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The effects of in-cylinder and injection pressures on the formation and combustion of 
diesel sprays at realistic automotive in-cylinder conditions was investigated. By 
combining the results obtained with high-speed video of the liquid phase, high-speed 
schlieren video of the vapour phase, high-speed video of autoignition and laser-induced 
incandescence (LII) of soot, a detailed observation of the combustion processes was 
obtained for elevated in-cylinder and injection pressures. The spray dispersion angles, 
tip penetrations with time, autoignition delays and relative soot concentrations were 
measured for a range of injection and in-cylinder pressures. The tests were performed 
on a single-cylinder diesel rapid compression machine with optical access to the 
combustion chamber. A common rail injection system was used with an injector 
mounted with a single-hole VCO type nozzle. The injection pressure was varied from 
60 to 160 MPa, the in-cylinder pressure and temperature at top dead centre from 6 to 10 
MPa and from 540 to 720 K, respectively. The results obtained from the various 
measurement techniques were combined in order to produce a comprehensive 
observation of diesel spray development and combustion. 

 
 
1. Introduction 
 
Within the last decade, the high-speed direct injection (HSDI) diesel engine has become a 
realistic alternative to the gasoline engine for modern passenger car applications. Good 
drivability and durability together with high economy has led to its increasing popularity in 
the market place. Cars powered by HSDI diesel engines enjoyed approximately 32% of the 
total market share in Western Europe in 2001 [1]. The modern turbocharged aftercooled 
diesel offers an efficient, low emissions automotive power plant. European legislation is set 
to impose further restriction on the level of emissions that are permitted from diesel engines 
together with targets for fuel efficiency. The diesel engine manufacturer has therefore the 
task to design suitable power train systems that meet or exceed these directives. Therefore, 
the stringent emission legislation placed upon the modern diesel engine poses a challenge to 
engine designers. In order to meet these standards, the engineer has to develop new 
techniques and processes that can be integrated with existing engine sub-systems to reduce 
pollutant output. The fuel injection equipment is one such sub-system that has been found to 
lend itself to developments leading to improvement in engine performance and emission 
quality, and will continue to play a vital role in the development of improved diesel engines 
for the foreseeable future [2]. These benefits have been achieved by more sophisticated 
control of the fuel injection process and the use of higher injection pressures. Ultimately the 
nature of the combustion process is determined by the quality of the fuel spray and its 
distribution and mixing within the combustion chamber. Break-up and distribution of the 
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spray is largely determined by the in-cylinder conditions (air motion, density and 
temperature), the injection pressure, nozzle design and geometry. A need was therefore 
identified to study firstly the temporal and spatial development of diesel sprays under 
realistic injection and in-cylinder conditions, and secondly the effects of different injection 
regimes on the combustion process. Data obtained can be used to establish a link between 
the injection and combustion processes, and indirectly be used in the development of models 
to be incorporated in CFD codes. 
The work presented here was undertaken at the University of Brighton, jointly with Ricardo 
Consulting Engineers, on a new compression machine based on a two-stroke diesel engine 
modified to allow visualisation of in-cylinder combustion processes [3]. This research 
facility was specifically designed to enable the study of diesel sprays at realistic automotive 
in-cylinder conditions while simultaneously providing good optical access for both 
qualitative and quantitative measurements of both combusting and non-combusting sprays. 
The rig is constructed around a single cylinder two-stroke diesel engine with a specially 
designed optical chamber incorporated between the cylinder and head. The experimental 
work can be broadly divided in two main groups: non-combusting spray characterisation and 
combustion studies. Studying non-combusting sprays allows the assessment of the location 
of diesel liquid and vapour. This information, which is crucial for correct analysis of 
combustion, was obtained by several optical techniques: 
§ Shadowgraphy, using a backlit high-speed digital video camera. 
§ Shadowgraphy, using a high-speed spark light flashgun and a 35 mm SLR 

camera for high-quality imaging of crucial injection phases. 
§ Schlieren cinematography with a high-speed digital video camera. 

 
Combustion studies were focused on the investigation of the autoignition and soot formation 
of diesel sprays and has been conducted using the following techniques: 
§ Flame high-speed cinematography, for assessing the variations of 

autoignition timing and location. 
§ In-cylinder pressure measurements, for comparison between combustion 

pressure rise and flame luminosity data. 
§ Laser-induced incandescence (LII), for imaging of soot formation sites. 

