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bandpass filters BP 435/40 and OG550. The latter captured the red-shifted part of the PAH LIF. The BP 435/40 
was used to capture soot LII and to avoid the interference of C2 and C3 emissions, induced by strong laser 
irradiance of soot. 

 

Figure 18 Blackbody radiation at 4000 K (LII signal), PAH LIF excited at 532 nm in a laminar diffusion flame [24], excitation 
wavelengths, and transmission of beam splitter and bandpass filters used for simultaneous PAH LIF and soot LII. 

Figure 19 shows the mean LII signal from a central and an annular region of interest (ROI) in the flame of the 
Santoro burner for varying laser fluences. 100 images were captured for each laser fluence. The central ROI 
is indicated in the LII image in the bottom right of Figure 19. The annular ROI was dynamically chosen in each 
image around the particular maximum LII signal in the right flank of the flame. Also shown is the result from 
Bladh et al. who modelled the LII signal (thermal radiation) of soot, excited by a Gaussian laser sheet at 
1064 nm, for different laser fluences and captured with a 18 ns gate, starting 20 ns after the pulse. The LII 
signal was calculated from a model, describing the heat- and mass-transfer between soot and the gaseous 
environment, and by assuming a certain polydisperse particle-size distribution. For small laser fluences the 
temperature of the soot particles increases linearly with the laser fluence such that, according to the Stefan-
Boltzmann law, the LII signal increases proportionally to T4. At a certain fluence, some particles reach the 
sublimation temperature of soot (about 4000 K). Therefore, a further increase in the laser fluence does not 
contribute to a further heating of those particles but to vaporization, indicating the turning point of the 
function. Then, solely particles that have not reached the sublimation temperature contribute to an increase 
in the LII signal with increasing laser fluence. At a certain fluence, all particles reach the sublimation 
temperature such that the LII signal does not increase anymore with increasing laser fluence [44]. This 
plateau region is much more pronounced when exciting with a Gaussian sheet instead of a top-hat profile. In 
the former case, the signal loss due sublimation of soot particles in the high-fluence centre of the Gaussian 
sheet is compensated for by the increasing signal in the low fluence wings. This plateau regime is highly 
desired in LII imaging of relative soot concentrations since then a higher signal intensity can exclusively be 
attributed to a higher concentration of soot. The result from this work shows a saturation of the LII signal at 
a laser fluence of about 0.5 J/cm².  

 
According to the findings from Santoro et al., soot particles in the annular region of the flame are larger than 
particles in the centre region at higher heights above the nozzle (HAB). The explanation is that strong 
nucleation and growth occur at low HAB in the annular region of the flame whilst more moderate nucleation 
rates occur in the central region at higher HAB [45]. Since soot particles in the central region of the flame are 
expected to be on average smaller than the particles in the annular region, they are also expected to be 
heated to a higher temperature for the same laser fluence due to a higher specific surface area. However, 
the normalized LII signal detected in the central region is lower than the one from the right annular 
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region (ROI right) up to a fluence of 0.5 J/cm². Also, in contrast to the fluence curve from the right ROI, it 
seems that the curve in the central ROI does not saturate throughout the investigated fluence range. The 
reason for that is that younger soot has a lower absorption function such that it is heated to the sublimation 
temperature at higher laser fluence than more mature soot [46]. 
 
With these findings the laser fluence for LII imaging was chosen to 0.5 J/cm². The laser fluence for imaging of 
PAH LIF was chosen to 0.008 J/cm² to avoid the interference with LII signal. 

 

Figure 19: LII signal versus laser fluence from two regions of interest and from Bladh et al. [47]. 

Figure 20 shows ensemble average images of 1500 single shots of PAH LIF (left) at a laser fluence of 
0.008 J/cm² and of 1500 single shots of soot LII (centre) at a laser fluence of 0.5 J/cm². Comparing the two 
images, shows soot LII, excited by the 532 nm laser sheet, also in the PAH LIF image. This is indicated by the 
minimum in the signal intensity in the PAH LIF image between the central and the annular region at a HAB of 
around 35 mm, which is between a layer of large PAH and soot. The soot LII image shows very high signal 
levels in the annular region from HAB 35 to 60 mm.  

