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Abstract

Within the context of ever wider expansion of direct injection in spark ignition engines, this investigation
was aimed at improved understanding of the correlation between fuel injection strategy and emission of
nanoparticles. Measurements performed on a wall guided engine allowed identifying the mechanisms
involved in the formation of carbonaceous structures during combustion and their evolution in the exhaust
line. In-cylinder pressure was recorded in combination with cycle-resolved flame imaging, gaseous
emissions and particle size distribution. This complete characterization was performed at three injection
phasing settings, with butanol and commercial gasoline. Optical accessibility from below the combustion
chamber, allowed visualization of diffusive flames induced by fuel deposits; these localized phenomena were
correlated to observed changes in engine performance and pollutant species. With gasoline fueling, minor
modifications were observed with respect to combustion parameters, when varying the start of injection. The
alcohol, on the other hand, featured marked sensitivity to the fuel delivery strategy. Even though the start of
injection was varied in a relatively narrow crank angle range during the intake stroke, significant differences
were recorded, especially in the values of particle emissions. This was correlated to the fuel jet-wall
interactions; the analysis of diffusive flames, their location and size confirmed the importance of liquid film
formation in direct injection engines, especially at medium and high load.
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1. Introduction

Internal combustion engines are the dominant propulsion method in automotive transportation [1]. Their
development is centered around improving fuel conversion efficiency and reducing exhaust gas emissions;
the latter is becoming the prevailing aspect and is sometimes decoupled from the first one, with policy
playing a significant role [2]. Within this context, spark ignition (SI) engines are migrating towards direct
injection (DI), due to its favorable effect on efficiency [3] and reduced propensity towards knock at full load
[4].

There are basically two DI systems that are being implemented on a wide scale. The wall guided (WQ)
solution [5] has the advantage of improved volumetric efficiency compared to port fuel injection (PFI) [6];
good performance is ensured in homogenous charge mode [7], while stratified operation requires special
tumble flaps fitted in the intake runners [8]. Basically, the guiding principle is the interaction of injected fuel
with the working fluid, thus requiring a compromise between high intake air velocity and increased jet
penetration possible only with the piston away from top dead center (TDC). Spray guided (SG) systems
operate at higher injection pressure and are more favorable for lean stratified combustion [9], [10]. In this
configuration, the injector is usually centrally located, close to the spark plug, as opposed to side mounting
specific for the wall guided principle. One of the decisive factors for both solutions is the start of injection
(SOI) [11], [12]. It determines the interaction between incoming air flow and the fuel jets, as well as the
actual space available for spray penetration, given by the position of the piston. Even though liquid velocity
is high, air motion plays a significant role in this process, that also needs to be considered in view of ever
wider application of variable valves actuation [13], [14]. This is also important bearing in mind that injection
needs to be advanced during boosted operation at high engine speed [15] in order to maintain the
aforementioned compromise between intake air velocity and available spray penetration length [11]. The
main mechanism is fuel impingement on the piston and liner [16], with significant fuel effects [17]. Wall
wetting is directly related to load, meaning that as engine output is increased at fixed rotational speed, larger
quantities of fuel need to be injected; several mechanisms during air-fuel mixture formation contribute to
complex effects on charge distribution during combustion, that can be identified through combined
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experimental and numerical investigations [18], [19]. Mixture inhomogeneity plays a significant role during
the initial stages of flame kernel development [20], but also influences the occurrence of abnormal
combustion phenomena due to autoignition [21], [22], [23].

The use of alternative fuels is another aspect that needs to be considered from a wide perspective [24].
Applications of alcohol fuels generally result in improved combustion phasing [25], [26] due to higher
laminar flame speed. Moreover, as it was observed for diesel engines [27], [28] this category of alternative
fuels feature lower particle emissions owed to specific differences in molecular structure [29]. Both
affirmations have been somewhat extensively investigated at part load [30], [31] while at high engine load
there is relatively reduced literature available [32], [33].

