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Investigation of the benefits of passive
TJI concept on cycle-to-cycle variability
in a SI engine

Emmanuele Frasci1 , Ricardo Novella Rosa2 , Benjamı́n Plá Moreno2 ,
Ivan Arsie1 and Elio Jannelli1

Abstract
During the last years, the sales of vehicles equipped with Spark-Ignition (SI) engines have increased, to the detriment of
those powered by Compression-Ignition (CI) engines. However, SI engines provide lower efficiency than CI engines, due
to the low compression ratio and stoichiometric mixture operation. A way to increase the efficiency of SI engines is lean
combustion, as it allows to increase the specific heats ratio (g) and reduces pumping losses at part loads. Nevertheless,
the operation with extremely lean mixtures deals with ignition issues, promoting Cycle-to-Cycle Variability (CCV) and
increasing the probability of misfire. The prechamber ignition concept, also known as Turbulent Jet Ignition (TJI), is a pro-
mising solution for enabling the implementation of lean combustion, without its drawback in SI engines. Such a concept
can be implemented according to two approaches: In active TJI, there is an additional fuel supply system inside the pre-
chamber, while in passive TJI there isn’t. Therefore, the main advantage of passive TJI is its simplicity, as the prechamber
can be installed into a conventional spark plug body, with obvious benefits in terms of packaging and costs. In this work,
the benefits of passive TJI on combustion and performance are assessed by simulation analyses. Particularly, a 1-D engine
model was developed to simulate the TJI combustion and was validated versus experimental data. Afterward, a 0-D
method was applied to assess the impact of the relative air-fuel ratio on CCV. The analysis was carried out in a high
speed and load operating condition, namely 4500 rpm and 13 bar of IMEP, under both stoichiometric and lean mixture.
Experimental and numerical results demonstrate the effectiveness of the passive TJI concept in promoting faster and
more stable combustion also in lean-burn conditions.
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Introduction

During the last years, an important change in passen-
ger car sales in the European Union occurred. The sales
of vehicles equipped with Compression-Ignition (CI)
engines fell and its main competitor, namely the Spark-
Ignition (SI) engine, has taken up the market share left.
This is partially ascribable to the extra cost of the after-
treatment system of CI engines, needed to satisfy the
extremely restrictive European emission standards.1

However, SI engines suffer from lower efficiency, and
then lower fuel economy, if compared to CI engines.2

This is ascribable to the low compression ratio, due to
the fuel octane number and the intrinsic knock
tendency,3,4 and the need to operate the engine with a
stoichiometric air-fuel ratio (i.e. l=1.0). The stoichio-
metric air-fuel ratio limitation is needed to guarantee

an adequate flame front velocity5 and the use of the
Three-Way Catalyst (TWC) to control pollutant emis-
sions.6 An attractive solution to improve the efficiency
of SI engines is lean combustion, which consists in
operating the engine with a relative air-fuel ratio higher
than the stoichiometric value (i.e. l . 1).7 Lean burn
operation allows for increasing engine efficiency due to
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the reduction of heat losses through the combustion
chamber walls, the increase of the specific heats ratio
(g), and the reduction of pumping losses at part loads.8

On the other hand, the use of extreme lean mixtures
results in ignition and flame propagation issues,9 pro-
moting the Cycle-to-Cycle Variability (CCV) and
increasing the probability of misfire that in turn drama-
tically impacts on HC emissions.10 The origin of CCV
has been investigated in d’Adamo et al.11 through
Large Eddy Simulation, while in Maldonado and
Kaul12 and Maldonado et al.13 control-oriented
approaches to capture the correlation between cycle-to-
cycle combustion variability and the misfire limit in SI
engines under high EGR levels are described. Pla
et al.14 propose a control-oriented combustion model
able to characterize the CCV, either in steady state or
in transient conditions.

The prechamber ignition concept, also known as
Turbulent Jet Ignition (TJI),15–17 is a promising solu-
tion to implement the aforementioned strategies while
overcoming their drawbacks in SI engines.18,19 This
ignition concept adopts a conventional spark plug to
ignite a given quantity of air/fuel mixture in a dedicated
volume (the prechamber), which is connected to the
combustion chamber (the main chamber) through a set
of orifices.20 The combustion process causes a pressure
increase inside the prechamber, so a set of turbulent
and reacting jets are ejected toward the main chamber,
forcing the combustion onset in multiple locations.21

The details of the complex characteristics of the tur-
bulent jets have been discussed in Chinnathambi et al.22

and Biswas et al.23 The kinematics and development of
the reacting jets were studied by Allison et al.24 In suit-
able conditions, the TJI concept promotes very fast
main chamber combustion and lower CCV if compared
to a traditional spark-ignition system.25 This is due to
the greater initial flame area promoted by the turbulent
reacting jets ejected from the prechamber, which leads
to faster flame development within the main chamber
also under lean mixture. The shortening of the first
stage of combustion increases the stability of engine
operation. Moreover, faster combustion is also favor-
able to reduce the knock tendency, thus allowing to
increase in the compression ratio to further improve
engine efficiency.26

The TJI concept can be implemented in two different
ways, namely active and passive.15,16 In active TJI,27

there is an additional fuel supply system inside the pre-
chamber that allows controlling the air-fuel ratio close
to the stoichiometric value, regardless of the value
assumed in the main chamber.

Other benefits of the active TJI systems are charge
stratification and the reduction of HC and NOx
emissions.28

In passive TJI systems,29 there is no additional fuel
supply inside the prechamber, so the air-fuel ratio can-
not be directly controlled therein. On the other hand,
passive TJI systems are very simple, as the prechamber
can be directly mounted into a conventional spark plug

body. Therefore, passive TJI offers undoubtedly advan-
tages in terms of packaging and low costs. However,
the prechamber filling and scavenging, which depends
on the mass transfer between the two chambers,
together with limits of the concept in terms of maxi-
mum air and/or EGR dilution, should be still
investigated.