 

Figure 20: Ensemble average images of 1500 single shots of (left) PAH LIF and (centre) soot LII. (Right) Soot LII subtracted from 
PAH LIF. 
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In contrast to the LIF image, the LII image does not show signal in the hollow cone region near the fuel nozzle, 
indicating the presence of large PAH in that region. The dark region below the visualized PAH region is where 
the transition of fuel to small PAH is taking place. The edges of the PAH LIF cone are covered by regions of 
high soot LII signal, indicating the nucleation region where soot forms from PAH. The image on the right is 
the result of the subtraction of the LII image from the PAH image so that PAH is shown exclusively. 
 
Images from simultaneous imaging of PAH LIF and soot LII are shown in Figure 21. The left hand side shows 
an ensemble average image of 1000 simultaneous single shots. The right hand side shows one single shot. 
Both images visualize large PAH in a hollow cone region near the fuel nozzle and soot in an annular region, 
surrounding the PAH cone, and above. The ensemble average shows the two signals more blurred compared 
to the single shot, stemming from flickering of the flame throughout the 1000 single shots. 
  

 

Figure 21: Simultaneous images of PAH LIF and soot LII. (Left) Ensemble average image of 1000 single shots and (right) single 
shot. 

Figure 22 shows the PAH LIF and soot LII signals along the centreline with increasing HAB in the laminar 
diffusion flame of the Santoro burner.  

 

Figure 22: LII and LIF signals along the centreline with increasing HAB. 
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The LII signal starts to increase significantly at a HAB of about 30 mm and peaks at about 50 mm. The slight 
decrease in the LII signal is attributed to a decreasing temperature of soot particles and decreasing laser 
fluence towards the wing of the Gaussian sheet. Surprisingly, the LIF signal peaks at around 40 mm, in a region 
where the LII signal starts to significantly increase. This indicates that the nucleation rate of soot becomes 
larger than the formation rate of large PAH. 
 
2.3.6 Diagnostic for water injection 

In WP3 (i.e., outside of the scope of this deliverable, but in this project) FEV performed engine tests injecting 
water directly into the cylinder or into the intake port, while the VKA performed corresponding CFD 
simulations. To investigate the causes for the effects seen in these experiments and to validate the results of 
the simulations, spatially resolved measurements of where and how much water is on the walls and in the 
bulk gas of the combustion chamber are needed. Developing an optical technique for this purpose, to be 
applied in the optically accessible engine at BOSCH, is part of WP1.  
 
Experiments reported in D1.5 already have shown the principal feasibility of detecting films of liquid water 
adhering to optically transparent walls -also curved ones, like in an optically accessible engine- via imaging of 
absorption of infrared (IR) light. Experiments at the IVG (outside of this project, not reported here in detail) 

show that for water films thicker than 10 m, as expected in the current application, illumination and 

detection at around 1.4 m wavelength is suitable. This is important because, in this wavelength band, 
mature and inexpensive diode lasers from the telecom industry are readily available. Cameras sensitive in 
this band are available at both IVG and BOSCH. Tuning of the diode current tunes the laser wavelength on or 
off the sharp absorption features of gaseous water and thereby allows distinguishing between liquid and 
gaseous water. Therefore, the technological building blocks for the proposed diagnostic technique are in 
place. However, in a deviation from the grant agreement, imaging experiments in the optical engine, proving 
the actual suitability of the diagnostic in the context of the project, were not performed in the period covered 
by this report. Instead, priority was given to the more complex than anticipated development of the 
diagnostics for fuel films, soot, and soot precursors (described above), because the knowledge gap in the 
area of in-cylinder soot formation from fuel films was considered more important.   
 
Experiments on IR imaging in the optical engine at BOSCH and if necessary, in the flow channel at the IVG are 
planned for Q3 2019. 
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3 Implications for models for design and control 

Results from fuel-film, combustion, soot, and soot precursor imaging are shown in this chapter. The results 
are mainly used in Task 1.4 by ETH for validation of simulations. Results from fuel-film imaging were already 
successfully reproduced in a CFD simulation by ETH. Currently, a CFD simulation on combustion, and the 
formation of PAH and soot near the evaporating fuel films, is set up by ETH. Results on quantitative fuel-film 
imaging in an optical engine have already been presented in Deliverable 1.2 and can be found in [1]. 
 

