amsden model 22,

The compressible unsteady formulation of Navier-Stokes equations is solved owing to the iterative PISO method 22, The
pressure and the density are coupled according to an ideal gas state equation. Regarding the spatial schemes, the
momentum equation is discretized with a second order central scheme while the first order upwind scheme is used for
the other balance equations for species and turbulence. The time step is variable and satisfies a maximal convective CFL
number below 1 and a maximal CFL number based on speed of sound below 100.

Liquid fuel injection is modeled by using the Lagrangian Particle formalism. The spray is described as a collection of
discrete droplets and those sharing the same properties are combined in single parcels which are tracked using the
Lagrangian approach. The droplet drag, which relies to the feedback of the gas phase on the liquid one, is closed by a
dynamic drag model accounting for the distortion of the droplets. The atomization process is modeled by the modified
Kelvin-Helmholtz Rayleigh-Taylor (KH-RT) model %24 The latter represents the instabilities mechanisms leading
respectively to the primary and secondary spray breakup. The production of child parcels is enabled which implies that
the primary breakup KH model allows new parcels to be produced from the primary breakup. The modified KH-RT model
relies on the application of secondary RT break-up only to these child parcels. The rate of change of droplet diameter
due to evaporation is computed according to Frossling correlation 2°.

Combustion is modeled by the 3-Zones Extended Coherent Flame Model (ECFM3Z) model ?°. This model is based on
ECFM %, which is dedicated to combustion processes dominated by flame propagation in perfectly or partially mixed
media. ECFM3Z is an extension of ECFM to heterogeneous combustion, and it is able to represent all the combustion
regimes encountered in Diesel combustion. To model the diffusion flame and the associated mixing process, each
computational cell is split into three mixing zones: a first zone with only fuel, a second zone with only air and residual
gases, and a third one where the components of the first and second zone are mixed. ECFM is then applied in the third
zone (mixed zone). A mixing model allows progressive mixing of the fuel with the in cylinder gas. This mixing model takes
into account the turbulence effect on the combustion through the mixing terms of the ECFM3Z specific transport
equation % that are function of the turbulence time scale t,,,. The auto-ignition process, which is of pivotal importance



in Diesel combustion, occurs in the mixed zone in ECFM3Z model. This process is modeled by the Tabulated Kinetics of
Ignition (TKI) model 222 which enables to include detailed chemistry effects with small computational costs. TKl is based
on the tabulation of homogenous reactors for various conditions of pressure, temperature, fuel air equivalence ratio
and EGR. The main difference over a classical TKI table for Diesel 3D simulations, lies in the presence and discretization
of O3 concentration inside the homogeneous reactor. In CONVERGE™, the solver interpolates into the table to assess
the data for auto-ignition, this process requires much less computational resources than the use of a chemical solver.

Finally, a new methodology is needed to predict the O; mass fraction effectively present at injection timing, which will
be used by the TKI table to obtain the ignition delay.

Indeed, the increase of temperature taking place during the compression stroke induces a dissociation rate of O3 through
reaction (1), causing a difference between the amount of ozone seeded at the intake (Osx,int) and the amount of ozone
actually available at the moment of injection (Os«, inj). Afterwards, radical oxygen formed by Os dissociation can
recombined to form O, molecule through reaction (2).

03> 0,+0 (1)
0+0-0, (2
Moreover, residual gases from the previous combustion cycle contain a certain amount of nitric oxide (NO). This
molecule also reacts with Os; through reaction (3).
0;+NO > NO,+0, (3)

The solution of equations related to reactions (1), (2) and (3) is very important to determine the amount of Oz available
at the time of injection. However, it would affect substantially the computational cost of the 3D simulation, for a process
which is, in first approximation, homogeneous. For this reason, an alternative strategy was adopted. It is schematically
described in Figure 3. The first step in this strategy is to determine the concentration of ozone available at the time of
injection. This is done by solving the reaction system (1), (2) and (3) in a 0D homogeneous reactor. This concentration is
then used as an input variable in the TKI table for the 3D calculation.