In this paper, the experimental and numerical analy-
sis of the effects of the passive TJI system on the com-
bustion process both in stoichiometric and lean-burn
operating conditions is presented. First, a 1-D engine
model was developed to simulate the combustion pro-
cess, considering the dynamics of the turbulent reactive
jets from each prechamber nozzle and the subsequent
flame front propagation.30 At this stage, the model vali-
dation was carried out by comparison with experimen-
tal data, measured at the test bed on a single-cylinder
SI engine equipped with a passive prechamber. The
tests were performed at 4500 rpm, increasing l from 1.0
to 1.6, to assess the benefits of the passive TJI concept
under lean mixture conditions. Furthermore, the clus-
tering of the acquired cycles was carried out for differ-
ent l values, to investigate the relative importance of
the CCV for different air-fuel ratios.

Afterward, a stochastic methodology was presented
and applied to estimate the influence of CCV under dif-
ferent air dilution conditions, making use of the 1-D
model simulation results. The results of CCV predic-
tion are validated against the experimental data.
Furthermore, the capability of such an approach to
predict the CCV even in case of lack of experimental
data is also assessed and discussed.

In this work, the k-means algorithm, like in Novella
et al.,31 is used to group the registered cycles and clas-
sify them into different categories, including misfiring
and knocking cycles. Such classification is useful to per-
form a stochastic prediction of the CCV.

Experimental layout

Engine and test bench characteristics

The experimental campaign was carried out on a single-
cylinder research four-stroke turbocharged SI engine,
well representative of those currently employed in pas-
senger cars. The most important engine data are listed
in Table 1.

Table 1. Engine technical data.

Engine Four-stroke SI

Number of cylinders [-] 1
Displacement [cm3] 404
Bore–Stroke [mm] 80.0–80.5
Compression ratio (geometric) [-] 13.4:1
Valvetrain [-] DOHC
Number of valves/cylinder [-] 2 intake, 2 exhaust
Fuel injection system [-] PFI (pinj, max = 6 bar)



A Port Fuel Injection (PFI) system, assembled in the
intake manifold at 270mm from the cylinder head, is
adopted to generate a homogeneous air-fuel mixture.
The cylinder head is equipped with four valves, with
double-overhead camshafts (DOHC), to improve the
scavenging process, since the valve overlap is removed
to avoid short-circuit losses.

The engine is assembled into a fully instrumented
test bench, represented in Figure 1.

Compressed air is provided by an external compres-
sor to simulate boost pressure, while the exhaust back-
pressure is reproduced and controlled through a
throttle valve installed in the exhaust line.32 The test
bench is also equipped with a low-pressure EGR sys-
tem, designed to provide arbitrary levels of cooled
EGR at any intake pressure.

During the tests, a calibrated gasoline with 95
Research Octane Number (RON95) is used. The fuel
consumption is measured by an AVL 733 gravimetric
dynamic fuel meter while the fuel temperature is con-
trolled by an AVL 753 conditioner.

Emissions of CO, CO2, O2, HC, and NOx are mea-
sured by a Horiba MEXA 7100 gas analyzer while soot
emissions are measured by an AVL 415 Smoke meter.
The mean air-fuel ratio is calculated by an air flow
meter and fuel balance measurements.

In-cylinder air-fuel ratio is measured by the Horiba
MEXA 7100 gas analyzer and by a UEGO sensor
mounted in the exhaust line.32

In-cylinder pressure is measured by a piezoelectric
sensor, while intake and exhaust pressures are measured
by piezoresistive sensors. For all frequency signals, a

sampling resolution of 0.2�CA is adopted. During the
experimental campaign, 250 cycles are acquired for all
the operating conditions investigated. Further details
on the engine test bench are given in Benajes et al.32

Prechamber description

During the experimental campaign, a passive precham-
ber is used in place of the conventional spark plug.
Such prechamber is designed to be placed in the same
housing in the cylinder head of the conventional spark
plug, being easy and quick to exchange between con-
cepts and/or prechambers. The location of the passive
prechamber in the cylinder head is represented in
Figure 2.

The geometrical data of the prechamber used for this
work are listed in Table 2.

The choice of this design as a reference came from a
comparison between two passive prechambers per-
formed in Benajes et al.32 Such design demonstrated to
have better performance in terms of jet penetration
than the other prechamber tested, which was character-
ized by a lower A/V ratio.

Operating conditions

In this work, an operating condition at high engine
speed (4500 rpm) and high load (around 13bar IMEP)
was considered. The reason behind this choice lies in
the fact that high speeds compromise the scavenging
and filling of the prechamber, which is critical in pas-
sive configurations as discussed in the introduction.

Figure 1. Complete layout of the engine test bench.32



The high load was selected to investigate the impact of
the passive TJI concept on the knock tendency, at dif-
ferent air-fuel ratios. The tests are carried out at differ-
ent l values, by keeping the injected fuel quantity per
cycle constant and increasing the air flow rate by con-
trolling the intake manifold pressure. Moreover, the
EGR rate was set to 0% for all the operating condi-
tions investigated.

The details of the operating conditions investigated
are listed in Table 3.

Engine model development

A 1-D model of the experimental facility and the single-
cylinder engine, described in section 2, was developed
by using the commercial software GT-Power.33 Since
the intake and exhaust systems were included within the

model, the whole engine cycle was simulated. Therefore,
it was also possible to assess the cylinder scavenging
process. Moreover, the sub-models embedded in the
engine model allowed the simulation of various
processes, like combustion and heat transfer.

However, particular attention was paid to the devel-
opment of the combustion sub-model, described in the
following.