This study was aimed at improved understanding of charge distribution for different settings of injection
phasing and its effects on nanoparticle emissions, when fueling a wall guided SI engine with butanol.
Compared to a previous investigation [11], the focus is switched on the correlation between the chemical
processes during late combustion and characteristics of particles measured in the exhaust line; also, a direct
comparison with gasoline was performed in order to emphasize the changes in injection strategies that need
to be performed when changing fuel type. In-cylinder pressure and exhaust gas emissions were measured
under wide open throttle (WOT) conditions, at the same spark timing setting with gasoline and n-butanol
fueling. Particle number distribution was also monitored in order to provide a more detailed view of the
influence each fuel has on this pollutant category. Cycle resolved imaging allowed the assessment of spatial
distribution for diffusive flame during late combustion, and its correlation to the changes observed in engine
performance and emissions.

2. Experimental setup and methods
2.1. Engine

All measurements were performed on an optically accessible SI engine, when using RON95 commercial
gasoline and n-butanol as fuels. Figure 1 shows the schematic representation of the experimental setup, as
well as an illustration of the Bowditch design piston [34], that allowed visualization of the combustion
chamber from below. Basic engine characteristics are listed in Table 1; the cylinder head of a commercial
automotive power unit was fitted, with four valves per cylinder and centrally located spark plug. Fuel
delivery was performed using a six hole injector, side mounted on the side of the intake valves; more details
on the specifics of the jet-wall interactions and metering valve flow rates, as well as gasoline and butanol
properties can be found in [11], [35]. In order to compensate for butanol’s lower air-fuel ratio, injection
duration was augmented by a factor of 1.21 compared to gasoline fueling. In order to control relative air-fuel
ratio around its stoichiometric value, the readings of a wide band exhaust gas oxygen sensor were monitored
with an accuracy of +1%.
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Figure 1. Experimental setup and detail of the optical path for digital imaging.

Operating conditions of 2000 rev/min and WOT were investigated; spark timing was maintained at 15 CAD
bTDC for all measurements, given the relatively flat indicated mean effective pressure curve around this
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ignition point. Air pressure and temperature were around 1 atm and 300 K respectively. Coolant temperature
was set at 325 K so that longer combustion runs were possible without risking piston thermal expansion
close to the tolerance limit; this allowed working in conditions closer to steady-state situations usually found
in real-world applications.

Table 1. Engine specifications

Bore x Stroke 79 x 81.3 mm
Connecting rod length 143 mm

Cylinder 1
Compression ratio 10

VO 3 CAD bTDC

IvC 36 CAD aBDC

EVO 27 CAD bBDC

EVC 0 CAD aTDC

Fuel system direct injection 100 bar

Start of injection (SOI) was set at three different values, at 340, 300 and 260 CAD bTDC, chosen based on
the findings of a previous study [11]. Even though slight variations were noted for measured relative air-fuel
ratio when changing the SOI, the same duration of injection was maintained constant for each fuel.
Therefore, overall stoichiometry was ensured in relation to the optimized case of SOI 300 CAD bTDC of
both fuel types.

In-cylinder pressure was measured using a flush-installed piezo-electric transducer that provided an accuracy
of £1%; crank angle resolution was 0.2 CAD. Other thermodynamic parameters such as intake pressure, air,
coolant and lubricant temperatures were determined with similar accuracy.

Exhaust gas concentrations were determined using a gas analyzer based on the nondispersive infrared
(NDIR) measurement principle for carbon monoxide (CO) and unburned hydrocarbons (n-hexane equivalent
HC); the electrochemical method was employed for nitrogen oxide (NOy) emissions. Accuracy was within
3%, and the resolution of the readings for the first component was 0.01% and 1 ppm for the other two
species. Particle number and size distributions were measured by means of an Engine Exhaust Particle Sizer
3090 (EEPS) through electrical mobility methods. The EEPS measures particle size ranging from 5.6 to 560
nm, with a sizing resolution of 32 channels. Before entering the EEPS, the sample of exhaust gas was passed
through a 1.5 m long line heated at 150 °C, and was afterwards diluted by means a single stage dilution.

