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Abstract : The research described here addresses the problem of a paucity of high quality data on the
full field structure of high pressure liquid fuel sprays for gasoline direct injection, GDI, engines.  The
paper describes the application of phase Doppler anemometry, PDA, and single-shot laser sheet Mie
imaging to the study of GDI sprays and discusses the methodologies adopted for the experimental
systems and the optimisation of the techniques.  Experimental data is presented which defines the spray
structure in terms of PDA vector and scalar fields and single-shot CCD digital images.  The work
demonstrates the essential complementary nature of the single point and planar optical diagnostics for
spray studies.
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1. Introduction
Gasoline Direct Injection (GDI) technology has been demonstrated to offer lean burn fuel economy benefits of
between 20 to 40% and reduced emissions (Iwamoto et al., 1997; Tomoda et al., 1997; Harada et al., 1997).  The
problem facing the automotive engineer is the lack of detailed fundamental and development data on GDI fuel
sprays and their interaction with the in-cylinder flow dynamics.  In order to ensure that GDI technology is applied
to its best advantage an understanding of gasoline fuel atomisation and detailed, precise data of the spray dynamics
are essential.  Two different injector technologies are evolving for GDI applications, high-pressure single-fluid
systems and low-pressure dual-fluid systems.  The former relies on gasoline injection pressures of between 50 and
120 Bar to achieve atomisation while, for the latter case, gasoline at a more normal fuel line pressure of up to 7
Bar, is atomised with the assistance of an air blast at pressures up to 10 Bar.  The fuel injection period is short with
full load fuel delivery of order milliseconds.

For the fundamental scientific understanding of the processes involved in fuel atomisation data are required
under all environmental conditions while, from the engineering point of view, the injection systems have to be
studied under typical engine operating conditions.  The primary data required must be able to characterise the full
field spatial and temporal distribution of the fuel state, i.e. liquid, droplets and vapour as well as the air state.

Optical diagnostics and image processing provide a whole suite of tools which are playing a leading role in
providing this understanding fuel atomisation, (Berckmueller et al., 1996; Comer et al., 1998; Evers, 1994;
Fujikawa et al., 1998; Ikeda, 1997; Le Coz, 1998; Parrish and Farell, 1997).  In the short term, it will be used to
guide engine design and development work and, in the near future, will feedback into improving both injector and
combustion system designs.  The optical techniques to be applied in this work on GDI fuel spray characterisation
and analysis are:- the single point techniques of laser Doppler anemometry (LDA) and phase Doppler anemometry
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(PDA) together with the single shot planar Mie imaging technique which provides a view of the structure and
temporal development of the spray.  However, to be able to acquire a consistent and high quality database that
advances scientific understanding and yet provides engineering data within the time scales of an engine
development programme these diagnostics and data processing methods have to be specifically configured to
match this application of liquid fuel spray atomisation. 

This paper discusses the methodologies adopted for the experimental hardware, the optimisation of the
optical techniques and presents full field data relating to the atomization and spray development for one GDI fuel
injector, a single-fluid pressure-swirl atomizer operating under full load fuel delivery conditions.

2. Optical Diagnostics

2.1 Laser and Phase Doppler Anemometry (LDA and PDA)
The PDA diagnostic is the general form of Laser Doppler Anemometry (LDA) and yields simultaneous
information about not only the droplet velocity vector but also its size as it passes through a highly localised
measurement volume.  As such PDA belongs to the single point, single particle counting class of techniques and in
realising this it helps to establish criteria for the correct specification and operation of the PDA instrumentation
relative to the droplet velocity, size and concentration.  The above description on gasoline direct injection indicates
that these fuel sprays are likely to be highly transient, dense and with the high injection pressures providing a high
degree of penetration and atomisation.  The measurement problem is therefore one of the detection of small, high
speed droplets inside a dense cloud of surrounding droplets. Furthermore, under engine conditions, with high in-
cylinder temperatures, the temperature, density and therefore refractive index of the droplet will be unknown.