Combustion sub-model

The prechamber combustion is simulated by a Wiebe
function,30,34 whose tuning was performed by matching
the prechamber CA50 with the main chamber Start Of
Combustion (SOC) and imposing the value of the pre-
chamber combustion duration for each l since no
experimental data on the prechamber were available.
Particularly, the prechamber combustion duration is
fixed at 4�CA for the cases with l=1.0 and 1.2, at
5�CA for l=1.4, and 6�CA for l=1.6, according to
3D-CFD simulation results presented in Novella et al.35

In the cylinder, the combustion process is simulated
through a multi-zone predictive model, which describes
the evolution and burning of the turbulent reactive jet
and the subsequent flame front propagation.

Initially, a single thermodynamic zone, the main
unburned zone, contains all the mass in the cylinder.
The fresh charge from the intake ports is added to this
zone. The main unburned zone exchanges mass and
energy with the prechamber through its orifices. Once
the combustion starts in the prechamber after the spark
time, a new thermodynamic zone, namely the jet zone,
develops in the cylinder from each prechamber orifice.
The jet dynamics inside the main chamber are governed
by two quantities, namely the penetration distance (t)
and the tip velocity u(t)36:

S tð Þ= Cst
1=2 unozdnoz

Cd

ffiffiffiffiffiffiffiffi
rnoz

rcyl

r !1=2

ð1Þ

Figure 2. Representation of the engine design, including the passive prechamber positioning in the cylinder head.32

Table 2. Main geometrical features of the passive prechamber.

Volume [mm3] 600
Hole diameter [mm] 0.7
Number of holes [-] 6
A/V [/m] 3.9

Table 3. Operating conditions investigated.

l = 1.0 l = 1.2 l = 1.4 l = 1.6

Engine speed [rpm] 4500 4500 4500 4500
IMEP [bar] 12.7 13.2 13.3 12.6
Injected fuel
[mg/cycle]

28.5 28.5 28.5 28.5

Intake air temperature
[K]

289.86 291.75 292.91 294.58

Intake pressure [bar] 1.101 1.292 1.501 1.720
Exhaust pressure [bar] 1.062 1.206 1.386 1.531
Coolant and oil
temperature [K]

350 350 350 350



u tð Þ= Cut
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where t is the elapsed time [s], unoz is the velocity at the
prechamber nozzle [m/s], dnoz is the nozzle diameter [m],
Cd is the nozzle discharge coefficient, rnoz is the fluid
density inside the jet at the nozzle exit, and rcyl is the
density of the charge inside the main chamber [kg/m3].
Cs and Cu are model parameters. As the jet enters the
cylinder, it expands and slows down by entraining mass
from the surrounding fluid. Considering the momentum
conservation, the mass entrained by the jet is given by:

mje tð Þ= Cemnoz
unoz
u tð Þ � 1

� �
ð3Þ

where mnoz is the mass in the jet at the prechamber noz-
zle exit [kg] and Ce is the entrainment rate multiplier, a
model parameter that considers transient effects in the
entrainment process which are not explicitly mod-
eled.33,34 The mixture entrained by the jet undergoes an
ignition delay modeled by an Arrhenius-like equation,
which can be modified by the ignition delay multiplier
Ci.

33,34 A fraction of the charge entrained by the jet is
set aside for premixed combustion, whose rate is con-
trolled by the chemical kinetics and can be adjusted by
the premixed combustion rate multiplier Cpm.

33

After the ignition, the jet continues to entrain mass
based on equations (1)–(3). The burn rate inside the jet
(dmjb=dt) is calculated as follows33,34:

dmjb

dt
= Cdfmju

ffiffiffi
k
p

V
1=3
cyl

f O2½ �ð Þ+ _sfmju ð4Þ

dmju

dt
=

dmje

dt
� dmjb

dt
ð5Þ

_sf =
1

mu

dmfb

dt
ð6Þ

where mje is the mass entrained by the jet [kg], mju and

mjb are the unburned and the burned mass inside the jet,

respectively, mu is the total unburned mass in the main
chamber, k is the turbulent kinetic energy [m2/s2], Vcyl is

the cylinder volume [m3], and Cdf is the diffusion com-

bustion multiplier. The term

ffiffiffi
k
p

V
1=3
cyl

f O2½ �ð Þ is a mixing-

controlled burn rate, that depends on the turbulence
level in the cylinder and the stoichiometry of the mixture
in the reactive jet.33 The function f O2½ �ð Þ, dependent on
the oxygen concentration, determines a burn rate reduc-
tion due to reduced oxygen amount. Finally, _sf is a

source term that couples the jet combustion with the
flame propagation, as part of the mass entrained by the
jet can be entrained and burned by the flame front. mfb

is the mass burned behind the flame front.
Once the jet is fully developed, a turbulent spherical

flame front is initiated at the jet tip, whose propagation
is modeled as a turbulent entrainment process, followed
by combustion.37,38 The flame front is initiated at a

fixed location inside the main chamber and there are as
many flame kernels as the number of turbulent reactive
jets. During its propagation, the flame front entrains
mass from the main chamber, which is burned with a
characteristic timescale. Such phenomenon is modeled
by the following equations33,34:

dmfu

dt
= ruAeST �

dmfb

dt
ð7Þ

dmfb

dt
=

mfu

t
+ _sjmfb ð8Þ

t =Ctls
l

SL
; _sj =

1

mb

dmjb

dt
; ST = SL +Ctfsu

0 ð9Þ

where equation (7) governs the entrainment rate of the
mixture in the main chamber by the flame front and
equation (8) governs the burning rate of the entrained
mass. mfu is the unburned mass entrained by the flame
front, ru is the unburned mixture density, Ae is the
entrainment surface area, SL and ST are the laminar
flame speed and the turbulent flame speed, respectively
(their calculation is shown in GT-Suite Engine perfor-
mance application manual, Gamma Technologies33), t

