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Abstract

Laser sheet drop-sizing (LSD) measurements of a Diesel spray and simultaneous laser induced
incandescence/Mie scattering measurements of soot have been performed in an optically
accessible, common rail, 1.9 litre, turbo-charged, direct injection Diesel engine. The diesel fuel
injectors employed in this study were prototype five hole injectors, supplied by R. Bosch. An
oxygenated surrogate Diesel fuel with an estimated cetane number of 54 was employed in order
to reduce the amount of soot formed during combustion.

The prototype five-hole injector employed produced spray jets that were distinguishable in terms
of the liquid volume fraction, drop-size distribution and spray penetration distance produced.
The soot volume fraction formed during combustion was found to be correlated with drop-size
distribution, and local soot particle size distribution was observed to be inversely correlated with
local soot volume fraction
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1. Introduction

Diesel soot formed during steady-state and transient engine operation remains an unresolved
engineering problem. Multiple diesel injections, turbo-charging, exhaust gas recirculation, and
diesel particulate filtration have been employed separately, and in combination, in order to
reduce and manage exhaust-out particulate emissions [1].

A number of experimental diagnostics have been developed in order to investigate diesel fuel-air
mixing, combustion, and emissions formation. Phase Doppler Anemometry (PDA), laser
induced fluorescence (LIF), and laser sheet dropsizing (LSD) have been developed and
employed to determine drop size distributions, liquid volume fraction and spray droplet velocity
in diesel sprays [2]. LIF has been employed to characterise diesel combustion [2, 3]. Laser and
light extinction, and variations of laser induced incandescence (LII) have been employed to
characterise global and local soot properties during and after diesel combustion [2].

This paper reports an experimental study of the relationship between in-cylinder diesel soot
formation and the some of the properties of the diesel spray. The relationship was examined
through the use of laser sheet dropsizing in the diesel spray, followed by simultaneous LII/Mie
scattering obtained from soot formed during diesel combustion.
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2. Experimental
2.1 The Engine

A turbo-charged 1.9 litre common rail direct injection diesel engine, modified in order to provide
optical access into the cylindrical piston bowl, was employed in the study. The piston bowl
geometry employed to facilitate optical access, resulted in an engine compression ratio of
approximately 14.5. The engine was run at part load at 1200 rpm. The 800 bar common rail fuel
injection system supplied an oxygenated surrogate fuel to the engine through prototype five-hole
injectors in order to reduce the amount of soot formed during combustion.

2.2 The Surrogate Diesel
2.2.1 Laser Sheet Dropsizing in the Diesel Spray

A 70/30 mixture by volume of tetra-ethoxy-propane and tetraethylene glycol dimethyl ether was
employed as a surrogate diesel fuel during the optical investigation of the diesel spray. This
mixture had an estimated cetane number of 56. This surrogate fuel was selected for use in this
experiment due to the relatively small amount of soot formed during combustion, facilitating the
use of optical diagnostics for spray characterisation in the piston bowl for an extended period
between cleaning cycles.

2.2.2 Laser Induced Incandescence (LII)/Mie Scattering from Diesel Soot

The second part of the experiment involved the use of simultaneous LII/Mie scattering from soot
formed during combustion in the piston bowl. A small quantity of hepta-methyl nonane was
added to tetra-ethoxy propane surrogate diesel in order to accurately control the amount of soot
formed during combustion. This follows the use of tetra-ethoxy propane as a surrogate diesel
fuel by Dec [5].

2.3 The Fuel Injection System

The fuel injection system was comprised of a Bosch high pressure pump and common rail,
arranged to operate with a common rail pressure of 800 bar. The pump was modified, involving
the replacement of conventional seals with viton seals. This was done in order to prevent pump
failure, caused by absorption of oxygenated fuel into fuel seals.

The common rail supplied the surrogate diesel to prototype five-hole injector. The injector
nozzles were located in the centre of the diesel piston bowls, approximately 0 mm to 5 mm
below the top of the piston. The nozzles were angled downward, producing five spray jets, all
with an angle of 15 deg below the horizontal.