Experimental T 0D Calculation ¢ (0) equivalent 3D Calculation P
data (03 EXP) > | atinjection) s
and temporal

| Engine architecture

Figure 3: Global scheme of the correlation between 0D and 3D calculations

2.3 Kinetic mechanism validation

The first step of this study was the definition of a chemical kinetic mechanism process for the n-heptane fuel in
combination with chemical mechanism for Os. The mechanism has to take into account the effect of Os; on the auto-
ignition delay. The detailed mechanism for n-heptane developed by Mehl et al. *° (referred hereafter as LLNL
mechanism) was chosen as it constitutes a reference for such hydrocarbon reactivity and combined with complete Os;
block inspired from Masurier et al. 3. The resulting mechanism thus contains global reactions for Oz dissociation,
interactions between small hydrocarbons, NO and Os. This reaction mechanism will be referred to as modified LLNL
scheme in the rest of this paper. The list of reactions for this O3 block is presented in appendix 1.



Due to the lack of experimental data in the literature, the prediction of ta for the mechanism developed here was
compared to homogeneous reactor simulations performed by Masurier et al. in a constant volume reactor 3. The same
thermodynamic conditions were used, i.e. with initial pressure of 25 bars, equivalence ratio of 0.3 and variation in initial
temperature from 600 K up to 1350 K and four different ozone molar concentrations (0, 1, 10 and 45 ppm). The results
are presented in Figure 4. The auto ignition delay is here defined as the time needed for the reactor to increase its
temperature by 400 K.

There is good general agreement in ta predictions, both in terms of order of magnitude and parametric sensitivity.
Between 1300 and 1000 K the auto-ignition delays are very similar to those obtained by Masurier et al. for the entire
Yos variation. Below 1000 K, the plateau corresponding to the negative temperature coefficient (NTC) is well reproduced
for each O; concentration rate.

To quantify and compare the reduction in ta induced by Os, we define the parameter R as follows:

ta1(Yo3,T,P) =t a1(Y¥03,0.T,P)
ta1(Yo3,0.T.P)

R(Yp3, T, P) = (eq- 1),

Where Yp3 is Oz concentration (with and Yo30=0ppm), T and P are the initial temperature and pressure respectively. The
results for atemperature of 625 K are presented in Figure 5. For an initial temperature below 700 K, a significant increase
in R is observed between 0 and 1 ppm of O3 for both Masurier and modified LLNL block scheme. R is about 0.6 for Yo3=
1 ppm for both chemical schemes. On the other hand, a further increase of Yos causes a smaller increase of R, being R =
0.8 for Yo3 = 45ppm. The same sensitivity is observed between LLNL + Oz and Masurier’s mechanism. Finally, Figure 6
presents the difference between main flame ignition delay (tai) and cold flame auto-ignition delay (tai ) with tai s defined
as the time needed to increase the temperature of the 0D reactor by 100 K. Figure 6 shows that this difference remains
the same for every Os rate at each temperature. It implies that Oz mainly impacts t.i . The same effects were observed
experimentally showing that Os; presence impacts mainly Low Temperature Heat Release °.
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Figure 4: Comparison of t, predicted at 4 different Yos with Masurier et al. mechanism and modified LLNL scheme
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2.4 3D input variable description and validation

The mesh used for the 3D simulations follows the same strategy as in 32 which demonstrated robust results for Diesel
engine calculation. The only change is the increase of cone spray embedding by one level to limit numerical diffusivity
proper to Cartesian mesh. Previous grid convergence study on both reactive and non-reactive spray by Senecal et al 3
shows mesh convergence with AMR method for mesh size below 0.25 mm. Based on these results, the following mesh
strategy was adopted in this study. The base size is here set to 2.6 mm. The combustion chamber is refined during intake
valve closure (IVC) period with a size of 1.4 mm and a cone spray embedding is prescribed with a cell size of 0.175 mm.
A wall embedding is also prescribed on the piston and the cylinder head with a cell size of 0.175 mm. The AMR method,
which enables refinement if large gradients of velocities, temperature, or n-heptane mass fraction are detected, is
activated with a cell refinement down to 0.35 mm. The overall mesh inside the combustion chamber during injection is
presented in Figure 7 and shows these different types of refinement.



