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Abstract
This paper evaluates the potential advantages of introducing a new injector concept with a dual set of orifices in a 2-stroke
engine operating with gasoline partially premixed combustion (PPC gasoline), specially in terms of combustion noise reduction.
The injector is based on a configuration with two concentric needle valves and dual actuators, which allows to switch among
two independent crowns of holes. The first set of orifices is controlled by the primary needle valve while an additional
needle valve manages the secondary holes crown. Moreover, both valves are coupled with the two actuators separately,
providing enhanced selective control over injection with an extra degree of freedom. In this investigation, a combination
of Computational Fluid Dynamics (CFD) simulations and the Design of Experiments (DoE) technique is proposed with the
specific purpose of optimizing this new injector configuration. In addition to determining the most convenient design, this
method is extremely useful to establish cause/effect relationships between the injection design parameters and their impact on
the engine performance and emissions. Results show how this solution could increase the operating range of the PPC gasoline
concept by improving the combustion stability while acoustic emissions are reduced.
Keywords: Gasoline PPC concept, 2-stroke engine, Dual spray injectors, Combustion noise, CFD, Acoustics

1. Introduction
Growth usually means success in the industry sector; it
indicates a progressive business expansion and an appreciable increase of the produced incomes. However, excessive
growth can lead to a reverse and undesired situation which
compromises the existence of the group itself. For example, industrial activities and their derived tasks have caused a
huge raise of environmental pollution during the last decade
[1]. Likewise, population increase has conditioned healthy
lives, decent work and equitable quality education for everyone.
The number of actions for searching an inclusive and sustainable development has significantly increased in recent
years, becoming a topic of current interest in all society collectives. One such example is the United Nations Conference on Sustainable Development1 , which produced a new
impulse for achieving sustainable development. This conference, known as Rio+20, took place under the catchphrase
the future we want with the aim of developing a set of Sustainable Development Goals (SDGs) [2]. Governments have
consequently introduced new regulations, policy, taxes and
incentives to achieve these new requests.
This situation has resulted in several consequences and
business opportunities for the engineering industry. For instance, ensuring access to affordable and clean energy, build∗
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ing industry infrastructure, innovation strategies and combating climate change are some of the fields in which engineering activities are being expanded.
Although the effects of these measures are still negligible
in most of the sectors, they are more evident in segments with
high competitive markets. Automotive industry, for example,
is experiencing revolutionary transition from fuel propelled
cars to electric vehicles [3]. Indeed, hybrid cars are widely
established in the European urban environment because of
their advantages in terms of fuel consumption and pollutant
emissions.
In the face of these challenges, numerous research efforts
are currently focused on facing new hybrid system requirements. Engine manufacturers in collaboration of public institutions2 have developed interesting technologies which involve new engine and combustion concepts.
One of the most interesting combustion modes in the search
of higher efficiency and cleaner exhaust emissions is the gasoline partially premixed combustion (PPC) [4, 5]. It operates
with partially premixed charges, between entire premixed
and complete diffusive conditions. These particular conditions allow to reach very low emissions of both nitrous oxides (NOx ) and particulate matter (PM) while the engine efficiency is maintained or even improved [6].
2
European Union sponsored relevant programs such as POWERtrain of
FUture Light-duty vehicles (POWERFUL) and REal World Advanced Technologies foR Diesel Engines (REWARD) projects in the framework of sustainable
surface transport.
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There is however an important drawback of this combustion mode: the operating range. Contrarily to the conventional diesel combustion (CDC), the injection alone does not
guarantee ignition inside the chamber. Here the local thermodynamic conditions play a determinant role, given that
slightly differences in the temperature and mixing conditions
can lead to a very different combustion phasing. Therefore,
the operation range between a high-sharp combustion (knock)
and a unstable combustion (misfire) is extremely reduced
and not accurately controlled. Nonetheless, a new engine
concept based on a 2-stroke operating cycle [7] has demonstrated how this load range can be enlarged by managing
the local charge conditions through the settings of the gas
exchange process (GEP) or air management phase [6].
However, the noise linked to this particular mode of combustion compromises the compliance with future and even
current legislations on noise levels, becoming a critical aspect which limits its implementation in automotive applications. The customers’ sense of comfort is strongly affected by
how they perceive the engine noise. Therefore, the engine
noise perception can drastically condition the user purchasing decision. As a consequence, current research efforts are
focused on developing new technologies which would allow
to introduce this concept, specially in terms of combustion
noise reductions and sound quality improvements [8, 9].
In the past, several studies were focused on determining
which are the most influential combustion-related parameters in the perceived noise level and also in the sound quality. These studies resulted in a methodology for obtaining
the transfer function between the noise source and the external acoustic field through in-cylinder pressure and free-field
microphone measurements. The unsteady nature of the pressure field inside the combustion chamber demands multiple
measurements points for its reconstruction [10]. Therefore,
most authors prefer to use numerical simulations to assess
the noise sources and to shed some light about the unsteady
pressure field within the chamber, instead of performing complex and expensive engine modifications [11].
Nowadays, the increase in computational power coupled
to the development of reacting flow codes allows simulating the combustion process, thus contributing to the understanding of the combustion dynamics and its effects on efficiency and pollutants production [12, 13]. The maturity
of these methods has opened new ways to explore the incylinder pressure field. Indeed, a recent investigation [14]
has determined the main causes of the high combustion noise
levels observed during the PPC gasoline operation. It demonstrated that the main contribution to the overall noise radiated by the engine comes from the maximum pressure rise
rate connected to the premixed combustion.
Other researchers [15, 16] have evinced a trade-off between combustion noise y combustion efficiency when the
combustion law is managed through a multiple injection strategy [17]. Moreover, a further step was taken in a previous
publication [18], where the same research group analyzed
the combustion process when the configuration of the injector is modified. They show the benefits of using an injector

