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Abstract. The emissions reduction in internal combustion engines (ICE) is one of the greatest technical
challenges of society. Although new technologies for mobility are emerging, the ICE will still have a key
role in transport over the next decades. Diesel engines are challenging in terms of pollutant emissions,
in particular of nitrogen oxides (NOx) and particles. In fact, the last one represents 50% of total emis-
sions of this kind of engine. In this context, new hardware technologies as well as new renewable fuels
have shown great potential to reduce soot emissions without affecting engine efficiency (CO2 emis-
sions). For this reason, the impacts of using e-fuels (OMEx and FT-diesel) and different piston bowl
geometries (re-entrant, stepped lip and wave-stepped lip bowl) on soot formation and combustion de-
velopment were analyzed in a single cylinder optical Diesel engine. First, an in-cylinder flow characteri-
zation and a preliminary flame movement analysis were performed by applying optical techniques such
as particle image velocimetry (PIV) and natural luminosity. In addition, an analysis of combustion pro-
cess, as well as of soot formation, was carried out by means of natural luminosity, OH* chemilumines-
cence and 2 color pyrometry. The e-fuels showed a remarkable reduction in soot formation (especially
the OMEx). Regarding the bowl geometries evaluated, stepped lip and wave-stepped lip presented a
faster late soot oxidation in comparison with the re-entrant geometry. Under extreme soot conditions,
difference were also observed between the wave-stepped lip and the stepped lip: a faster soot oxidation
was observed for the first one. In general, the application of new hardware (bowl geometries) as well as
new kind of fuels in Diesel engines have presented a great potential in order to diminish the soot emis-
sions.

1. Introduction
The air pollutant emissions and its reduction have been one of the main topics discussed during the

last decades. Regarding internal combustion engines, the strict emissions legislation have forced the
transport industry to find innovative and more efficient technologies for the current engines. In specific
for compression ignition engine, the biggest challenge is focused in the reduction of soot-NOX trade off.
In order to reduce the NOx and soot emissions, as well as, improve the efficiency, new fuel sources[1][2],
combustion concepts[3][4] and hardware [5][6] have been applied and tested in compression ignition
engines.

Regarding new technologies of hardware, a special attention has been paid to the development of
new piston bowl geometries. In Diesel engines, the combustion chamber geometry has a direct impact
on the flow of the squish zone and swirl movement, as well as, on the spray-wall interactions[7]. In this
way, it is evident that the geometry of piston has an important role on the combustion process, fuel-air
mixture and pollutant emissions in Diesel engines[8]. Re-entrant piston are the typical bowl design ap-
plied in light and medium duty engines, which have usually a high swirl number (SR>1). This bowl ge-
ometry has the main objective of creating a re-circulation flow towards the piston center by supporting
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the swirl movement generated inside the cylinder[9]. In this piston geometry, the fuel jets interact with
the air flow and bulk flow structures are formed by the jet deflection at the combustion chamber walls
[10][11]. These bulk flow structures are also very important because they generate turbulence that en-
hances small-scale mixing and increases the burning rate [12]. In this way, different variations of re-
entrant piston have been developed and tested. Several studies have reported a comparison between
the re-entrant and stepped lip geometry[7][13][14][15]. The results have shown a great reduction of the
soot emissions by using this kind of piston bowl geometry. Bush et al [16] have performed experiments
in an optical and metallic engine by using the re-entrant and stepped lip bowl geometries. The emissions
measurements from the metallic version reported a significant reduction of soot with a slight reduction
in NOx as well. Mercedes-Benz launched recently a new engine family OM654 with stepped lip bowl.
The company reported reduction of particulate emissions and improvements of air utilization[15].

