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Abstract

Internal combustion engine development has come to rely heavily on the Phase Doppler technique
to characterise fuel injector performance and in-cylinder air-fuel mixing. However, fuel injectors
produce sprays that are optically dense, highly transient and with fuel break up and primary
atomisation occurring on a similar scale as to the cylinder dimensions. Additional diagnostics have
to be introduced to interpret the PDA data in a robust and unique manner. Two such diagnostics are
demonstrated on a pressure swirl GDI injector operating at 100 bar fuel pressure. Imaging of the
interaction between the spray cone and input laser beams is combined with monitoring of the
scattered light intensity and the directly transmitted light intensity during the passage of the spray
through the PDA measurement volume. The images, light intensity signatures and PDA data are
evaluated for two measurement planes, the first, at 1 mm, below the nozzle orifice where the
conical liquid sheet appears be breaking up and the second, at 5 mm, where interfacial sheet
structures still exist and prompt and primary atomisation dominates. The PDA data are interpreted
in such a way that the spray development conforms with concepts developed from imaging and
numerical simulation of the internal nozzle flows.

1. Introduction
The Phase Doppler technique has proved to be a very successful tool for analysing the
character of transient fuel sprays. Interpretation of the data from the instrumentation, however, can
be ambiguous when relying purely on the outputted droplet data from the processor in the near
nozzle region of the spray. There are times during the passage of the spray when the processor
shows a high signal arrival rate but with very low data validation. This is often interpreted as a
dense droplet field with more than one droplet in the measurement volume at any time. It has been
found that an analysis of the actual intensity of the scattered light when combined with the light
intensity transmitted through the spray can be a significant aid to a better understanding of these
results.
A further aid to the Phase Doppler measurements is simultaneous spray imaging, which
serves two purposes: firstly the spray morphology is clearly defined and secondly the propagation
of the light beams through the spray can be qualified. This allows the drop size and velocity data to
be interpreted in relation to the development of the spray, adding an additional tool to the analysis
procedure. Furthermore, the position of the measurement volume can be difficult to determine,
particularly with hollow cone sprays where an assumption of spray trajectory has to be made, unless
a direct indication of the measurement position can be found relative to the surface of the spray.
This paper presents a study describing how these ancillary techniques are implemented to
aid in the interpretation of Phase Doppler measurements performed on a swirl induced, hollow
cone, gasoline direct injector. It will be shown how the imaging data can aid in both positional
accuracy and understanding of the results relative to the spray morphology, and how an analysis of
the raw photo-multiplier signal helps to distinguish the liquid/gas/droplet phase nature of the spray.
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2. Phase Doppler System and Experimental Configuration
2.1 Injector and spray rig
The pressure swirl GDI injector was supported from a gantry incorporating a rotation stage and
three precision orthogonal linear traverses to orientate and position the spray in three dimensions
relative to the static PDA measurement volume. The measurement co-ordinates in the vertical plane
were Z = 1 and 5 mm below the nozzle tip. Each radial scan started from the geometric vertical axis
through the nozzle tip and traversed out to the periphery of the spray. This horizontal traverse was
computer controlled and programmed with a minimum radial step increment of 0.2 mm in order to
resolve local high velocity gradients across the cone of the spray in each horizontal plane.
The injector was fuelled with 95 RON unleaded gasoline with a fuel line pressure of 100 bar
pressure. The injection pulse duration time was 2 ms comprising of 1 ms soak time and 1 ms fuel
delivery. The injection frequency was 5 Hz.
2.2 PDA and imaging system
The design, construction and application of the two component PDA transmission system to
GDI fuel sprays has been well documented, (Wigley et al 1999). The configuration for the 488 and
514 nm laser beam wavelengths at the final focussing lens was:- beam diameters of 5 mm, equal
beam pair separations of 50 mm, laser powers of 100 and 200 milli-watts per beam, and, with a
focal length lens of 300 mm produced coincident measurement volumes of diameters of 56 and 59
microns with fringe spacings of 2.94 and 3.10 microns respectively for the two wavelengths. This
produced an experimental velocity bandwidth of nominally -40 to 120 m/s.