is the burning characteristic timescale and _sj is a source
term coupling the flame propagation model with the jet
combustion model. In fact, part of the mass entrained
by the flame front can be entrained and burned by the
jet. The time constant t and the turbulent flame speed
ST depend on the turbulence intensity u0 and the Taylor
microscale l= Li=ReT, where Li is the turbulence inte-
gral length scale and ReT is the turbulent Reynolds
number. Li and u0, in their turn, are calculated by the
turbulence sub-model in the main chamber.39 The flame
front propagation model tuning parameters are the
dilution effect multiplier Cde, which takes into account
the dilution of the fresh charge by residual gases and
acts on SL, the turbulent flame speed multiplier Ctfs,
which instead act on ST, and the Taylor length scale
multiplier Ctls, which acts on the Taylor microscale of
the turbulence, that influences the time constant of the
combustion process t (equation (9)).33

Heat transfer sub-model

The heat transfer in the main chamber is simulated by a
modeling approach based on the Woschni heat transfer
coefficient correlation.40 More details about the simula-
tion of heat transfer in both the prechamber and main
chamber are given in Frasci et al.30

CCV prediction and modeling

To investigate the relative importance of the CCV, the
250 in-cylinder pressure cycles, acquired for each oper-
ating condition experimentally investigated, are classi-
fied by a k-means clustering methodology. It divides a
data set into a certain number of distinct clusters by
grouping the observations with similar predefined char-
acteristics. K-means was chosen, as it is one of the



easiest to implement machine learning algorithms,
guarantees a quick convergence, and can be easily gen-
eralized. Moreover, the k-means algorithm can deal
with very large datasets and is efficient in terms of its
computational cost, and its results can be easily inter-
preted. K-means is an unsupervised classification algo-
rithm that provides a number of clusters (k) and a set
of characteristics (defining the dimensions of space)
and divides a dataset in k groups by minimizing the dis-
tance between the elements of a cluster and its mean in
the considered space. The interested reader can find a
deep description of the algorithm in the paper of
Lloyd,41 or in the more recent review about k-means
and applications.42

K-means algorithm has three main steps: (i) initiali-
zation, (ii) assignment, and (iii) update.31

In the first step, once the number of clusters (K) is
set, an initial centroid (ci, i=1, ., K) for each cluster
is defined.

In the second step, each sample of the data set is
assigned to the cluster with the nearest centroid. For a
given data set {x1, x2, ., xN}, the algorithm searches
for the position of the centroids that minimizes the
objective function, given by:

J=
XK
i=1

XN
j=1

xj � ci ð10Þ

where xj � cj is the Euclidean distance between the gen-
eric observation of the data set xj and the centroid ci of
the i-th cluster.

In the third step, the centroids ci are updated.
In the present work, the clustering of the experimen-

tal data is carried out by considering three thermody-
namic variables characterizing the combustion process,
namely the maximum Heat Release Rate (HRR), the
combustion duration (CA95-CA5), and the combustion
phasing (CA50).

Firstly, the pressure cycles characterized by abnor-
mal combustion events, namely misfire and knock, are
separated from the cycles in which normal combustion
is observed. Particularly, cycles in which the max HRR
is below 20 J/deg are assigned to the misfiring cluster,
while cycles in which the Maximum Amplitude of
Pressure Oscillations (MAPO) is above a certain thresh-
old are assigned to the knocking cluster. For all the
cycles, MAPO calculation is performed by applying a
band-pass filter to the in-cylinder pressure signal, to iso-
late the high frequencies oscillations of the signal.43 The
band-pass frequency range was chosen between 4 and
27kHz. The MAPO threshold to identify the knocking
cycles was chosen for each l value according to the
observed amplitude of high-frequency pressure signal
oscillations.

Once misfiring and knocking cycles are isolated,
cycles with normal combustion are grouped into two
clusters, namely slow-burning and fast-burning cycles,
by using the aforementioned k-means algorithm.
Therefore, the cycles acquired in the engine test bench

are grouped in four clusters. In any case, the proposed
methodology to model the Cycle-to-Cycle Variability
(CVV) is completely general and can be extended to a
higher number of clusters.

Once the division of all the 250 cycles in four clusters
(misfiring cycles, slow cycles, fast cycles, and knocking
cycles) is performed, the mean cycle for each cluster is
obtained. At this point, the most interesting thermody-
namic variables related to the mean cycle belonging to
each cluster are collected, and a particular set of com-
bustion model parameters is identified for any of the
clusters.

The previous classification is then used to model the
CVV in a stochastic way. To this aim, any cycle to be
simulated will be allocated according to some probabil-
istic variable in one of the four clusters. Particularly,
the choosing of the cluster for the first cycle is carried
out by considering the total probability of each cluster,
estimated from the frequency of this cluster in the
experimental data according to the following equation:

prob ið Þ= ni
ntot

(i=1, . . . ,K) ð11Þ

where ni is the number of cycles in the i-th cluster, ntot is
the number of all the acquired cycles and K is the num-
ber of clusters in which the experimental data have been
grouped.

Once the probability of each cluster is determined,
the objective is to generate a random number according
to the corresponding probability distribution (equation
(11)). To this aim, a homogeneously distributed random
number between 0 and 1 is generated and the interpola-
tion of the obtained number in the cumulated probabil-
ity for the four clusters leads to the selection of a cluster
according to the desired distribution.