Regarding new fuel sources, Synthetic fuels (E-fuels) have proven to be an attractive solution for
emissions reduction[1]. Among the different kind of E-fuels, Fischer-Tropsch (FT) diesel and OMEX
have a great potential to replace the fossil diesel. FT diesel is composed by different n-alkanes mole-
cules and it can be obtained from different natural resources e.g. biomass [17]. OMEX or oxymethylene
dimethyl ethers are formed by a CH3-O-(CH2-O)x-CH3 chemical structure, where x can be in the range
of 1 to 5 [18]. This fuel can be obtained from methanol and formaldehyde[19]. In general, the studies
involving FT diesel, pure or blended with diesel, have found a reduction of soot emissions in comparison
with the fossil diesel [20][21][22].  Schaberg et al [23] used an optical Diesel engine fueled with Fischer-
Tropsch and analyzed the soot formation and combustion characteristics by means of OH* chemilumi-
nescence and two color spectroscopy. The FT diesel presented a soot reduction in comparison with the
fossil diesel. For the OMEX combustion, different kind of studies have reported positive results in terms
of soot, HC and CO emission reductions[24][25]. Omari et al [1] tested pure OME3-5  and blends with
diesel. The soot emissions for the blends always presented lower soot emissions than the fossil diesel.
In addition, for the pure OME3-5, the soot emissions were almost zero. An optical investigation in a
constant volume vessel with blends of OMEx and diesel was performed by Ianuzzi et al [18]. They have
found a significant reduction of soot formation as the quantity of OMEX was increased in the blend.

Considering these two very attractive possibilities for decreasing emissions and reducing the fossil
diesel dependence, the present work aims firstly to measure and analyze the flow pattern inside of a re-
entrant bowl. The second objective is focused on testing and analyzing the combustion process and in-
cylinder soot formation of the two mentioned E-fuels (FT diesel and OMEX), as well as, three different
piston geometries (re-entrant, stepped lip and stepped lip-wave). For this purpose, an optical Diesel
engine GM 1.6 L has been used. The in-cylinder flow characterization was measured by using a particle
image velocimetry (PIV) system. For a qualitative analysis of the soot formation and combustion process
evolution, the natural luminosity has been registered. In addition, OH* chemiluminescence has been
used for the identification of high temperature reaction zones. Finally, the soot formation has been quan-
tified by using the 2-color pyrometry technique.

2. Test Facility

2.1 Optical Engine

All optical techniques and studies performed in the current paper were performed in a Bowditch de-
signed single-cylinder optical Diesel engine. It is derived from a GM 1.6 L commercial Diesel engine.
The engine is equipped with three optical accesses. The first one is from the bottom of a transparent
piston which is formed by real bowl shape as shown in figure 1. The other two accesses are located in
the upper part of the liner, where two quartz windows are installed. The fire deck has four valves per
cylinder and a centrally located Denso solenoid injector with 8 hole-nozzle. In order to guarantee a good
effective compression ratio and diminish as much as possible the air leakage (blow by), synthetic rings
were used in the piston. These rings expand as the in-cylinder temperature increases.

A common rail system, which is electronically controlled, has been installed in the engine. The control
is performed by using a DRIVVEN® control unit. The start of energizing (SOE), number of injections and
number of skip fire cycles can be easily set by means of this device.

An AVL GH13P glow plug piezoelectric transducer which was coupled to a Kistler 4603B10 charge
amplifier was used for measuring the instantaneous in-cylinder pressure. In addition, instantaneous in-
take and exhaust pressure were also measured by means of piezo-resistive transducers
(Kistler/4603B10). The pressure signals were recorded by a Yokogawa DL708E. A home-developed
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acquisition system, which is called SAMARUC, collects the signal from the different low frequency sen-
sors and controls the electric dynamometer brake.

Figure 1. Optical engine assembly

Table 1. Engine characteristics

Engine type 4 stroke, direct injection
Number of cylinders [-] 1
Number of Valves [-] 4
Bore [mm] 80
Stroke [mm] 80.1
Displacement [l] 0.402

2.2 Test cell

The optical engine is installed in a test cell equipped with all facilities necessary for its control, acquisition
data and operation. A scheme of the test cell setup can be seen in figure 2. A scroll compressor is
responsible for supplying the intake air flow. A dryer and a heat exchanger are mounted in the compres-
sor line in order to control the humidity and temperature of the air. An air heater, which is located just
before the intake port, is used in order to provide a constant intake air temperature. In order to reduce
the pressure pulses in the intake and exhaust line, two settling chamber, one for intake and another for
the exhaust, were mounted. An exhaust backpressure valve controls the exhaust pressure. For the
current work, the exhaust pressure was kept always 200 mbar higher than the intake pressure with the
objective to promote real engine operating conditions. For the tests with fuel injection under non-reactive
conditions (i.e PIV measurements), the intake air was mixed with nitrogen in order to achieve the desired
oxygen concentration during the tests. The flow mass of nitrogen is controlled by means of PID valve.
Table 2 shows the accuracy of the different elements of the test cell.
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Figure 2- Test Cell scheme