2.4 Laser Sheet Dropsizing Measurements

Azulene (boiling pt. 242 °C) was selected to be the fluorescent seed (solution strength 0.2g/1).
An Nd:YAG laser producing 355 nm radiation was formed into a horizontal 2-d sheet of width
30mm, and thickness 0.2mm. The laser sheet was directed through fused silica side windows,
into the spray zone in the transparent piston bowl. The horizontal laser sheet entering the piston
bowl was located approximately 5 mm below the injector nozzle tip. The energy of the laser
pulses exiting the engine were measured during fuel injection, in order to determine the amount
of laser energy absorbed during the fuel injection.



Right angle Mie scattering at 355nm, and the fluorescence obtained from the fluorescent seed in
the diesel spray, passed through the base of the transparent piston bowl, onto a 45° angled mirror
in an extended crankcase. The mirror reflected the light through a two-channel imaging system
(LIF/Mie scattering) onto an ICCD camera, using a Nikon 50mm f1.2 lens, magnified with a
Nikon 1.4x converter. The two channel optical imaging system for 355 nm laser sheet
dropsizing is shown in Figure 1.
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Figure 1: Layout of Two-Channel Imaging System Employed for Laser Sheet Drop-Sizing

The timing of the laser and ICCD camera were externally controlled using a multi-channel
electronic timing system connected to the engine. The fuel injection was timed to begin at 5°
before top dead centre (BTDC), and to last for a duration of 1.4 ms, to finish at 5° after top dead
centre (ATDC). The simultaneous LIF/elastic scattering measurements were obtained from the
diesel spray at top dead centre (TDC). 200 single shot images were obtained, together with a
background, and a set of 10 laser profile images. The laser sheet dropsizing experiment
described here has been presented and published elsewhere [2, 4].

2.5 Simultaneous LI1/Mie Scattering Measurements

An Nd:YAG laser producing 532 nm radiation was formed into a 2-d sheet of width 30 mm, and
thickness 0.2 mm. The 2-d laser sheet was directed through a fused silica window providing
optical access to the transparent piston bowl, as described above. The energy of the laser pulses
exiting the engine were measured during fuel injection, in order to determine the amount of laser
energy absorbed during the fuel injection. The LIl emission and elastic Mie scattering emitted
from the soot in the piston bowl perpendicular to the laser sheet and towards the base of the
piston bowl was imaged simultaneously onto an ICCD camera, using a two-channel optical
imaging system similar to that shown in Figure 1.



The LII signal was filtered using a broadband band-pass optical filter, in order to eliminate
contamination of the LII signal by optical emission from the burning gases and soot formed in
the piston bowl. The fuel injection was timed to begin at 5° BTDC, and to last for a duration of
1.4 ms, to finish at 5° ATDC. Simultaneous LII/Mie scattering measurements were obtained
from combustion soot at crankshaft angles 12° ATDC to 19° ATDC.

3. Processing of Image Data

The two-channel imaging system (Figure 1) employed in the laser sheet dropsizing
measurements and the simultaneous LII/Mie scattering measurements from in-cylinder soot
produced elastic scattering images and inelastic scattering images that were optically
mismatched relative to each other. This was a consequence of directing the two signals along
different optical paths towards the camera. The different optical paths produced various optical
distortions that required correction.

Processed single shot images were obtained by (1) subtracting mean backgrounds, followed by
(2) dividing by a laser calibration image. Mean processed images were then obtained from the
processed single shot images. In order to provide pixel-to-pixel matching of the elastic versus
inelastic scattering mean images, one mean image was chosen to be the master image, while the
other mean image was chosen to be the slave image. Both mean images were converted to
binary images using a 5 % intensity threshold. The slave mean image was then modified and
compared with the master mean image using an eight degree of freedom optimization. The eight
degrees of freedom matched up (1) the co-ordinates of the origin (2), (2) the horizontal and
vertical axis scales (2), (3) the horizontal and vertical axis relative angles (2), and (4) the
horizontal and vertical axis image distortion through image shear (2).

The eight factors derived from the eight degree of freedom optimization were then employed to
obtain a set of optically matched single shot images from the set of processed slave images.