Figure 7: Mesh of the combustion chamber 3 CAD after effective beginning of injection

Regarding boundary conditions, fast measurements of pressure inside the intake pipe (before the plenum) and inside
the exhaust pipe are considered. The EGR introduced at the intake is composed entirely of N,and represents 40% of the
total intake. An injection rate characterization was realized using a Bosch tube method device 3 and was set as the
boundary condition for the Lagrangian injection and breakup models. The description of the injector is presented in
Figure 8. The liquid parcel injected is defined as a physical Diesel surrogate and follows the physico-chemical
characteristics of a conventional B7 Diesel fuel. Once evaporated, a gaseous surrogate is used for the auto-ignition
properties. This surrogate is composed of n-heptane only as this compound is a common fuel surrogate for diesel
reactivity. Indeed, both have a similar CN. Finally, wall temperatures are obtained using an Amesim 0D simulation.
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Results are presented in Table 2.

Injector characteristics
Injector actuator Solenoid (Bosch
CRI 2.16)
N. holes 6
Holes diameter 129 um
Spray angle 149°
Injection pressure 800 bar
Injected mass 10 mg
Start of injection -26 CAD aTDC
Injection duration 450 ps

Trigger voltage [V]
Mass flow rate [nm?/ms]
Electrical command [A]

Spray

Wall embedding
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Figure 8: Injector characteristics (left) and rate of injection (right)

Table 2: Wall temperatures boundary conditions

Temperatures
Liner 372K
Intake 307K
Cylinder head | 428 K
Intake plenum | 428 K
Piston 421K
Exhaust 493 K




Finally, the TKI table was generated using the modified LLNL scheme presented above. The discretization detailed in
Table 3 lead to 116610 homogeneous reactors that will be used in the 3D calculation strategy.

Table 3: TKI table discretization description

N; incorporation rate [%vol.] 0, 10, 20, 50

O3 molar rates [ppm] 0, 20, 50, 100, 200, 500
Equivalence ratio 0.1 to 3.0 (8 values)
Pressure range [bar] 1 to 200 (11 values)
Temperature range [K] 500 to 1500 (55 values)

The validation of the simulation strategy presented above was conducted in several steps. First, a 3D motored engine
simulation of three cycles was realized to confirm the boundary conditions and inputs presented above. A satisfactory
convergence was obtained after three cycles. The Third simulated cycle is compared to the experimental cold flow data
in Figure 9. Even though a little over-estimation of the pressure increase is observed, the simulated results show good
agreement with experiment.

50— Experimental (mean cycle)
I —— Simulation (cycle #3)

Pressure [bar]

0 | | | |
300 320 340 360 380 400
Crank Angle []

Figure 9: Simulation of three consecutive cycles of motored engine compared to motored experimental results

The following validation step consisted in activating the Lagrangian spray injection model, coupled to ECFM3Z/TKI model
for combustion, for a simulation without Oz introduced at the intake.

The operating points of interest for the current study present long initiation duration, (e.g. 20-30 CAD). Indeed the
desired effect of O3 is to shorten ta to stabilize the initiation of combustion. The first results obtained showed that the
envisaged strategy led to an underestimation of ta. This was attributed to the wrong sensitivity of the simulation to the
TKI table for long Al delay. Nevertheless, since the present detailed mechanism has been extensively validated in the
literature, choice is made in this study to use this mechanism and to counterbalance its sensitivity at low temperature
by applying a multiplication factor of 1.3 inside the TKI table, regardless of the O3 concentration. This strategy enables
to synchronize the main ignition delay with the experimental data. Therefore the TKI table trends to evaluate the relative
effect of O; addition is preserved. The results are presented in Figure 10 for the in-cylinder pressure and the apparent
HRR. A satisfactory agreement is obtained with the experimental results. Indeed, a good match is obtained for the
compression phase, auto-ignition delay and exhaust phase. The only discrepancy concerns the peak of pressure with a
6 % under-estimation compared to the experimental result. Hypothesis to explain this disparity could be the blow-by
flow rate which is not well characterized in optical engines or the amount of unburnt hydrocarbons. However,
considering that the first order phenomena impacting combustion boost by Os is the reduction of ta, it was not further
investigated in the present study and will be addressed in future work.
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3 Results and discussion: 0D Simulation

Apparent Heat Release [J/°]

30

20

10

0

360

340

320

380 400 420

Crank Angle [°]

: Comparison between simulation and experimental results for engine operation without Os