Table 2. Information of measurement instruments

Variable Device Manufacturer / model Accuracy

In-cylinder pressure
Piezoelectric
transducer

AVL / GH13P ±1.25 bar

Intake/exhaust pressure
Piezorresistive

transducers
Kistler / 4603B10 ±25 mbar

Temperature in settling cham-
bers and manifolds

Thermocouple TC direct / type K ±2.5 °C

Crank angle, engine speed Encoder AVL / 364 ±0.02 CAD
Air mass flow Air flow meter Sensyflow / FTM700-P < ±1%

3. In-cylinder flow measurements
The first step of the present work was focused on the in-cylinder flow characterization. From this first
step, it was tried to identify the in-cylinder flow pattern inside a real bowl shape under motored conditions
and how the spray injection affects this flow under non-reactive conditions. In addition, it was identified
the zones with higher TKE inside the piston in order to define appropriate injection strategies for this
kind of bowl geometry.  For the in-cylinder flow measurement, the PIV optical technique was applied in
the optical engine.

3.1 Optical techniques

A standard PIV system was used for the instantaneous two-dimensional velocity field measurement. A
double-head 15 Hz pulsed ND:YAG laser was applied as the light source to illuminate the seeding  par-
ticles present in the intake air. Each pulse laser has 135 mJ at 532 nm. To be possible measuring a
specific plan inside the combustion chamber, the laser spot was transformed into a laser sheet by means
of a Plano-concave cylindrical lens. For the laser sheet width and thickness adjustment a set of addi-
tional Plano-concaves lenses were used in the optical assembly. The laser thickness was kept around
of 1 mm, as well as, the width was around 50 mm, which is the mirror width used to reflect the laser
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sheet toward the piston bottom. The laser sheet was positioned in the middle of the combustion chamber
with a vertical orientation, entering through the bottom of piston as shown in figure 3.
The intake air seeding is performed with solid particles of Aluminum Oxide (Al2O2). Liquids synthetic
particles were tested but it vaporizes at the compression stroke. A cyclone introduced and dispersed
the particles in the intake system. By means this device, the particles with a diameter higher than 5
microns are kept in suspension due to a centrifugal movement. A positive pressure difference between
the cyclone and the intake manifold system was maintained to ensure a continuous particle supply.
The laser light scattered by the seeding particles was recorded with a straddle camera of 4 megapixels
(Powerview Plus 4MP by TSI). Time elapsed between the two consecutive laser shots was set between
10 μs and 15 μs. Taking into account that the second frame has a much higher exposure time than the
first one (camera characteristics), a narrow band pass filter 532 nm was used for reducing the external
light interference.

Figure 3- PIV system

3.2 PIV Data Processing

Image processing

The tests were performed by recording 50 engine cycles for each operating conditions. A couple of
background images without particles in the intake air were taken before starting each test. These back-
grounds images were subtracted of the images with particles for removing the piston surface reflections.
As the piston and side windows curvatures induce radial and axial optical distortions, an image distortion
correction is necessary for the correct analysis of the PIV measurements.
For this purpose, a specific algorithm was applied to perform the image correction. First of all, the code
identifies the contour bowl and only this region is extracted for the analysis.  After the measurable area
is isolated, a piece-wise linear transformation is applied in the distorted image.  To allow the code to
perform the correction, a pair of calibration target images (with and without distortion) were used. The
images were captured using a geometric template which is shown in figure 4.
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Figure 4- Distorted image and corrected one

Velocity Field Processing

A commercial PIV software (Insight 3G by TSI) have been used for processing the images. For two
consecutively captured frames the software applies a cross-correlation function. Velocity fields were
computed based on the displacement of a particle group, which was found within a considered interro-
gation window. The magnification of the images was around 34 pix/mm with a maximum particle be-
tween consecutive images of 8.5 pixels (25%).For this work, the interrogation window was varied from
88 x 88 pixels to 44 to 44 pixels.

Turbulent Kinetic Energy (TKE) analysis
For the TKE analysis, the weight of TKE in relation to the total energy of the fluid was quantified. The
methodology used compares the flow pattern with and without injection. Firstly, the TKE was calcu-
lated using equation 1:

=
1
2

1
( − + − ̅ )

(1)

The ensemble-averaged “u” and “v” components were calculated by equation 2, where N is the number
of cycles considered.

