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Nowadays, internal combustion engines must reduce pollutant emissions to achieve the upcoming strict regu-
lations in the transport sector. In this context, new hardware designs have shown great potential to reduce
pollutant emissions and comply with current and future regulations. This paper focuses on innovative bowl
designs with radial lip protrusions, which are radially distributed inside the bowl. The potential of using these
protrusions in order to reduce soot formation and improve soot oxidation has been demonstrated by different
studies. For this reason, the present work addresses the impact of using two different radial-lip based geometries
on soot formation and combustion behaviour in an optical single-cylinder compression ignition engine. High-
speed OH* chemiluminescence imaging and 2-Colour pyrometry were applied simultaneously, in combination
with a thermodynamic analysis of the in-cylinder pressure signal. The results show that more pronounced radial-
lip geometry drive the flames closer to the bowl centre, where more oxygen is available to oxidize the soot,
resulting in in-cylinder soot formation reduction. In addition, it has been observed that the improvement ach-
ieved by the more pronounced radial-lip geometry is more noticeable under high EGR conditions. This opens a
path to reduce the soot-NOx trade-off in compression ignition engines.

1. Introduction it difficult to reduce one of them without increasing the other. These

facts have motivated the industry and researchers to look for alterna-

The reduction of pollutant emissions in the transport sector, espe-
cially from internal combustion engines (ICE), is necessary to achieve
the strict emission regulations imposed by governments. Emissions from
transport account for one quarter of the European Union (EU) green-
house gas (GHG) emissions. The EU domestic transport emissions
increased by 0.8% between 2018 and 2019, from which road transport
represents the highest contribution. In 2019, it produced 72% of all
domestic and international transport GHG [1]. In addition, soot and
nitrogen oxides (NOx) are the most deadly and critical atmosphere
pollutants. Heavy-duty diesel vehicles contribute to 80% of transport-
related emissions of these species [2]. Despite great efforts have been
put into their mitigation, the well-known soot and NOy trade-off makes

tives to reduce, as much as possible, the pollutant emissions. Electrifi-
cation in vehicles as a powertrain has shown to be very promising for
light-duty vehicles. However, in medium and heavy-duty applications,
it is still a big challenge and in the short and medium-term internal
combustion engines (especially compression ignition engines) will still
play an important role in the transport sector. Therefore, the search of
new alternatives to reduce the environmental impact of the ICE tech-
nology are a key point to comply with emission regulations while a
transition to different solutions is achieved.

With this objective, researchers have been working on different
strategies. One of the main trends in the last decade has been the
development of alternative combustion strategies, such as the Reactivity
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Controlled Compression Ignition (RCCI) and the Partially Premixed
Combustion (PPC) concepts [3-6]. The use of alternative fuels, such as
biofuel and e-fuels [7,8], represents also an interesting path to reduce
the GHG footprint and pollutant emissions, as well as reducing the
dependence on fossil fuels.

Another path that has been traditionally exploited to achieve a
cleaner and more efficient combustion is the new hardware design
implementation. In a direct injection ICE (governed by diffusion com-
bustion), in-cylinder soot formation and oxidation processes are directly
related to the air/fuel mixture process [9,10]. It is mainly governed by
the injection system (and injection strategy), in-cylinder thermody-
namic conditions, fuel properties and piston geometry. However, a
better air/fuel mixture implies an increase of energy release and flame
temperature, which significantly enhances the NOx formation. To avoid
this, the focus can be put on the improvement of the oxidation process
during the final stages of combustion [11]. For this purpose, piston ge-
ometry can play a major role due to the flame - bowl wall interaction as
well as the swirl and squish flow dynamics. A proposal that can be found
in literature is to implement bowl geometries that are able to redirect the
flames towards areas of the piston where there is still oxygen available
for the later oxidation of soot and unburned hydrocarbons [10]. For
example, in compression ignition engines (CI), the re-entrant bowl
design is typically used (blue line in Fig. 1). This design is named so
because it re-direct the flames towards the piston centre after they
impinge its walls. This promotes the consumption of oxygen still avail-
able in this region during the late stages of combustion and increases late
soot oxidation [12]. The inclusion of a stepped lip at the upper part in
the re-entrant bowl design could be considered an evolution (green line
in Fig. 1), in comparison to the protruding lip of more conventional re-
entrant bowl designs. The purpose of this feature is to split the sprays,
driving part of the fuel towards the squish region to improve oxygen
usage there. This concept has been implemented by different research
groups [13,14]. The results of using new piston designs showed a sig-
nificant reduction in soot emissions, as well as a shorter combustion
duration that lead to thermal efficiency improvements and fuel con-
sumption reductions, reducing CO; emissions [14-17]. Blasio et al
tested a piston that included both radial and step lip geometries in a
light-duty diesel engine. They found a reduction of up to 66% of the soot
emission in comparison with a conventional reentrant piston. Regarding
thermal efficiency improvements, Busch et al, reported an increase of
1.5% using a stepped bowl instead of the conventional one.