with a high number of orifices and a small included spray angle in the combustion efficiency. This configuration reduces
the spray penetration and, therefore, it minimizes the liquid fuel impingement during early and long injections. In
contrast, the spray-bowl matching worsening in late injections decreases the efficiency and increases PM emissions. In
these circumstances, a configuration with a lower number of
orifices and higher included angle can help to improve the
spray-bowl matching, thus minimizing pollutant and noise
emissions. Despite the improvement in terms of combustion efficiency and pollutant emissions, the optimization of
a conventional injector does not allow an accurate control of
the reactivity of the charge through the operation settings,
thereby it still compromises other important aspects such as
noise emissions or knocking combustion.
This paper explores the potential benefits of developing
a combustion system able to combine both injector configurations described above. That is, to use the optimum configuration for each injection event. A possible physical implementation of such a system is the injector proposed by Perr
[19], featuring dual actuators that allow switching between
two sets (crowns) of orifices. The first actuator is connected
to the first needle valve associated with a first set of injector orifices (crown 1), while the second actuator controls an
additional concentric needle valve associated to a second set
of orifices (crown 2). This is the configuration that will be
considered in this study.
Since the proposed configuration would increase the complexity and therefore the cost of the injection system in production vehicles, the improvement of the combustion system
investigated in this paper would need to be weighted against
the manufacturing difficulty and the impact of the increased
cost, aspects which are understandably beyond the scope of
this work.
This configuration adds supplementary degrees of freedom to the intricate engine system, enlarging the number
of parameters to be inspected. Thus, it demands to explore
additional techniques for the identification of the optimizing paths in the configuration design. One of the most used
methods for this purpose is the statistical approach known as
Design of Experiments (DoE). This technique, coupled with
the Response Surface Method (RSM), has been traditionally
applied to multiple engineering design processes [20, 21] in
order to establish cause-effect relationships between the influencing factors and their response.
In this framework, the objective of this investigation is to
examine the advantages of employing a dual actuators injector in a 2-stroke compression ignition (CI) engine operated
with the gasoline PPC concept. It is shown how this combustion system configuration can decrease the combustion
noise while the efficiency losses are restricted. Furthermore,
guidelines have been established for optimising the system
configuration.
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Table 1: Specifications of the real engine being modelled and
results from the injection system characterization

Engine type

2-stroke HSDI CI

Number of cylinders
Displacement
Bore – Stroke
Connecting rod length
Compression ratio (geom.)
Compression ratio (effective)
Number of valves
Injection system
Injector nozzle design
Maximum injection pressure

1
365 cm3
0.076 – 0.0805 m
0.143 m
17.8:1
From 13.0:1 to 8.8:1
2 intake and 2 exhaust
Delphi DFI1.5 common rail
148 º – 8 holes – 90 µm
110 MPa

with an Horiba MEXA-7100 DEGR gas analyzer. The FSN (filter smoke number) is measured using an AVL 415 Smokemeter and soot emissions are later estimated [24].
High frequency signals were sampled at 45 kHz using a
dedicated acquisition system and recorded during 100 engine cycles. This sampling frequency ensure a free-aliasing
bandwidth similar to the human hearing domain –20Hz to
20kHz– according to Nyquist’s criterion [25].