Additionally, the energy related with the mean velocity, i.e. the Mean Kinetic Energy (MKE), was calcu-
lated according to equation 3:

= ( + )̅ (3)

It was assumed that the total energy of the fluid is the addition of the energy related with the mean ve-
locity (MKE) and the turbulence (TKE). From this, TKE is normalized (TKE*) with respect to the total
energy as expressed in equation 4:

∗ = +
(4)

=
1

(2)
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3.3Test matrix for PIV measurements

Tests were performed at motored and injection under non-reactive conditions. The engine speed was
1200 RPM, with intake pressure of 1.5 bar and exhaust pressure of 1.7 bar. The intake temperature was
kept at 50 °C.  The injection pressure was set to 400 bar, with an injection duration of 700 µs and a start
of energizing of -30 °aTDC. The different laser timings that were performed for both motored and injec-
tion conditions are shown in table 3. In figure 5 is shown the laser timings used before TDC in reference
to the fuel mass flow rate. In addition, the natural luminosity image, which was attached in the figure,
indicates that the laser sheet does not cross the spray anywhere.

Table 3- PIV measurements settings

Figure 5- Laser timings in reference to the fuel mass flow rate

3.4 In-cylinder flow velocity at motored and injection conditions

The flow velocity evolution inside the bowl at motored and injection conditions are shown in figure 6. For
the motored case is possible to appreciate that velocities inside the bowl decrease as the piston ap-
proaches to TDC. In addition, the figure shows that the highest velocities are located at the periphery of
the bowl, decreasing from the outer to the center. At 15 CAD, the deflection of some vectors located at
periphery indicate the flow from squish zone is entering into the bowl. When fuel injection is added, the
flow filed is modified.  Thus, the second part of the PIV analysis is performed injecting fuel during the
cycle. Early SOE (at -30 CAD) is chosen in order to make possible to perform PIV measurements after
the injection while seeing the entire bowl. At 25 CAD the effect of the injection is already noticed in the
upper part of the bowl. The sprays seem to cause a deceleration of the velocity field while injection event
is still occurring. This effect continues until -20 CAD, where the region with low velocity is bigger. The
effect of the injection seems to be absent at -15 CAD, when the injection process ends and the velocity
field increases slightly.

RPM Pintake
[bar]

T_Intake
[°C]

Pinj
[bar]

ET
[us]

SOE
[°aTDC]

PIV
[CAD]

1200 1.5 50 400 700 -30 -25; -
20; -15;
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Figure 6- Flow velocity field at motored and injection conditions

3.5 TKE* analysis at motored and injection conditions

TKE is normalized in relation to the total energy of the fluid (TKE*), as the criterion defined previously.
Figure 7 shows a comparison of TKE* between motored and injection conditions. The figure reveals that
for the injection case the turbulence represents a greater amount of the total fluid energy compared to
the motored case. It means that despite the motored case presenting higher velocities, the weight of the
TKE in relation to the total fluid energy is lower than for the injection case. The turbulence for the single
injection case is much higher than motored case. The effect of the injection is clear in the first two
images, where the turbulence increases around the zone of the spray. This is the zone that the velocities
are lower. After the injection ends, at -15 CAD, the TKE* starts to dissipate inside the bowl.

Figure 7- TKE distribution inside the bowl at motored and injection conditions

4. Piston bowl geometries and E-fuels effects on soot reduction
The first step of the current work helped in the comprehension about the in-cylinder flow behavior in a
piston with real bowl shape. This comprehension was very useful for the second work step, where dif-
ferent bowl geometries, together with E-fuels, were studied. In general, the second step was focused
on the soot reduction by means of two different alternatives. The first one is centered on the hardware
modification with new piston geometry proposals. The second alternative solution for soot reduction was
centered in the renewable fuels utilization, where the potential of E-fuels were tested.

4.1 Piston geometries

For the current work, three different bowl geometries were tested in the optical engine. A piston with
reentrant geometry, which is represented in figure 8a, was tested as the baseline. Besides, a kind of
hybrid design combining two bowl geometries in the same piston was developed. One half of the piston,
represented in figure 8b, was formed only by the stepped lip geometry. The other one was composed
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by the stepped lip and wave geometry. The main purpose of the hybrid piston was to compare perfor-
mance of two bowl geometries in the same combustion cycle, diminishing the effects of the cycle to
cycle variation.