These requirements are satisfied by specifying an LDA/PDA transmitter system with a high laser power and
a small measurement volume, in conjunction with a large aperture, high gain receiver system placed at a large
scattering angle to the transmitter to minimise the measurement volume length and sensitivity to refractive index
changes.  A new generation LDA/PDA transmitter system has been designed to meet the criteria of high power and
high spatial resolution.  It is based on an advanced Bragg cell design offering much improved laser power handling
capabilities and symmetrical beam splitting of the shifted and unshifted beams at high Bragg angles.  The Bragg
cell is integrated with a laser beam expander to produce a simple, elegant high power LDA/PDA transmitter that
offers a variable beam separation with a high beam expansion ratio (Wigley et al., 1998).  In two component form
two transmitters, one for each wavelength, are paralleled as shown in Fig. 1.

The separation of the two pairs of beams at the focusing lens (9) is adjusted by a translation of the Bragg
cells (6) along the optical axis, followed by a small refocus of lenses (4) and (7) to achieve re-collimation of the
beams.  Since independent transmitters are used for the two velocity components the beam separation and hence
velocity range or resolution can be optimised for any given application.  For the measurements of the axial and
radial velocity components, laser wavelengths 514 and 488 nm respectively, the beam separations were set to 45
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Fig. 1.  Schematic of PDA Optical geometry.



and 50 mm respectively.  With the transmitter focusing lens (9) of 300 mm focal length these separations produced
fringe spacings of 3.44 and 2.94 microns in the two component measurement volume with cross-sectional
diameters of 48 and 41 microns respectively.  So, although the spatial resolution for the axial velocity component
(514 nm) was compromised by having to choose a larger fringe spacing to meet the higher axial velocities, the
smaller measurement volume for the radial velocity component (488) restores the spatial resolution since only
droplets passing through both measurement volumes will be recorded.  The power in each beam forming the axial
and radial measurement volumes was 200 and 120 mW respectively.  The Dantec 57×10 ‘classic’ PDA receiver
with its large scattered light collection aperture was positioned at a scattering angle Φ of 70 degrees for the best
spatial resolution at the measurement volume and insensitivity of the dropsize/phase relationship to refractive index
changes.  The Dantec enhanced 58N50 PDA signal processor was used which, with full bandwidth, allowed axial
and radial velocity measurement ranges of -35 to 120 m/s and -30 to 105 m/s respectively and a dropsize range of
up to 65 microns.

2.2 Laser Sheet Mie Imaging Technique
This imaging technique was used to provide a planar view of the structure and temporal development of the spray,
yielding cone angle and spray penetration data, and to aid understanding of the detailed PDA data.  The basic
imaging arrangement is shown schematically in Fig. 2.  Two methods of imaging were found necessary to
faithfully represent the true nature of the spray.  Firstly, the vertical light sheet was aligned with the vertical
symmetry axis of the spray and secondly, aligned to illuminate a diffuse scattering plate placed behind the injector
to back-light the spray.  It was found that the former alone could lead to false conclusions about the atomization of
the fuel (Wigley et al., 1998).

The aim of the single-shot imaging was to record high resolution, instantaneous, cycle resolved images of
the spray structure.  The light source for the single-shot imaging was a Continuum SureliteII Nd:YAG laser,
frequency doubled to 532 nm and providing a pulse duration of 10 ns.  The laser was operated at approximately 35
mJ per pulse and with a light sheet height of 150 mm.  A trigger from the injector control unit provided a trigger
referenced to the opening pulse of the fuel supply solenoid.  This trigger was passed to a delay unit which
controlled both the laser firing and the image capture.  The maximum pulse repetition rate for this laser is 10 Hz
and was synchronised with the injection frequency, so only one image could be recorded per injection.  The single-
shot images were recorded in two ways, digitally and on film.  The film images were recorded using a medium
format camera and 200 ASA colour film.  The digital imaging used a Kodak Megaplus 4.2 CCD camera which
provided 2000 by 2000 pixel images at a resolution of 8 bits.  The CCD camera was connected to a Matrox
IM1280 frame grabber and image processor installed in an IBM 486 computer.
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Fig. 2.  A schematic of the imaging system.



