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Abstract  
In this work the effect of ethanol blending with isooctane on soot formation in a modern optically accessible DISI 
engine was investigated. An operation point with high sooting tendency comprising piston wetting and poolfire was 
chosen. Measurements were performed by high-speed combustion imaging of OH-chemiluminescence and natural 
soot luminosity within the engine together with laser-induced incandescence measurements (LII) in the engine ex-
haust duct. The results indicate reduced sooting tendency and more homogeneous combustion for blends with high 
ethanol content (E85 and pure ethanol). The lower soot concentrations can be attributed to different chemical soot 
formation mechanism in ethanol flames. In addition, indications were found that the mixture formation process is 
different for ethanol blended fuels in comparison to isooctane.  
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Introduction 
The usage of bioethanol combined with modern in-

novative engine combustion concepts like direct injec-
tion (DI) is beneficial for reaching future CO2-emission 
limitations in spark ignition (SI) engine combustion. 
The drawback of those concepts is the higher particulate 
matter (PM) emission level [1]. The underlying reason 
is a reduced fuel and air mixing time, which leads to 
complex handling of mixture formation processes at 
engine operation. As a consequence, fuel properties that 
determine the evaporation and mixing become more 
significant. 

 
In general, the sooting tendency of a fuel is deter-

mined by physical processes (e.g. atomization, evapora-
tion) and chemical mechanisms (e.g. reaction kinetics, 
carbon-oxygen ratio). Regarding atomization and mix-
ture formation, the higher liquid fuel density, surface 
tension and viscosity [2] of ethanol as compared to 
isooctane, which is used as surrogate fuel, cause larger 
droplet diameters [3]. In addition, ethanol has a large 
specific enthalpy of evaporation [2]. This leads to a 
reduced temperature in the evaporating spray [4]. To-
gether with larger droplet diameters, this property can 
result in incomplete evaporation and mixture 
inhomogeneities [5]. Considering the chemical proper-
ties, ethanol has a lower carbon-to-oxygen ratio as com-
pared to gasoline and isooctane as a surrogate fuel. This 
can be advantageous for soot reduction since key inter-
mediate precursor species can be reduced [6]. In addi-
tion, McEnally and Pfefferle [7] found out that also the 
short carbon-chain length of ethanol is beneficial for 
soot reduction. However, ethanol has a lower heating 
value as compared to isooctane. For engine combustion, 
this means that the injected fuel mass has to be in-
creased in order to reach the same engine load. Since 
the mixing and evaporation time is limited, more liquid 

fuel mass in the combustion chamber can increase soot 
formation. 

 
There are several investigations of soot formation 

and PM emission in DISI engines operated with etha-
nol-gasoline fuel blends in different research studies. 
Price et al. [8] and Szybist et al. [9] performed exhaust 
PM measurements using mobility particle sizers. With 
increasing ethanol content in gasoline fuel, both studies 
measured particle emission reductions. In contrast Chen 
et al. [10] reported increasing PM emissions, which are 
even higher at cold engine conditions. However, those 
global PM analysis at special engine geometries and 
different operating conditions do not allow general 
predictions about PM emissions. Optical investigations 
are necessary in order to understand the underlying 
processes and reasons for different PM emissions. 
 

In a previous investigation [11] various sooting DISI 
operating points were identified and visualized by high-
speed imaging. The study was conducted inside an opti-
cal accessible engine with isooctane and variation of 
ethanol content. With increasing ethanol content, a 
globally fuel rich mixture showed decreasing soot emis-
sions. Especially for late injection and short mixing 
times (catalyst heating operation) E20, compared to 
isooctane, showed unexpectedly high soot radiation 
levels as well as high concentration of exhaust particles. 
This behavior may be explained by the high enthalpy of 
evaporation of ethanol. At short mixing times it was 
assumed that 20 vol% of ethanol (E20) delays or inhib-
its the evaporation of the sooting component isooctane. 
 