2.2. Optical measurements

Cycle-resolved digital imaging of the combustion process was performed by an Optronis CamRecord 5000 is
a high-speed camera coupled with 50-mm focus Nikon lens. The camera worked in full chip configuration
(512x512 pixel) with a frame rate of 5 kHz, corresponding to 2.4 CAD between frames at 2000 rpm. The set-
up gave a resolution of 193 um per pixel. Synchronization of various control triggers for ignition, injection
and cameras was achieved using the optical encoder mounted on the crankshaft as an external clock
connected to an AVL Engine Timing Unit. The exposure time of the camera (200 ps) and the f stop of the
lens (5.6) permitted to obtain a good signal to noise ratio during the early combustion stages. The
episodically saturation of the images during the late combustion induced by fuel deposits burning was
overcome through “ad-hoc” image processing. Specifically, macroscopic parameters related to flame
morphology as well as the distribution of diffusive flames due to fuel deposits burning were evaluated via
two procedures developed by NI Vision Assistant software.

For the analysis of flame front propagation, a circular mask was applied to the 256-grey scale image
sequences to cut the spurious light from reflections at the boundaries of the circular window of the piston
crown. Then, the brightness and contrast levels were modified by using a lookup table (LUT) function for
improving the signal to noise ratio related to flame emission (Figure 2a). Successively, automatic
thresholding based on the moments method was applied. The method uses the histogram of each image to
determine the related threshold for binarization. More details are reported in [36], [37]. Later, frequency
filtering was applied to correct the drifts in the binary images. It consisted of three steps: first, it finds the fast
Fourier transform (FFT) of the source image; then the function filtered the complex image by 35%
attenuation; finally, it computed the inverse FFT (Figure 2b). After this phase the coordinates of the centroid
and the number of pixels in the foreground were stored. Flame area was normalized to the piston section.
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The border of the flame was obtained by applying a thinning function that eliminated the pixels located in a
neighborhood matching the 3x3 square the structuring element [37]. The flame displacement was estimated
considering the average distance of border pixels from the combustion chamber center along the x and y
directions as sketched in Figure 2c.

Optical limit

(a) (b) (©)
Figure 2. Sketch of the image processing steps for the analysis of the spark ignited flame morphology.

To evaluate morphological characteristics of the diffusive flames induced by the fuel deposits burning, an
additional image processing routine was developed; this allowed a clear distinction between the normally
propagating, spark induced flame fronts and those due to the presence of liquid fuel film. In particular, after
applying the circular mask to the 256-grey scale images, the LUT was varied by a power function (with
constant 3) transformation, which increases brightness and contrast in bright regions; this highlighted the
diffusive flames with respect to the luminosity induced by the spark ignited burned gas. Then the images
were binarized fixing the threshold at 24/256. Pixel coordinates for the diffusive flames were stored for 20
consecutive combustion sequences, with each injection strategy, at a fixed crank angle of 100 CAD after
start of spark (ASOS).

Then the most probable spatial distribution of diffusive flames was obtained by interpolating these
coordinates by the method of Kriging [38, 39]. All interpolation algorithms (inverse distance squared,
splines, radial basis functions, triangulation, etc.) estimate the value at a given location as a weighted sum of
data values at surrounding locations. Almost all of them assign weights according to functions that give a
decreasing weight with increasing separation distance. Kriging assigns these values according to a
(moderately) data-driven function, weighted according to spatial covariance values.

Moreover, for each injection timing, a probability density function (PDF) was obtained by calculating the
cumulative of the areas and the centroid coordinates of all fuel deposits flames produced in the combustion
chamber. The area was evaluated as percentage with respect to piston cross-section. The distance along x and
y of flame centroids was estimated as well. Figure 3 shows the PDFs calculated for the SOI300 condition of
gasoline and related Gauss distributions.
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Figure 3. PDF of the area and x-y displacement of the centroid calculated for SOI300 with gasoline fueling
and the related Gauss distribution (dotted line).
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3. Results and discussion

As anticipated in the previous section, the defining influence on engine performance and emissions was the
interaction of fuel jets with the piston crown and cylinder liner, when changing injection phasing. The effect
was much more evident for the alcohol compared to gasoline. Figure 4 shows overall thermodynamic and
combustion phasing parameters for both fuels. Indicated mean effective pressure (IMEP) was practically the
same for gasoline, with differences below 1%. On the other hand, for butanol a significant drop in engine
output was recorded when retarding or advancing injection from the point of SOI 300 CAD bTDC; the loss
in IMEP was around 5% for case SOI340 and over 15% for SOI260. When comparing the two fuels for the
optimized SOI of 300deg bTDC, the alcohol featured slightly lower output, around 3% less than gasoline.
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Figure 4. Overall thermodynamic and combustion phasing parameters for the two fuels.