Figure 8- Bowl geometries: a) Re-entrant. b) Hybrid

4.2 E-fuels properties

The main properties of the fuels studied in this work are presented in the table 4. Commercial diesel
(EN 590 diesel) was considered the reference fuel in the study. Fischer-Tropsch (FT) diesel and Ox-
ymethylene ether (OMEX) were used without mixing. Cetane number for FT diesel and OMEX is clearly
higher than for the commercial diesel, indicating that their ignitability is higher[26]. OMEX presents the
lowest viscosity between the three tested fuels, which directly implies in an improvement of the spray
quality[27]. Finally, regarding the Lower Heating Value (LHV), FT diesel and commercial diesel have
very similar values. However, OMEX’s LHV is less than the half of the commercial diesel’s. This has a
direct impact in fuel consumption.

Table 4. Fuel properties

4.3 Optical techniques

For both analysis performed in the current work, piston geometry and e-fuels, three optical techniques
have been applied simultaneously in order to identify and analyze the differences in the combustion
process.  The optical setup is presented in figure 9. They were positioned in order to record the flame
radiation that comes from the main optical access (piston bottom). A 45° mirror is positioned just below
the piston in order to reflect all flame radiation from the combustion chamber to the optical system. A
dichroic mirror was used to reflect the UV radiation to the intensified camera (ICCD), which was posi-
tioned parallel to the engine’s crankshaft. After the dichroic mirror, which is transparent for the visible

EN 590 diesel FT diesel OMEX
Density [kg/m3] (T= 15 °C) 842 832 1067
Viscosity [mm2/s] (T= 40 °C) 2.929 3.25 1.18
Cetane number [-] 55.7 75.5 72.9
Carbon content [% m/m] 86.2 85.7 43.6
Hydrogen content [% m/m] 13.8 14.3 8.82
Oxygen content [% m/m] 0 0 47.1
Lower heating value [MJ/kg] 42.44 44.2 19.04
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range (up to 750nm), a beam splitter was positioned to separate flame radiation between two high speed
cameras (550nm and 660 nm). One of them was equipped with a 660 nm filter, which is used for both
2-color measurements as well as for the natural luminosity imaging.  The other one was equipped with
a 550 nm filter, which was used for 2-color pyrometry. In this case, the Natural luminosity (NL) images
have been used in order to provide general information about the combustion process evolution. They
correspond to hot soot radiation, which is the dominant source of luminosity in diffusive combustion. The
OH* chemiluminescence signal was used in order to identify the near-stoichiometric high temperature
combustion zones inside the different pistons and with the different e-fuels. This zones are characterized
for high concentration of excited-state OH*. 2-color pyrometry is used in this work in order to quantify
the soot concentration inside the three bowl geometries tested, as well as, for each e-fuel. In this method,
soot thermal radiation was detected for two specific wavelengths. From its combination, the soot surface
temperature and optical density is determined.

Figure 9- Optical setup

4.4 Image post-processing

A specific methodology for the image analysis was developed in order to present time and spatially
resolved KL2C measurements in a single map. In this way, the combustion images were divided in
zones by applying two different criteria: sector zones and radial zones. For the sector analysis, the whole
piston image is divided in 5° angular sectors in the azimuth direction as shown in figure 10(a). For every
sector an average KL is calculated.  For the radial analysis, the piston image is divided in rings, as
shown in figure 10(b), with a difference of 0.5 mm between the internal and external radius. For each
ring a mean radius is calculated as well as the average KL2C.

Figure 10- (a)methodology for the sector analysis. (b) methodology for the radial analysis

Taking into account that the tests for the e-fuels were performed with the re-entrant piston, the method-
ology were applied for the entire piston bore, including the squish zone. In contrast, for the analysis
comparing the different bowl geometries, only the bowl part was considered. In addition, for the hybrid
piston analysis, an additional methodology was applied in order to isolate for two different regions, one
represented by the stepped lip side and another one by the stepped lip-wave side. The piston was
divided into two zones with exactly the same size, as shown in figure 11.
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Figure 11- Regions considered for the radial and sector analysis using the hybrid piston

4.5 Test matrix

For the piston geometry study, the experiments were performed with commercial diesel fuel at 7.5 bar
IMEP. The engine speed was kept constant at 1250 rpm. Considering that the two pistons do not have
the same compression ratio, different intake pressures and temperatures were used in order to maintain
the same IMEP and mass of fuel injected per cycle as well as the same maximum in-cylinder pressure
(Pmax). Four injections per cycle (pilot 1, pilot 2, main and post) were configured to mimic a commercial
injection strategy. The injection pressure used was 800 bar.  For the e-fuels analysis, the same engine
load (7.5 bar IMEP), as well as, the same injection strategy were used. In this case, each e-fuel was
tested with four injections, being 2 pilots, main and post injection. Due to the different LHV for each fuel,
the engine load was adjusted by increasing the pulse duration of the main injection. All e-fuel tests were
performed with the re-entrant piston. The test matrix is represented in table 5.