In this study, the operating points of [11] were taken 
as basis. In catalyst heating engine operation mode the 
possibility of piston wetting and poolfire is high. This 
can be an important source for exhaust particulate emis-
sion [12]. For the operating point in this work the se-



cond injection was retarded, which causes heavy liquid 
impingement. Since there are higher injection durations 
for ethanol blended fuels, the poolfire is expected to be 
stronger, which may lead to higher soot formation rates. 
In order to analyze this behavior, simultaneous imaging 
of OH-chemiluminescence and soot radiation was con-
ducted together with laser-induced incandescence (LII) 
engine exhaust particle concentration measurements. 
This combined approach allows statements about pre-
mixed and sooting combustion as well as soot oxidation 
processes. 
    
Experimental Setup 

The investigations of the present study were per-
formed in a modern single cylinder optical engine based 
on a series production direct injection engine with lat-
eral injector position. The engine contains two optical 
accesses, a glass ring liner and an elongated piston with 
glass window. With this setup, it is possible to illumi-
nate or detect the signal through the glass ring or the 
piston, respectively, depending on the requirements. In 
Figure 1 the current setup is displayed. The high-speed 
camera system images through the glass ring liner, 
while a broadband 100 W LED array illuminates the 
injection process (Mie-scattering) through the piston 
bottom window.  
 

 
Figure 1. Illustration of the optical imaging setup 
with glass ring liner and elongated piston. The image 
on the bottom right shows an example of the com-
bustion process in two different wavelength regions 
at 46°CA ATDC. The spark plug is marked in the 
middle of the combustion chamber. 
 

The camera system consists of a Vision Research 
Phantom v711 high-speed CMOS camera, a novel de-
veloped high speed intensifier (Goldlücke 
Ingenieurleistungen), an UV-enhanced 100 mm (f/2) 
lens and a LaVision image stereoscope. The camera was 
driven at a frequency of 7200 Hz which corresponds to 
1 image per °CA for 1200 rpm. The images (exposure 
time: 20µs) were recorded with 1280x648 pixel resolu-
tion over 60 cycles, with 100 images per cycle. The 
image stereoscope contained a set of two different opti-
cal filters. The first filter was a 298 nm bandpass filter 
(FWHM 24 nm, Tmax=29%), which was used to detect 
the chemiluminescence of the excited combustion spe-
cies OH, which has its strongest emission peak at 
around 308 nm [13]. OH* presents a good indicator for 

flame propagation and heat release rate [14]. The se-
cond optical filter was a 568 nm bandpass filter 
(FWHM 10 nm, Tmax=85%), selected to measure 
blackbody radiation originating from hot soot particles 
originated by the flame. An example image of the two 
wavelength channels can be found in Figure 1. It shows 
clear separation of sooting combustion and OH-
chemiluminescence. The Mie-scattering from the injec-
tion event can also be detected through the 568 nm 
filter. All images were analyzed and processed for each 
channel separately (background correction, averaging 
and intensity extraction) by an inhouse code using 
MATLAB®. 

For measuring the exhaust primary particle concen-
tration an inhouse developed laser-induced incandes-
cence (LII) sensor was used in the engine exhaust duct. 
It is able to measure primary carbon particle concentra-
tion in the range of 0.001 to 200 mg/m³ [15]. 
 

A typical catalyst heating operating point as it is 
normally used in cold start operating was analyzed in 
this work. It is characterized by strong piston impinge-
ment and consecutive poolfire, which represents sooting 
operation. Depending on the fuel, the injection duration 
is adjusted leading to different piston wetting behavior. 

Detailed specifications of this operating point are 
given in Table 1. The injection pressure was kept con-
stant at 70 bar. Both the engine head and the cylinder 
liner were conditioned to 70°C, which represents a 
warm engine. Fuel and air intake temperatures were at 
22°C. In addition, the fuels pure isooctane and ethanol 
as well as the mixtures E20 (20vol% of ethanol in isooc-
tane) and E85 were investigated. The injection duration 
was adjusted fuel specifically. With this and by keeping 
the air flow rate constant, a constant air-fuel ratio opera-
tion was assured. The spark timing was not adjusted in 
order to keep the comparability between different fuels 
regarding soot emissions  
 