One of the most innovative recent bowl design proposals is the
introduction of protrusions or radial lips at the periphery of a re-entrant
bowl. It was originally presented by Volvo Group for heavy-duty engines
and has been optimized by other companies. Up to 80% of soot emission
reductions [18], as well as efficiency improvement [12] were reported.
Some studies evaluated the combination of this new concept with the
addition of a stepped lip at the top of the bowl for light-duty vehicles,
with higher swirl ratios [9,19-21] (red line in Fig. 1). The results
confirmed an improvement in mixture formation leading to in-cylinder
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soot formation reduction. However, this proposal can be still considered
recent and not many works can be found in the literature that analyse
the key aspects of its geometry and its relationship with the performance
of the concept on different engine platforms and operating conditions.

The interaction of the bowl design with other elements, like the
injector, are important for the final performance of the geometry uti-
lized. Among different innovative injector concepts that can be found in
literature, the CDS nozzle design (Controlled Diffusive Spray) has been
proposed by different groups. It promotes the fuel combustion away
from the bowl walls by producing shorter spray penetration and wider
spray cone angle [22,23]. However, to the author’s knowledge, not
many works can be found in literature which this novel injection systems
have been combined with the new bowl design proposals described in
the previous paragraphs.

Considering all the above mentioned, the main objective of this study
is to analyse the effect of different piston geometries, based on the
radial-lip and stepped-lip proposals, on soot formation in an optical
engine. On one hand, the use of the proposed innovative combustion
system fills a gap found in literature about the use of these new concepts
in these types of engine architectures and operating conditions. On the
other hand, the comparison of different geometry proposals based on the
same concepts allows for improving the understanding of the key aspects
related to its performance. To achieve this, two different pistons were
studied: a hybrid geometry and a symmetrical geometry. The first one
presents radial lips only in one half of the bowl, combined with a
stepped-lip feature at the edge of the re-entrant bowl. In this way, the
effect of including or not the radial lips can be analysed simultaneously.
The second one presents a geometry where radial lips are distributed all
around the periphery of the bowl, which also presents a re-entrant ge-
ometry with a stepped-lip at the edge. The design of the radial-lips for
each piston is different. In this way, the effect of its modification can be
analysed.

The study has been performed under different operating conditions,
which are propitious to high soot formation, in a single-cylinder optical
engine (~0.8 L per cylinder). Besides, two different nozzle designs have
been included (conical and CDS design). High-speed 2-Colour pyrometry
and excited-state hydroxyl radical (OH*) chemiluminescence were used
in this study with the aim of analysing the whole combustion process.
Results highlight clear differences in the flame propagation when
comparing the two different radial-lip geometries. The radial lips from
the hybrid piston drive the flame closer to its centre where fresh oxygen
is available. Furthermore, with high EGR conditions, the difference be-
tween the proposed radial-lip geometries becomes more apparent. The
results suggest that the benefits of the hybrid piston radial-lip design
take better advantage when oxygen concentration is low. This reinforces
the idea that this new geometry proposal could provide great im-
provements on the mitigation of the soot-NOx trade-off.

—— Radial-lip + stepped-lip bowl
—— Stepped-lip bowl

= Re-entrant bowl

Fig. 1. Sketch of different bowl designs. Redrawn with permission from [10].
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2. Experimental methodology
2.1. Optical engine

The experimental facility consists of a single-cylinder optical CI en-
gine (Fig. 2). It is an overhead valve (OHV) type, where the valves are in
the cylinder head (2 exhaust and 2 intake valves). A specific case, placed
between the engine block and cylinder head to accommodate the
camshaft and pushrods. In this way, this system replicates the original
pushrod mechanism and keeps proper lubrication of the camshaft. The
optical access is achieved through the base of the piston, thanks to an
elliptical mirror located at 45° within a piston extensor. However, this
engine was built with no lateral accesses, in contrast with most of the
optical engines that can be found in the literature. The main advantage is
that it allows utilizing a piston design where the rings are located closer
to its top face, achieving a higher effective compression ratio than other
facilities. The main characteristics are summarized in Table 1.

The engine was motored by an electric dynamometer. A screw
compressor provided the intake air at the required pressure while a
valve located at the exhaust pipe was used to simulate a backpressure of
0.2 bar over the intake one. Additionally, the required intake air tem-
perature was ensured by an air heater located just before the intake port.
Instantaneous intake and exhaust pressures were measured with a pie-
zoresistive transducer (Kistler-4049A5). The in-cylinder pressure was
obtained by using a piezoelectric transducer (Kistler-6124A). An oscil-
loscope (Yokogawa DL708E) was used for recording the pressure signal,
which was synchronized with a crankshaft encoder with 0.5 CAD reso-
lution. The apparent Heat Release Rate (aHRR) was calculated by
applying a standard first-law thermodynamic analysis [24] by using the
measured in-cylinder pressure. The engine was operated under skip-fire
mode to minimize thermal stress and window fouling while avoiding
any effect caused by thermal transients. Therefore, injection and com-
bustion took place only one cycle every 20 motored cycles.

A conventional high-pressure pump (Bosch CP3) and common rail
were used to deliver the fuel to the injector. In this study, two different
nozzles were utilized: a standard 8-hole conical nozzle (STD); and a
Controlled Diffusive Spray (CDS) 8-hole nozzle. An example of both
designs can be observed in Fig. 3. The concept of the CDS nozzle aims to
enhance the flexibility of distributing the spray in the combustion
chamber. A shorter spray penetration and wider spray cone angle are
achieved resulting in a combustion reaction closer to the centre of the

Fig. 2. Optical engine parts.
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Table 1
Optical single cylinder engine characteristics.