3. Numerical methodology
In this section, the numerical methodology followed during this investigation is described in detail. First, the CFD
model of the engine is specified. Second, the techniques used
for obtaining additional validation parameters are explained.
Finally, the validation methodology is briefly described.

2. Experimental setup

3.1. Numerical model setup

The experimental data needed for the validation of the
CFD model was obtained from the same experimental configuration used in previous studies [6, 22]. The engine is a
single-cylinder research version of a 2-stroke high speed direct injection (HSDI) CI engine with poppet valves scavenge
loop. Table 1 summarizes the main engine specifications and
injection system characteristics.
The engine is equipped with a common rail fuel injection
system, which grants a maximum rail pressure of 110 MPa
using gasoline fuel. The injector configuration has 8 orifices
with a 90 µm nozzle diameter and an included spray angle
of 148◦ . The piston bowl geometry of conventional CI design
with an open bowl geometry provided a geometric compression ratio of 17.6. The cylinder head shown in Fig. 1 has a
singular design in order to optimize the scavenging of burnt
gases. This particular design guides the fresh charge along
the cylinder wall and towards the piston, thus avoiding the
direct path between the intake and exhaust ports [23].
The valves timing control relies on a hydraulic cam-driven
Variable Valve Timing (VVT) system. This system can modify
the air management specifications in order to set the overlap period between the intake and exhaust and to adapt the
effective compression ratio.
The engine was assembled in a completely instrumented
test cell equipped with all auxiliary devices required for engine operation. The boost conditions are simulated with an
external compressor which supplied the intake air. The exhaust back-pressure originated by the turbine was reproduced
by means of a throttle valve located downstream of the exhaust settling chamber. The installation also included independent water and oil cooling circuits, and an additional exhaust gas recirculation (EGR) system to provide arbitrary levels of cooled exhaust gas.
The in-cylinder pressure was measured with a Kistler 6061B
pressure transducer placed between the intake and exhaust
valves opposite the glow plug location. Measurements of
chemical exhaust gas elements and the EGR rate are obtained
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A numerical model of the engine was build in the commercial CFD platform CONVERGE [26]. The model configuration is based on previous works [14, 18]. The numerical
domain includes the cylinder geometry, intake and exhaust
ports and it consists of a structured mesh of hexahedrons with
a base cell size of 3 mm. This configuration allows performing full engine cycles simulations, comprising the GEP, the
compression and combustion phases.
Several grid refinements were added to the original mesh
size in order to improve the accuracy in zones in which the
physical and chemical phenomena are particularly complex.
As seen in Fig. 1, the refinement is applied to the combustion chamber and ports walls, in the spray regions and in the
whole chamber during the combustion. Moreover, the code
automatically increases the spatial resolution in regions in
which the gradients of velocity and temperature are considerable, by means of an adaptive mesh refinement algorithm
(AMR). Hence, the number of cells varied between 1.5 × 106
and 0.5 × 106 depending on the simulation stage.
The calculation time was optimized by a dynamic time
step strategy and two Courant number definitions:
Cu = u

∆t
∆x

(1)

∆t
(2)
∆x
The time step is therefore estimated by the maximum local velocity registered at the smallest cells in the domain at
every calculation interval. For the GEP, compression and injection stages, the flow velocity (u) was considered in order
to obtain the time step, while the speed of sound (c) was used
instead during the combustion phase.
The flow governing equations were numerically solved
with the finite volume method and with a second-order accurate scheme. The renormalization group (RNG) k − " model
[27] coupled with the heat transfer approach proposed by
Angelberger et al. [28] was used for modelling the turbulent flow features. This approach has proven to accurately
Cc = c
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Figure 1: Computational domain and mesh characterization
of the engine architecture at different calculation phases.