3.1 Fuel films 

Figure 23 shows the thickness of the four optically accessible fuel films (1, 2, 4, and 5) 3 ms after start of 
injection as an ensemble average of 50 single injections. Fuel films 3 and 6 adhere to the metal frame around 
the quartz wall. In the origin of the image is the injector tip. The spray forming fuel film 1 collides with the 
spark electrodes so that the quantity of fuel reaching the wall is smaller than for fuel film 2. Note that the 
spray hitting the electrode is due to the off-design injector orientation here in the wind tunnel. In an actual 
engine, the spark plug would be between jets 1 and 2. Because of the longer spray cone penetration through 
the wind tunnel, this fuel-film is on average thinner than the ones in the bottom (films 4 and 5).  

 

Figure 23: Fuel films on the quartz window 3 ms after start of injection. 

Figures 24 and 25 show the temporal evolution of ensemble averages and single shots of the evaporating 
film 5 with combustion, i.e. after the fuel/air mixture has been ignited by the electrodes in the test section. 
The images in Figure 24 are ensemble averages of 50 single shots. In this case, the wall temperature is 352 K 
in this case, the injection duration is 0.5 ms (5 mg), and the flow velocity 1.8 m/s. For jets 1 and 2, the 
impingement angle (the angle between the spray cone axis and the wall) is approximately 50°. For jets 4 and 
5 the impingement angle becomes approximately 70°. The orthogonal distance from the injector nozzle to 
the wall is about 32.5 mm. 
  
The distance of the four fuel films from the injector nozzle, the origin of the image, is about 15 mm along the 
x-axis. Along the y-axis, it is about 15 mm for films 4 and 5 and 30 mm for films 1 and 2. Thus, the impingement 
distance along the spray axis is 39 mm for films 4 and 5 and 47 mm for films 1 and 2. The momentum of the 
spray cone in the vertical direction results in an accumulation of fuel in the outer part of the wetted area. 
Previous studies also found that the fuel film is thin in the spray impact area and accumulates toward the 
film tip [1, 48, 49]. Combustion of the fuel/air mixture is initiated 0.65 ms after end of injection. The 
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propagation of the turbulent flame front through the mixture happens between 3 and 15 ms aSOI. Both the 
film's area and thickness decrease in time due to evaporation. The single shots show that fuel accumulates 
in small regions during evaporation, leading to the formation of discrete fuel "blobs" or droplets. Also 
Schulz et al. observed the contraction of the fuel film in some regions into such small, thick droplets [50]. The 
fuel film has almost completely evaporated at 75 ms aSOI.  
 

 

Figure 24: Film evaporation: Ensemble average images of the thickness of film 5.  

 

Figure 25: Film evaporation: Single shots of the thickness of film 5. 

 

For the calculation of the total film area and volume the thickness images were analysed with a threshold at 
1.5 μm film thickness. Multiplication of the film thickness with the projected pixel size and integration over 
the threshold area results in the total film volume. Multiplying the result with the density of iso-octane of 
0.69 mg/mm³ yields the fuel-film mass. Figure 26 shows the decreasing mass and area of the four fuel films 
for the aforementioned conditions. Assuming that the total injected fuel mass of 5 mg splits evenly onto the 
six single spray cones, each spray cone contains 0.83 mg. Thus, about 20% of the injected fuel adheres to the 
wall in the bottom left area, forming film 5 (impingement angle 70°, impingement distance 39 mm, 100 bar 
fuel pressure). This is consistent with the results of Senda et al., who found the adhering fuel fraction of iso-

5 mm

5 mm
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octane to be about 21% at ambient conditions for an impingement distance of 50 mm, an impingement angle 
of 65°, and an injection pressure of 300 bar [39]. For film 2 (impingement angle 50°, impingement distance 
47 mm), only 15% of the injected mass adheres to the wall. Since in some images fuel film 4 is not captured 
completely and due to a slightly lower mean thickness, its initial mass is not equal to the one of fuel film 5. 
However, the evaporation rates are very similar. In general, the highest evaporation rates are early aSOI. The 
high evaporation rate in the beginning might come from fast mass transfer between the fuel film and the 
surrounding gas phase due to strong turbulence after injection. While the fuel accumulates to thick droplets 
in the outer part of the fuel film and remains until the end of evaporation, the thin parts of the film where 
the jet impinges on the wall evaporate first. For all films the area shrinks much more from 3 to 9 ms aSOI than 
within the following time intervals.  
 