Operational mode Diesel engine

Number of cylinders [-] 1
Number of valves [-] 4
Bore/Stroke ~1
Displacement [L] ~0.8
Effective compression ratio 13.3

Standard Counter-bore

Fig. 3. Comparison of standard (left) and counter-bore (right) nozzle orifices.
Reprinted with permission [22].

piston bowl rather than at the walls of the bowl, as it would be with a
more conventional nozzle (STD) [25]. The CDS effect is achieved
through counter-boring the holes of the nozzle. Numerical [26] and
experimental [22,23] studies comparing STD and counter-bore nozzles
among others can be found in the literature. Payri et al. [22] reported an
appreciable decrease in pollutant emissions, especially in terms of par-
ticulate matter and hydrocarbon emissions due to the improvement of
fuel-air mixing promoted by the counter-bore nozzle geometry.

The fuel used in this study is conventional diesel (biofree). Some
interesting physical-chemical properties are summarized in Table 2.

Two different bowl designs were used in this study, which are shown
in Fig. 4. From now on, they will be referred to as combustion system 1
(CS1) and combustion system 2 (CS2), corresponding to the left and
right sketches, respectively. Both combine a stepped lip and radial lips.
However, the geometry of CS2 presents several changes related to the
radial lip and the bowl design, compared to CS1. These modifications
were proposed to increase the influence of the new geometry over the
air/fuel mixture process while not penalizing other aspects like thermal
efficiency [17,20]. In addition, it was decided to build CS2 asymmet-
rical, with radial lips only in one sector of the circumference. The aim
was to be able to isolate the effect of the re-designed radial lips from
other additional modifications included in CS2 by comparing both
halves of this piston. In Fig. 4, the blue shadowed area shows the region
of the bowl with radial lips which was considered in the analysis (CS2-
Lips).

2.2. Operating conditions

In this study, the influence of different operating conditions on both
pistons’ performance was evaluated. A set of baseline experimental
conditions were defined (Table 3) corresponding to an operating point of
6.5 bar indicated mean effective pressure (IMEP). In addition, the oxy-
gen concentration (% O3) was reduced to 18% and 15% respectively to

Table 2

Fuel properties.
Parameter Diesel
Density @15 °C (kg/m®%) 829.2
Viscosity @40 °C [mmz/s] 2.59
Cetane number [-] 52.0
Oxygen content [%] 0
Lower heating value (MJ/kg) 41.92
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Combustion system 1 {CS1) Combustion system 2 (CS2)

Fig. 4. Combustion system designs.

simulate exhaust gas recirculation (EGR). This reduction was achieved
by diluting the airflow at the intake port with nitrogen (N3). To avoid the
influence of cycle-to-cycle variability on the analysis, 10 combustion
cycles were registered per operating condition and data was averaged.

A realistic injection strategy was used including two pilot injections,
one main injection and one post-injection. The dwell time between
consecutive pulses and the duration of each pulse is presented in Fig. 5.

2.3. Optical techniques

Two optical techniques, 2-colour pyrometry and OH* chem-
iluminescence high-speed imaging, were applied simultaneously in
order to analyse the soot formation and the oxidation process during
combustion. The optical setup is shown in Fig. 6. With this setup, flame
radiation goes through the quartz piston bowl and gets reflected by the
45° elliptical mirror (see Fig. 2). This element has an enhanced
aluminium coating to obtain a good reflection efficiency in the UV and
visible spectrum (above 85% between 250 and 700 nm). Then, radiation
reaches a dichroic mirror (DMSP805L) that transmits the visible spec-
trum and reflects UV radiation in a small range of around 310 nm,
coinciding with one of the most intense emission bands of the OH*
radical. A high-speed camera equipped with a high-speed intensifier and
a narrowband interference filter is used to register it. At the same time,
the light transmitted through the dichroic mirror reaches a beam splitter
that reflects 50% of it and transmits the other 50%. All this radiation is
directed towards two high-speed cameras, equipped with specific
narrowband interference filters to register only specific wavelengths,
which is required to apply the 2-Colour pyrometry algorithm. The three
high-speed cameras were triggered simultaneously with the SOE and
synchronized on a frame basis. Thus, the image-by-image correlation
between them was ensured.

2.3.1. OH* chemiluminescence imaging

A good tracer of high-temperature reactions in hydrocarbon diffu-
sion combustion is the OH* chemiluminescence [27]. For this reason,
high-speed OH* chemiluminescence images were used in this work to
trace the oxidation reactions within the piston bowl. It is important to
remark that the signal obtained was line-of-sight integrated, which
limits the spatial resolution of the results.