Table 5- Engine operating conditions for the tests with pistons and e-fuels

Inj. Pattern Engine
Speed Piston IMEP

(bar)
̇

(g/s)
Pint
(Bar)

Tint
(°C)

Toil
(°C)

Tcool
(°C).

Mult 1250 Re-entrant 7.5 8.08 2.15 90 60 15-25Hybrid 8.5 2.35 120

4.6 Piston geometry analysis: Flame movement

Details regarding flame movement are reported in figure for 7.5 bar IMEP. The left side represents the
re-entrant piston while the right side represents the hybrid piston. As it has been described previously,
this one includes the others two bowl geometries: stepped lip without waves (left side) and stepped lip-
wave (right side). At 7.7 CAD, in figure 12, main injection is occurring and the spray is interacting with
the bowl wall. At this instant, major differences can be detected when comparing the wave side with the
other two geometries. When the sprays collide  with the bowl wall, the wave protrusions avoid the flame
to spread tangentially and redirects it toward the bowl center (red line area), minimizing the flame-flame
collisions, providing a pathway for the oxygen supply to flame front and generating less fuel rich zones.
In contrast, without waves, flame-flame collisions are observable close to the bowl wall. Focusing on the
hybrid piston, at 11.9 CAD (end of main injection) different flame structures can be seen for each piston
geometry. The red line represents the area reached by the flame inside the bowl with waves, while the
orange line represents the area occupied by the flame at the side without waves. When both are com-
pared, it is possible to see that the orange area is much smaller than the red one. Therefore, it can be
stated that the flame in the stepped lip side without waves seems to remain concentrated at the periph-
ery of the bowl. This behavior has been related with effect of the stepped lip, splitting the spray/flame
into two parts (one inside the bowl and the other into the squish area) and reducing the momentum of
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the spray. Besides, the flame-flame collisions when not using wave protrusions and the resulting stag-
nations have been considered also a potential cause. In the case of the wave-stepped lip, the reverse
flow forces the flame to move towards the bowl center. For the re-entrant geometry, even though the
flame goes toward the center due to higher spray momentum, the existence of strong flame-wall and
flame-flame interaction can promote the formation of fuel rich zones.

Figure 12- flame behavior for different bowl templates

4.7 Piston geometry analysis: Soot formation

In figure 13 the temporal evolution of mean KL and the accumulated light intensity at 7.5 bar IMEP are
shown. In addition, the figure 14 shows the 2C pyrometry and OH* chemiluminescence measurements
for the same engine conditions at specific CADs. The graphs indicate an important higher peak soot
formation for the re-entrant piston. Furthermore, a slower soot oxidation can be seen for the re-entrant
one during the late cycle oxidation. In addition, the accumulated light intensity presents also the later
soot oxidation for the re-entrant piston than the stepped lip and stepped lip-wave bowls. From the accu-
mulated intensity curve is clear that wave side is promoting a higher peak in comparison with the side
without waves. However, during the late combustion phase, a faster oxidation can be appreciated for
the stepped lip-wave side. The figure 14 shows, for specific piston positions, the spatial distribution of
KL inside of each bowl geometry as well as the OH* chemilumimescemce. In general, the zones with
low OH* intensity correspond to the high soot concentration zones in the re-entrant piston. In contrast,
lower soot concentration can be seen for the hybrid piston, corroborating with the OH* images, where
its intensity is higher than re-entrant piston. At 10.11 CAD it is possible to appreciate the non-presence
of OH* intensity in the zones which are located closer to the wave protrusions. These same zones, for
the KL images, present higher soot concentration. This rapid increase of soot formation for this region
could be induced by the bigger quartz contact surface present for the side with wave protrusions. The
heat transfer characteristic of quartz and the wall temperature could be the factor that contribute for this
soot formation.  When the flame goes toward the center and starts to interact with the other flame, the
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soot is rapidly oxidized. This is represented at 14.61 CAD, where the OH* intensity increased. The final
combustion cycle (37.74 CAD) seems to be faster for the hybrid piston due to the fact that soot cloud,
as well as, OH*signal can still be seen inside the re-entrant bowl.