3. Fuel Spray Rig 
In this atmospheric rig, the GDI injectors were mounted to spray vertically down through a circular opening into a
large steel plenum.  The plenum was connected to an exhaust blower to establish a low velocity co-flow of air
below the injector to draw all the spray into the plenum.  The experiments used unleaded gasoline as there is
sufficient evidence to suggest that there are no inert test fluids that can simulate accurately the atomisation
characteristics of gasoline (Pitcher and Winklhofer, 1998).  The high fuel pressure required by the GDI injector
was supplied by a pneumatic/hydraulic ram system.  The injector was operated at 50 Bar fuel pressure with fuel
solenoid opening times of 0.4, 0.84 and 4.23 ms corresponding to fuel delivery rates of 6.5, 11.0 and 53.0 mg per
injection.  Data were also obtained for fuel pressures of 40 and 60 Bar for the high fuel load case.

The GDI injector was driven by a control unit that provided the electronic timing gate for the injector
solenoid and produced external trigger pulses for synchronising the data acquisition system for the optical
diagnostics and logging of the injector operating conditions.  Its cycle time, or injection frequency, was derived
from a function generator and set at 10 Hz to synchronise with the pulse rate of the laser used for the imaging and
to remove all droplets from a spray before another commenced.  The GDI injector was supported from a gantry
incorporating three precision traverses, two horizontal and one vertical to position the spray with respect to the
static LDA/PDA measurement volume and laser light sheet.

4. PDA Measurements
The axial measurement locations chosen were from Z = 5 to 50 mm in 5 mm increments.  Radial scans were made
from the nozzle axis in steps equal to 10% of the axial Z value down to Z = 25 mm then generally kept at 2.5 mm
from Z = 25 to 50 mm. 

Data acquisition and processing followed the same practice as adopted in LDA for ‘rotating machinery.’  A
fixed, large number of validated velocity/size samples were collected at each measurement point and then averaged
over small time windows to produce time varying mean quantities for the droplet velocity components and size.
The data acquisition time, i.e. number of injections, required for each measurement point therefore varied
according to the local droplet arrival rate.  This is a function of the fuel delivery and atomization process and varies
throughout both space and time.  In general, when the droplet density and validated data rate are high the
acquisition time should still be longer than the longest flow time-scales and, when the droplet density and validated
date rate are sparse, the acquisition time should be long enough to ensure that the droplet field has been sampled
with a sufficiently high statistical significance.  It must also be noted that a high droplet arrival rate does not
necessarily lead to a short data acquisition time since the validation can be very much reduced due to a high
probability for obscuration of the incident and scattered light.

Data were collected over many injections until 20,000 validated data samples had been acquired for each
measurement position.  The radial extent of the measurement scan, into the sparse droplet density region of the
spray periphery, was limited to the point where the data arrival rate dropped below 20 drops acquired per injection,
i.e. a maximum of acquisition time of 1,000 injections was set.  Each sample consisted of the droplet’s axial and
radial velocity components, the diameter and the arrival time relative to a trigger derived from the electronic signal
to open the injector solenoid.  The data were time averaged over sequential time bins of 40 microsecond to provide
time resolved mean profiles of velocity and size for each position.  The diameter calculated was the arithmetic
mean value.  Mean data were not calculated for those time bins containing fewer than 10 droplet samples. When
the measurement grid and time averaging data processing had been completed the whole data array was
programmed to provide a vector and scalar field plot showing the spatial development of the droplet field as a
function of time.  Although the number of injections at each measurement point and the sample number in each
time bin are known no attempt has been made here to ‘weight’ the velocity vector or dropsize with a grey scale or
colour representation of the droplet number per injection.  Droplet density distributions can be inferred for each
PDA data plot from the corresponding CCD image.

5. Results and Discussion
The data presented are used to identify the phenomena occurring in a transient high pressure, single fluid, swirl
injected gasoline spray and will use both single-hot Mie imaging and phase Doppler anemometry to highlight the
nature in which these techniques complement each other for characterising the spatial and temporal behaviour of
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sprays.
Six frames of PDA vector and scalar field plots, showing the mean droplet velocity and size, as a function

of time are presented in Figs. 3(a) and 3(b) together with the corresponding single shot planar Mie image.  A scale
vector length of 40 m/s and scale droplet diameter of 20 microns is included.  Each vector is centred on the
measurement position and the arrow head size also scales with the velocity.  These field plots are compared
directly with the planar single shot images recorded at the same instant.  The time indicated is the time relative to
the trigger coincident with the fuel solenoid opening signal.  Both measurement techniques show that the fuel
emerges from the nozzle at a time of 0.42 ms after the trigger, i.e. the time required for the injector needle to open
and the fuel in the nozzle to start to move under the fuel line pressure.