For this technique, a Photron SA5 (high-speed CMOS) equipped with
a Hamamatsu C10880-03F high-speed intensifier was used. The photo-
cathode of the intensifier is a multialkali (S-20), which allows detection
from UV to near IR (spectral response: 185-900 nm). The intensifier was
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coupled to the camera with 1:1 relay optics. An UV-Nikor Rayfact 105
mm f 4.5 was used as the system lens. A narrowband interference filter
with central wavelength at 310 nm and 10 nm full width half maximum
(FWHM) was set in front of the camera lens to register only the radiation
corresponding to the OH* emission peak and reject the rest. The gating
of the intensifier was the same as the exposure time of the high-speed
camera, which was set at 39.75 ps. The intensifier gain was set at 38%
for all tests. The acquisition speed was 25,000 frames per second (fps)
and the resolution was 4.4 pixels/mm.

2.3.2. 2-Colour pyrometry

To apply the 2-Colour pyrometry technique, thermal radiation from
soot at two different wavelengths is registered to determine the soot
surface temperature. Knowing that the emissivity of a non-black body
(g)) can be defined by (1)

()

e\ irt — 1

H=—F—-+—" (€]
e(Cz/“,u) 1

Where C; is the second Planck’s constant, T is the real temperature, A
is the radiation wavelength and T, is the apparent temperature (or
brightness temperature). This last term can be defined as the tempera-
ture of a blackbody that will emit the same radiation intensity as a non-
blackbody at temperature T with an emissivity of ;.

In practice, the emissivity can be estimated for soot particles using
the empirical correlation developed by Hottel and Broughton, as
described in Eq. (2)

(=)
g=1-—e ‘4 2

where K is an absorption coefficient that is proportional to the
number density of soot particles and L is the geometric thickness of the
flame along the optical axis of the detection system. The parameter o
depends on the physical and optical properties of soot. Matsui et al. [28]
studied the validation of the above correlation by simultaneous mea-
surements of the soot emissivity at three different wavelengths in a
diesel engine concluding that at least in the visible range this is a correct
functional relation between emissivity and wavelength. Zhao et al. [29]
reported that for the visible wavelength range, o = 1.39 can be used for
most fuels.

From Egs. (1) and (2), the KL parameter can be obtained as repre-
sented in (3).

()
KL= —2"In|l — 3
L) g

Energizing

T ' | T T '
-10 0 10 20
CAD aTDC []

|
-30 -20

Fig. 5. Injection strategy.

Table 3

Baseline operating conditions.
Inj. Engine Pint Pexh Tint Pinj IMEP SOE % Oo
Pattern Speed (rpm) (bar) (bar) (°Q) (bar) (bar) (° aTDC) (% vol.)
Multiple 1400 1.34 1.54 55.4 1182 6.7 -33.7 21
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Fig. 6. Optical setup.

Assuming that the KL parameter does not vary with the change of the
wavelength, as long as it belongs to the visible range and the alpha
parameter does not change, (3) can be written for the two registered
wavelengths A; and ), in order to obtain the temperature T of the soot
particles, as shown in (4). Once T is known, the KL value can be calcu-
lated from Eq. (3).

2
e(%zr) —1

g(cz/mal) _1 g<C2/127'112> —1

Two high-speed cameras, Photron NOVA S9, were used in order to
collect the radiation emitted by the soot within the flame at two specific
wavelengths. For both cameras, the frame rate was set to 25,000 fps and
a 100 mm f 2 Karl-Zeiss Makroplanar camera lens was used. One of the
cameras was equipped with a narrowband interference filter with the
transmission peak centred at 660 nm and 10 nm FWHM, while for the
other a filter centred at 560 nm and 10 nm FWHM was utilized. A spe-
cific exposure time was set for each camera, due to the different intensity
levels of radiation at each wavelength and each operating condition in
order to make the most of the dynamic range of the camera.

In order to obtain KL evolution, a perfect matching (pixel by pixel)
overlap between two images recorded by both cameras is needed. To
achieve this, the use of different spatial correction tools is applied using
MATLAB software. These tools take both images, one of them is spatially
fixed and translation, rotation and scaling matrixes are applied in order
to obtain a spatial transformation matrix to use in the other image. The
left image in Fig. 7 shows the two raw images from both cameras (red
and green colours) before applying the spatial transform matrix, while
the right image shows the overlap after the use of the spatial trans-
formation matrix where the perfect pixel matching is represented in
yellow.

2.4. Image processing

For discussion in this study, an analysis of the average OH* radiation
and KL collected from the 10 combustions cycles has been performed.
For each recorded instant, OH* and KL data were averaged for the 10
combustion cycles to get matrices that represents the spatial distribution
and average value of both species. These matrices were used later to
calculate the temporal evolution of the in-cylinder average OH* chem-

Fig. 7. 2-Colour pyrometry algorithm to obtain KL values. The left image
corresponds to the image from both cameras (red and green colours), while the
right image corresponds to the overlap image after the application of the spatial
transform matrix (yellow colour).

iluminescence and KL. It is important to remark that for the CS2 analysis
these average values were obtained using only the area corresponding to
the radial lips (see the blue shadow from Fig. 4) while the whole piston
area was considered for CS1. This approach provides a clear way to
present an analysis of the temporal evolution of the combustion process
for both pistons but requires integrating all the information within the
cylinder in one value. Therefore, it would not provide spatial distribu-
tion information. For this reason, an additional approach was followed
to present KL and OH* data with spatial and temporal resolution. Each of
the KL and OH* matrices for each instant registered were divided into
rings of different radius with 0.5 mm thickness and centred at the nozzle
location, as shown in Fig. 8. For each ring, an average KL value was
obtained according to Eq. (5). It was calculated with the ring area A, and
the sum of all pixels contained in the ring KLcymmul,a- Again, for CS1 the
whole piston is considered while for CS2 only the region corresponding
to the radial lips was taken into account (CS2-Lips). At each instant, the
values obtained for the different rings are included in an array. Thus, all
these arrays were later combined to build a matrix where the rows
represented the different rings in which the images where divided (and
the distance to the nozzle) while the columns represent the different
instants registered.