reproduce the in-cylinder pressure field oscillations over a
wide range of operation conditions and combustion regimes
[29, 30]. Therefore, the macroscopic oscillations of the pressure waves due to the autoignition of the premixed fuel-air
blend are still successfully reproduced, even if the local fluctuation components of the Navier–Stokes equations are neglected.
Fuel injection was modelled by the standard Discrete Droplet Model (DDM) [31] coupled to the Kelvin-Helmholtz Rayleigh-Taylor (KH-RT) model [32] for the assessment of the
physical properties of the spray. The injection rate was obtained from the injection characterisation in order to provide the most realistic spray features for the CFD calculations.
During this procedure, mass flow rate and spray momentum
flux were measured in dedicated test rigs in similar engine
test conditions for approximate the injection rate [33] .
The code approaches the detailed chemical kinetics through
a direct integration of the surrogate fuel chemical mechanism
by means of the SAGE (detailed transient chemistry solver)
solver [34]. The gasoline fuel chemistry was characterized by
a chemical mechanism which corresponds to a Primary Reference Fuel (PRF) blend of n-heptane (5%) and iso-octane
(95%). The PRF oxidation was obtained from an adapted
reaction mechanism derived from the ECR-Multichem mechanism [35].
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Regarding emissions, soot formation an oxidation mechanisms were approached by the Hiroyasu’s model [36] whereas
the nitrous oxides production was predicted with the Zel’dovich
mechanism including N2 O and NO2 paths.
Although thermodynamic conditions can significantly change during the combustion when the injection configuration is
modified, they are not excessively altered at the end of the
GEP. Thus, the GEP simulation was only calculated for the reference operating conditions and extrapolated for all closed
cycle simulations. This simplification reduces the computational time and provides more realistic flow conditions for
combustion calculations as well. Therefore, once the simulation of the reference GEP was finished, the resulting flow conditions at intake valve closing (IVC) were considered as initial conditions for simulating the combustion phase or closed
cycle.
Boundary conditions have been obtained by simplified
models and also with direct measurements. Solid walls of the
cylinder liner, piston, head, intake-exhaust ports and valves
were considered isothermal and their temperature was estimated by a lumped model [37]. The inflow and outflow
boundaries located at the end of the intake-exhaust ports
were fixed by the instantaneous pressure signals registered
at the manifolds. Also, the temperature at these boundaries
was assumed constant and equal to the mean value of the
measurements at the same manifolds.
Finally, a point monitor located at the same position of the
pressure transducer was used for recording the in-cylinder
pressure evolution. This pressure signal was registered at a
sampling frequency of 50 kHz, keeping the usable aliasingfree bandwidth within the human hearing range.

3.2. Theoretical tools
Apart from the CFD model, other numerical tools were
used with the purpose of providing relevant combustion and
noise metrics for the validation.
For example, the rate of heat release of the measurements
was calculated from the in-cylinder pressure by means of
the energy equation and some simplifications [38, 39]. This
equation was solved assuming uniform pressure and temperature throughout the whole combustion chamber volume,
yielding the instantaneous mean temperature and the heat
release. In the simulations, this metric was directly extracted
from the combustion model outputs.
The maximum pressure rise rate was obtained by identifying the peaks of the dp/dt signal with numerical algorithms
and it was considered in angular units (MPa/cad) because
the engine speed was constant and equal to 1500 rpm in all
considered tests. This and the following metrics were calculated by applying the same procedure in the measurements
and in the simulations.
The combustion efficiency was determined from both carbon monoxide (CO) and unburned hydrocarbons (HC) levels
as


mCO
mHC
−
· 100
(3)
ηcomb = 1 −
mfuel 4.03 · mfuel

First needle
Second needle
valve
valve
Fuel path
Fuel path
(post injection)
(main injection)

where mHC represents the mass of unburned HC emissions,
mCO is the mass of CO and mfuel is the injected mass fuel.
The ratio of the indicated (ηi ) and combustion efficiencies,
traditionally known thermodynamic efficiency (ηth ), it was
utilised to give an idea of the cycle performance.
The overall level of engine noise, from now on termed
ON, assesses the radiated noise by the engine structure. This
acoustic response is highly non-linear and time dependent
[40, 41] and it is extremely influenced by the engine block design [42]. Nonetheless, the acoustic path between the source
and the observer is commonly approximated by a simple transfer function. For instance, Anderton [43] proposed an approach which assumes a linear behaviour between both points,
resulting on a standard engine block attenuation curve. Even
though this simplification does not allow for an accurate prediction of the radiated noise level, it is useful to perform comparative studies, and several combustion noise metrics are
defined following this method.
ON (dB) = 10 · log

PN2
p20

Second set
of orifices (d2)
First set
of orifices (d1)

α1/2

Figure 2: Injector sketch based on Perr’s patent [19]. The
injector actuators are completely independent and they are
connected to a specific set of orifices.