The same effect was noted when the influence of load was investigated on this engine [40]. Even though
overall this result does not constitute a reason for changing injection strategy, when looking at the other
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combustion parameters, it becomes evident that flame propagation was ‘slower’ for the alcohol. The initial
difference recorded in the 0-10% mass fraction burned (MFB) duration was augmented further as
combustion progressed; this was indicated by the location of the 50% MFB point and lower peak pressure
recorded for butanol. These differences were much more evident for the SOI340 and 260 cases. Both
conditions featured retarded combustion and lower peak pressure compared to SOI300. An interesting result
is the recorded coefficient of variation (COV) when retarding butanol injection to 260 CAD bTDC; high
values for this parameter are specific for lean fueling that for this engine were recorded at an equivalence
ratio of 0.7 when using the SOI300 setting at the same engine speed and WOT [41]. The most likely
explanation is that as injection was advanced, fuel impinged mainly on the piston. As a consequence, for
SOI340 an initial combustion phase with lean air-fuel mixture was followed by entrainment of the liquid fuel
film on the piston within the enflamed region and subsequent overall stoichiometric oxidation reaction.
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With retarded fuel delivery, more liquid film was formed on the cylinder liner and therefore its entrainment
by the flame was delayed to the final stages of combustion, resulting in a long period of lean ‘operation’
during flame propagation and early expansion. This explains the observed trends of 10% and 50% MFB
points, as well as that of peak pressure. Apart from the increased COV for SOI260, the overall mechanism
and fuel film distribution seems to be confirmed by the changes observed in relative air-fuel ratio. With more
significant impingement on the piston crown for SOI340, richer mixture was present in the central region of
the combustion chamber; therefore, blow-by losses consisted of leaner charge, thus resulting in an overall
equivalence ratio higher than unity. The same effect was noted for extremely advanced ignition settings, that
resulted in more significant variations [42]. No definite conclusion can be formulated in this respect, given
that recorded variations were close to the accuracy level, but the data does seem to confirm the impingement
mechanism and its effects on mixture formation and combustion.

When analyzing only the SOI300 case, the basic properties of each fuel need to be considered as a reason for
the observed drop in engine output; e.g. when using gaseous fuels, volumetric efficiency decreases for
stoichiometric fueling compared to gasoline [43]. For the specific case of this study, assuming complete fuel
evaporation during the intake stroke, with the same temperature at IVC and neglecting the effect of residual
gas, heating value delivered to the engine would be expected to be roughly the same for both fuels [44].
Also, butanol’s higher latent heat of vaporization should result in improved volumetric efficiency and
therefore slightly higher relative air-fuel ratio, given that injection duration was compensated for ensuring
stoichiometry. Nonetheless, the main conclusion is that the observed effects are due to incomplete fuel
evaporation that resulted in different combustion evolution, even for the optimum injection phasing.

When looking at the in-cylinder pressure traces and associated rates of heat release shown in Figure 5, the
effects observed for butanol are further emphasized. An interesting observation is that for gasoline, the
SOI340 setting seems to worsen combustion more than the retarded SOI260, contrary to the behavior
observed for the alcohol.
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Figure 6. Exhaust gas emissions for the two fuels.

The reason for this result is that the benefit of longer available penetration for the six jets with SOI260,
exceeded the downside of performing injection in conditions with lower intake air velocity; with advanced
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fuel delivery, impingement on the piston crown played the major role, thus resulting in leaner mixture at the
time of ignition, and lower rates of heat release during the first stages of combustion. The fact that gasoline is
a multi-component fuel also needs to be considered; in this sense, the ‘heavier’ components were the ones
not fully evaporated. However, with retarded injection the liquid fuel film was distributed on a more
widespread area, thus increasing the heat flux available for evaporation. These observations need to be
evaluated with care, given the relatively reduced differences recorded for gasoline, but further emphasize the
specific fuel effects and how they affect combustion development.