KLme(m = KLz‘ummul.a /Aa (5)
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Fig. 8. Example of a ring (blue) to obtain the cumulative values of KL for CS1.

From now on, the graphic representation of these matrices will be
identified as “radial maps”. They represent the average KL value or OH*
chemiluminescence of each ring at each registered instant, where the y-
axis represents the radial distance to the nozzle while the x-axis repre-
sents the crank angle degree (CAD) after top dead centre (aTDC). In
Fig. 9 an example of these radial maps can be observed.

To highlight the differences when comparing both pistons, relative
difference radial maps were calculated for both KL and OH*. They were
obtained by subtracting the information contained in the radial map of
CS1 to CS2-Lips. Then, the resulting matrix is divided by the values of
CS1 as per Eq. (6). Therefore, the positive values of the relative differ-
ence radial maps show a higher contribution from CS2-Lips, represented
by green to a red in the colour pallet used, while the negative ones
correspond to a higher contribution from CS1, represented by green to
blue in the colour pallet. An example of these relative difference maps is
shown in Fig. 10. It is important to highlight that the aim of these maps is
not to quantify the parameter shown but to identify the region and time
where differences between both pistons arise.

(Mapcsavips — Mapcs:)
Mapcs

(6)

Relative radial map =

Radial distance [mm]

0 10 20 30 40
CAD aTDC [°]
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Fig. 10. Example of KL relative radial maps: Positive values (green to red
colour) indicate a higher KL for CS2-Lips while negative values (green to blue)
indicate a higher KL for CS1. The same discussion can be done for OH* relative
radial maps.

3. Results and discussion
3.1. Baseline condition

The apparent Heat Release Rate (aHRR) obtained with CS1 and CS2
under baseline operating conditions is shown in Fig. 11. It is important
to remark that this allows to compare both pistons, but it is not possible
to isolate the effect of each side of the CS2. However, this data allows
identifying if the combustion develops in the same way from a macro-
scopic point of view. The evolution of the aHRR from both pistons is
similar, which indicates that the different bowl geometry does not have

200

160 -

T —cs1|
120 - —cs2

80
N i
0 T -

20 0 20 40 60
CAD aTDC []

aHRR [J]

Fig. 11. Apparent Heat Release Rate (aHRR) at baseline operating condition
using STD injector for both pistons. The blue line represents CS1 while the red
line represents CS2. The injection strategy has been included in the upper part
of the plot as a reference.
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Fig. 9. Example of radial maps of KL values (left image) and OH* radiation (right image).
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a significant impact on the combustion progress and energy released
during the combustion process. This is consistent with the IMEP values
obtained with CS1 and CS2: 6.8 bar and 6.7 bar, respectively.

Focusing on the soot evolution, in Fig. 12 the in-cylinder average KL
is shown for both pistons under baseline operating conditions. In this
case, as described in the methodology, the region with radial lips has
been considered for CS2. When comparing both pistons, it is possible to
see that less KL was measured for CS2-Lips (red line) compared with CS1
during the main-injection combustion event (from 3 to 18° aTDC).
However, before the post-injection combustion event (around 18°
aTDC), the KL values do not decrease with CS2-Lips as is observed with
the other geometry, which indicates poorer oxidation of soot at this
stage. This causes that at 20° aTDC the KL peak reached with the CS2-
Lips to be close to the one measured with CS1. At the late stage of the
combustion process (after 20° aTDC) no differences are observable be-
tween CS2-Lips and CS1.

To provide more insight into the soot evolution, radial maps for the
CS2-Lips piston geometry are shown in Fig. 13, for KL (left) and OH*
chemiluminescence (right). In addition, white arrows indicating the end
of the main-injection (EOIy,in) and the start of post-injection (SOlpgst)
were added at the top of both radial maps. At the first stages of com-
bustion, KL appears between 12 mm and the bowl periphery. Then, it
progresses towards the centre of the bowl until 10° aTDC. A first white
arrow has been added to the radial map to highlight this movement.
These instants correspond with the first soot peak observed in Fig. 12,
which is related to the main-injection combustion event. Between the
main and the post-injection combustion events (between 10° and 18°
aTDC), the soot closer to the centre of the bowl (below 10 mm radius)
seems to oxidize faster generating a retraction of the KL cloud towards
positions far from the centre. This has been highlighted with a second
white arrow on the KL map. The signal observed in the OH* chem-
iluminescence map during the same time interval and region, close to
the bowl centre, confirms the appearance of oxidation reactions in this
region of the bowl. They would be responsible for the retraction of the
KL cloud between the main and post-injection combustion discussed
before. This can be related to the fact that the flame is re-directed to-
wards the piston centre has more oxygen available in this region, leading
to leaner combustion than the one taking place at the periphery of the
bowl. Besides, this behaviour is related to the decrease observed in the
average KL curve (see Fig. 12) during the same stage of the combustion
process. In contrast with this, above 12 mm, the OH* chem-
iluminescence also shows the existence of oxidation reactions which
does not result in the complete disappearance of the related KL. It is
expected that in this region the mixture is richer as the fuel trends
accumulate there (despite the effect of the radial lips) and in that region
there is not enough oxygen to oxidize all the soot formed. With the post-
injection (after 18° aTDC), soot is observed close to the centre of the