(4)
The total injection areas of both crowns of orifices, A 1
and A 2 , were considered as optimization parameters. In both
cases the number of orifices and the discharge coefficient
for each hole remained fixed. Thus, the injection duration
was adapted to maintain the injection pressure as well as the
total injected mass between each configuration. The third
optimization parameter was the split between the main and
post injection masses (δmain−post ); the mass of the pilot injection was maintained constant since it was experimentally
observed that its effects were less significant than those of
the other injections. This parameter represents the amount
of fuel mass added or removed from the main injection. Thus,
the fuel mass of each injection was obtained by

ON is defined by equation 4, where p0 is a reference sound
pressure of 20 µPa, which corresponds to the minimum human hearing threshold. In addition, PN is defined as
fN
1 X
P( f )
PN = ·
N f =f

α2/2

(5)

1

where N is the number of harmonics between f1 and fN , and
P( f ) represents the Fast Fourier Transform (FFT) of the engine radiated signal. This latter signal is obtained by subtracting the block attenuation curve from the in-cylinder pressure spectrum [44].
The CFD model was combined with the statistical technique DoE in order to optimise the injector configuration.
According to the knowledge acquired during previous investigations [14, 18], the authors defined a reference configuration with three optimisation parameters. The test plan was
based on a Central Composite Design (CCD) of three factors
and it consist in 15 simulations. In addition, RSM was used to
determine the relationships between the injector parameters
configuration and the output variables mentioned above.
Figure 2 shows the reference configuration of the injector. The first set of orifices, recommended for early injections,
have an included angle of 90º (α1 ) and 12 orifices whereas
the second one is suggested for late injections with an included angle of 148º (α2 ) and 8 holes. Although this system
could operate such a double-row nozzle injector with a single needle actuator [45], the target of this study is not to
evaluate a solution which could improve the sprays overlap.
The main idea aims at exclusively utilizing a particular set of
nozzles in each injection event, allowing the independent use
of two conventional configurations in subsequent injections.
Thereby, the fuel was injected through the first set of orifices
during the pilot and main injections whereas the second set
was only used for the post injection.



δmain−post
MoImain = mtotal · 0.5 +
100


δmain−post
MoIpost = mtotal · 0.5 −
100

(6)

(7)

where mtotal is the available fuel amount for both injections.
Additional details about the factor space, input factors and
specified ranges are displayed in Table 2.

3.3. Validation
The model was validated in depth in previous publications [14, 18]. In these works the validation method compared the in-cylinder pressure at the same location as the
pressure transducer in both time and frequency domains.
As an example, Figure 3 show the validation results of an
operation condition defined by a medium speed (1500 rpm)
and medium-high load (1.04 MPa of Indicated Mean Effective Pressure). Clearly, the model shows a good agreement
with the measurements in both domains since the pressure
prediction exhibits a deviation similar to measurements dispersion. Both research works have also shown the suitability
5

Table 2: Values of the parameters used in each of the fifteen numerical simulations according to the test plan of the DoE study

1a

Factor

2b

3

Parameter

A1 [%]

d1 [µm]

A2 [%]

d2 [µm]

δmain−post [%]

MoImain [mg]

MoIpost [mg]

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14

0.0
-17.8
-17.8
17.8
17.8
-17.8
-17.8
17.8
17.8
0.0
0.0
-30.0
30.0
0.0
0.0

90.0
81.6
81.6
97.7
97.7
81.6
81.6
97.7
97.7
90.0
90.0
75.3
102.6
90.0
90.0

0.0
-17.8
17.8
-17.8
17.8
-17.8
17.8
-17.8
17.8
0.0
0.0
0.0
0.0
-30.0
30.0

90.0
81.6
97.7
81.6
97.7
81.6
97.7
81.6
97.7
90.0
90.0
90.0
90.0
75.3
102.6

0.0
-11.9
-11.9
-11.9
-11.9
11.9
11.9
11.9
11.9
-20.0
20.0
0.0
0.0
0.0
0.0

7.59
5.78
5.78
5.78
5.78
9.39
9.39
9.39
9.39
4.55
10.62
7.59
7.59
7.59
7.59

7.59
9.39
9.39
9.39
9.39
5.78
5.78
5.78
5.78
10.62
4.55
7.59
7.59
7.59
7.59

Pilot and main injections
Post injection

of the model to predict the in-cylinder pressure field in different operation settings [18] or even operating with other
combustion concepts, such as CDC [14].
Special attention was paid in the high frequency content
where the mesh size and the time step are determinant to
ensure an accurate estimation [46]. During the first stages
of this research, the authors observed that both parameters
strongly condition the amplitude of resonant pressure oscillations. In this way, a cell size of 0.75 mm guarantees enough
spatial resolution to reproduce the standing waves generated
during the combustion. Furthermore, they determined that
only one cell must be swept by a pressure wave between two
consecutive time steps of the calculation (Cc ' 1), otherwise
pressure oscillations are rapidly attenuated.