 
 
2. Experimental apparatus 
 
2.1. Rapid compression machine 
 
The spray rig facility was designed specifically to enable the gaps in the current literature 
(spray and combustion analysis of injections into environments above 6 MPa) to be 
addressed, in addition to providing a means of testing sprays at conditions anticipated for the 
next generation of diesel engines. This rapid compression machine is based around a single 
cylinder Ricardo Proteus test engine which was converted to two-stroke cycle operation by 
the addition of inlet and exhaust ports in the cylinder liner. This approach significantly 
increased the room available in the cylinder head for optical access by the removal of inlet 
and exhaust valves and also allowed reduced mechanical complexity, thus cutting down on 
engine build times. The engine had a bore of 135 mm, a stroke of 150 mm, and a 
displacement of 2.2 litres. The cylinder head was heated by a water jacket (90°C) and the 
sump oil by emersion heaters (85°C). This enabled the engine to be heated prior to motored 
testing, and therefore minimise heat losses from the compressed gas to the cylinder wall. 
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A water-cooled Kistler pressure-transducer attached to a storage oscilloscope was used to 
monitor the in-cylinder pressure. The Proteus was driven by a dynamometer through a 90° 
gearbox. The output shaft of the gearbox was connected to the Proteus flywheel and, with a 
reduction ratio of 6:1, reduced the dynamometer speed of 3000 rpm to 500 rpm engine 
speed. This was the operating engine speed for all the tests carried out in this work. The rail 
and delivery pipe were both instrumented with Kistler pressure transducers. The pipe from 
the rail to the injector was kept short, representative of a real vehicle system. The fuel 
injector used was a modern electro-magnetically actuated common rail injector. This injector 
was specially equipped with a needle lift sensor to obtain the exact needle position during 
the injection. The injector nozzles were interchangeable and therefore allowed testing of 
different nozzle types and nozzle hole diameters. A custom-built controller was developed 
[4] to enable independent control of injection timing, number of injections per cycle, 
injection duration and rail pressure. This unit essentially consisted of a microprocessor 
dedicated to the task of triggering the injector and a secondary device (such as a laser 
system, flashgun or CCD camera). The custom controller also allowed control of initial 
needle drive current and PID control of the fuel rail pressure. Before each series of 
experiments, a personal computer was used to upload the injection parameters to the FIE unit 
(e.g. injection angle, injection duration, rail pressure, delay of secondary trigger, etc.). This 
gave high timing accuracy and good parameter control. For all the experimental work low-
sulphur Esso AF1313 diesel reference fuel was used. 
 
2.2. Optical combustion chamber 
 
An optical chamber 80 mm in length and 50 mm in diameter was fitted on to the cylinder 
head to enable the full length of the developed fuel spray to be viewed. This chamber 
provided a near quiescent high-pressure environment, with realistic in-cylinder conditions 
being achieved by conditioning of the intake air. The size and cylindrical shape of the 
chamber offered sufficient space for the fuel spray to develop without wall impingement. 
The flow field in the chamber was quiescent to avoid disturbances by airflow motion on the 
spray development. The compression ratio of the engine was reduced to 9:1 to further 
increase the volume available for the optical chamber. In-cylinder temperatures and 
pressures representative of a modern engine were obtained by increasing the boost pressure 
and temperature up to 0.8 MPa and 100°C. The induced air was then compressed in the 
engine during the compression stroke to achieve the desired test conditions. 
Optical access into the chamber was provided by four removable sapphire windows giving 
an optical access 25 mm wide and 55 mm high. The design was optimised to allow many 
state of the art optical techniques to be applied and enable both qualitative and quantitative 
measurements of fuel, air and combustion products. The windows were easily removable for 
cleaning or replacement. The windows were taken out and fully cleaned every day. The 
effect of window fouling on the images was assessed by running the engine at the same 
conditions before and after cleaning the windows. Comparing the results, it was subjectively 
concluded that the fouling of the windows did not noticeably alter the quality of the images 
for non-fired studies (e.g. liquid and vapour imaging). Window fouling for fired tests was 
not significant if the windows were cleaned twice daily. The fact that the camera’s depth of 
field was kept small for all studies helped achieve good quality images by focusing only on 
the plane of interest. 
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2.3. Spray visualisation 
 