—Cs1
——CS82-Lips

0 T T T T
0 20 40 60
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Fig. 12. Average KL evolution curves for CS1 (blue line) and CS2-Lips
(red line).
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bowl and evolves towards the periphery of the piston. The high tem-
perature inside the combustion chamber allows the fuel to ignite fast
resulting in a short lift-off length while the post-injection event lasts.
After this, the oxidation of the soot is faster close to the centre and the
soot remaining is located closer to the periphery of the bowl.

The differences related between CS1 and CS2-Lips can be analysed
thanks to the relative radial maps for both KL (left) and OH* chem-
iluminescence (right) presented in Fig. 14. During the main-injection
combustion event, a higher soot cloud close to the centre of the bowl
is observed for CS2-Lips indicating that this geometry displaces more
soot to the centre of the bowl compared to CS1. Between the main and
post-injection combustion, a higher soot cloud is observed for the whole
piston using CS2-Lips which is consistent with the higher KL values
discussed in Fig. 12. Furthermore, during the post-injection combustion
event (after 20° aTDC), a higher KL cloud remains at the bowl periphery
for CS2-Lips and the oxidation reactions observed in OH* images (right)
are not sufficient to oxidize it. The result suggest that this geometry has
difficulties to oxidize soot in this zone compared to CS1, which can be
related with the fact CS2-Lips accumulates a richer mixture in this re-
gion, as already discussed in Fig. 13. At the late stages of combustion,
some differences can be still observed between both pistons. From 25° to
30° aTDC, the CS2-Lips present higher values of KL bellow 15 mm
radius. However, after 30° the soot at this region increases for CS1. This
can be caused by the different movement promoted by each geometry.
As suggested previously, CS2-Lips allows the flame to reach regions
closer to the nozzle faster than with CS1. Besides, this gives some time
for the first geometry for additional oxidation with the oxygen still
available there. Therefore, that soot cloud in CS2-Lips reaches the centre
of the piston before and has some time to oxidize and decrease before a
similar displacement is completed with the CS1.

3.2. Geometry performance under EGR operating conditions

In this study, the performance of CS1 and CS2 have also been eval-
uated for 18% and 15% of O3 (in volume) concentration. In this way, the
behaviour of the piston under more unfavourable oxidation conditions
can be evaluated. In Fig. 15, the aHRR for 21% (green), 18% (red) and
15% (blue) O, concentration for CS1 (solid line) and CS2 (dashed line) is
shown. At 18% O, less energy was obtained for CS2 during the second
pilot injection combustion event (around —3° aTDC). Then, during the
main injection combustion event, a slightly higher and delayed main
combustion peak is obtained for CS2. This suggests a more premixed
combustion, caused by the lower energy released during the previous
phase. When looking at 15% O, almost no differences can be observed
between both pistons.

In addition, the IMEP values obtained for all these tests have been
summarized in Table 4 where, despite the difference mentioned, a
similar performance was obtained with both pistons for the two addi-
tional operating conditions.

The average KL curves obtained for the three different oxygen con-
centration cases and the two geometries are shown in Fig. 16. The
decrease of oxygen provides a clear KL increasing trend (for both pis-
tons) as expected. With 18% O (red), as similar behaviour of CS2-Lips
with reference to CS1 as with the baseline case is observed. Less soot
is formed during the main injection event while a shy soot reduction is
obtained between the main and post-injection combustion. However,
the oxygen reduction harms the CS1 geometry during this stage and the
difference with CS2-Lips is clearly reduced. Continuing with the process,
no differences are observed between the geometries during the post-
injection combustion (between 18° and 30° aTDC). At the late stages
of combustion (after 30° aTDC), higher KL values are reported for CS2-
Lips, indicating a better late oxidation with CS1. Nevertheless, this was
not observed with 21% O,. With 15% O, (blue), a clear KL reduction is
achieved with CS2-Lips compared to the other geometry along the whole
combustion process. In this condition, more soot is formed as shown by
the higher KL values reached. Besides, oxidation is slower as it is
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Fig. 15. Apparent Heat Release Rate at 21% (green), 18% (red) and 15% (blue)
O, using STD injector for both pistons. The solid line represents CS1 and the
dashed line represents CS2. The injection strategy has been included in the
upper part of the plot as a reference.