Cylinder pressure [MPa]
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320

12
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± SD
256
simulated

9

192

a)

6

p

3

0

0

15
230
206

SPL [dB]

In this section, data resulting from the study is presented
and discussed. First, noise emissions are compared with other
relevant engine outputs so as to identify general trends and
the optimum configuration. Then, the optimum configuration found by the DoE method will be compared against the
baseline configuration.
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Following guidelines defined by the RSM method, all variables obtained at each point of the DoE space were interpolated using a cubic polynomial fit for visualization. Results
are plotted in Fig. 4 in which the computed contours of overall noise and indicated efficiency (ηi ) are presented with the
purpose of analyzing the tendencies followed by both parameters.
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Figure 3: Experimental validation of the numerical model in
terms of in-cylinder pressure and rate of heat release (a) and
frequency content in sound pressure level (SPL) of the pressure signal (b). The standard deviation (SD) is included in
order to compare the solution with the measurement dispersion due to cycle-to-cycle variations
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be identified. This configuration is therefore formed by two
crowns with the same diameter of nozzle holes (90 µm) and
an injection split clearly displaced to the post injection event
(30–70%).
In addition to the merit function, NOx levels were restricted to the baseline configuration. In Fig. 6 those cases
which do not comply with this constraint are identified in
grey. All these configurations have a fuel mass split clearly
displaced to the main injection (see Table 2), thereby evincing that NOx levels increase when the main becomes larger
than the post injection.

(8)

n=1

x 1 −→ ON
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It can be seen how the split between main and post injections is the most dominant parameter among those selected
in the study. While the maximum change of δmain−post modifies the overall noise in almost 14 dB, A 1 and A 2 parameters
only produce a variation of 8 dB. In a similar way, the indicated efficiency varies 4.5 and 2 points, respectively. Also,
contour distributions presented by both parameters, ON and
ηi , are practically the same in the three considered planes.
This behavior evinces the trade-off trend observed by other
authors [16, 14] and it shows the close relationship between
these parameters.
Focusing on the first plane, the evolution of combustion
noise and indicated efficiency is plotted against the variation
of A1 and A2 . Both parameters decrease in the bottom-right
hand side region, in which the total injection area of the first
crown is excessively increased. On the other hand, the higher
levels are achieved by reducing the diameter of both sets of
orifices.
Examination of the second and the third planes reveals
that ON and ηi increase significantly as the quantity of fuel in
the main injection rises. Besides, a configuration with small
orifices in the first crown and with big orifices in the second
one offers the highest levels of efficiency.
In all these cases, both parameters show a monotonic
trend, and thus only a compromise solution between performance and noise emissions seems to be achievable.
Nonetheless, a further examination of the complete DoE
space show that these trends change for certain configurations, allowing to improve the compromise solution of this
particular system design. In particular, this behavior can be
clearly observed in the plane plotted in Fig. 5. This corresponds with a fixed split injection of -11.9% and different
values of A1 and A2 . While the bottom-left hand side of the
map show the lowest noise values, the region which maximizes the efficiency is located in the middle-right hand side.
In order to identify the optimum configuration within the
whole DoE space, a merit function based on two parameters
[47] was defined as

x 2 −→ ηi

where x n is the value of each parameter at a given configuration (ON and ηi ), x ntarget stands for these values achieved by
the original configuration and both αn and βn are weighted
constants for specifying the influence of each parameter in
the merit function. For this particular study, the constants
where fixed at 10 for ON parameter and at 8 for the indicated
efficiency, giving more relevance to the combustion noise.
This decision was made taking into account the extremely
high levels of noise registered in this combustion concept.
Merit function values at each considered configuration are
presented in Fig. 6 in which the optimum configuration can

4.2. Optimized vs. baseline comparison
Once the optimum double crown configuration is identified, a direct comparison against the baseline can be performed for determining the most influential parameters and
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Table 3: Comparison of the estimated metrics related to the
engine performance and emissions.