The standard Dantec 57X10 receiver optical system was positioned at a scattering angle of
70 degrees with an aperture micrometer setting of 0.5 mm. This optical configuration resulted in an
effective measurement volume length of 0.1 mm and a maximum drop size measurement range of
up to 100 microns. The injection spray rig and PDA system are shown in Figure 1.

Fig. 1 Injection spray rig and PDA system
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The Dantec PDA covariance processor was set to acquire either, 30,000 validated data
samples at each measurement position or, an elapsed time of 200 seconds was reached i.e. 1000
injections. The outer radial limit of the spray was defined as the next position after which ‘time out’
occurred. Not only did the last two positions in the scan have less than 30,000 samples but also
those points on the inside edge of the spray cone where input beam obscuration was high.
After the PDA data had been acquired the radial scan was repeated but with the PDA system
configured to collect only the light intensity signatures of the scattered light from the measurement
volume and the transmitted light as the spray passed through the input laser beams. This entailed
recording the DC light levels from one of the PDA receiver photomultipliers for the scattered light
component and the DC light levels as measured by a photomultiplier observing the directly
transmitted light from one the input beams after passing through a red filter and an aperture. This
configuration is shown in Figure 2 with the light intensity signatures being recorded on a digital
storage oscilloscope. This was set up with a time base of 0.2 ms per division, a sensitivity of 0.2
volts per division and a sampling time of 2.5 MHz. Each channel was DC coupled with a 50 Ω
input impedance. The signal trigger level was given a fixed delay of nominally 0.2 ms.

Fig. 2 System configuration for recording light intensity signatures
For the imaging study a Xenon flash unit was the light source. This was coupled to a fibre
optic panel to provide a uniform background light intensity distribution against which the nozzle
and spray was imaged. The timing corresponding to maximum flash intensity was used as the
trigger to activate the camera with its exposure time set to 0.5 μs. The main aim of the imaging
work was to quantify the interaction of the spray cone angle with the input laser beams and PDA
measurement volume.
Single-shot images were digitally recorded with a PCO Sensicam Fast Shutter CCD camera
equipped with a Nikon 55 mm focal length macro lens. The focus for the lens was the vertical plane
through the input laser beams i.e. the injector axis for R = 0 mm. The camera provided an image
size of approximately 50 by 40 mm, represented by 1280 by 1024 pixels. With regard to the PDA
system layout in Figure 1 the CCD camera was placed to the side of the PDA receiver with the fibre
optic panel behind the spray.
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The injector control unit provided electronic triggers, referenced to the opening pulse of the
injector solenoid, which, through a variable delay unit, controlled both the flash and image capture
time. The time delay was fixed at 2 ms, i.e. the same time that the injector was programmed to
close. Five images were stored for each radial traverse position to allow an evaluation of shot to
shot variations and a mean image to be created to highlight how the bulk features of the spray cone
interacted with the input laser beams.

3. Results and Discussion
The general transient morphology of the pressure swirl GDI fuel spray in the near nozzle
region can be described by four main phases:- (1) the pre-swirl axial jet as the control needle lifts,
(2) formation of the hollow cone (3) the steady state cone and (4) the collapse of the cone as the
control needle closes. As will be seen in the following results phases (1) and (4) can be readily
evaluated by the PDA technique. However, it is the formation of the spray cone during which the
axial fuel jet in the nozzle orifice develops into a swirling annular flow with an air core that appears
to presents problems for the PDA technique. This swirling annular structure with a central air core
has been characterised experimentally in GDI injectors equipped with optical nozzles, (Allen and
Hargrave 2002) and analytically by Direct Numerical Simulation (Heather et al 2002). A simplified
schematic of the swirling nozzle flow and near nozzle spray cone is shown in Figure 3 together with
its relationship to the PDA system geometry. Two locations for the transmitter are shown, one
aligned with the spray axis and one in the spray cone. In practice the spray cone boundaries are not
well defined; the inner air-fuel interface of the spray cone in the nozzle has a screw like wavy
structure imposed on it and as soon as the annular sheet of fuel exits the nozzle the high shear forces
on both surfaces ensure rapid sheet break up and prompt atomisation.