3.1 03 concentration evolution during the compression stroke

The methodology linking OD and 3D calculations previously detailed provides an Os equivalent concentration at injection
timing noted Osy, inj. This value ensures the correct ignition time reduction in the 3D simulations. Motored engine cycle
was simulated using CHEMKIN 0D. The initial conditions were set to have the same compression ratio of 16.6 and same
initial thermodynamic conditions as the engine used in experiments. A range between 1 ppm and 500 ppm of Os;
concentration at the intake was investigated. The variation of Oz and atomic oxygen concentrations during the cycle are
presented in Figure 11. Ozone molar fraction remains constant up to a certain crank angle position. Afterwards, Os;
concentration drops quickly and simultaneously atomic oxygen is formed through reaction (1). Atomic oxygen being
unstable, its molar fraction then decreases rapidly through the recombination reaction (2).

Crank Angle [’]

Ozone concentration Atomic Oxygen| |Ozone concentration
200 . . . at the intake 2.0x10°5 . . . . at the intake
500 ppm 500 ppm
180 ————
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Figure 11: Molar concentration of O3 (left) and atomic oxygen (right) in a motored cycle for different Os molar

concentration at the intake.
During engine tests, injection timing occurred at 26 CAD before top dead center. Even at this early timing, the

concentration of O3 has already started to drop. For instance, Figure 11 shows that from 500 ppm of O; at the intake
only 60 ppm remains at injection timing, which represents only 12% as compared to the Osy, intake-

11



To quantify this drop in O3 concentration, the O3 and atomic oxygen concentrations at injection timing are plotted as a
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Figure 12. These two plots show a plateau in O3 and atomic oxygen concentrations at injection timing when Osy intake iS
increased. This result implies a limitation in the marginal increase of O3 at injection timing. This correlates well with the
experiments (cf. Figure 2).
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Figure 12: 0D simulation results for concentration of Os; (green) and atomic oxygen (brown) remaining from Oz thermal
dissociation at injection timing at -26 CAD (injection timing) in motored conditions.

3.2 NO effect on Ozone dissociation

As seen earlier, O3 concentrations can be greatly affected by the presence of NO in the chamber through reaction (3).
Indeed, thanks to measurements in the exhaust line during experimental tests, NO concentration has been evaluated
around 30 to 40 ppm in the combustion chamber, after fresh gases mix with residual gases. To evaluate the left-over Os;
concentration after compression, 0D simulations were performed for an initial concentration of O3 of 100ppm. The
results presented in Figure 13 therefore take into account both Oz thermal dissociation (reaction 1) and NO effect
(reaction 3). The figure clearly indicates that the presence of few dozen ppm of NO implies an important reduction of
Os concentration at injection timing. Consequently, it amplifies the plateau effect generated by the thermal dissociation
of O; and observed in Figure 13 showing that for engine-like conditions, with 100 ppm of Os introduced at the intake,
only 0.1 to 2 ppm of O3 remains inside the combustion chamber to produce a boosting effect.

12



100 1 T I

0,
{O— Atomic oxygen

10 ‘

Yos, ng [PPM]

0.1 T—

0 10 20 30 40
Yo [PPmM]

Figure 13:: 0D simulation results for concentration of Oz (green) and atomic oxygen (brown) at injection timing for
different NO concentration at IVC and O3, intake 100 ppm in motored conditions.

Following the methodology previously described, an estimation of the O3y inj was obtained for each value of O; jnrand set
as intake boundary condition. E.g., Oz concentration obtained for 107 ppm at the intake was around 1 ppm at injection
fuel timing. The available O3 concentration at injection timing are represented in Figure 14.
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Figure 14: Estimation of O3 concentration at injection timing taking into account thermal dissociation and NO effect on
initial O3 concentration at the intake