The radial maps are presented for each bowl geometry in figure 15. The re-entrant piston starts the soot
formation from the bowl periphery. As the flame goes toward the piston center, the soot oxidation pro-
cess also takes place. The soot oxidation, in comparison with the other two geometries, present a
smoother transition of the KL values, indicating a slower oxidation process. In addition, the re-entrant
piston also presents bigger areas with high soot concentration than the stepped lip and stepped lip-
wave piston. A general reduction of soot formation is clear for the stepped lip and stepped lip-wave
bowls in comparison with the re-entrant one. This significant soot reduction is thanks to the stepped lip,
as the great differences of soot production can be appreciated between re-entrant and hybrid piston.
The differences between stepped lip and stepped lip-wave seems to be less sensible but they can still
be highlighted. A fast and efficient oxidation is promoted by the stepped lip bowl during the first stages
of the combustion process. The stepped lip-wave side promotes initially a higher quantity of soot for-
mation, when the flame interacts with the wall, as previously explained. However during the final stage
of combustion, the oxidation rate for the stepped lip bowl seems to decrease.  From 15 CAD until 25
CAD, the soot cloud for the stepped lip bowl presents higher KL value than the stepped lip-wave geom-
etry.

Figure 13-Temporal evolution of mean KL and
accumulated intensity

Figure 14 – 2 color and OH* measurements at 7.5 bar IMEP
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Figure 15- Radial maps of KL values at 7.5 bar IMEP

4.8 E-fuels analysis: natural luminosity and OH* chemuliminescence

The combustion evolution at 7.5 bar IMEP is presented in figure 16 by means of natural luminosity
images. The lower range of light intensity showed for the OMEx, which has its maximum at 400, sug-
gests less soot formation for this fuel. At 9 CAD, some dark regions can be seen for the fossil diesel
images. These regions have already been reported by some authors as cold soot regions[28]. In con-
trast, this effect is not observable for the FT diesel which suggests the existence of hotter soot. From 21
CAD until 25 CAD, the images represent the late-cycle soot oxidation for the 3 fuels. FT diesel seems
to oxidize faster than fossil diesel as the NL intensity decreases faster.

Figure 16- Natural Luminosity for the tests with e-fuels and fossil diesel at 7.5 bar IMEP
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The OH* chemiluminescence for the tested fuels at 7.5 bar IMEP can be seen in figure 17. At -1.6 CAD
no natural luminosity was observed. However, some OH* radiation is detected. This image is represent-
ing the pilot 2 combustion. Higher OH* chemiluminescence can be seen for the FT diesel during this
period. At 4 CAD, the three fuels tested show high signal intensity in the periphery for both OH* and NL
intensity. This indicates that in this region both near-stoichiometric and fuel rich zones coexist, as re-
ported in previous works[29]. At 9 CAD, the dark zones cited in the NL images correspond also to low
OH* intensity. It indicates that the cold soot is attenuating the OH* signal. Fossil diesel presents less
area with OH* radiation than the FT diesel and consequently larger dark zones in the NL images. In
addition, although OMEX presented the lowest NL intensity, the OH* measurements show the highest
intensity. The high amount of oxygen in the OMEX diminishes rich fuel zones and increases the near-
stoichiometric zones as well as the presence of OH* in excited state. At 35.8 CAD, during the final stages
of combustion, the OH* signal confirms that OMEX combustion ends earlier as low OH* signal is ob-
served in comparison with the other two fuels. Furthermore, fossil diesel has the higher OH* intensity
for this instant, indicating a slower soot oxidation process in comparison with the FT diesel.

Figure 17- OH* chemiluminescence images for the tests with e-fuels and fossil diesel at 7.5 bar IMEP

4.9 E-fuels analysis: Soot formation

In figure 18 is shown the 2C pyrometry measurements at 7.5 bar IMEP. The OMEX emitted light with
wavelength below 450 nm, as no light was registered by the two cameras (450 nm and 660 nm) and
consequently no KL factor was calculated. This is another factor that indicates no formation of soot
during the OMEx combustion process.  In relation to the fossil diesel and FT diesel, where the KL factor
could be calculated,  the images are presented for the same crank positions already shown previously
for the NL and OH* images.  From 4 CAD until 6 CAD, the soot formation (KL) starts to increase. The
periphery region of the bowl, where previously NL and OH* showed highest intensity, also presents the
highest soot area. At 9 CAD, the regions with the highest soot concentration correspond to the regions
where NL and OH* signals for commercial diesel were weak. This effect reinforces the idea that the cold
soot cloud attenuates the OH* signals.  For this instant, FT diesel presents KL values slightly lower than
commercial diesel, which means less soot production.
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Figure 18- KL images for the tests with  e-fuels and fossil diesel at 7.5 bar IMEP