In a further step, the subsequent cycles are allocated
in the four clusters based on the conditioned probability
of each cluster. Particularly, a matrix of the probability
of each cluster is computed, where each element
pi, j (i, j=1, ::, K) represents the probability of a cycle
to be in the j-th cluster if the previous cycle is allocated in
the i-th cluster. Then, the same process used to allocate
the first cycle is repeated but, in this case, using the prob-
ability conditioned by the previous cycle. So, each cycle is
allocated in one of the four clusters based on the cluster
chosen for the previous cycle, assuming that the cycle
allocation is a Markov process. A scheme of the proce-
dure adopted to assess the CCV is depicted in Figure 3.

In this way, it is possible to obtain a sequence of all
the relevant thermodynamic variables characterizing
the engine performance and the combustion process
and compare them with those observed from the experi-
mental data.

Model parameters’ identification

According to the previous section, there are seven tun-
ing parameters in the predictive combustion model,
namely Ce, Ci, Cpm, Cdf, Cde, Ctfs, and Ctls, plus the



prechamber combustion duration. Their identification
was carried out by using a genetic algorithm-based
optimization procedure, that minimizes the root mean
square error between the measured and predicted heat
release rates. Particularly, each case was optimized
independently, and a different set of tuning parameters
was identified for each l value. In a further step, the
mean value of Cdf, Ctfs, and Ctls over all the four cases
was imposed for each l value, as their values showed to
be almost constant with l. In fact, those parameters
affect the turbulence inside the jet (Cdf) and in the main
chamber (Ctfs and Ctls), which is more influenced by the
engine speed than by the mixture composition (i.e. l).

Once the model was validated versus the mean cycle
of each case, further validation was carried out against
the mean cycle of the different clusters. To do this,
slight modifications to the tuning constants’ values
found for the mean cycles of each case were applied.
Particularly, the values of Ctfs and Ctls were slightly
varied with respect to those adopted for the mean cycle
of each case, given that one of the main sources of the
CCV is the stochastic nature of the turbulent flow field
inside the cylinder.

Results and discussion

Combustion model validation

Combustion model validation was carried out by com-
paring simulation results and experimental data for the

engine operating conditions listed in Table 3. One of
the purposes of this work is to assess the model’s accu-
racy in predicting the effects of mixture leaning out on
the combustion process, in a medium-to-high speed and
load condition. Figure 4(a)–(h) shows the comparison
of in-cylinder pressure and net HRR traces.

Observing the in-cylinder pressure traces (Figure 4(a),
(c), (e), and (g)), an increase of the maximum pressure,

together with its shift toward the Top Dead Center

(TDC), can be noted as l is swept from 1.0 to 1.6. The

former is due to the increase of intake pressure to obtain

the mixture leaning, while the latter is due to the higher

spark timing. However, the mixture leaning results, as

expected, in a slowdown of the combustion process, evi-

denced by the significant reduction of maximum HRR

as l increases (Figure 4(b), (d), (f), and (h)). This is

ascribable to the laminar flame speed reduction as the

mixture becomes leaner, due to the higher relative impor-

tance assumed by heat losses with respect to the energy

released by fuel combustion.2 Furthermore, the increase

of the air-fuel ratio results also in a slowdown of jet com-

bustion, as it can be noted by the reduction of the initial

slope of the HRR traces. This trend is more evident

when l is swept from 1.2 to 1.6. This is due to the advan-

cing of the spark timing as l is increased, which results

in a reduction of the fuel mass trapped inside the pre-

chamber at the Start of Combustion (SOC), which in

turn leads to a reduction of the energy available for the

ejection and a lower jet penetration.
However, the adoption of a passive TJI concept

allows guaranteeing a faster combustion process with
respect to a conventional spark ignition system,
particularly in the case of lean mixture, thus resulting
in higher in-cylinder pressure.32 This is due to the
greater initial flame area promoted by the turbulent
reactive jets, which leads to a faster flame develop-
ment within the main chamber if compared to a
conventional SI.

The previous figure evidences a good agreement of
the simulation results with the experimental data.
However, the maximum in-cylinder pressure is slightly
overestimated by the model in the cases with l=1.4
and 1.6 (Figure 4(e) and (g)). On the other hand, a very
slight underestimation of maximum in-cylinder pres-
sure can be observed in cases with l=1.0 and 1.2
(Figure 4(a) and (c)). This is due to the assumption to
use the same tuning parameters related to the flame
propagation, namely Ctfs and Ctls, for all the test cases.
Being the values chosen for these tuning parameters an
average over all the investigated cases, this behavior of
the model in predicting combustion is expected.

Moreover, the predicted maximum HRR is more
shifted toward the expansion stroke than the experi-
mental one. Particularly, the value of the predicted
maximum HRR is slightly lower than the experimental
one in the test cases with l=1.0 and 1.2 (Figure 4(b)
and (d)), denoting a slower flame front propagation in
the cylinder. This is still due to the assumption to keep

Figure 3. Schematic representation of the approach adopted
to model the CCV.



(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 4. (a-h) Comparison between the experimental and numerical in-cylinder pressure and net HRR traces at 4500 rpm, for
different l values.



the same values of Ctfs and Ctls for all the investigated
cases.

Other differences between the experimental and the
predicted HRR can be found in the cases with l=1.4
and 1.6 (Figure 4(f) and (h)), in the first phase of main
chamber combustion. Particularly, the initial slope of
the simulated HRR trace seems to be higher than the
experimental result, denoting a slight overestimation of
the jet combustion velocity.

CCV analysis

Clustering of the experimental data. The results of the clus-
tering analysis to evaluate and predict the impact of
air-fuel ratio on CCV are presented in this section. The
cases with l=1.0 and 1.4 are firstly analyzed, as they
correspond to the operating conditions with the lowest
and the highest CCV, respectively (Table 4).

It is worth noting that, in every case, the COVIMEP is
below 10%, which is considered the upper threshold for
combustion stability.2 Therefore, unstable engine oper-
ation is never reached.