In the left hand spray image of Figure 4 the PDA measurement volume is located on the
vertical axis through the nozzle at Z = 1 mm axially below the nozzle outlet. The extra light from
the laser beams highlights the ‘rifled’ annular sheet structure existing from the nozzle exit plane
down to the measurement location. One question often asked is, ‘how close to the nozzle can PDA
measurements be obtained?’, however, with the liquid break up length at 1 mm and substantial
interfacial structures in evidence on the spray cone down to 5 mm, what would one expect the PDA
drop sizing technique to produce here?

Fig. 3 Spray cone geometry and PDA measurement axes
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Fig. 4 Spray images, light intensity signatures for the core, left, and cone of the spray, right.
The format of the experimental data presented in each column in Figure 4 has the spray
image, at the top, with the incident laser beams followed by the light intensity signatures of the
scattered light, upper plot in red, the transmitted light, the lower plot in green, and finally the PDA
data for the axial velocity of each droplet detected and validated together with the mean velocity
profile and the sample number histogram averaged over 40 µs time sectors. The legend shows the
maximum number of samples in any one bin and the actual number of injection events recorded.
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The light intensity signatures are all for a single injection event with the spray start
appearing after the trigger at nominally 200 μs. The photomultiplier, PM, output for the scattered
light is a negative going signal as the light intensity increases. Sharp negative spikes represent the
passage of droplets moving through the measurement volume. The maximum voltage output for the
PM, plus its head amplifier, is just over -1.6 volts. The PM signal for the transmitted light is
positive going for a decrease in light intensity. Light levels on this scale are purely relative.
The light intensity signatures presented in Figure 4 are for the measurements in the axial
plane, Z = 1 mm, and radial locations R = 0.0 and 1.6 mm. For the former position, the scattered
light intensity during the passage of the spray, 300 to 1400 μs, is flat, between -0.1 and -0.2 volts,
while the transmitted light intensity shows an initial sharp decrease in intensity followed by a more
gradual decay to a minimum at 1400 μs. This decay is seen as an artefact of the PM setup rather
than due to gradual changes in spray density. The PM should be DC coupled, but this is dependent
on the current drawn, and, unlike the PM measuring the scattered light intensity, it was operated at
very low EHT voltages yet produced a relatively high output while the spray was not present. The
time between injections was 200 ms and the injector was open for only 1 ms. In summary, while
light is not transmitted directly through the whole spray, light does enter the core and is scattered
from the PDA measurement volume at a steady level. The image certainly confirms that light
penetrates into the spray cone but there is little light to be seen on the left hand side of the cone.
Although light enters the spray cone the PDA data shows that between the spray tip and tail
there are no data at all. The time base for the PDA data has 1 ms corresponding to time of needle
lift. The pre-swirl part of the spray is seen occurring at 1.25 ms with a mean velocity of 52 m/s,
while the spray cone collapses at 2.48 ms where a mean velocity of -12 m/s is recorded. This
negative velocity is perfectly within reason and can be attributed to the upward moving central air
core that exists on the nozzle axis while the spray cone is present. The dropsizes associated with this
phase of the spray must be small and D10 , arithmetic mean, values of less than 5 µm are recorded.
The void in the PDA data continues across this liquid break up zone until the measurement
volume is on the outer surface of the spray cone. If the intention had been to measure the velocity of
the liquid sheet then the optical system would have been configured as an LDA system (Goodwin
and Wigley 2003).
The experimental data for the radial location R = 1.6 mm demonstrates that prompt
atomisation on this interface is considerable. The spray image shows that the scattered light from
the laser beams has saturated the CCD camera. The transmitted light levels are again reduced to
very low levels during the passage of the spray cone while the scattered light signature shows a very
high density of negative spikes but starting from a high DC level that is not less than -0.4 volts. The
spikes have maximum values of just over -1.6 volts indicating that clipping of the signals was
occurring. Basically the Doppler signals are coming in on top of a high DC level due to optical
noise generated, more than likely, by multiple scattering from droplets or remnants of the liquid
sheet in and around the PDA measurement volume. The major problem in making measurements in
the spray cone is due to the long relative path length of the beams in the spray particularly for the
beams in the horizontal plane. This can be seen in Figure 3 with the transmitter showing the PDA
measurement volume inside the spray cone.