In figure 19 is shown the evolution of the mean KL for each CAD during the combustion process. The
commercial diesel starts to increase earlier in the cycle than FT diesel. Furthermore, it is clear that for
the first one, the maximum KL value is slightly higher. In addition, during the oxidation process, FT diesel
seems to oxidize faster, in agreement with NL and OH* observations. The KL curve for OMEX is zero,
as no light intensity was registered by the 2C cameras.

Figure 19-Temporal evolution of mean KL for tests with e-fuels and fossil diesel at 7.5 bar IMEP

The sector and radial maps are presented in figure 20. For the sector maps (figure20-left), it is possible
to see that commercial diesel present larger areas with high KL values than FT diesel. In addition, from
the map is possible to appreciate that the FT diesel achieves lower KL values before than commercial
diesel due to the less soot generated inside the cylinder and the faster oxidation. The radial maps (figure
20-right) show that the periphery of the bowl has the highest soot KL, around 15 from the injector.  As
the piston moves far from the TDC, the highest soot KL areas move toward the center of the piston while
decreasing its value. FT diesel achieves low KL (below 0.5) at around of 6mm of radius, while commer-
cial diesel reaches these values closer to bowl center. It evidences again the faster soot oxidation for
the FT diesel. Another difference is located in the squish zone, which comprehends from 18mm to 26
mm. For this region, the soot concentration is lower for the FT diesel.
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Figure 20- Radial and Sector KL maps for the tests with e-fuels and fossil diesel at 7.5 bar IMEP

Conclusions

In the first part of the paper, the in-cylinder flow velocity inside of a real bowl geometry was measured
and analyzed. In the second part, it was evaluated the combustion process and soot formation of two
different E-fuels, as well as, three different piston geometries by using three different optical techniques.
Main conclusions can be highlighted as follows:

In relation to the in-cylinder flow measurements:
· When the injection event ends, a slight decrease of TKE* can be seen inside the bowl. This

reiterates the effect of the fuel injection on the in-cylinder flow.
· Bulk gas velocity and mean kinetic energy of the in-cylinder air decrease when the injection is

occurring. This effect is evidenced when the injection ends and the velocity starts to increase
again inside the bowl.

· TKE* presents higher values in the injection cases than in motored ones, indicating that the
turbulence caused by the injection event could help to improve the fuel air-mixing.

In relation to the different bowl geometries:
· The wave protrusions induce a reverse flow of the flames towards the bowl center. The flame-

flame collision is smoothed when the flame is driven by this geometry, avoiding frontal colli-
sion as it happens in the side without the protrusions and re-entrant piston.

· The zones with high soot concentration correspond to the zones where the OH* intensity is
weak or nonexistent. This indicates that the soot cloud is attenuating the OH* signal.

· A significant soot reduction, as well as, a faster soot oxidation could be appreciated for the
stepped lips and stepped lip-wave geometries in comparison with the re-entrant bowl. In addi-
tion, the mean KL and accumulated intensity curves showed a faster soot oxidation for the
stepped lip-wave side during the late cycle oxidation.

In relation to the E-fuels:
· Although the NL intensity for the OMEX is lowest between the three fuels, it presents the high-

est OH* intensity. The high amount of oxygen can increase the local zones near of stoichio-
metric conditions and increases the OH* intensity. Furthermore, the very low soot formation
permits a better visualization of the OH* chemiluminescence that is not possible to see for the
case with FT diesel and fossil diesel.
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· The image of OH* chemiluminescence at 35.8 CAD prove the shortest combustion duration
for the OMEX. Furthermore, it is clear that FT diesel presents a faster oxidation than commer-
cial diesel.

· FT diesel presents lower soot emissions than commercial diesel at 7.5 bar IMEP.
· Radial map presents lower KL values in the squish zone when FT diesel was used. Further-

more, the FT diesel flame oxidize the soot farther from the center than commercial diesel.
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