The CCD video camera used in this series of experiments was a Kodak Ektapro HS Motion 
Analyzer (model 4540), with a recording rate adjustable from 30 to 4500 frames per second 
(fps) at full resolution (256×256 pixels × 256 grey levels), and from 9000 to 40500 fps at 
progressively reduced resolution. The best compromise between acquisition rate and image 
resolution was obtained with a frame rate of 18000 to 27000 fps, with a corresponding 
resolution of 256×64 pixels, and 128×64 pixels, respectively. The sprays were backlit by a 
halogen flood light fitted with a diffuser. 
The processing of the videos was performed by purpose-developed software that measured 
the spray penetration length and spray cone angle at each video frame after suitable pixel 
thresholding [5]. The images were thresholded to pick out the spray outline from the 
background. The threshold level was subjectively chosen by selecting one image from the 
batch of images generated by a test run and varying the threshold to obtain optimum results. 
Since the quality of images remained the same during a test run, this threshold value was 
suitable for all the images in that batch. The maximum spray penetration was calculated by 
finding the spray pixel furthest from the nozzle. The software was used to calculate the spray 
penetration and dispersion angle for each frame of every video. 
 
2.4. LII set-up 
 
The laser used was a pulsed Nd:YAG laser, capable of delivering pulses of 300 mJ at a 
frequency of 10 Hz and a wavelength of 532 nm. The laser pulses were spatially and 
temporally Gaussian with beam diameter of 8.7 mm and pulse width of 6-7 ns at full width 
at half maximum (FWHM). In order to minimise the effects of window fouling by soot 
deposit, a fuel additive was used. This additive, Ethyl Hitec 4103 (2-ethylhexyl nitrate, 
C8H17NO3), was diluted at the rate of 0.375 cm3 per litre and raised the fuel cetane number 
from 55 to 57. The laser sheet had a thickness of 0.75 mm and a height of 55 mm. The 
measured laser energy output, 290 mJ per pulse, was slightly below the manufacturer’s 
specifications of 300 mJ per pulse. The energy lost through the optical path, i.e. from the 
laser output to the measurement location, was less than 10 mJ. Hence the laser pulses for LII 
acquisition had an average energy of 280 mJ each. The intensified CCD camera could 
acquire monochromatic images of up to 1280 × 1024 pixels with a 12 bit resolution. The 
resolution of the images presented here was measured to be 73×73 µm per pixel. An image-
doubling extension was fitted onto the camera lens to duplicate the view of the combusting 
spray. Therefore two views of the spray were recorded on one single image, and a different 
optical filtering could be applied to each half image (Fig. 1). 
The original intention was to collect simultaneous LII and LIS of soot particles to produce 
maps of relative soot particle diameter. Although LII was successfully obtained with this 
configuration, LIS of soot could not be observed. Because the diesel droplets present during 
the injection scatter much more light than the soot particles, sufficient exposure of the soot 
scattering could not be obtained without the risk of overloading the photomultiplier tube 
with droplet scattering. An alternative would have been to gather simultaneous LII / LIS 
only after the injection had stopped, when no fuel droplets would be expected to be present. 
Unfortunately, it was observed that this constraint resulted in at least 50% of the soot 
formation period being discarded. It was also found that interference from LII was not 
negligible with the LIS filter, resulting in a potentially significant error. Therefore, it was 
decided that simultaneous LIS of fuel droplets would be recorded to complement the LII of 
soot. 
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This strategy provides information on the location of the liquid fuel spray relative to the soot 
formation regions. Interference filters were selected to suit the requirements for the study of 
soot formation. For LII imaging, a wide-bandpass filter was selected, with a measured peak 
transmission at 416 nm and a 64.4 nm FWHM. This filter maximised the LII signal and 
offered excellent rejection of interference from elastic scattering, fluorescence and flame 
luminosity. For LIS imaging, a narrow bandpass filter centred on 532 nm was chosen with a 
9.4 nm FWHM. Because the elastic scattering was particularly intense, a set of neutral 
density filters was used to avoid overloading the photomultiplier tube. 
LII images were recorded throughout the soot formation period for three different injection 
pressures (100, 140 and 160 MPa) and a range of in-cylinder pressures (6, 7, 8 and 9 MPa at 
non-fired TDC). Because of the turbulent nature of in-cylinder combustion, cycle-to-cycle 
variations in the position of dense soot regions were expected. This is accentuated by the fact 
that LII provides a map of soot concentration for a very narrow section of the flame. 
Therefore, although there may not be significant variations in the flame structure when 
observed with high-speed video, the positions of dense soot regions may fluctuate greatly 
within the flame. Hence, consistent information on the characteristics of soot formation 
cannot be obtained without acquiring a number of images for every combination of engine 
parameters. Data sets were recorded from the start of soot formation until no soot could be 
detected, with a time interval between two sets of 0.33 ms (1 CA). Each data set included 
between 27 and 30 images acquired consecutively during the same run. All images were 
inspected visually to ensure they were recorded properly and that the repeatability was 
adequate. The data sets were then post-processed to produce ensemble averaged and 
standard deviation images for each condition. In order to simplify the presentation and 
analysis of the data, the mean intensity of each average image was calculated. The mean 
intensity provides a relative indication of the amount of soot recorded in each data set. The 
numbers thus obtained were used to produce the LII intensity profiles presented in Section 4. 
The first step of the processing consisted in obtaining the ensemble averaged and standard 
deviation images of the data set. The influence of the data set size on the average image was 
assessed. I was observed that as the size of the data set was progressively increased from 1 to 
30 images, the mean intensity of the average image converged rapidly. For data sets of at 