Table 4
IMEP at different O, concentration test conditions.
Piston %0, IMEP
(vol.) (bar)
CS1 18/15 6.9/6.7
CS2 18/15 6.7/6.6

suggested by the absence of a gap in the KL curve between the main and
post-injection combustion events in contrast with higher oxygen con-
centration operating conditions. In this scenario, KL values achieved by
CS1 are much higher than those of CS2-Lips which suggest a higher
improvement in comparison with CS1 than that observed with more
oxygen availability. This suggests that the radial lips of the CS2 form less

1
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Fig. 16. Average KL evolution at 21% (green), 18% (red) and 15% (blue) O, for
both pistons: CS1 (solid-line) and CS2-Lips (dashed-line).

soot at high EGR conditions, indicating a better use of oxygen inside the
combustion chamber. After 25° aTDC, the KL reduction velocity is
equivalent for both geometries, which indicates that the late oxidation
process is similar with both geometries. This is coherent with the fact
that no clear dependences between the geometry and the late oxidation
was identified in any of the other operating conditions analysed.

The radial maps of KL and OH* chemiluminescence presented in
Fig. 17 allows to identify the differences between 18% and 15% Os. In
terms of KL distribution, the decrease observed at baseline condition
between the main and the post-injection combustion events is not visible
for the other oxygen concentration conditions, especially for 15% Ox.
This is consistent with the average KL evolution shown in Fig. 16. At the
late stages of combustion, the 15% O, case shows KL values between 10
mm radius and the periphery of the bowl, indicating a much larger area
where soot remains in comparison with the other two cases with higher
oxygen content. The OH* chemiluminescence decreases with the oxygen
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Fig. 17. KL factor (left) and OH* chemiluminescence (right) radial maps for CS2-Lips at 18% (top) and 15% (bottom) O, conditions.

content, due to the lower oxygen availability to oxidize hydrocarbons
and soot during the combustion process. Therefore, the scale from OH*
maps was reduced by almost an order of magnitude for each concen-
tration evaluated. Additionally, the spatial distribution of the OH* signal
moves from the bowl periphery to the centre of the piston as the oxygen
concentration is decreased. This could be related to the fact that a much
richer mixture is achieved close to the periphery of the bowl, reducing
the reactivity in this region. In the case of 21% O, the maximum dis-
tance where the oxidation activity appears is around 25 mm of radial
distance while for 18% and 15% of O3 is 23 mm and 20 mm, respec-
tively. For this reason, the soot that remains at the periphery of the bowl
is not oxidized and this fact could explain the weaker oxidation reported
in Fig. 16.
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Relative radial maps between CS1 and CS2-Lips are shown in Fig. 18.
At 18% O, slight differences between pistons are reported, especially
when compared with the baseline condition. In this case, CS1 and CS2-
Lips are quite similar between the main and post-injection combustion
events as no blue or red regions are visible. This is consistent with the
gap reduction in KL curves reported in Fig. 16. In addition, during the
late combustion stage (after 25° aTDC) a higher KL cloud for CS2-Lips
between 7 mm and 20 mm radius is detected. This is consistent with
the higher values in KL curves (red dashed line) reported in Fig. 16 for
this piston. However, this has not been observed in any of the other
operating conditions tested and has not been successfully related with
the effect of the different geometry. Furthermore, the difference is even
lower than the variability of the measurement at that stage of the

Radial distance [mm]

Radial distance [mm]

0 10 20 30 40
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Fig. 18. KL factor (left) and OH* (right) relative radial maps at 18% (top) and 15% (bottom) O, conditions. Positive values (green to red colour) indicate higher
values for CS2-Lips while negative values (green to blue colour) indicate higher values for CSI.
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combustion process and, therefore, it is not conclusive.

Remarkable differences are obtained at the lowest oxygen concen-
tration condition compared with others reported in this study. At 15%
O, a higher KL cloud is detected for CS2-Lips bellow 20 mm radius
during the main-injection combustion event and evolves towards the
centre of the bowl until the start of the post-injection combustion. This is
represented by the red cloud visible in the relative difference radial map.
This behaviour confirms that CS2-Lips displaces a higher soot quantity
toward the bowl centre compared to CS1. However, according to results
presented in Fig. 16, considering the whole region KL values are lower
than those of CS1. The higher oxidation activity (OH* signal) provided
by CS2-Lips in this region and the later disappearance of KL confirms the
capability of this geometry to improve oxygen usage close to the bowl
centre and the benefits of using it under very low oxygen concentration.
After 20° the combustion process and soot formation evolve in a similar
way for both pistons. However, the KL spatial distribution is different.
While with CS1 it is mainly located at the periphery of the bowl with
CS2-Lips it can be found between 10 and 20 mm.

3.3. CDS injector and radial-lip design interaction

When using the same injection strategy for the STD and the CDS
injectors, their different geometry leads to a different amount of fuel
injected which, at the end, results in a higher IMEP for the second one.
For this reason, the main-injection electric pulse was reduced 90 us for
the CDS injector to maintain the same IMEP as the reference for com-
parison between both injectors. However, the dwell time between the
main and post-injection was kept constant to not increase the time
available for soot oxidation between both events, as it was observed that
it was a critical process when comparing CS1 and CS2-Lips. At baseline
condition (21% O5), the use of CDS injector has certain influence on the
combustion behaviour in comparison with STD injector. An earlier
decrease of aHRR corresponding to the main injection combustion can
be seen in Fig. 19. Although the injection duration is slightly shorter for
the CDS injector, it cannot explain the difference observed. Therefore,
other effects related to the CDS concept like better atomization and
air-fuel mixture are being effective. The post-injection combustion
event is slightly advanced for the same reason. Despite this, the same
IMEP was reached with both injectors, as reported in Table 5.