4. Results

Figure 2 below shows false colour images of (a) mean relative liquid volume fraction (LIF) and
(b) mean elastic Mie scattering, obtained from the diesel spray at TDC.

Figure 3 below shows the relative drop size distribution (Sauter mean diameter ds,), derived
from the laser sheet dropsizing measurements obtained from the diesel spray at TDC, from two
sets of 100 processed images.

Figure 4 below shows (a) false colour images of instantaneous relative soot volume fraction (LII)
and (b) elastic Mie scattering obtained from in-cylinder diesel soot at 12° ATDC.

Figure 5 below shows (a) instantaneous soot particle number density, and (b) soot particle size
distribution (dg3) determined at 12° ATDC.

Figure 6 below shows the mean relative soot volume fraction formed in the plane of the laser at
12° ATDC, obtained from 200 processed single shot images.
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Figure 2: (a) Mean relative liquid volume fraction in diesel spray (LIF), and (b) Mean
elastic Mie scattering image, obtained at TDC.

Figure 3: Relative drop size distribution (Sauter mean diameter ds;) obtained in the diesel
spray at TDC from two separate sets of 100 single shot images.



Figure 4: (a) Instantaneous relative soot volume fraction (LI1) and (b) elastic Mie
scattering, obtained from in-cylinder diesel soot at 12° ATDC.

Figure 5: (a) Instantaneous soot particle number density and (b) Soot particle size
distribution (dg3), obtained at 12° ATDC.



Figure 6: Mean relative soot volume fraction formed in the piston bowl at 12° ATDC

5. Discussion

Figure 2 (a) reveals that the individual fuel jets emitted from the injector exhibit different
behavior. Defining the azimuthal angle anti-clockwise relative to the horizontal axis, the jets
located at /6 and 11m/6 evaporate before reaching the wall of the piston bowl. The jets located
at 3n/5, m, and 7n/5 appear to exhibit deeper penetration.

Figure 3 (a) and (b) show that the fuel jets exhibit different drop-size distributions. The fuel jets
located at /6, 3n/5 and 117/6 have similar drop-Size distributions, except for the region near the
tip of the 37/5 spray jet. The fuel jets located at @ and 7n/5 contain smaller droplets relative to
the other three fuel jets.

Considering Figure 4 (a) together with Figures 5 (a) and (b), it can be observed that in regions
with large local soot volume fraction, the soot present appears to be comprised of a large
quantity of small soot particles, while regions with low soot volume fraction, the soot appears to
be comprised of a small number of large soot particles, or of course, no soot particles at all.

Figure 6 shows the mean soot volume fraction in the plane of the laser sheet, obtained at 12°
ATDC. The regions where soot appears seem to be unconnected with the position of the spray
jets, observable in Figures 2 (a) and (b). It should be remembered however, that the air flow in
the piston bowl is subject to swirl. Soot formed during combustion at approximately TDC to 5°
ATDC is transported in a clockwise direction by the swirling flow at an approximate rate of 4°
per crankshaft degree (~ 30° /ms). When time is reversed by 1.7 ms (12° CA), the location of the
soot regions observable in Figure 6 coincide with the location of the fuel jets observable in
Figures 2 (a) and (b).

Considering Figures 3 (a) and (b) together with Figure 6 suggests that the mean amount of soot
formed in the diesel piston bowl correlates with the drop-size distribution. In other word, the
processed image data seems to suggest that comparatively smaller droplets in the spray jets leads
to improved fuel evaporation and mixing prior to combustion, resulting in reduced soot
formation.



6. Conclusions

1. The prototype injector produced fuel jets with varying internal liquid volume fraction, drop
size distribution, and fuel jet penetration into the surrounding air flow.

2. Local soot particle size distribution correlates inversely with local soot volume fraction. This
suggests that in regions with relatively large local soot volume fraction, the soot present is
comprised of a large number of small soot particles. Conversely, in regions where the local soot
volume fraction is small, but non-zero, the soot present appears to be comprised of a small
number of large soot particles.

3. Local soot volume fraction formed during combustion correlates with mean droplet size in the
spray. This suggests that spray jets containing relatively smaller droplets evaporate and mix
more effectively than spray jets containing larger droplets, hence producing less combustion
soot.
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