In such cases, all the 250 cycles measured on the test
bench were grouped in four clusters, namely misfiring
cycles, slow cycles, fast cycles, and knocking cycles.

The gross HRR traces for each of these clusters are
depicted in Figure 5, for l=1.0 and 1.4.

As expected, for every cluster the maximum HRR is
lower for l=1.4 than for l=1.0. There are no misfir-
ing cycles detected for l=1.0, confirming the lowest
COVIMEP observed in this case, while few cases with
misfire were detected for l=1.4, due to the combus-
tion slowdown for leaner mixtures. On the other hand,
there are more knocking cycles in the test cases with
l=1.0 than for l=1.4, confirming the higher MAPO
value in stoichiometric conditions (Table 4). In both
cases, the knocking cycles are characterized by a second
peak of HRR after the main one, indicating the com-
bustion of the end-gases. Particularly, for a few cycles,
this second peak is higher in the case with l=1.4 than
in the stoichiometric one, indicating strong knocking
combustion events. In both cases (l=1.0 and 1.4),
most cycles are characterized by regular combustion,
so they were in the slow and fast-burning clusters.
Particularly, there are more slow cycles in the case with
l=1.4 than in the stoichiometric one, due to the
slower combustion in the former case.

Impact of the air-fuel ratio. Once the 250 cycles are clus-
tered, the impact of the air-fuel ratio on the CCV is
assessed by allocating each cycle in one of the four clus-
ters for different l values.

In Table 5 the probability matrices of each cluster,
as described in Section 3.3, are reported for l=1.0
and 1.4.

The probability matrix for l=1.0 evidences that
there is no probability of misfiring cycles, confirming
what is observed in Figure 5. On the other hand, for
l=1.4, it is worth noting that there is a 100% prob-
ability of knocking combustion in the current cycle if
there is a misfire in the previous one. This is due to the
excess of unburned fuel from the misfiring cycle, which
burns all at once causing abnormal combustion. In
both cases, the most frequent cycles are the fast-burning
ones. In fact, for l=1.0 there is a 54% probability of a
fast cycle if the previous cycle is slow-burning and a
59% if the previous one is fast-burning. For l=1.4,
these percentages are similar to those obtained for
l=1.0 (53% and 58%, respectively), evidencing the
benefit of the passive prechamber of promoting a stable
combustion process also under lean mixture engine
operation.

The 250 cycles allocated in the four clusters, together
with their distribution, are represented in Figure 6(a)
and (b) for l=1.0 and 1.4, respectively.

It can be still observed that the fast cycles are the
most frequent in both cases. However, the case with
l=1.4 is characterized by a greater number of slow
cycles, due to the combustion slowdown as the mixture
becomes leaner. Furthermore, the higher number of
knocking cycles evidences the greater knock tendency
of the case with l=1.0, if compared to the case with
l=1.4. In fact, for the stoichiometric case, there is a
probability of about 18% to have knock if the previous
cycle is slow or fast (Table 5), while these probabilities
are very low for l=1.4.

As mentioned in Section 3.4, after the validation
against the mean cycle of each l value, further tuning
of the combustion model parameters was carried out
for each of the four clusters. Figure 7(a)–(d) shows the
in-cylinder pressure and net HRR traces obtained from
the model simulations for each cluster, in the case of
l=1.0 and 1.4.

The parameters’ tuning was carried out by slightly
varying Ctfs and Ctls from the values obtained for the
mean cycle. Particularly, it can be noted that the stoi-
chiometric case (Figure 7(a) and (b)) is characterized
by maximum in-cylinder pressure and HRR similar to
each other for the different clusters. On the other hand,
the case with l=1.4 exhibits a large increase of maxi-
mum pressure and HRR when moving from misfiring
cycles to knocking ones, denoting higher variability
than the stoichiometric case. However, the faster flame
development within the cylinder, promoted by the tur-
bulent jets, ensures stable combustion even in lean-burn
conditions, thus reducing the relative importance of
CCV compared to a traditional SI concept.32,35

Table 4. Values of the COVIMEP and MAPO for different air-fuel
ratios.

Engine speed
[rpm]

l [-] COVIMEP [%] MAPO
[bar]

4500 1.0 0.75 1.55
4500 1.2 9.58 2.37
4500 1.4 9.99 0.59
4500 1.6 5.94 0.24



Model simulations were carried out for the different
clusters to assess how the CCV impacts on engine per-
formance and combustion process. Particularly, the
simulation results were collected for each cluster. Then,
simulation results for each cluster were arranged in
sequence, according to the cluster chosen for each cycle
following the stochastic procedure described in Section
3.3 (Figure 6). Figures 8 and 9(a)–(d) depict the experi-
mental observations of IMEP, maximum in-cylinder
pressure and its location and combustion phasing (i.e.
CA50) for all the 250 cycles, together with the
sequences of the simulation results, for l=1.0 and 1.4.

The IMEP sequences shown in Figures 8(a) and
9(a), evidence the slight disagreement between the mean
value of experimental and simulated sequences that is
due to the combustion model tuning procedure against
the mean cycle, described in Section 4.1. Furthermore,
a higher data dispersion can be noticed when l is
increased from 1.0 to 1.4, confirmed by a higher range
of the distributions of both experimental and clustering
results (Figures 8(a) and 9(a), right). The two lowest
IMEP values in the case of l=1.4 (Figure 9(a)),
noticeable from both experimental and simulated
sequences, correspond to the two misfiring cycles

Figure 5. Gross HRR traces of the cycles in the different clusters, for l = 1.0 (top) and l = 1.4 (bottom).