 

Figure 26: (left) Mass and (right) area of fuel films 1, 2, 4, and 5 during evaporation. Error bars indicate the standard deviation 
from 50 individual injections. 

The following discussion on the influence of different operating parameters will focus on a comparison 
between film 2, also representing film 1, and film 5, also representing film 4. 
 
The film area in Figure 26 shows that the initial area of films 5 and 2 are very similar. Senda et al. found 
qualitatively the same trend. The area remained constant for different impingement distances and angles, 
while the mean film thickness decreased for an increasing impingement distance and decreasing 
impingement angle [39]. Also, for low-pressure injection, Cheng et al. found the film area at 3 ms aSOI to be 
only slightly dependent on the impingement distance. They found that with an injection pressure of 3 bar and 
an impingement angle of 90°, the film area was 150 and 135 mm² for 50 and 60 mm distance, respectively 
[51]. Figure 27 additionally shows the temporal evolution of film 2. 



D1.6 – Report on optical diagnostics for fuel films, mixture inhomogeneities,  
soot and water injection in optical engines. Focus is on implications for models for design and control. 

 

 

33 / 59 

 

Figure 27: Film evaporation: (top) Ensemble average images of the thickness of film 2. (bottom) single shots of the thickness of 
film 2. 

Since the initial areas of the two imaged fuel films (2 and 5) are similar (40 and 47 mm²) and the boundary 
conditions for conductive heat transfer from the wall to the liquid are similar, one might expect that similar 
fractions of the two films have evaporated at 10 ms aSOI. But from Figure 26 it is apparent that from film 5 
0.03 and from film 2 0.05 mg evaporate in the first time interval. The explanation is that film 2 is 20% thinner 
than film 4, causing a lower heat capacity at 3 ms aSOI. Thus, evaporative cooling lowers the temperature of 
film 2 more than of film 5. As a consequence, the conductive heat flux from the wall increases due to the 
increasing temperature gradient, compensating for the evaporative cooling. As a result, a more of film 2 has 
evaporated at 6 ms aSOI than of film 5. Also, the concentration of fuel in the gas phase might be lower in the 
periphery of fuel films 1 and 2 since air flows from top to bottom such that films 4 and 5 are covered in, 
fuel/air mixture, transported downstream, inhibiting convective mass transfer. Additionally, the turbulent 
kinetic energy might also be higher in the top region than in the bottom. But it should be noted that also 
precision is poorer for film 2 due to the high quantity of thin regions. 
 
Surprisingly, Figure 29 shows that the evaporation of both fuel films, 2 and 5, is not significantly affected by 
combustion. This implies that in our experiment convective heat transfer from the surrounding gas is 
negligible compared to the conductive heat transfer from the wall. This might be explained by the low heat 
transfer coefficient, about 11 W/(m²∙K), between the gas phase and the liquid film.  

5 mm
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Figure 28: Mass of fuel films 2 and 5 with and without combustion during evaporation. Error bars indicate the standard deviation 
from 50 individual injections. 

At 3 ms aSOI, film 5 has a mass of 0.16 mg with and 0.19 mg without combustion. The evaporation rate is 
about 60% higher for the case without combustion from 3 to 6 ms aSOI while the evaporation rate is similar 
at later times aSOI. Film 2 has an initial mass of 0.09 and 0.12 mg with and without combustion, respectively. 
Here, the evaporation rate is only 12% higher within the first time interval for the case without combustion. 
From high-speed imaging, Section 3.3, it is known that the flame front does not reach fuel film 5 in every 
combustion event for the injection duration of 0.5 ms. However, film 2 is reached by the flame front in every 
event and even here no significant influence is visible. 
 