Analyzing the traces for butanol, it becomes evident that only the optimized case of SOI300 ensured the
mixture homogeneity and distribution level that resulted in high enough rates of heat release to determine
engine output comparable to that of gasoline fueling. Both SOI340 and SOI260 settings suggest ‘lean
operation’ for extensive periods after ignition, more so for retarded injection. One possible mitigation of the
effects of butanol in the SOI260 case was identified in the form of split injection [45]. This further underlines
the effect of jet penetration and the interaction with bulk fluid motion. Such phenomena become more and
more important as load and injected fuel quantity are increased. Therefore, optimized injection strategies
developed based on the evaluation of impingement effects should ensure multi-fuel operation with high
efficiency and reduced emissions.
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Figure 7. Particle size distribution measured at the exhaust at different SOI for gasoline (solid line) and
butanol (dotted line).

Regarding the formation of pollutant emissions, when looking at measured CO, HC and NOx values shown
in Figure 6, it becomes evident that differences recorded in combustion evolution had a significant impact on
chemistry as well. As expected, carbon monoxide concentrations were within a relatively narrow range in all
conditions. A slight descending trend can be identified as injection was retarded, but with no significant
variations. Unburned hydrocarbon emissions followed roughly the same line, suggesting overall
stoichiometric combustion; these results also seem to be confirmed by the measured air-fuel ratio.
Interestingly enough, HC concentrations for butanol were at their lowest level for SOI260. At first, this
seems to be counterintuitive, given that for this setting, more liquid fuel is expected to be found in the top-
land region. Also, the contribution of heat flux transferred from the walls to the fuel film should be relatively
reduced compared to that from the bulk gas [11]. Nonetheless, considering the longer time for each run
during combustion employed for these investigations, most likely the former phenomena was more
prominent, given that wall temperatures were higher. This, combined with large periods available for fuel
evaporation, promoted complete oxidation, despite prolonged combustion during the expansion stroke. The
values recorded for NOx concentrations seem to suggest that even for gasoline a minimum stratification was
present; if the thermal effect explains the slight increase when comparing SOI260 to SOI340, the lower value
for SOI300 could be the result of favorable mixture stratification. Nonetheless, variations can be considered
as reduced when compared to those recorded for the alcohol. In this sense, the thermal effect was the main
mechanism behind the observed variations.

In order to more thoroughly evaluate the effect of injection phasing on the engine’s environmental impact,
measurements of particle numbers were analyzed. Figure 7 shows the size distribution overall, within 5.6-
560 nm, as well as in the range 5.6-50 nm.

The distributions show a strong accumulation mode for all the conditions that were tested. The presence of
particles smaller than 23 nm was also observed, even if they are more evident at 340 CAD bTDC for both
fuels. Gasoline showed lowest particle number for SOI 300 CAD bTDC; instead, for butanol this parameter
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increased with the advancement of injection timing. A common trend noted for both gasoline and butanol, is
a shift of the distribution curve towards larger diameters as injection timing was advanced. These results can
be ascribed to the different spray evolution and combustion process. Stronger impingement of the alcohol on
the liner occurring at 260 CAD bTDC, typical of the delayed injection, enhanced the formation of soot;
anyway, the longer and delayed combustion (Figure 5) improved soot oxidation resulting in lower particle
emissions. For gasoline fueling, combustion evolution was quite similar when varying the SOI, but the in-
cylinder conditions were different. With advanced fuel delivery, unfavorable jet penetration worsened fuel
evaporation and charge stratification, leading to larger particle emissions. For the delayed injection timing of
SOI 260 CAD bTDC, the piston was further away from the injector, therefore providing more ‘space’
available for fuel evaporation with respect the previous case; this mostly counteracted the lower fluid
velocity specific for the late intake stroke in the case of gasoline. The SOI 300 CAD bTDC setting ensured
good mixture formation and evaporation, thus resulting in a good compromise between jet penetration and
air motion, along with relatively low particle emissions.