In Fig. 20, average KL evolution curves are reported using CDS
injector at baseline conditions. These results are compared with the
previous ones where the STD injector was used. For both combustion
systems (CS1 and CS2-Lips), no differences can be appreciated during
the main-injection combustion between the CDS and STD injectors.
When the soot formation slows down (peak of the curve) and the soot
oxidation starts to dominate the soot evolution, a different trend is

WP
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Fig. 19. Apparent Heat Release Rate at baseline condition using STD (solid-
line) and CDS (dashed-line) injectors for CS1 (blue line) and CS2 (red line). The
injection strategy has been included in the upper part of the plot as a reference.
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Table 5
IMEP at the nominal condition for STD and CDS injectors.
Piston Injector %0, IMEP
(vol.) (bar)
CS1 STD 21 6.8
CDS 6.7
CS2 STD 21 6.7
CDS 6.7
1
| —Cs1
—CS2-Lips
0.8 —sTD
1 --- CDS

CAD aTDC []

Fig. 20. Average KL evolution at nominal condition using STD (solid line) and
CDS (dashed line) injectors for CS1 (blue line) and CS2-Lips (red line).

observed for the CDS injector, regardless of the piston used. The KL
values decrease earlier with CDS, achieving lower values when
compared to the STD (minimum KL). In addition, for CS1 and CS2-Lips,
the CDS seems to be also promoting faster soot oxidation since the curve
slope is steeper. In this way, the combination of CDS and radial lips is
providing not only lower maximum KL values but also earlier and faster
soot oxidation during the main combustion event. This is coherent with
the aHRR curves discussed previously, evidencing that the CDS is
favouring the mixing process. Moving forward, an opposite trend can be
observed when the post-injection occurs. The CDS injector starts the
post-injection combustion from lower KL values than STD but it reaches
slightly higher values when the curve achieves the maximum KL. In
addition, the oxidation phase of the post-injection combustion is also
slowed down when using the CDS, a behaviour that is completely
different when compared with the main combustion. This is mainly
explained by the reason that the post-injection duration was kept the
same for both injectors, not being corrected for the CDS as was done
during the main injection. It means that more fuel mass is injected with
this hardware during the post-injection, promoting higher soot forma-
tion in this phase. As this extra soot mass is formed at the moment that
in-cylinder pressure and temperature are decreasing (late combustion
phase), its oxidation process is also more difficult and slower. This is also
observed in the aHRR, which at the late stages show slightly higher
values than those of STD which correspond with a longer oxidation
activity.

4. Conclusions

The current study aimed to analyse two pistons with different radial-
lip geometries, trying to identify the differences in terms of the com-
bustion process and soot formation by employing an optical engine
based on a compression ignition engine. High-soot conditions with low-
oxygen concentration were applied for evaluating the potential of these
piston geometries to reduce soot formation and oxidize it when oper-
ating under these critical engine conditions. Furthermore, the use of two
different injector systems was done to study the combined effect. To
achieve this, in-cylinder soot formation was analysed through the 2C-
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pyrometry KL factor and high-speed OH* chemiluminescence images as
a tracer of the oxidation reactions inside the piston. The main results are
summarized below:

e The results showed that both combustion systems tested (CS1 and
CS2-Lips) are capable to promote the movement of the flame from
the periphery towards the bowl centre, allowing the flame to achieve
regions where fresh oxygen is available. However, the analysis
confirmed The C2-Lips, which has a more pronounced radial lip
profile, drives the flames closer to the bowl centre than the CS1
design. This factor not only makes the oxidation process faster but
also reduces the soot formation.

e At baseline conditions (21% O5), clear differences were observed
during the main injection combustion and before the post-injection
combustion at baseline conditions. CS2-Lips forms less soot than
CS1 during the main-injection combustion. However, the oxidation
between main and post-injection combustion is poorer for this ge-
ometry. After the post-injection combustion event, no differences
arise between these two pistons indicating that the geometry of the
radial lips does not seem to affect the late oxidation process.

e When increasing EGR ratio, from 21% O3 (no-EGR) to 15% O, the

differences between CS1 and CS2-Lips are more prominent. The CS2-

Lips proved to work better than CS1 under very low oxygen con-

centration (15% O3), providing much lower soot formation.

Regarding the injector nozzles, certain differences were observed

between CDS and STD injectors in terms of combustion behaviour.

The aHRR showed a faster combustion during the main injection for

the CDS with respect to the STD. This had an impact on soot for-

mation and oxidation, similar with both piston geometries. Besides,
at the late stages of combustion, the injection strategy used lead to
longer combustion and slower final oxidation for both pistons.

Therefore, a relation between the CDS injector and the radial-lip

design was not identified.

In summary, the effectiveness of the radial-lip concept was
confirmed by the results obtained under different engine conditions. The
more pronounced lips provide an improvement of the recirculation ef-
fect as well as the reduction of the flame-to-flame interaction while
promoting the use of in-cylinder oxygen. However, its effect on soot
formation was more appreciable at operating conditions under low ox-
ygen scenarios, higher loads or during the main injection combustion
event, where the need of oxygen is higher.
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