Figure 29 shows single shots of film 5 with and without combustion at 45 ms aSOI for an injection duration of 
1 ms (9.3 mg). For this injection duration, the flame front reaches film 5 in almost every combustion event. 
In contrast to the aforementioned, the combustion significantly influences the evaporation between 30 and 
45 ms aSOI. Again, the case with combustion shows a lower initial mass, about 14%, than the case without 
combustion. However, the evaporation rates are very similar from 3 to 30 ms aSOI. Beyond that time, the 
evaporation rate of the case with combustion is twice that high as the one for the case without combustion 
of 0.06 mg/ms. This effect might be explained by the diffusion flame reaching the fuel film, increasing the 
concentration gradient between the surface of the fuel film and its surrounding by consuming the fuel 
thereby increasing the mass transport. 
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Figure 29: (left) Mass of fuel film 5 with and without combustion during evaporation for 1 ms injection duration (10 mg). Error 
bars indicate the standard deviation from 50 individual injections. (right) Single shots of the thickness of film 5 (a) with 

combustion and (b) without combustion. 

Beyond 45 ms aSOI the evaporation rates become similar again between the two cases. The images of the 
fuel films on the right hand side in Figure 23 show that the flame in particular causes the thin regions of the 
film, where the spray impinges, to evaporate quickly. Figure 30 compares the area and the thickness for the 
two cases. The systematic shift of the case with combustion to lower fuel-film masses is also represented by 
the fuel film area. However, the effect of the flame front reaching the fuel film at 30 ms aSOI seems to affect 
both the fuel-film area and thickness as both sharply decrease from 30 to 45 ms aSOI. The area decreases 
about a factor of six to finally 15 mm² without combustion while it has decreased almost to zero with 
combustion at 125 ms aSOI. In contrast to that, the mean fuel-film thickness does not change that much 
during evaporation. It decreases from 7.2 to 5.2 μm and from 7.2 to 6.3 μm with and without combustion, 
respectively. 

 

Figure 30: Area and thickness of fuel film 5 during evaporation with and without combustion. Error bars indicate the standard 
deviation from 50 individual injections. 

(b)

(a)

5 mm
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Increasing the flow velocity in particular changes the initial mass of the fuel films, as shown in Figure 31. The 
film mass is about four times lower at 3 ms aSOI when increasing the flow velocity from 1.8 to 10 m/s. 
Surprisingly, an increase in the flow velocity from 6.5 to 10 m/s does not influence the evaporation of the 
film. The evaporation rates between 3 and 6 ms aSOI are about 0.014 mg/ms and 0.029 mg/ms for the cases 
with 1.8 and 6.5 m/s, respectively. However, also the film area is 57% lower at 3 ms aSOI when using a flow 
velocity of 6.5 instead of 1.8 m/s, explaining the 52% lower total evaporation rate. To investigate exclusively 
the influence of the flow velocity on the evaporation rate, the evaporation rate needs to be independent of 
the fuel-film area. Therefore, the absolute evaporation rate between two time steps aSOI was calculated, 
and normalized by the average fuel-film area between the two time steps. By that the evaporation rate 
becomes independent of the particular fuel-film area so that it only correlates with the parameter of interest. 
The right hand side of Figure 31 shows the area-normalized evaporation rate for the different flow velocities. 
In general, the evaporation rate is defined as: 
 

 𝑚𝐸𝑣𝑎𝑝̇ = 𝐴 ∙ 𝛽 ∙ (𝜌𝑆𝑎𝑡 − 𝜌∞) (8) 

 
Here, 𝐴 is the fuel-film area, 𝛽 the mass transfer coefficient, and (𝜌𝑆𝑎𝑡 − 𝜌∞) the mass-concentration 
gradient of fuel at the surface of the fuel-film and in the bulk of the gas flow. Therefore, a change in the area-
normalized evaporation rate either signifies a change in the mass transfer coefficient or in the mass-
concentration of fuel in the bulk gas, when assuming that the fuel-film temperature is equal. The right hand 
side of Figure 31 shows that the evaporation rates are similar at around 5 ms aSOI, where the high turbulence 
from the injection dominates the evaporation rate. Beyond 20 ms aSOI, the evaporation rates for the cases 
with 6.5 and 10 m/s exceed the ones from the cases with 1.8 and 3 m/s. First, the higher flow velocities result 
in an increase of the mass transfer coefficient𝛽. Second, it also leads to a faster transport of gaseous fuel 
downstream such that the concentration gradient remains larger compared to the cases with lower flow 
velocity. Surprisingly, increasing the flow velocity from 6.5 to 10 m/s does not result in a higher evaporation 
rate. It needs to be taken into account that the calculated evaporation rate suffers from a poor precision. In 
particular, for the cases with 6.5 and 10 m/s, measured fuel-film thicknesses are thin, resulting in high 
precision uncertainty for the calculated evaporation rate. 