 

 
Fig. 1 Experimental set-up for simultaneous LII/LIS study. 
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least 27 images, the coefficient of variation (ratio of standard deviation and mean intensity) 
was less than 1.7%. Apart from justifying the selected data set size (between 27 and 30 
images), this proves the non-random nature of the LII images (convergence was observed). 
 
 
3. Accuracy of the data 
 
3.1. High-speed video recordings 
 
Repeatability tests were performed to assess the variability in penetration for a range of test 
conditions. The variation in spray tip penetration length was found to be ±4% from the 
average curve. The camera resolution was measured to be 0.3 mm per pixel, hence the 
overall uncertainty was estimated to be ±6%. The calculated results were found to be 
insensitive to the threshold level chosen with a 12.5% variation in threshold level giving a 
1% change in measured penetration [5]. 
 
3.2. LII data 
 
The LII signal intensity is strongly dependent on laser power density. For a Gaussian beam 
profile, the LII signal intensity is almost unaffected by variations in laser fluence between 20 
and 80 MW cm-2 [8]. For this power density range, the error caused by laser fluence 
fluctuations has an average of 1.9% and a maximum of 3%. This low sensitivity to variations 
in laser power is believed to be due to the fact that, for a Gaussian beam, an increase in laser 
energy results in an increase in the effective beam diameter [9]. Since the laser system used 
for gathering the LII data had a Gaussian beam with a fluence between 60 and 80 MW cm-2, 
it can be assumed that the results presented here were not significantly affected by shot-to-
shot energy fluctuations and longer term fluence drifts. Another advantage of this type of 
beam lies in the fact that the progressive attenuation of the laser sheet across the dense soot 
regions of the spray may not result in a strong reduction of the LII signal. This significantly 
simplifies the post-processing and the interpretation of the LII data, since normalization of 
the images is not required. 
The vaporisation of soot particles induced by the laser results in the production of molecular 
carbon species (e.g. C2, C3). C3, although believed to be the major vapour constituent, was 
not observed to produce emissions in LII studies [10]. C2 is known to produce potentially 
intense emissions over a broad spectrum, especially at high laser intensities. Since some 
emission bands of C2 (438.3, 473.7, 516.5 and 563.6 nm) are well within the preferred LII 
observation bandwidth, fluorescence from this molecule must be taken into account in order 
to ensure minimal contamination of the LII signal. Wainner [10] observed that for a laser 
fluence below 2 J cm-2 at 532 nm, the interference from C2 fluorescence was not significant 
for collection wavelengths below 440 nm. The characteristics of the laser system used for 
this study satisfy this condition (laser wavelength = 532 nm; laser fluence < 1.2 J cm-2; 
collection at 416±32 nm). Wainner [10] also reported that fluorescence from PAHs, although 
possibly significant at excitation wavelengths in the UV, was not detected for a laser 
wavelength of 532 nm. It is therefore concluded that the LII results presented here were not 
significantly contaminated by fluorescence from PAHs or C2 molecules. 
Ni et al. [11] showed that the LII signal intensity decay was highly dependent on soot 
particle diameter. They observed that the LII signal could first be detected between 10 and 
12 ns after the start of the laser pulse. The rise in signal intensity was reported to last 
approximately 12 ns and was found to be unaffected by particle size. Following the peak in 
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LII signal intensity, a decay was observed to last up to several hundred nanoseconds. The 
decay time was shown to be longer for larger soot particles. Ni et al. [11] thus recommended 
that LII signal should be imaged shortly after the laser pulse, and with reduced exposure 
times so that size-dependence be minimized. This inherent sensitivity of LII decay time to 
soot size was used to obtain a measurement of soot primary diameter [12,13]. The settings 
used for gathering the LII data presented here follow the recommendations of Ni et al. [11], 
with an effective LII exposure time of 25 ns. It is estimated that the resulting error caused by 
size-dependence should be less than 4% [11]. 
Signal trapping is caused by regions of dense soot, located between the laser plane and the 
CCD camera, and can potentially cause considerable attenuation of the LII signal intensity. 
Estimation of the extent of signal trapping performed by Wainner [10] on laminar flames 
suggest that measured LII signals could be underestimated by as much as 45%. This 
limitation certainly casts doubt on the validity of any quantitative measurements obtained 
with the LII technique (including simultaneous LII / LIS of soot) for turbulent flames. 
However, when used qualitatively, LII images still supply highly valuable information on 
timing and location of soot formation sites. Potentially, this technique can provide high-
resolution data, both temporally and spatially, and has proven invaluable for improving the 
understanding of combustion processes in diesel engines. 
It was observed that the time at which the LII images were recorded was accurate to within 
3%. The error caused by contaminations and particle size dependence for the LII data 
presented here was estimated to be less than 6%. Since this value represents the proportion 
of spurious emissions within the LII images it can be concluded that it represents the overall 
measurement error, and consequently, 94% of the recorded intensities originated from 
incandescence of soot particles. Signal trapping by soot, window fouling and laser energy 
fluctuations can be seen as attenuations, rather than contaminations, of the LII intensity. 
Although their effects must be accounted for if quantitative data is required, they need not be 
accurately assessed for qualitative observations as long as they are not ignored altogether. In 
the present study laser energy fluctuations were found to affect the LII signal intensity by 
less than 3%, window fouling resulted in less than 20% attenuation, and LII signal trapping 
by soot was not quantified but was expected to be moderated by the use of the low-sooting 
fuel. 
 