Overall noise [dB]
Indicated eff. [%]
Combustion eff. [%]
Thermodynamic eff. [%]
NOx [mg/s]

Merit function [-]

Original
(baseline)
99.7
46.9
96.5
48.6
0.60

Configuration

100

Optimum
(double crown)
91.0
45.0
98.0
45.9
0.31

.4

45

-10

-30
-30

45 45.1 45.2 45.3
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Figure 6: Results of the selection procedure for choosing an
optimum configuration. The optimum case (9) is distinguished in red while configurations that do not comply with
the NOx constraint are identified in grey.

ON [dB]

0

45.7

45

A2 [% ]

10

40

Configuration [-]

95

30
20

60

0

their impact on the combustion. In a first step, five relevant
parameters were selected and also included in Table 3. A
noticeable reduction of the overall noise level is observed,
going from 99.7 to 91.0 dB. Improvements in NOx levels are
even more remarkable, since these decrease from 0.60 mg/s
to 0.31 mg/s (almost a 50% reduction).
However, despite the benefits of reducing both noise and
NOx emissions, a significant efficiency worsening is provoked.
Table 3 shows a non-negligible reduction of 1.9 percentage
points in the indicated efficiency levels.
In a previous work [14], the research group showed how
the identification of the losses origin can provide additional
insight on this regard. They also displayed the propensity
of PPC gasoline combustion to generate high levels of CO
and unburned HC as the combustion stability is deteriorated,
worsening the combustion efficiency and subsequently, decreasing the thermal efficiency.
As it can be seen in the same Table 3, these trends are
not replicated by the new configuration. While the indicated
efficiency is conditioned by the combustion stability in the
baseline, it is hardly influenced by thermodynamic losses in
the optimum case.
In order to understand why efficiency trends change when
the injection system is modified, the evolution of the liquid
film impegnement at cylinder and piston surfaces is plotted
in Fig. 7. Moreover, a visualization of the sprays at both pilot and main injection phases is provided in this figure. The

3
45.

80

Figure 7: Time evolution of the liquid film impingement at
cylinder walls and piston surface in both considered injector
configurations (bottom). Visualization of baseline and optimized sprays at two different instants during the pilot and
main injections (top).

90

A [% ]
1

Figure 5: Results of DoE interpolation procedure in terms of
overall noise and indicated efficiency across the plane 1-2-34.

sprays are visualized in this figure by clipping the equivalence
ratio (φ) at the unitary value, thereby showing the isovolume
of stoichiometric conditions enclosing the spray.
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Figure 9: Comparison of the fuel stratification. RoHR contours along the equivalence ratio (φ) and crank angle degree
are plotted for the baseline in a) and for the optimum in b).

-10

0
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30

represents the temporal evolution of the engine cycle, the
vertical axis shows the integration variable (φ) and the color
scale displays the RoHR.
It can be seen in this figure that the most reactive blend
in the baseline case is focused on the middle range of equivalence ratios (0.35 – 0.7), causing a single-step combustion
with high burning rates. In the optimum configuration however, the blend shows a higher level of stratification with mixtures gathered by 0.3 and 1.2 of equivalence ratios. Here,
the combustion starts at near stoichiometric conditions (0.8 –
1.0), then it progresses toward lower equivalence ratios (0.5
– 0.3) and finally, it consumes the richest mixtures (1.0 – 1.2)
within the chamber. This singular path leads to a progressive
burn that results in a smoother combustion law.
From the in-cylinder pressure side, lower burning rates
mean lower pressure rise rates. Consequently, the overall
amplitude of the in-cylinder pressure spectrum is remarkably
decreased in the whole broadband (see Fig. 8b).
The noise lowering associated to this effect is a straight
consequence of two documented mechanisms. On one hand,
the relaxation of the pressure rise rate produces a reduction
of the SPL in the frequencies contained between 0.2 and 3.0
kHz [48, 49]. On the other hand, the contribution of the combustion chamber resonance is also reduced as the amplitude
of high frequency oscillation modes (>3.0 kHz) is notably decreased [50, 51]. Low frequencies (<0.2 kHz) were excluded