 

Figure 31: (left) Mass of fuel film 5 with and without combustion during evaporation for different air flow velocities. Error bars 
indicate the standard deviation from 50 individual injections. (right) Area normalized evaporation rate 

Figure 34 shows the area and thickness of film 5 for the flow velocities 3 and 10 m/s. Apparently, the initial 
film area is more affected by the increasing flow velocity than the initial film thickness. While the area 
decreases about 57% from 47 to 20 mm² when increasing the flow from 1.8 to 10 m/s, the film thickness 
decreases only about 40%. Also, the film thickness remains approximately constant for the cases with 1.8 
and 3 m/s and decreases from 2.9 to 0.4 μm for the cases with 6.5 and 10 m/s. 
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Figure 32: (left) Area and (right) thickness of fuel film 5 during evaporation for different flow velocities. Error bars indicate the 
standard deviation from 50 individual injections. 

Figure 33 shows single shots of fuel film 5 for the flow velocities 3 and 10 m/s. The images reveal that the 
formation of droplets seems to be more pronounced for lower flow velocities. For the flow velocities of 6.5 
and 10 m/s the fuel accumulates to on average thicker blobs. Note that the scales are different between the 
two cases. 

 

Figure 33: Film evaporation: Single shots of the thickness of film 5 for the flow velocities 3 and 10 m/s. 

Figure 34 compares the fuel-film masses and evaporation rates over time aSOI for different injected masses. 
The initial mass of film 5 increases from 0.09 to 0.16 and to finally 0.37 mg for the injected masses of 3.3, 4.9, 
and 9.3 mg (0.3, 0.5 and 1 ms), respectively. The corresponding fractions of fuel adhering to the wall are 16%, 
20% and 24%. The high injected mass comes along with a long injection duration so that late spray propagates 
through a fuel/air-mixture with a higher fuel-air ratio than early spray. This leads, according to Equation (8), 
to a smaller evaporation rate of the fuel droplets, and thus to larger fractions of fuel adhering to the wall. 
The area-normalized evaporation rates are similar between 3 and 9 ms aSOI. At later times aSOI the 
evaporation rate decreases for the injection masses 3.3 and 5 mg while it first decreases and then strongly 
increases from 30 to 45 ms aSOI for the case with 9.3 mg injection mass.  

3 m/s

10 m/s

5 mm
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Figure 34: Mass of fuel film 5 during evaporation for different injection durations. Error bars indicate the standard deviation 
from 50 individual injections. (right) Single shots. 

Additionally, Figure 35 compares the mean fuel-film thickness and area for the three injection durations. The 
initial film area (3 ms aSOI) increases about 55%, while the film thickness increases about 48% for an injection 
mass of 9.3 mg, compared to an injection mass of 5 mg. The 55 % higher area mostly accounts for the 45% 
higher evaporation rate in the beginning. This also shows that the higher mean thickness does not 
significantly inhibit the evaporation early aSOI. Senda et al. found the mean film thickness to be constant at 
20 μm when increasing the injection duration from 4 to 8 ms (increasing the injected mass of one spray cone 
from 7 to 14 mg). At the same time the area increased about 60% when injecting 50% more fuel [39]. This 
trend changes for very thin films. Maligne et al. investigated fuel films with thicknesses smaller than 1 μm 
and observed that the film thickness increases about 67% when increasing the injected mass by 50% [12]. 
Apparently, the results shown here are in the transition zone between the two aforementioned regimes since 
fuel-film area and thickness increase about the same magnitude. The injected mass of one spray cone is 
increased from 0.83 to 1.55 mg while the fuel films show thicknesses in the range of 5 μm.  

  

Figure 35: (left) Area and (right) thickness of fuel film 5 during evaporation for different injected masses. Error bars indicate the 
standard deviation from 50 individual injections. 

Figure 35 also shows that during most of the evaporation the mean film thickness remains approximately 
constant for all injection durations. The sharp decrease in the covered area from 3 to 6 ms aSOI corresponds 
to the complete evaporation of the thin parts seen in the images in Figure 36. While the film looks blurry at 
the boundary 3 ms aSOI, it exhibits a sharp boundary at 6 ms aSOI. The decreasing area and the formation of 
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thick droplets, according to Figure 30, do not change much in the average film thickness (Figure 35), despite 
ongoing evaporation from the entire film. 
 