 
4. Results and discussion 
 
Figures 2 and 3 show LII intensity profiles for in-cylinder pressures of 6, 7, 8 and 9 MPa, 
and a range of injection pressures. Figure 2 also shows the flame luminosity durations for an 
in-cylinder pressure of 6 MPa. In all instances the first appearance of LII signal seems to 
occur slightly earlier for the higher injection pressure cases (140 and 160 MPa). It is 
interesting to consider that higher injection pressures result in increased injection rates, and 
therefore at any given time larger proportions of fuel will be undergoing pyrolysis than for 
lower injection pressures. Consequently, it would seem reasonable to expect soot formation 
to initiate earlier for the higher injection pressure cases. Following the rise in LII intensity 
observed in Figs. 2 and 3, maximums are reached at the end of injections, with values that 
are dependent on fuel pressure. 
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Fig. 2 LII signal intensity profiles for in-cylinder pressures of 6 MPa (left) and 7 MPa (right) at non-
fired TDC and a range of injection pressures (100, 140 and 160 MPa at non-fired TDC). Each data 
point represents the average intensity of at least 27 images. Times are relative to the start of the 
injection pulse. The durations of the flame luminosity, shown for the 6 MPa in-cylinder pressure plot, 
were obtained by CCD camera (1 µs exposure). 
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Fig. 3 As Fig. 2 but for in-cylinder pressures of 8 MPa (left) and 9 MPa (right).  
 