Table 5. Probability matrices of each cluster computed for l = 1.0 (top) and l = 1.4 (bottom).

l = 1.0 Misfire (current) Slow cycles (current) Fast cycles (current) Knock (current)

Misfire (previous) 0.00 0.00 0.00 0.00
Slow cycles (previous) 0.00 0.28 0.54 0.18
Fast cycles (previous) 0.00 0.23 0.59 0.18
Knock (previous) 0.00 0.32 0.40 0.28

l = 1.4 Misfire (current) Slow cycles (current) Fast cycles (current) Knock (current)

Misfire (previous) 0.00 0.0 0.00 1.00
Slow cycles (previous) 0.00 0.47 0.53 0.00
Fast cycles (previous) 0.01 0.38 0.58 0.02
Knock (previous) 0.00 0.71 0.00 0.29



detected. However, it is worth noting that the number
of misfires at l=1.4 is very low if compared to a con-
ventional SI system, thanks to the faster flame propa-
gation promoted by the passive TJI concept.32,35

The increasing influence of CCV for higher air-fuel
ratios is noticeable also from both sequences and distri-
butions of maximum in-cylinder pressure (Figures 8(b)
and 9(b)). Particularly, the distribution of the simulated

(a) (b)

Figure 6. Cycles allocation in the four clusters (blue dots) and their distribution (blue line) for l = 1.0 (a) and l = 1.4 (b).

(a) (b)

(c) (d)

Figure 7. (a–d) Simulated in-cylinder pressure and net HRR traces for the different clusters, at l = 1.0 and 1.4.



cycles for l=1.4 (Figure 9(b), right) is characterized
by two modes not clearly identifiable in the stoichio-
metric case, corresponding to the slow (lower value)
and fast (higher value) cycles, respectively.

Concerning the angle of maximum pressure (Figures
8(c) and 9(c)), the mean value is slightly lower for the
case with l=1.4, given the higher value of the spark
advance in such case. However, the higher data disper-
sion, together with the wider distribution, confirms the
higher relative importance assumed by CCV as l

increases. Such increasing in data dispersion is con-
firmed in both experimental and simulated CA50
sequences for l=1.0 and 1.4 (Figures 8(d) and 9(d),
left). Particularly, the two peaks in both experimental
and simulated sequences coincide with the two misfir-
ing cycles detected for l=1.4. It is interesting to note
how the approach adopted can reproduce the knocking
cycles following the misfires, confirming what was
stated above. This aspect is particularly evident from
the sequences of maximum in-cylinder pressure for
l=1.4 (Figure 9(b)). A misfiring cycle, identified by a

very low maximum pressure, is followed by a knock,
which instead is identified by a peak of maximum
pressure.

Furthermore, observing the comparison between the
distributions obtained from the experimental results
and the clustering procedure (Figures 8(d) and 9(d),
right), it can be noted that they are centered at about
the same value in the case of l=1.0. On the other
hand, the simulated CA50 distribution in the case of
l=1.4 experiences two modes, as observed for the
maximum pressure distribution (Figure 9(b), right).
Particularly, in such case, a slightly higher number of
fast cycles (lower CA50 value) is noticeable, confirming
the higher probability of this cluster (Table 5).

CCV prediction. In addition to the test cases with l=1.0
and 1.4, the CCV analysis was carried out also in the
case with l=1.2. The reason lies in the fact that such
a case is characterized by a COVIMEP between those
recorded in the two cases previously analyzed (see

(a) (b)

(c) (d)

Figure 8. Comparison between experimental observations and clustering results for all 250 cycles of IMEP (a), max in-cyl. pressure
(b), angle of max pressure (c), and CA50 (d), for l = 1.0.



Table 4). To appreciate the prediction accuracy of the
method, the CCV for l=1.2 was assessed starting
from the data obtained in the cases with l=1.0 and
1.4. In particular, the probability matrix for l=1.2
(Table 6) was calculated by linearly interpolating the
values obtained for the two other cases and the clusters
were chosen for all the cycles according to the same
procedure, described in Section 3.3.

Like the case with l=1.4, also for l=1.2, there is
a 100% probability of knocking in the current cycle if a
misfire occurs in the previous one. Moreover, also in

this case, the most frequent cycles are the fast-burning
ones. In fact, there is a 53% probability of a fast cycle
if the previous cycle is slow-burning and a 59% if the
previous one is fast-burning.

The result of the cycles’ allocation in the different
clusters for l=1.2 is shown in Figure 10.

As it can be observed, the proposed method allows
estimating high frequencies in the slow and fast cycles
but leads to an overestimation with respect to the values
obtained by the experimental measurements (red line),
while the number of knocking cycles is underestimated

(a) (b)

(c) (d)

Figure 9. Comparison between experimental observations and clustering results for all 250 cycles of IMEP (a), max in-cyl. pressure
(b), angle of max pressure (c), and CA50 (d), for l = 1.4.

Table 6. Estimated probability matrix of each cluster for l = 1.2.

l = 1.2 Misfire
(current)

Slow cycles
(current)

Fast cycles
(current)

Knock
(current)

Misfire (previous) 0.00 0.00 0.00 1.00
Slow cycles (previous) 0.00 0.37 0.53 0.09
Fast cycles (previous) 0.01 0.31 0.59 0.10
Knock (previous) 0.00 0.52 0.20 0.28



by the cycles’ allocation according to the probability
matrix in Table 6. The number of misfires is underesti-
mated since no misfire is experienced at l=1.2 accord-
ing to the proposed method, while experimental results
show two misfires in the 250 cycles. The deviations
between the estimated and measured distribution lie in
the fact that the CCV does not linearly depend on l, as
assumed by the proposed method.

The 250 cycles allocated in the four clusters for
l=1.2, together with their distribution, are shown in
Figure 11.