Table 1. Specifications of the catalyst heating operat-
ing point 

Fuel Isooctane E20 E85 Ethanol 

Engine Speed 
(rpm) 

1200 1200 1200 1200 

Air Mass Flow 
(kg/h) 

5.5 5.5 5.5 5.5 

λ (-) 1 1 1 1 

Engine Load 
(bar) 

2.2 2.4 2.7 2.7 

Rail Pressure 
(bar) 

70 70 70 70 

SOI1/SOI2  
(°CA BTDC) 

300/50 300/50 300/52 300/52 

Inj. Duration 
(ms) 

0.78/0.48 0.80/0.50 1.08/0.72 1.10/0.73 

Spark Timing 
(°CA BTDC) 

0 0 0 0 

 
Results 

In Figure 2 an exemplary image series of an injec-
tion and combustion event is displayed for isooctane. 
For this series the two wavelength regions (298 and 568 
nm) were matched to one image by image processing. 



OH*-chemiluminescence is presented in green and soot 
radiation in red. Overlapping of these two colors creates 
“orange” pixel intensities. At the top of the cylinder 
head, the spark plug is marked in white. Furthermore, 
the images contain a spark plug cover, in order to pre-
vent overexposure from the ignition event. 

 At -299°CA and -293°CA ATDC the main injection 
event can be seen. The images show that already slight 
piston impingement probably occurs, which does not 
contribute to higher exhaust emissions since the injec-
tion takes place in the intake stroke [11]. Here the fuel 
has enough time to evaporate completely. Prior to the 
second injection (-55°CA ATDC), no liquid fuel can be 
seen in the images. In the cylinder head (close to the 
spark plug) there is still some “red” scattering signal 
visible, which is created by reflections from the LED 
light on metal surfaces. At -49°CA the second injection 
event can be seen. Here clearly piston impingement is 
visible. Furthermore, the spray area is much smaller 
because of lower injection duration compared to the 
previous main injection. After the LED was switched 
off, at 11°CA, first OH-chemiluminescence flame radia-
tion can be detected. After that, the flame propagates 
from the spark plug region further into the combustion 
chamber until it reaches the piston surface at 17°CA 
ATDC. 

At 23°CA first soot radiation intensity is visible next 
to the piston surface. During this, the flame is still prop-
agating towards the combustion chamber walls. At 
41°CA the flame (green) reaches the cylinder walls and 
also the sooting combustion is distinct (red/orange). For 
the next crank angles the global distributed 
chemiluminescence signal decreases whereas the soot 
radiation signal increases locally (c.f. 47°CA). The 
images display that the soot radiation signal originates 
from the piston surface, where it shows its strongest 
intensity. Based on the injection images it is assumed 
that there is a fuel film on top of the piston, which 
evaporates very slowly. This causes a long lasting non-
premixed flame structure also termed as poolfire [16]. 
The following images show that during piston move-
ment in the expansion stroke, liquid ligaments get re-
leased from the piston surface, which burn above the top 
of the surface. These non-premixed flames show charac-
teristic structures which seem to be stationary in the 
middle of the combustion chamber (c.f. 59°CA -
 77°CA). Comparing OH-chemiluminescence and soot 
intensity at the end of the combustion phase, it seems 
that the premixed combustion (green) is finished earlier 
than the sooting combustion (red). This may be a hint to 
higher engine particle exhaust emissions, since OH*-
chemiluminescence can also describe the oxidation 
process. In addition, the images indicate an asymmetric 
premixed combustion especially at the end of the com-
bustion stroke (e.g. 71°CA). The flame mainly burns in 
the left part of the cylinder. This may be caused by lean 
fuel-air mixtures on the inlet side of the combustion 
chamber. It is assumed that the fuel from the second 
injection event is missing for stoichiometric combustion 
in the area of the inlet valve because of the liquid fuel 

film. In order to analyze this in more detail and to ex-
clude cyclic variations, the averaged images are used for 
further consideration. 