At the highest injection pressure the lowest peaks in LII signal intensity for all in-cylinder 
pressures were observed. This can be explained by the fact that higher injection pressures are 
generally believed to promote the production of smaller fuel droplets [6] which should, in 
turn, result in the formation of smaller soot particles that should be more rapidly oxidised. 
Higher injection pressures also result in longer spray penetration lengths and higher liquid 
core propagation velocities. Consequently, the transfer of momentum from the liquid spray 
to the gas phase should be enhanced, improving the mixing of the two phases. Since a better 
mixing quality corresponds to an increase in the local oxygen content, it is expected that 
oxidation of soot should be improved. The effects of momentum transfer are expected to be 
particularly important in the present study due to the quiescent nature of the in-cylinder 
charge prior to injection (i.e. non-swirl flow). It can also be seen from Fig. 2 that flames 
lasted longer for lower injection pressures. This allowed more time for oxidation at the flame 
sheath. Since lower fuel pressures are known to result in higher particulate emissions [7], it 
can be concluded that the extended flame duration is not sufficient to oxidise the excess soot 
production. 
From the analysis of the LII intensity profiles it appeared that the amount of soot produced 
during combustion was not noticeably affected by a change in in-cylinder pressure. An 
example of ensemble averaged images showing the influence of injection pressure on early 
soot formation is presented in Fig. 4, for an in-cylinder pressure of 7 MPa. Although 
injection pressure has an apparent effect on liquid spray penetration length, the location of 
the first soot particles detected downstream of the tip of the spray remains almost constant. 
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In Fig. 4 the distance from the nozzle to the first soot particles is about 40 mm, and an 
increase in fuel pressure from 100 MPa to 160 MPa induces a shift of less than 3 mm. 
 
 
 

   
100 MPa 140 MPa 160 MPa 

 
Fig. 4 Ensemble averaged images showing the effect of injection pressure on initial soot formation 
sites. Images were recorded between 2.1 and 2.3 ms after start of injection (ASOI), for an ICP of 
7 MPa at non-fired TDC. Contrast was enhanced for clarity, white lines show liquid fuel penetration 
measured by simultaneous LIS, scales indicate distances from the nozzle in millimetres. 
 
 

   
100 MPa 140 MPa 160 MPa 

 
Fig. 5 Ensemble averaged images showing the influence of injection pressure on late soot 
concentration zones. Images were recorded between 3.5 and 3.6 ms ASOI, for an ICP of 7 MPa at 
non-fired TDC. Scales indicate distances from the nozzle in millimetres. 
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Figure 5 illustrates the effect of fuel pressure on late soot concentration. While the lowest 
injection pressures appear to result in similar soot regions being formed, the LII image is 
noticeably different for an injection pressure of 160 MPa. 
The most striking difference is in the location of the soot region being approximately 10 mm 
closer to the nozzle orifice. This could be explained by the enhanced vaporisation observed 
for higher injection pressures [7], resulting in faster pyrolysis of the fuel. It is speculated that 
the formation of soot closer to the nozzle should be beneficial since interactions with the 
cylinder wall would be reduced. It is also apparent from Fig. 5 that the LII signal has a more 
homogeneous and less intense appearance for the highest injection pressure, suggesting that 
the soot mass is more uniformly spread within the flame. 
While Figs. 4 and 5 provide information on the average location of soot and liquid fuel for a 
large number of cycles, individual LII images can give additional evidence on the structure 
of soot regions within the flame. In Fig. 6, instantaneous images obtained for early (2.2 ms 
ASOI) and late (3.9 ms ASOI) soot formation are presented. Simultaneous LIS measurement 
of liquid fuel is shown for the image recorded at 2.2 ms ASOI. As the injection ended at 
3.6 ms, no liquid fuel was observed at 3.9 ms. The occurrence of liquid fuel slugs, previously 
and clustered distribution of dense soot regions are apparent in Fig. 6. It is expected that such 
detachments of groups of droplets should favour soot agglomeration and be strongly 
detrimental to soot oxidation because of the associated local depletion of oxygen. 
For the LII sequences presented thus far (Figs. 2 and 3), the average time interval between 
two consecutive data sets was 0.33 ms (1 CA). It was observed that the original appearance 
of soot is a rapid process and therefore some details may not be apparent at such resolution. 
In order to obtain a finer series of LII images, the laser system software was automated to 
record a complete sequence with a data set interval of 50 µs (0.15 CA). The resulting 
sequence comprises 55 images, each image being itself the ensemble average of a 30-image 
data set. The engine was kept at stable in-cylinder conditions for the whole duration of the 
recording. The results from this high-resolution sequence are presented in Fig. 7, along with 
results obtained from the spray and combustion measurement techniques. 
 
 

 

  
 2.2 ms 3.9 ms 

Fig. 6 Examples of liquid and soot clusters for early and late soot formation. 160 MPa injection 
pressure, 6.0 MPa ICP at TDC, times are relative to start of injection pulse. Contrast of images 
recorded at 2.2 ms showing simultaneous LIS (upper half) and LII (lower half) was enhanced for 
clarity. 