The PDA data shows a very wide distribution of droplet velocities for the spray cone
ranging from 20 up to 90 m/s. The upper limit represent the velocity of the liquid phase at the
nozzle while the lower is indicative of the local air flow velocity. As the prompt atomisation is due
to the strong shear gradient acting directly on the spray cone the dropsizes are relatively small with
most of them less than 10 µm diameter. With a high liquid fraction in the spray causing high laser
beam obscuration the probability of there being four intersecting laser beams at the PDA
measurement is small. Furthermore, when this is coupled with the small dropsizes present then
droplet detection, measurement and validation by the processor can be expected to be low. For the
data presented here the data validation rate was only 5% and explains the relatively low sample
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counts recorded between 1.5 and 2.25 ms. High levels of optical noise on the signal input to the
processor manifests itself as ‘droplets’ appearing with very low negative velocities in both the axial
and radial components, the PDA data presented here are free from optical noise.
The thickness of the spray cone at Z = 1 mm is less than 1 mm and the PDA data presented
above represent two extreme locations across the spray cone. An analysis of the experimental data
obtained in the plane Z = 5 mm is more instructive in evaluating the performance of the PDA
measurement technique for these optically dense sprays. The experimental data are presented in
Figures 5, 6 and 7 for radial locations of 0 and 2, 3 and 4 and 5 and 5.6 mm respectively.
The spray image for the axial location R = 0 mm shows that the laser beams penetrate the
spray cone and that there is some light scatter within the core, however, no evidence of the light
beams penetrating the cone on the far side is seen. Both the transmitted and scattered light
signatures indicate minimal light detected for the duration of the spray cone. The PDA data show
the pre-swirl arriving at a time of 1.28 ms and the cone collapsing at 2.5 ms. As with the cone
collapse, at Z = 1 mm, the mean axial velocity recorded is -12 m/s. Between 1.28 and 2.5 ms there
are data beginning to appear. Although, admittedly the number count is low the total experimental
time was shortened due to an error in the processor with regard to the elapsed time counter when
validated data rates are low. The data that are there indicate droplet velocities of between -24 and -8
m/s and dropsizes less than 10 µm, i.e. realistic under the conditions existing on the injector axis in
this near nozzle region.
A similar behaviour can be observed in the data at R = 2 mm. There is higher light scatter as
the beams enter the spray cone, but, with more light penetrating through to the far side of the spray
cone the scattered light intensity is higher during the spray cone duration and PDA data are to be
found representing the early stages of the spray cone development between the times of 1.28 and
1.60 ms. Both scattered light signatures show large spikes occurring after 1.4 ms as the cone
collapses. These spikes do not arrive simultaneously, they relate to droplets or liquid passing
through, high scatter, or immediately before and after the measurement volume, low transmission.
The trends in the experimental data observed above progress as the PDA measurement
volume is traversed into the inner surface of the spray cone, i.e. R = 3 and 4 mm in Figure 6. Light
scatter increases in the spray images as the input laser beams penetrate the near side spray cone but
the measurement volume and exit beams can still be seen. Accordingly, the scattered light intensity
increases and more and more drops are registered in the time between 1.36 and 2.50 ms as the
velocity on the inner surface of the spray cone rises. At R = 4mm the highest mean axial velocities
of 88 m/s are recorded with the maximum droplet velocity just over 100 m/s. The corresponding
mean radial velocity is nominally 40 m/s and the mean arithmetic dropsize diameter is 10µm, as
such, these data represent only the nature of the droplets found in the centre of the spray cone at Z =
5 mm. The PDA technique cannot identify the true nature of the two phase flow existing here.