 

Figure 36: Film evaporation: Single shots of the thickness of film 5 for an injection mass of 9.3 mg. 

Figure 37 shows the influence of the wall temperature on the evaporation rate of film 5. It should be taken 
into account that a lower wall temperature also leads to a lower air and also injector temperature. The liquid-
fuel temperature before start of injection can be approximated by the injector temperature, which is about 
8 K above the wall temperature. Thus, a higher wall temperature comes along also with a lower initial fuel-
film mass since more fuel evaporates from the spray into the preheated air flow. The investigated wall 
temperatures are 332, 342 and 352 K. The corresponding air temperatures are 340, 361 and 381 K. The 
injection duration was 0.5 ms (5 mg). Figure 37 shows that the fuel-film mass adhering to the wall at 3 ms 
aSOI dramatically decreases with increasing temperature. The initial fuel-film masses are 0.38, 0.27 and 
0.16 mg for the temperatures 332, 342 and 352 K. The right hand side of Figure 37 shows the area-normalized 
evaporation rates of film 5 for the different wall temperatures. Again, from 3 to 9 ms aSOI, the evaporation 
rates are expected to be governed by the strong convective mass transfer induced by the turbulent flow after 
the end of injection. During this time, a lower wall temperature, and hence film temperature and vapour 
pressure, do not affect the evaporation rate. After that, the curves on the right hand side in Figure 37 indicate 
an approximately constant evaporation rate From a model being currently developed in our group, it is 
known that the fuel film temperatures adapt to the wall temperature a few milliseconds after the end of 
injection. Therefore, an increase in the wall temperature results in an increase in the fuel-film temperature, 
which increases the fuel film’s vapour pressure and thus also the saturation concentration of fuel 𝜌𝑆𝑎𝑡 at the 
film surface. The latter results, according to Equation (8), in an increased evaporation rate. The film has 
almost completely evaporated at about 75 ms for a wall temperature of 352 K. 
 
 

9.3 mg

5 mm
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Figure 37: Film 1 during evaporation for different quartz-wall temperatures, error bars indicate the standard deviation from 30 
(at 3, 25, 75 and 100 ms aSOI) and 70 (at 10 and 50 ms aSOI) individual injections. 

The fuel-film area and thickness to the different wall temperatures are shown in Figure 38. Again, the fuel-
film thickness remains approximately constant. The area decreases strongest from 3 to 6 ms aSOI and linearly 
decreases beyond that time.  

 

Figure 38: (left) Area and (right) thickness of fuel film 5 during evaporation for different injected masses. Error bars indicate the 
standard deviation from 50 individual injections. 

Figure 39 shows single shots of the thickness of film 5 for the wall temperatures of 342 and 332 K. It is evident 
that both the fuel-film area and thickness are larger for a lower wall temperature. The images show that for 
a temperature of 342 K, the formation of thick fuel droplets is enhanced compared to the case with a 
temperature of 332 K. Apparently, the decreasing viscosity and the increasing diffusion coefficient of the 
liquid fuel with increasing temperature accelerate the accumulation of fuel to thick regions. As a conclusion, 
it seems that the wall temperature is the parameter that has the strongest influence on the evaporation rate 
of the fuel film. According to the images in Figure 39, even at 75 ms aSOI more than 50% of the initial film 
mass is present of film 5 for a wall temperature of 332 K. 
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Figure 39: Film evaporation: Single shots of the thickness of film 5 for wall temperatures 342 and 332 K. 

3.2 Fuel vapour and combustion 

The results presented in this section were done with an injector other than the project injector and under 
experimental conditions different from those shown in Table 1. An overview of the operating conditions and 
the optical layouts of the experiments with this injector setup can be found in [52]. 
 