As observed for the other two cases, also for l=1.2
the fast cycles are the most frequent, confirming what
is reported in Table 6. Furthermore, as expected, the
number of knocking cycles for l=1.2 is between the
values obtained for l=1.0–1.4, as well as the slow-
burning cycles.

Also in this case, model simulation results were col-
lected and arranged in sequence to assess the relative

importance of CCV. Figure 12(a)–(d) shows the
sequences of both experimental and simulated IMEP,
maximum in-cylinder pressure and its location, and
CA50 for all 250 cycles, together with their distribu-
tions, for l=1.2.

The results show a good agreement between the
experimental and simulated IMEP distribution (Figure
12(a), right), especially in predicting the mean value.
However, if the probability matrix is computed starting
from the values of the other two cases, this approach is
not able to reproduce the two misfiring cycles detected
by the experimental observations (Figure 12(a), left).
The same model accuracy in predicting the mean value
is noticeable also in the maximum pressure sequences
(Figure 12(b), left). Particularly, in this case, three levels
of maximum pressure are distinguishable in the simu-
lated sequence, which are reflected in as many modes of
the simulated maximum pressure distribution. These
modes are representative of slow, fast, and knocking
cycles. Also from this distribution, it is evident that fast
cycles are the most frequent for l=1.2.

The experimental and simulated maximum pressure
angle sequences (Figure 12(c), left) exhibit a data dis-
persion for l=1.2, which is higher than l=1.0 but
lower than l=1.4, as expected. Also in this case, three
levels are distinguishable from the simulated sequence,
corresponding to slow (higher values), fast (medium
values), and knocking cycles (lower values). On the
other hand, the simulated distribution of the maximum
pressure angle (Figure 12(c), right) seems to be less wide
than the experimental one, which features about three
modes.

Concerning the combustion phasing (Figure 12(d)),
the case with l=1.2 experiences a very low data dis-
persion, as observed for l=1.0 (Figure 8(d)), together
with good accuracy of the model in predicting the mean
value.

From the comparison between the experimental
observations and the clustering results for l=1.2,
good accuracy in assessing the relative importance of
CCV is evident, despite the differences in the cycles’
number for each cluster observed in Figure 10.
Therefore, the approach adopted to cluster the experi-
mental data and then to allocate the cycles in the differ-
ent clusters seems to be reliable also in cases where no
experimental data is available.

Conclusions and future developments

The paper deals with the experimental and numerical
investigation of the effects of a passive TJI system on
SI engines’ performance, in stoichiometric and lean-
burn operating conditions. A 1-D engine model was
developed and validated against the experimental data
to simulate the TJI combustion process. Based on 1-D
model results, a stochastic methodology was applied to
predict the CCV depending on the current relative air-
fuel ratio, ranging from 1.0 to 1.6.

Figure 10. Comparison of the cycles’ allocation in the different
clusters with the experimental observations, for l = 1.2.

Figure 11. Cycles allocation in the four clusters (blue dots)
and their distribution (blue line) for l = 1.2.



Both experimental data and simulation results evi-
dence that an increase of l results in a combustion
slowdown, noticeable from the decrease of maximum
HRR as l is increased from 1.0 to 1.6. However, the
adoption of a passive TJI concept allows guaranteeing
a faster combustion process compared to a conven-
tional spark ignition system, particularly in the case of
lean mixture.

Afterward, the influence of mixture leaning on CCV
was assessed, starting from the cases with l=1.0 and
1.4, as they experience the lowest and the highest varia-
bility, respectively. As expected, increasing l from 1.0
to 1.4 results in an increase of misfiring cycles, which
are absent in the stoichiometric case, and in a reduction
of the knocking cycles. Moreover, in the case of
l=1.4, a 100% probability of a knocking cycle after a
misfire is observed. In both cases, fast-burning cycles
are the most frequent although the case with l=1.4
exhibits a greater number of slow cycles, due to the
combustion slowdown as the mixture becomes leaner.

The stochastic allocation of the cycles in the four
clusters allows estimating the sequences of the main
metrics of the combustion process, namely IMEP, max-
imum in-cylinder pressure and its location, and CA50,
starting from 1-D simulation results. Particularly, a
higher data dispersion is observed for the IMEP
sequences when l is increased from 1.0 to 1.4. This
trend indicates higher relative importance of CCV as
the mixture is leaned out and is confirmed by the
sequence and the distribution of maximum in-cylinder
pressure and CA50.

In addition to cases with l=1.0 and 1.4, the CCV
analysis was also carried out for the case with l=1.2.
In such case, the probability matrix was calculated by
linearly interpolating the values of the two other cases,
to assess the prediction of the method even in case of
lack of experimental data. Like the case with l=1.4,
100% probability of knocking after a misfiring is
observed. Moreover, the analysis of the sequences of
the most relevant combustion metrics exhibits a good

(a) (b)

(c) (d)

Figure 12. Comparison between experimental observations and clustering results for all 250 cycles of IMEP (a), max in-cyl.
pressure (b), angle of max pressure (c), and CA50 (d), for l = 1.2.



agreement between experimental data and clustering
results, thus confirming the reliability of the proposed
stochastic method to predict the CCV, even in case no
experimental data are available.
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Appendix

Abbreviations

CA50 Crank angle of 50% of burned fuel
CCV Cycle-to-cycle variability
CI Compression ignition
DOHC Double over head camshaft
EGR Exhaust gas recirculation
FSN Filter smoke number
GDI Gasoline direct injection
HRR Heat release rate
IMEP Indicated mean effective pressure
MAPO Maximum amplitude of pressure

oscillation
PFI Port fuel injection
SI Spark ignition
SOC Start of combustion
TDC Top dead center
TJI Turbulent jet ignition
TWC Three-way catalyst

Greek letters

g Ratio of specific heats
l Relative air-fuel ratio
r Density
t Characteristic timescale of the flame

propagation