For the radial locations of R = 5.0 and 5.6 mm, Figure 7, there is to be seen in the spray
images the final transition from the input laser beams being obscured before the PDA measurement
volume to near maximum light being scattered from it. Up to now, the transmitted light signature
has shown virtually zero light being directly transmitted through the spray but at R = 5.6 mm this
signature has spikes occurring between 200 and 1200 µs indicating that light is momentarily
passing through the spray. The scattered light signature demonstrates a very high activity but the
spikes are accompanied by high background DC levels of -0.2 volts. With light being transmitted
through the spray the probability that all four beams interact properly in the measurement volume
increases dramatically as shown by the relative increase in data samples between 1.7 and 2.3 ms.
The oscillations seen in the sample number and axial velocity between 1.5 and 1.7 ms have been
identified as due to a coherent wave structure existing during the formation of the spray cone. It has
been argued that these waves are a direct result of the liquid sheet produced in the nozzle and the
instabilities that are generated in it as it propagates downstream against the counter flowing
turbulent air core ( Stansfield et al 2005).
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Fig. 5 Spray images, light intensity signatures for the core of the spray
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Fig. 6 Spray images, light intensity signatures for the inside surface of the spray cone
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Fig. 7 Spray images, light intensity signatures for the outer surface of the spray cone
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To conclude this discussion of the experimental data and their interpretation the axial
velocity and dropsize profiles across the spray cone are plotted in Figure 8. No attempt was made to
resolve the profile with a high spatial resolution as the priority was on the PDA system
performance. The PDA data presented so far was time averaged over 40 µs time bins to reveal the
highly transient phases of the pre-swirl, cone formation and the cone collapse, however, for the
purpose of highlighting the conditions across the quasi steady state spray cone a time bin sector size
of 100 μs is adequate. The spray cone has formed by 1.6 ms with a peak mean axial velocity of 80
m/s and zero velocity close to the injector axis. The maximum velocity, 88 m/s, is reached and held
from 1.8 to 2.4 ms although the widest velocity profile exists between 2.0 and 2.2 ms. As the needle
closes the spray cone collapses rapidly in this near nozzle region and at 2.5 ms the velocity decays
and negative flows on the injector axis are revealed again.

Figure 8 Axial velocity and dropsize profiles across the spray cone in the plane at Z = 5 mm
The dropsizes in the spray core are small, say 5 μm, but physics dictates that these small size
classes are the only ones that can be entrained into the turbulent air core moving up towards the
nozzle orifice. Furthermore, larger size classes would have been more easily detected if they had
existed. The dropsizes across the central spray cone are steady at 10 μm then decrease to less than 8
μm at the transition where the steep shear gradient changes to a shallower slope. The dropsizes then
increase out into the spray periphery where a distinct time dependence is observed.
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Conclusions
PDA measurements in the near nozzle regions of transient high pressure swirl GDI fuel
sprays can be attempted successfully. However, a unique and robust interpretation of the data
requires other diagnostics to be applied simultaneously. It also aids dramatically if a concept for the
physical description of the spray formation has been developed. Imaging of the spray with the input
laser beams identifies bulk spray morphology and the propagation of the input laser beams and the
spray density and location of the PDA measurement volume. Monitoring of the scattered light
intensity from the PDA measurement volume and the light levels transmitted directly through the
spray is essential to understanding the nature of the scattered light and the integrity of the
measurement volume. These additional diagnostics are not seen as optional extras but mandatory
accessories when applying the PDA technique in dense sprays and particularly just downstream
from the nozzle in the break up region. They reveal that the major problem to obtaining successful
PDA data in the near nozzle region of the hollow cone pressure swirl GDI spray is the obscuration
of the input beams when the measurement volume is aligned with the inside surface of the spray
cone. Not only is the laser beam obscuration high but the droplet number and size are expected to
low in this region. When the measurement volume is positioned on the spray cone centre line
multiple scatter from droplets and remnants of the liquid sheet in, or near, the measurement volume
results in a significantly reduced signal validation rate the effects of which can be reduced by
increased data acquisition times.
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