LIS of liquid fuel 

LII of soot 

Upper limit of laser sheet 
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Fig. 7 From top to bottom: in-cylinder pressure traces, spray dispersion full cone angle, fuel liquid 
and vapour penetrations and injection pulse width, LII of soot with flame luminosity duration. 
160 MPa injection pressure, 0.2 mm VCO nozzle. Times are relative to start of injection pulse. 
 
A wide spray cone angle was also found at the very beginning of the injections, 
progressively reducing to a narrower mean spray full cone angle of 10° (Fig. 7). The 
occurrence of wide spray cone angles was linked to oscillations of the sprays when the 
injector’s needle was at a short distance from the nozzle orifice. 
It was observed that the leading edge of the vapour phase penetrated at a similar rate to the 
liquid core until the liquid core had reached its ultimate length. After this time the vapour 
phase penetrated deeper into the chamber due to earlier liquid/air momentum transfer. The 
vapour penetration profiles were seen to depend on both injection pressure and in-cylinder 
density. It is suggested that the mechanism for the vapour transport is the gas motion 
induced by the liquid phase transferring momentum from the droplets to the gas phase. 
Increased penetration of the vapour was observed at higher injection pressures and lower gas 
densities, i.e. when the liquid phase had a higher momentum. 
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Autoignition was found to occur simultaneously at multiple sites within the vapour phase, 
downstream of the liquid core, which merged and spread quickly through the vapour region. 
For all the conditions tested, the ignition sites were observed to propagate strictly 
downstream for the duration of the injection. Only after the injection had stopped, were 
flames observed to propagate towards the nozzle. 
Comparing the LII signal in Fig. 7 with the previous LII profiles (Figs. 2 and 3), one can see 
that a finer temporal resolution produced a clearer representation of the phases of soot 
production. The LII signal intensity profile presented in Fig. 7 shows that three stages of soot 
production took place. The first stage is a rapid rise in LII signal that lasted for 
approximately 0.4 ms, corresponding to elevated soot production rates and low oxidation. 
An increase in flame luminosity was detected shortly after the first appearance of the LII 
signal. The diffusion flame, however, was established between 0.2 to 0.3 ms after the 
autoignition time as observed from autoignition high-speed videos. This leads to 
establishment of the diffusion flame at a time between 2.3 and 2.4 ms in Fig. 7. Then the 
second stage in soot formation can be distinguished. At this stage higher soot oxidation rates 
and significantly more fluctuations in soot production are found. This slower soot production 
phase can be explained by the formation of soot from the ongoing injection, and the 
concurrent oxidation at the diffusion flame sheath. The third and final phase of soot 
formation is linked with the end of injection. It is recognised as a sudden decline in soot 
mass concentrations. While little soot is formed, the oxidation rates at the flame sheath are 
still high, resulting in a rapid fall in soot concentration. The suggestion made by Flynn et al. 
[15] that the end of production of soot precursors coincides with the end of injection is 
corroborated by the results presented here. 
 
 
5. Conclusions 
 
Investigations of spray formation, autoignition and soot production performed on an optical 
diesel engine were presented. Clustered distributions of soot were observed, similar to 
previously reported images although conflicting with the common assumption that soot is 
found evenly across the flame. It has been suggested that slugs of fuel detaching from the 
bulk of the liquid spray favoured soot agglomeration and inhibited soot oxidation due to the 
associated local depletion of oxygen. The highest injection pressure tested (160 MPa) 
exhibited lower soot production and more homogeneous soot mass distribution within the 
flames, for all in-cylinder pressures cases. These effects were related to smaller fuel droplets 
and better mixing quality, leading to smaller soot particles and improved oxidation, 
respectively. Soot particles were detected closer to the liquid spray tip at higher injection 
pressures. This has been related to enhanced vaporisation of the liquid fuel. It is speculated 
that formation of soot closer to the nozzle should be beneficial since interactions with the 
cylinder wall would be reduced. Although the diffusion flames produced with lower 
injection pressure lasted longer, it appeared that the extended oxidation time was not 
sufficient to oxidise the excess production of soot. 
The recording of a LII sequence at high temporal resolution showed that three distinct phases 
in soot formation could be observed. High soot production rates were observed from the 
ignition time until the establishment of diffusion flame. Moderate soot formation rates were 
observed from the start of diffusion flame until the end of injection. High soot oxidation 
rates were seen from the end of injection. 
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