0
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Examination of the figure reveals that the baseline configuration tends to generate fuel liquid deposits at cylinder
walls and squish regions. These fuel deposits, which are the
main cause of the oil dilution, are maintained until the end
of the closed cycle, increasing the unburned HC levels at the
exhaust. The optimum configuration instead avoids these issues by leading the fuel into the piston bowl.
Despite the gain in terms of combustion stability, losses
due to the thermodynamic effects are so large that compromise thermal efficiency levels in a significant way. Thus, incylinder pressures of the two considered configurations are
plotted together with the RoHR traces in Fig. 8 in order to
identify the source of these losses. As can be seen, the combustion phasing is excessively displaced towards the expansion stroke if the optimum configuration is compared to the
baseline. This fact allows to recognize the combustion phasing as a possible shortcoming of this new system configuration, at least with the considered injection settings.
In addition to this fundamental analysis, it is important
to understand how the fuel stratification modifies the reactivity of the charge. Hence, the RoHR was numerically integrated along the whole CFD domain with respect to the
equivalence ratio (φ) in order to analyze the fuel stratification and its temporal evolution during the combustion. The
solutions are presented in Fig. 9 in which the horizontal axis

0.3

1

3

10

Frequency [kHz]

Figure 8: Comparison between original (baseline) and optimum (double crown) injector configurations. Differences in
terms of cylinder pressure (obtained at the transducer location) and rate of heat release are plotted in a) whereas pressure spectra are presented in b).
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from the comparison since they mainly depend on the engine
speed [52] that, in this case, was kept constant among both
configurations.

The robustness of the methodology has been demonstrated
by the results of the validation which takes into account not
only the classical engine outputs but also the most relevant
noise metrics.
Results from DoE have revealed that the proposed configuration allows to decrease both noise and NOx emissions
while efficiency values decreases due to an excessively delayed combustion timing. The new configuration is composed by two crowns with the same diameter of nozzle holes
and an injection split clearly displaced to the post injection
event. This helps to control the reactivity of the mixture
and permitting a smoother combustion law which reduces
the noise of the combustion in the whole broadband.
In addition to noise and NOx emissions lowering, this new
configuration present a less sensitive response to the injection
timing, improving the combustion stability but declining the
control of the combustion phasing. However, the considerable higher levels of combustion efficiency allow to maintain
the performance at competitive values even with the poor
achieved values of thermodynamic efficiency.
Finally, the presented statistical methodology has allowed
a better understanding of the benefits that a new technological solution can bring in order to reduce combustion noise,
and at the same time to determine possible drawbacks which
might compromise its potential application.
Further analysis is nonetheless needed for a more complete optimization of the new system, including additional
design parameters that in this study were considered fixed.
Moreover, further efforts should be applied to the numerical
results post-processing for providing more insight about the
combustion process and its related noise generation mechanisms.

4.3. Sensitivity of the injection settings
With the aim of exploring the margin of improvement
and the sensitivity of the new system configuration, an additional study was performed by sweeping SoEmain each 6 cad
between -52 and -34 cad aTDC in both configurations. This
injection parameter was specifically selected for its notable
impact on the combustion phasing [22].
The interest of the analysis is focused on examining the
emissions and performance parameters used before. Results,
presented in Fig. 10, show the influence of varying SoEmain
in the original and the optimum combustion systems.
Focusing on the baseline, a trade-off is evident between
emissions (noise and NOx ) and efficiency. This was reported
using direct engine measurements, and also supported by numerical simulations [16, 14] for providing a better understanding of the mixture stratification and the pollutants formation. Moreover, a more recent publication [12] shows how
the main cause of these efficiency losses is the deterioration
of the combustion stability due to an excessive fuel wall impingement.
Regarding the double crown configuration, Fig. 10 shows
how it is less sensitive to SoEmain since all studied parameters present a lower maximum variation. For instance, while
noise levels vary 5.7 dB for the new configuration, the baseline exhibit 16.6 dB of maximum difference. In addition, the
proposed system is able to keep the combustion efficiency
above the baseline even for extremely advanced SoEmain .
Thanks to this, the indicated efficiency is preserved at acceptable values despite the modest values of thermodynamic
efficiency. Therefore, the improvement of the combustion
stability seems to be the greatest improvement of the proposed configuration, making the new system potentially advantageous.
Finally, trends are reversed with respect to the baseline
since, as it can be seen, both emissions and efficiency increase
as SoEmain is advanced. Thus, a delay on the main injection
timing improves the indicated efficiency whereas noise and
NOx emissions are kept at the lowest level.
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5. Conclusions
In view of the challenges to manage combustion noise
of partially premixed gasoline combustion in compressionignited engines, this paper evaluates the potential of using
dual spray injectors in a 2-stroke engine with a combination of numerical simulations and statistical design of experiments. With this, it has been possible to perform a qualitative
analysis of the relationships between several injector design
parameters and their engine outputs, thereby contributing
to the understanding of the combustion noise control in this
singular combustion concept.
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