4 3D simulation and comparison to engine experimental results

4.1 Combustion analysis results

In this section results from 3D CFD simulation are presented together with a comparison to experimental data. Figure
15 and Figure 16 present computational and experimental results for in-cylinder pressure and apparent HRR,
respectively. Simulation results are presented on the left while experimental results are presented on the right. It can
be seen that the Os effect on combustion initiation is well captured by the numerical simulations. The ignition delay
reduction was quantified by measuring the advance of the HRR maximum phasing when compared to the reference no
Os case. In CFD simulation the HRR peak advance for 25 and 70 ppm Osintis respectively 1.27 CAD (equivalent to 105 ps)
and 2.54 CAD (equivalent to 211 us) while, experimentally, the reduction was 1.5 CAD (equivalent to 125 us) for 25 ppm
Os,int and 2.1 CAD (equivalent to 175 us) for 70 ppm Os,nt.Nevertheless, two discrepancies can be observed. First, the
plateau effect is not well reproduced above 70 ppm of O3 at the intake. Indeed, this plateau has been explained above
using chemistry simulations, however the prediction of the ozone concentration is not accurately determined. To
investigate this aspect more data on the experimental conditions are needed, i.e. gas temperature and residual gas
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composition. The second discrepancy concerns the combustion development. In Figure 16, a second peak in aHRR can
be observed in numerical simulations after 364 °C.A. (c.f. red arrow). Since no Os; is left at this timing, it cannot be
attributed to its effect. Indeed, the analysis of the 3D simulations revealed that this peak was due to spots of Al in the
squish zone. This difference could be related to discrepancies in fuel mixing field calculations, which might over-predict
the amount of fuel in the squish region.
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Figure 15: Numerical (left) and experimental (right) in-cylinder pressures for several Osyint Values.
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Figure 16: Numerical (left) and experimental (right) apparent HRR for several Os in: values.

To evaluate the ability of the numerical strategy developed in this study, the analysis was focused on combustion
characterization through the pressure amplitude increase by calculating the maximum pressure reached (Pmax) and the
angular position at which it is reached (Bpmax). Figure 17 and Figure 18 show the relative variation on Pmax and ©pmay,
respectively. For both parameters the reference value is taken at Os,in: = Oppm. Experimental and numerical results show
good agreement in their sensitivity to Osnt. FOr Pmax and Gpmax, the general trends are well captured. Nevertheless, the
plateau effect is not as well reproduced. As mentioned earlier, higher precision on NO concentration and therefore O3 in;
value are needed to draw an overall conclusion.
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Figure 18: Comparison between experimental and numerical results for Osimpact on Bpmax. The reference value
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4.2 0Osimpactin the 3D domain

Thanks to the 3D data generated with the simulation, the combustion process can be analyzed regarding the great
heterogeneities encountered in the chamber. Figure 19 presents a comparison of these 3D data between 0 ppm (left)
and 70 ppm (right) Os%,int. In this figure each point in this scatter plot graph represents a specified cell of the 3D
computational domain. In these graphs, the x-axis represents the local equivalence ratio (¢) in the cell, the y-axis the
local temperature in the cell and each point representing a cell are then colorized by the auto-ignition progress variable
(A) in order to compare the spectrum where Al occurs.

The auto-ignition progress variable is defined as the fuel mass proportion having burnt in auto-ignition mode and it is
linked to the premixed flame progress variable s and the total progress variable ¢ in Equation 2.

(

¢—Cy
A= = (eq. 2)
A ranges from 0, before any reaction takes place, to 1 if all the fuel mass have been burnt in auto ignition combustion
mode. The figure presents the results for the initial phase of ignition (low temperature heat release LTHR) on the top
and the second phase of the ignition (high temperature heat release, HTHR) at the bottom. In this case the two ignition
phases are identified arbitrarily basing on the maximum value of the progress variable in the entire domain (A < 0.1 in
the LTHR) and the modest increase in temperature. Both phases (LTHR and HTHR) are compared at close relative heat
release level. It can be observed that the main effect of Oson Al occurs during LTHR period. Indeed with 70 ppm O3y,
intake, the spectrum of ¢ and temperature in which the Al occurs is greatly extended from 1.5 to 2.5 ¢ without O3 to 0.5
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to 2.5 ¢ (red circle pointed by the red arrow in Figure 16). Contrary to the LTHR phase, the spectrum of the HTHR phase
is not impacted by Os.Therefore it can be concluded that the impact of O3 on auto-ignition delay is mainly observed
during LTHR period. The same characteristics have been observed experimentally with CH,O LIF showing that O3
presence increases CH,O emissions and thus mainly impacts LTHR combustion phase [1].
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Figure 19: Scatter plot representing the progress variable of Al function of temperature and ¢ for HTHR and LTHR
phase at O3,n=0 ppm and O3,i,j=0.7 ppm