In Figure 3 (left) the averaged OH-
chemiluminescence intensity of the investigated catalyst 
heating operating point for isooctane, E20, E85 and pure 
ethanol is displayed. Here the pixel intensities are 
summed up over 60 averaged image series. 

Ethanol shows strongest OH-chemiluminescence in-
tensities and the earliest start of combustion. Consider-
ing the position of the maximum intensity the peak 
appears earliest for E85 and ethanol. It seems that with 
decreasing ethanol content the start of combustion is 
retarded. This effect is also visible in the faster initial 
flame propagation of ethanol which was also reported in 
[17]. This can be attributed to the higher laminar flame 
velocity of ethanol in comparison to isooctane [18]. 
Also the combustion duration is longer for fuels with 
high isooctane content. It is Remarkable that the abso-
lute chemiluminescence intensity of E20 exceeds those 
of isooctane and E85. This effect needs further investi-
gation. Considering the 2D-intensity distribution of OH-
chemiluminescence, Figure 3 (right) shows averaged 
images at 36°CA ATDC for all investigated fuels. The 
time point corresponds to the vertical line in Figure 3 
(left). The local intensity distribution is of special inter-
est: For low ethanol contents, the OH-
chemiluminescence is inhomogeneous. Especially iso-
octane and E20 show strong local intensity distributions 
at the outlet side of the cylinder. Lowest intensity levels 
can be found in the middle of the image, close to the 
piston surface. Here the diffusion flame of the poolfire 
is supposed to suppress the OH-chemiluminescence of 
the premixed combustion. With increasing ethanol con-
tent the combustion becomes more homogeneous. In 
addition to that, the high chemiluminescence signal of 
ethanol points out that the mixing process may be much 
more effective due to the longer injection time and 
therefore induced charge motion. 

In Figure 4 (left) the averaged soot radiation intensi-
ty of the investigated catalyst heating operating point for 
isooctane, E20, E85 and pure ethanol is displayed. On 
the right hand side the corresponding averaged images 
are presented for 36°CA ATDC. E85 shows the lowest 
maximum soot radiation intensity followed by ethanol. 
Isooctane and E20 show the highest intensity, respec-
tively. After 50°CA ATDC it can be seen that for etha-
nol and E85 soot radiation is already extinguished. In 
contrast isooctane and E20 soot radiation lasts long 
during the cycle. The signal can still be detected at the 
end of measuring range (at 90°CA ATDC). This time 
displaced signal is typical for a long lasting poolfire 
[16]. Comparing Figure 3 (left) and Figure 4 (left) the 
main combustion zone represented by the OH-
chemiluminescence signal decreases earlier as the soot 
radiation signal for isooctane and E20. It is assumed that 
with decreased OH-chemiluminescence and increased 
soot radiation rate the soot oxidation is reduced which 
can lead to high exhaust particle emission.  



 
Figure 2. Selected high-speed resolved combustion cycle with double-injection event for isooctane in °CA 
ATDC. The two wavelength channels “green” for OH-chemiluminescence and “red” for soot luminosity are 
displayed in one image. Overlapping of these two colors creates “orange” pixel intensities. 

 

 
Figure 3. Left: Averaged OH-chemiluminescence intensity of the investigated operating point for isooctane, 
E20, E85 and pure ethanol. Right: Exemplary averaged images at 36°CA ATDC.    

 

 
Figure 4. Left: Averaged soot radiation intensity of the investigated operating point for isooctane, E20, E85 
and pure ethanol. Right: Exemplary averaged images at 36°CA ATDC.    



The decrease of soot radiation intensity with increasing 
ethanol content indicates that the chemical soot for-
mation mechanisms (fuel oxygen content and carbon 
chain length) govern the sooting tendency of ethanol 
blended fuels under these conditions. 