Cycle-resolved flame imaging data (Figure 8) for the sequence corresponding to the cycle closest to the
average pressure trace, was found to be well correlated to VFB lines (Figure 5). Indeed, flame propagation
was found to feature minimum variations when changing SOI with gasoline. With butanol, the optimized
condition of SOI300 was the ‘fastest’ and the most retarded injection setting was the ‘slowest’. These results
are in line with the previous study [11] aimed at butanol fueling. A more interesting finding is the
confirmation of flame displacement for both fuels in the same direction when switching from one injection
strategy to another. The images shown in Figure 9 suggest that the same mechanism determined the observed
changes for gasoline as well as butanol. Given that the effect was much more prominent for the alcohol,
mixture distribution seems to be the reason most likely to explain this behavior.
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Figure 8. Evolution of the flame front area for the two fuels.
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Figure 10 shows results that were averaged over 20 consecutive cycles. At the fixed crank angle of 5 CAD
aTDC (20 CAD aSOS), flame front propagation was generally ‘faster’ for gasoline, in line with the observed
combustion phasing parameters. An interesting result is that the flame area COV correlated relatively well
with that of the IMEP; reduced variation of this parameter was confirmed for gasoline, and for butanol
fueling, the ‘worse’ case was SOI260, as was the case of overall measured cyclic variability. This further
emphasizes the role of flame front propagation on the repeatability of combustion, as well as the indirect
effects of fuel evaporation. Flame displacement during its propagation is the result of fluid motion, local gas
temperature and air-fuel ratio. The two fuels showed quite different displacement, but also common trends.
For correct interpretation of these results in correlation to the images shown in Figure 9, positive translation
along the y axis means displacement ‘downwards’ towards the intake valves, and on the contrary negative y
values mean ‘upwards’ towards the exhaust valves.
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Figure 10. Flame area, variability and displacement averaged over 20 consecutive cycles.

As previously stated, when considering the effect of fuel evaporation, it would seem that mixture
stratification played the major role. This is due to butanol’s higher latent heat of vaporization, but also its
low saturation pressure that impaired homogenous charge distribution; therefore the effect was much more
prominent for the alcohol. Air-fuel mixture formation needs to be, however, treated from multiple
perspectives. In this sense, charge motion would be expected to displace the flame towards the exhaust
valves, given the tumble-inducing cylinder head architecture that features four valves (two for intake and two
for exhaust).

This is confirmed by the relatively reduced translation along the x axis; a minimum presence of swirl is to be
expected, given that the ‘final’ port out of the four featured by the cylinder head was used when coupling it
to the engine block; the throttle valve was fitted at the other end of the intake manifold, thus resulting in a
90° bend in the intake air flow prior to the runner (please note that only one of the four was illustrated in
Figure 1). In other words, slightly higher velocity is expected over the intake valve positioned on the right
hand side of the images shown in Figure 9. When analyzing the displacement along the y axis, high
sensitivity of butanol is quite evident. An interesting result is that for SOI300 and 260, the alcohol featured a
significant displacement opposite to the direction that would be expected due to tumble. This can be
explained through two different mechanisms. One is that the organized fluid motion is quickly converted into
turbulence around TDC [46]; the other is that the interaction with the six fuel jets can induce other velocity
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components that can even partially cancel out tumble [47], [48]. Nonetheless, the net difference recorded
between the two fuels suggests that mixture stratification plays the most significant role.
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Figure 11. Images recorded at different instances during the intake stroke, representative for the size and
location of the diffusive flames.

After establishing the correlation between air-fuel mixture formation at different injection settings, and
preferred directions of flame front propagation, diffusive flames induced by liquid fuel film were
investigated as well. Figure 11 shows images that are representative for the late combustion stage. What is
immediately evident is that there is a significant difference between the two fuels; a common trend is that the
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SOI340 setting featured more intense and extended areas of such diffusive flames, while late fuel delivery
resulted in reduced luminosity; the optimized case was in-between the two.