Finally, to observe the location of Al and the topology of the flame inside the combustion chamber, two types of iso-
surface were generated for the Al progression variable: one for the LTHR with a cut off value of 5% and another one for
the HTHR with a cut off value of 20%. Figure 20 and Figure 21 compare 0 ppm and 70 ppm at the intake for LTHR and
HTHR respectively. Data output are extracted at a same heat release timing. Due to the long Al delay, the flame is mainly
located at the center of the piston bowl. A first remark concerns the flame propagation and topology that is completely
different compared to a quasi-steady Diesel combustion plume as observed by 3. This fact is related to the high EGR
dilution characterizing the case tested which enhances fuel mixing with the surrounding fuel and increases
simultaneously the flame Al delay. The second observation concerns the development and the topology of the flame

that do not seem to be impacted by Os addition. This aspect suggests that Os only affects ta but not the flame topology
and propagation.
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Figure 20: Iso surface of A (5 % cutoff) comparison at iso HRR for O ppm (left) and 0.7 ppm (right)
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Figure 21: Iso surface of A (20 % cutoff) comparison at iso HRR for 0 ppm (left) and 0.7 ppm (right)

5 Conclusion

This paper presents a methodology to take into account the effect of O3 in a compression ignition engine using 3D
simulation. A 3D simulation code (CONVERGE™ V2.4.20) was employed to replicate experiments carried out in a
compression-ignition single-cylinder optical engine at low load conditions. The methodology includes a OD simulation
approach to include the Os; chemistry before injection (e.g. Os dissociation and interaction with NO). This solution
enables to calculate the correct O3 concentration at the injection timing (which eventually interacts with the fuel)
without any additional computational cost. The methodology developed enables to reproduce the experimental results
with a good match in terms of Osimpact on fuel ignition and combustion phasing. The sensitivity to O3 concentration
was also verified with satisfactory results.

The calculations carried out also make it possible to gain understanding on the phenomenology of O; effects in a
compression ignition engine:

e It has been previously observed experimentally that the marginal effect of an increasing concentration of Oz at
intake tends to zero, causing a plateau effect. The 0D simulations showed that as O; concentration at the intake
is increased, the O3 dissociation becomes faster and limits the marginal increase of O availability at the injection
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timing. This fact indicates that the plateau observed experimentally is mainly related to the chemistry taking
place before the injection and to the Oz dissociation.

e The presence of NO molecules in the residual gases causes an important reduction of O3 concentration at the
injection timing. This aspect can significantly reduce the global effect of O3 on combustion.

e 03 mainly affects the ignition phase in particular reducing the delay of the first stage of ignition (low temperature
heat release). Calculations also showed that no discernible impact can be observed on flame topology or in
flame propagation.

This work, proved the applicability of the methodology for compression ignition engine case. However, further progress
could be made on the chemical kinetic aspect. Indeed some improvement are required to allow good predictability of
the ozone concentration at injection timing. Fundamental experiments are required to accurately take into account
thermal dissociation and O3/NOx reactions. This would enable the prediction of the plateau effect.

Regarding the results obtain with a direct injection engine, further application can be foreseen. For instance, Oz additions
would provide a great opportunity to control gasoline compression ignition engine. To proceed this way, some work is
needed to evaluate the potential of O; with the chemistry of the specific fuels required for these combustion strategies.
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7 Nomenclature

CAD Crank angle degree

CFD Computational fluid dynamics

CN Cetane Number

ECFM3Z 3-Zones Extended Coherent Flame Model
EGR Exhaust gas recirculation

HRR Heat release rate

HTHR High temperature heat release

IVC Intake valve closure

LIF Laser induced fluorescence

LLNL Laurence Livermore National Lab.