 
Figure 4 (right) shows the spatial distribution of the 

sooting combustion for the four investigated fuels at 
36°CA ATDC (vertical line in Figure 4). Isooctane 
shows the strongest and most distinct poolfire in middle 
of the combustion chamber. For E20 the transition be-
tween the poolfire and the image background radiation 
is smoother. Some combustion inhomogeneities can be 
identified near the piston surface and spark plug for E85 
surrounded by background radiation. For ethanol the 
radiation signal is much stronger than for E85. In addi-
tion, the sooting combustion is most homogeneous 
compared to the other fuels. Here, no poolfire structure 
can be distinguished although the injected and impinged 
mass is higher for Ethanol. This may indicate a more 
effective mixing process for ethanol blended fuels. 
Especially for ethanol the physical fuel properties (e.g. 
enthalpy of evaporation) govern the fuel evaporation 
process [3] at high pressures. These properties could 
also have a positive impact on the combustion process. 
Here it is assumed that for a delayed evaporation the 
fuel momentum and air entrainment is much higher, 
which can enhance the air and fuel mixing process. 
Further investigations are necessary in order to clarify 
this in detail. Since the chemiluminescence signal is 
much stronger for ethanol and the location of the soot 
radiation signal meets the location of the OH-
chemiluminescence signal, it is assumed that the soot 
radiation signal does not only originate from soot parti-
cles. Here CO-O* broadband continuum could be super-
imposed in this wavelength region. Since CO-O* 
broadband radiation also correlates with heat release 
rate, this could be the source for the higher signal in the 
wavelength region around 568 nm [19]. However, a 
detailed spectral analysis of different fuels would reveal 
further insight into this problem.  
 

The temporal and spatial separation of the two chan-
nel combustion radiation already indicates high soot 
formation rates for E20 and isooctane. In Figure 5 the 
exhaust particle concentration is quantified for the stud-
ied catalyst heating operating point and all investigated 
fuels. Here the LII-soot sensor was operated for 90 s 
during the firing period of the optical engine. For this 
measurement period the results were averaged. 
 

 
Figure 5. Exhaust particle concentration in mg/m³ 
measured by LII for the catalyst heating operating 
point and all investigated fuels. 
 

The exhaust particle concentration correlates with 
ethanol content. Fuels containing little ethanol show 
higher particle emissions. For this operation point the 
chemical soot formation mechanism seems to govern 
the soot formation of different fuels. This is in good 
agreement with the high-speed visualization study.  
 
Conclusions 

In the present work simultaneous high-speed imag-
ing of OH*-chemiluminescence and natural soot lumi-
nosity was performed in an optical accessible engine. 
For exhaust particle emission correlation a laser-induced 
incandescence (LII) particle concentration measurement 
system was applied in the engine exhaust. The effect of 
ethanol blending on sooting conditions was investigated 
for isooctane, E20, E85 and pure ethanol. Here, a cata-
lyst heating operating point with strong piston wetting 
and consecutive poolfire was chosen. Statements about 
premixed and sooting combustion as well as soot oxida-
tion processes can be made. The main findings can be 
summarized as follows: 
 
 The high-speed visualization of premixed and soot-

ing combustion offers a robust, qualitative meas-
urement technique in order to evaluate general 
trends and tendencies in engine combustion. Also 
particle soot concentrations in the engine exhaust 
show good correlation with the high-speed imaging 
measurements.  
 

 With increasing ethanol content the soot formation 
as well as exhaust emission could be reduced. This 
reduction can be mainly attributed to different chem-
ical fuel properties which govern the soot formation. 
 

 Both the temporal and the spatial separation of OH*-
chemiluminescence and soot radiation intensity indi-
cate increased soot formation rates for isooctane and 
E20. On the one hand the piston impingement leads 
to local air-fuel ratio inhomogeneities with rich 
combustion zones. On the other hand the particles 
formed by the long lasting poolfire cannot fully be 
oxidized.  

 



 Although the injected fuel mass and piston im-
pingement is larger for ethanol blended fuels, the 
combustion is more homogeneous. Here the mixing 
process may be more efficient, which could be driv-
en by physical fuel properties and increased air en-
trainment during the longer injection process.  

 
In order to quantify the physical and chemical 

mechanisms in engine combustion process chain further 
investigations are necessary. For future work high-speed 
resolved spectral emission analysis as well as planar 
laser-induced fluorescence (LIF) measurements of the 
mixture formation process are planned.  
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