Figure 40 shows images of the fuel-vapour distribution in the test section, visualized by LIF (top) and 
schlieren (bottom). Each LIF image is an ensemble average of 10 single shots. Note that measured mole 
fractions above 0.08 might be overestimated compared to actual mole fractions due deviations from the 
linear relation between the LIF signal and the fuel-vapour mole-fraction. The electrodes and the injector tip 
are schematically drawn in the top left image. The red dashed line in the second LIF image indicates the field 
of view for the schlieren imaging. The quartz window that the spray cones impinge on is on the right of the 
image. Fuel films 1 and 4 are centred at heights of about -20 and 35 mm, respectively, as indicated in the LIF 
image at 50 ms aSOI. The fuel-rich zone near the electrodes seen at 10 ms aSOI originates from the four spray 
cones that form fuel films 2, 3, 5, and 6. At 25 ms aSOI that zone mostly has been carried out of the light-
sheet plane or downstream by the air flow. The detected fuel-vapour emerges mainly from films 1 and 4. 
Schlieren imaging visualizes the density gradients from fuel/air mixing integrated along the line of sight. At 
10 ms aSOI the entire field of view is covered by such gradients, indicating the presence of fuel. Also in the 
schlieren images, the centre of film 1 is at a height of about -20 mm. The Schlieren images also show that 
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most of the vapour has already been carried out of the field of view (downwards) at 25 ms aSOI. Now the 
strongest gradients appear close to film 1, indicating its evaporation. At 50 ms aSOI film 4 has almost 
completely evaporated such that fuel-vapour fluorescence is almost exclusively detected near film 1. The 
corresponding schlieren image shows the convective transport of the vapour downstream along the wall. 
The LIF image at 100 ms aSOI shows that film 4 has completely evaporated while fuel still evaporates from 
the remaining film 1. Also, the schlieren image at 100 ms aSOI visualizes the evaporation of film 1.  
 

 

Figure 40: (top) Ensemble averages of the fuel-vapour mole-fraction and (bottom) a corresponding single sequence of schlieren 
images, both without combustion. 

Figure 41 shows a schlieren sequence with combustion. The injection, detected by the strong extinction of 
light by the spray cone, hits the wall and the fuel splashes to the sides and forms film 1. A weaker intensity 
gradient can be seen at the edges of the spray cone, indicating the fuel’s transition from liquid to vapour. At 
3 ms aSOI, the injection has ended and the fuel/air mixture is ignited. Because of the bright schlieren 
illumination, the spark is not visible. At 7 ms aSOI the flame propagation begins in the lower right corner, 
where the spark has been convectively transported. The flame front is captured due to strong temperature 
gradients at the boundary. At 25 ms aSOI the flame has propagated through the test section. The schlieren 
images show strong gradients close to film 1, which correspond to density and species gradients between 
burnt and unburnt mixture. Additionally, natural flame luminosity, presumably soot incandescence, is 
superimposed on the LED light at 25 and 50 ms aSOI. Hot burnt gas from the main combustion event mixes 
with surrounding air and newly evaporated fuel from the liquid film, leading to the formation of a sooting 
flame in this region. Between 65 and 70 ms aSOI, the soot luminosity becomes stronger. Apparently, the 
flame is fed by fuel vapour, which emerges from the liquid film at the wall in the upper half of the image. The 
image at 75 ms aSOI indicates that the glowing soot is transported downstream by the flow before its 
luminosity cannot be seen anymore at 80 ms aSOI. The soot has either cooled down or was transported out 
of the field of view. Even at 100 ms aSOI, some fuel vapour still emerges from the film but soot luminosity is 
not visible. Most probably the gas temperature is now too low to enable pyrolytic formation of PAH.  
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Figure 41: Schlieren images of spray, flame propagation, soot luminosity, and evaporating fuel film. 

Figure 42 shows LIF images of the fuel vapour during combustion. Except for the image at 10 ms aSOI, the LIF 
images are ensemble averages of 10 single shots. At 10 ms aSOI, the sharply delineated low-signal region 
above the electrode gap corresponds to the burnt gas, in which neither fuel nor tracer are present anymore. 
Qualitatively, the propagation and position of the flame fronts, visualized by schlieren and LIF at 10 ms aSOI, 
correlate reasonably well. At 25 ms aSOI the flame has propagated through the test section and again fuel-
vapour is mainly detected close to the fuel films. A quantification of the fuel-vapour mole-fraction is not 
possible due to spatially varying temperatures and oxygen partial-pressures.  
 

 

Figure 42: Ensemble averages of the relative fuel-vapour concentration in combustion. 


