LTHR Low temperature heat release

NTC Negative temperature coefficient

Os,int 05 concentration in the intake flow

O3y, inj 05 concentration at the injection timing
TKI Tabulated Kinetics of Ignition

tai Auto ignition delay

Laicf Cool Flames auto-ignition delay (LTHR phase)
A Progress variable
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Eq
9 Appendix 1: O3 block reaction mechanism (form: k = AT"e &r)

Reaction A n E, Reference
03+N2=>02+0+N2 4.00E+14 0 22667 36
02+0+N2=>03+N2 1.60E+14 -0.4 -1391 36
03+02=>02+0+02 1.54E+14 0 23064 36
02+0+02=>03+02 3.26E+19 -2.1 0 36
03+03=>02+0+03 4.40E+14 0 23064 36
02+0+03=>03+03 1.67E+15 -0.5 -1391 36

03+H<=>02+0H 8.43E+13 0 934 37
03+0<=>02+02 4.82E+12 0 4094 38
03+0H<=>02+H02 1.85E+11 0 831 39
03+H02<=>02+0H+02 6.02E+09 0 938 37
03+H20<=>02+H202 6.62E+01 0 0 40
03+CH3<=>02+CH30 3.07E+12 0 417 4
03+NO<=>02+N02 8.43E+11 0 2603 38
03+N<=>02+NO 6.03E+07 0 0 42
03+H<=>0+H02 4.52E+11 0 0 43
03+H2<=>0H+HO2 6.00E+10 0 19840 44
03+CH4<=>CH30+HO2 8.13E+10 0 15280 44
N+NO<=>N2+0 2.70E+13 0 355
N+02<=>N0O+0 9.00E+09 1 6500
N+OH<=>NO+H 3.36E+13 0 385
N20+0<=>N2+02 1.40E+12 0 10810
N20+0<=>2N0O 2.90E+13 0 23150
N20+H<=>N2+0OH 3.87E+14 0 18880
N20+0OH<=>N2+HO02 2.00E+12 0 21060
N20(+M)<=>N2+0(+M) 7.91E+10 0 56020
HO2+NO<=>N0O2+0H 2.11E+12 0 -480
NO+0+M<=>N0O2+M 1.06E+20 -1.41 0
NO2+0<=>N0+02 3.90E+12 0 -240
NO2+H<=>NO+OH 1.32E+14 0 360
NH+0<=>NO+H 4.00E+13 0 0
NH+H<=>N+H2 3.20E+13 0 330
NH+OH<=>HNO+H 2.00E+13 0 0
NH+OH<=>N+H20 2.00E+09 1.2 0
NH+02<=>HNO+O 4.61E+05 2 6500
NH+02<=>NO+0H 1.28E+06 1.5 100
NH+N<=>N2+H 1.50E+13 0 0
NH+H20<=>HNO+H2 2.00E+13 0 13850
NH+NO<=>N2+0OH 2.16E+13 -0.23 0
NH+NO<=>N20+H 3.65E+14 -0.45 0
NH2+0<=>0H+NH 3.00E+12 0 0
NH2+0<=>H+HNO 3.90E+13 0 0
NH2+H<=>NH+H2 4.00E+13 0 3650
NH2+OH<=>NH+H20 9.00E+07 1.5 -460
NNH<=>N2+H 3.30E+08 0 0
NNH+M<=>N2+H+M 1.30E+14 -0.11 4980
NNH+02<=>H0O2+N2 5.00E+12 0 0
NNH+0<=>0H+N2 2.50E+13 0 0
NNH+0<=>NH+NO 7.00E+13 0 0
NNH+H<=>H2+N2 5.00E+13 0 0
NNH+OH<=>H20+N2 2.00E+13 0 0
NNH+CH3<=>CH4+N2 2.50E+13 0 0
H+NO+M<=>HNO+M 4.48E+19 -1.32 740
HNO+0<=>NO+OH 2.50E+13 0 0
HNO+H<=>H2+NO 9.00E+11 0.72 660
HNO+OH<=>NO+H20 1.30E+07 1.9 -950
HNO+02<=>H02+NO 1.00E+13 0 13000
CN+0<=>CO+N 7.70E+13 0 0
CN+OH<=>NCO+H 4.00E+13 0 0