Given that the image processing technique allowed the identification of diffusive flames with respect to
normally propagating ones, distribution maps were built at 100 CAD after ignition initiation, by using optical
data averaged over 20 consecutive cycles. Both fuels featured a shift from the side of the exhaust valves to
the intake when changing the SOI from 340 to 260 CAD bTDC. This correlates well with the impact of the
six fuel jets on the combustion chamber walls. For early injection, most of the fuel impinged on the piston
crown, while for late fuel delivery, liquid film was formed on the cylinder liner. This is more evident for
butanol, further emphasizing low evaporation rates that allowed the presence of rich zones throughout
combustion. At first glance, in the case of SOI260 the mixture seems more homogenous. Only one such zone
(albeit reduced in size) was observed towards the intake side, in line with the jet that featured quasi-vertically
penetration; therefore, the other jets most likely interacted with the liner. This explains why combustion was
‘slower’ for the alcohol, given that stratification was unfavorable for the initial stages of flame front
propagation. For SOI340, as the piston was closer to the injector, practically all six jets impinged on the
piston. The slight asymmetry is due to the combined effects of turbulence and swirl; backflow into the
combustion chamber during the expansion stroke also needs to be considered. All these considerations were
far less evident for gasoline, in line with the thermodynamic analysis that suggested reduced effect of
injection settings. Nonetheless, the results underline the importance of fuel jets interaction with the
combustion chamber walls and incoming air flow, especially when using fuels that feature low saturation
pressure, such as butanol. For both fuels, the SOI300 case provided an optimized solution, confirmed by the
distribution of diffusive flames during late combustion shown in Figure 12.

GASOLINE

|_340 |_300 |_260
BUTANOL

Figure 12. Distribution maps of diffusive flames at 100 CAD after spark timing, built on data recorded over
20 consecutive cycles.

An interesting result is the analysis of diffusive flames displacement, shown in Figure 13. The common trend
for both fuels, with comparable absolute values, is related to the fact that the location of impingements sites
was the same for both fuels; being the result of a much more repeatable process (i.e. fuel injection), the
influence of turbulence is dramatically reduced compared to the displacement of spark ignited flames. As
expected, minimum displacement was observed along the x axis.
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Figure 13. Diffusive flames displacement.

As the findings of a previous study suggested [11], a good correlation was established between diffusive
flames luminosity (intended as integrated over the entire field of view) and smoke opacity measured at the
exhaust. A similar trend was rtecorded for the area of diffusive flames shown in Figure 14.

More detailed information can be obtained through PN analysis, that also circumvents issues associated with
the equivalence between particle mass and smoke opacity [49]. Figure 15 shows the comparison of ultrafine
(<50 nm diameter) and total particulate mass and number measured at the exhaust. Already as an overview,
there is a clear correlation between the in-cylinder processes and measurements in the exhaust line. The
prevalence of locally rich areas due to impingement on the piston crown for SOI340, were associated with
high overall particulate mass and number. The effect can be also associated to the strong increase in the
mean value and median of normal distributions evaluated for the diffusive flame areas, as it shows in Figure
14. These datasets suggest that advanced fuel delivery is not beneficial for lowering particulate emissions;
this is most important, especially as when increasing load (and therefore high fuel flow is present), injection
needs to be advanced so that high intake air velocity is exploited. To put things into perspective, injection
duration was around 40 CAD (lower for gasoline, higher for the alcohol); when considering that the
investigated load level is WOT, for boosted conditions fuel flow can range from 1.5 to 2.5 times, depending
on the level of downsizing [50]. Therefore, changes in injection phasing required by high load conditions can
have significant effects, even for modifications such as the relatively narrow 40 CAD shift that was
considered for this study. When looking at the relative trend for each energy source, it is evident that the
alcohol featured a much more prominent sensitivity to changes in injection strategy. As previously observed
(Figure 7) the mean diameter of the particle size distributions measured for butanol increased by around 40%
(from =60nm to ~100nm) when switching the injection from SOI260 to SOI340. On the other hand, the
mean diameter for gasoline was marginally influenced by the injection strategy and the increase in size
resulted around 10% (from ~100nm to ~110nm). Thus, fuel impingement on the piston surface observed at
SOI340 for butanol determined the formation of aggregate carbonaceous structures similar to the soot
observed for GDI engines [51]. In another study, changing the fuel injection timing when using alcohol fuel,
the formation of small particles (nanoparticles) was induced; this was in agreement with TEM morphology
investigations [52] that demonstrated how the exhaust particles from DISI engines fueled with gasoline
exhibited graphitic structures, regardless of fuel injection timing. In the case of alcohol fueling, higher
number of smaller nanoparticles was observed and their structure changed to amorphous as a consequence of
the variation in injection timing. Surface Enhanced Raman Spectroscopy (SERS) showed that the DISI
engine nanoparticles have a solid core with a size of 1-5 nm featured by disordered amorphous carbon
structure, similar to those measured for flame-generated nanoparticles [53]. The evolution of carbonaceous
structures induced by the fuel injection strategy for butanol, also determined a change in the aggregation
tendency. This justified the strong difference in the mean size of particle distribution. It should be noted that
the evolution in the chemical nature of the carbonaceous particles also influenced the tendency towards
sticking with other solid compounds (such as metals) and the adsorption properties [54].

An interesting observation is that the SOI300 and 260 cases featured extremely low overall particles number
and mass concentrations when using the alcohol. This seems to conflict with the optical data (i.e. in-cylinder
soot formation); however, when looking at the small particles, a good correlation is observed between the
two categories of data.
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Figure 15. Comparison of ultra-fine (<50 nm diameter) and total particulate mass/number emissions
measured in the exhaust line.

Therefore, the differences in fuel properties resulted in dissimilar evolution of the particles and their
distribution with respect to size, during combustion and up to the point that they were sampled in the exhaust
line. Another interesting result is the increase in PN and mass concentration for gasoline, when switching
from SOI300 to late fuel delivery. This is related to the phenomenon of fuel impingement on the cylinder
liner; even though longer fuel penetration was available for SOI260, reduced air velocity resulted in poorer
air-fuel mixing with respect to the optimized SOI300 case. The multi-component nature of gasoline also
played a role. As previously stated, longer time available for fuel evaporation before flame arrival compared
to SOI340, and high wall temperature, were most likely not enough to completely eliminate liquid films of
‘heavier’ components (that feature reduced saturation pressure, lower than that of butanol). Another aspect
that needs to be considered is that the optical accessibility does not allow the secondary flames near the
cylinder wall to be visualized. Nonetheless, the effect was nowhere near as important as for the advanced
injection setting.
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4. Conclusion

A detailed scrutiny of combustion and exhaust emissions was performed on an optically accessible spark
ignition engine. The effect of injection phasing was investigated for a wall guided system, when fueling the
engine with butanol and gasoline.

Cycle-resolved flame imaging was correlated to the combustion parameters obtained via in-cylinder pressure
analysis and particulate number measurements at the exhaust. Thermodynamic data showed that three start of
injection settings during the intake stroke resulted in quite different engine output characteristics for the
alcohol; on the other hand, with gasoline, minor modifications were recorded. Exhaust gas emissions
featured relatively close CO and HC concentrations, with only NOy species featuring significant changes to
injection phasing for butanol. Particle number measurements also suggested increased sensitivity for the
alcohol. Combustion evolution and exhaust emissions were correlated to flame imaging, that confirmed
significantly different flame front evolution for the two fuels. Flame displacement showed an important role
of charge stratification; in this sense, the preferred direction of propagation was opposite for the SOI340 and
260 cases, as well as common for both gasoline and butanol. The location of secondary or diffusive flames
confirmed the mechanism of fuel impingement on the piston crown and cylinder liner as the reason for
observed changes in engine performance and pollutant species evolution. The trend of decreasing diffusive
flame areas when retarding fuel delivery was common for both fuels and correlated well with measured
particle number and mass, especially for the alcohol. On the other hand, the setting with minimum particulate
emissions featured low indicated mean effective pressure and high instability; the best compromise was
found to be starting the injection so that acceptable jet penetration and high intake air velocity was exploited.
The optimized case of SOI300 was found to ensure high engine output and satisfactory concentrations of
pollutant emissions in the exhaust line.

As a general conclusion, the study emphasizes the need to adjust engine control strategies when substituting
gasoline with butanol. One positive aspect is that the optimized setting for optimized for high engine output
also ensured low particle emissions. Nonetheless, as the effect is directly related to the actual injected fuel
quantity, correct implementation of alternative fuels such as alcohols is paramount in medium and high load
conditions.
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