CN+H20<=>HCN+OH 8.00E+12 0 7460
CN+02<=>NCO+0 6.14E+12 0 -440
CN+H2<=>HCN+H 2.95E+05 2.45 2240
NCO+0<=>NO+CO 2.35E+13 0 0
NCO+H<=>NH+CO 5.40E+13 0 0
NCO+0OH<=>NO+H+CO 2.50E+12 0 0
NCO+N<=>N2+CO 2.00E+13 0 0
NCO+02<=>N0+CO02 2.00E+12 0 20000
NCO+M<=>N+CO+M 3.10E+14 0 54050
NCO+NO<=>N20+CO 1.90E+17 -1.52 740
NCO+NO<=>N2+CO2 3.80E+18 -2 800
HCN+M<=>H+CN+M 1.04E+29 -3.3 126600
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HCN+0<=>NCO+H 2.03E+04 2.64 4980
HCN+0<=>NH+CO 5.07E+03 2.64 4980
HCN+0<=>CN+OH 3.91E+09 1.58 26600
HCN+OH<=>HOCN+H 1.10E+06 2.03 13370
HCN+OH<=>HNCO+H 4.40E+03 2.26 6400
HCN+OH<=>NH2+CO 1.60E+02 2.56 9000
H+HCN(+M)<=>H2CN(+M) 3.30E+13 0 0
H2CN+N<=>N2+CH2 6.00E+13 0 400
C+N2<=>CN+N 6.30E+13 0 46020
CH+N2<=>HCN+N 3.12E+09 0.88 20130
CH+N2(+M)<=>HCNN(+M) 3.10E+12 0.15 0
CH2+N2<=>HCN+NH 1.00E+13 0 74000
CH2(S)+N2<=>NH+HCN 1.00E+11 0 65000
C+NO<=>CN+0 1.90E+13 0 0
C+NO<=>CO+N 2.90E+13 0 0
CH+NO<=>HCN+O 4.10E+13 0 0
CH+NO<=>H+NCO 1.62E+13 0 0
CH+NO<=>N+HCO 2.46E+13 0 0
CH2+NO<=>H+HNCO 3.10E+17 -1.38 1270
CH2+NO<=>0H+HCN 2.90E+14 -0.69 760
CH2+NO<=>H+HCNO 3.80E+13 -0.36 580
CH2(S)+NO<=>H+HNCO 3.10E+17 -1.38 1270
CH2(S)+NO<=>0H+HCN 2.90E+14 -0.69 760
CH2(S)+NO<=>H+HCNO 3.80E+13 -0.36 580
CH3+NO<=>HCN+H20 9.60E+13 0 28800
CH3+NO<=>H2CN+OH 1.00E+12 0 21750
HCNN+0<=>CO+H+N2 2.20E+13 0 0
HCNN+0<=>HCN+NO 2.00E+12 0 0
HCNN+02<=>0+HCO+N2 1.20E+13 0 0
HCNN+OH<=>H+HCO+N2 1.20E+13 0 0
HCNN+H<=>CH2+N2 1.00E+14 0 0
HNCO+0<=>NH+C02 9.80E+07 1.41 8500
HNCO+0<=>HNO+CO 1.50E+08 1.57 44000
HNCO+0<=>NCO+0OH 2.20E+06 2.11 11400
HNCO+H<=>NH2+CO 2.25E+07 1.7 3800
HNCO+H<=>H2+NCO 1.05E+05 2.5 13300
HNCO+0OH<=>NCO+H20 3.30E+07 1.5 3600
HNCO+0OH<=>NH2+C02 3.30E+06 1.5 3600
HNCO+M<=>NH+CO+M 1.18E+16 0 84720
HCNO+H<=>H+HNCO 2.10E+15 -0.69 2850
HCNO+H<=>OH+HCN 2.70E+11 0.18 2120
HCNO+H<=>NH2+CO 1.70E+14 -0.75 2890
HOCN+H<=>H+HNCO 2.00E+07 2 2000
HCCO+NO<=>HCNO+CO 9.00E+12 0 0
CH3+N<=>H2CN+H 6.10E+14 -0.31 290
CH3+N<=>HCN+H2 3.70E+12 0.15 -90
NH3+H<=>NH2+H2 5.40E+05 2.4 9915
NH3+0OH<=>NH2+H20 5.00E+07 1.6 955
NH3+0<=>NH2+O0H 9.40E+06 1.94 6460
NH+C02<=>HNO+CO 1.00E+13 0 14350
CN+NO2<=>NCO+NO 6.16E+15 -0.752 345
NCO+N0O2<=>N20+C02 3.25E+12 0 -705
N+C02<=>NO+CO 3.00E+12 0 11300
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