The time of 0.72 ms shows that a spray cone has just started to form at Z = 5 mm from the nozzle as the
swirl momentum builds up and that during these initial 0.3 ms of injection the fuel leaves the injector as a ‘solid’
axial jet which has penetrated down to Z = 25 mm, i.e. an average spray tip velocity of 83 m/s.  The fuel in the
axial jet is generally poorly atomized and large fluid filaments are transported downstream before breaking up to
form a much larger size class of droplets than produced by the ‘prompt’ atomization of the fuel (Wigley et al. ,1998).
These large drops in the axial jet penetrate rapidly downstream, reaching Z = 50 mm after a further 0.4 ms, and
move radially outwards, as readily seen, in the second frame, at the time of 1.22 ms. Experiments conducted with a
very low injection time and fuel loading, 0.4 ms and 6.5 mg per injection respectively, show that only the axial jet
is formed and is virtually identical to this spray at 1.22 ms from Z = 35 mm and below. 
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Fig. 3(a).  PDA vector and scalar fields and single-shot images at 50 Bar fuel pressure and 53 mg/injection.



The spray cone has also seen significant penetration, from Z = 5 to 30 mm, and has two main features of
interest that dominate the spray structure and development.  Just as the axial jet was poorly atomized so is the spray
cone during its early development as seen by the large drop sizes being generated, by fuel filament break-up, in the
periphery of the spray at Z = 25 and 30 mm.  The second main feature concerns the generation of a vortex on the
spray periphery at Z = 15 mm which, as both the PDA and single shot imaging show, is associated only with the
smallest of dropsizes and serves to limit the radial spread of the spray cone forcing it to take on the characteristic
tulip shape.  There is no unique spray cone angle, it can only be specified as a function of distance downstream
from the nozzle. 

The distribution of the fuel mass within the droplets contained in the spray is very difficult to derive
accurately from the PDA data.  It is best shown in the single shot images since the recorded scattered light
intensities are proportional to the droplet diameter and number density present, e.g., at 1.22 ms there are high mass
flows in the spray cone down to Z = 10 mm and in the droplets of the spray cone and axial jet below Z = 30 mm.
The images also show that the number count of large droplets is far lower than for the small, barely resolved, drop
size classes. 

As the spray develops it covers a much greater area and so the number density of large droplets decreases
dramatically.  This is a difficult measurement situation for single point particle counting techniques, such as PDA,
since the probability of detecting them and producing statistically significant mean data obviously improves as the
measurement time is increased.  Even with measurement times of 100 seconds, i.e. 1,000 injections, per position in
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Fig. 3(b).  PDA vector and scalar fields and single-shot images at 50 Bar fuel pressure and 53 mg/injection.



the periphery of the spray the probability of detecting large droplets was low.  This does not necessarily affect the
arithmetic mean droplet diameter, as presented here, but can cause significant problems when calculating the
Sauter mean diameter.  A much more detailed presentation of the PDA spray data would involve plotting the mean
data as a function of different dropsize classes. 

The velocity profile across the spray radius for frame times of 1.22 and 1.72 ms at Z = 10 mm clearly show
that the largest velocity vector is on the ‘inside edge’ of the spray cone and between this position, a radius of 7 mm,
and the nozzle axis there is significant entrainment of the droplets.  It is also clear from the dropsize data that as the
developing vortex moves downstream, from 16 mm at 1.22 ms to 22 mm at 1.72 ms, that only the smallest droplets
are drawn into the vortex.  The large droplets and the developing cone is simply deflected by the vortex and the
flowlines are directed around the inner edge of the taurus. 

Another interesting point to note from both the PDA vector plot and the image at 1.72 ms is that as the main
cone flow passes the inner edge of the taurus it acquires some radial velocity from the rapidly rotating vortex
which causes the cone to expand more rapidly downstream of the vortex.  It is also apparent from the image at 1.72
ms that the spray is assymmetric with the cone penetrating faster on the left side of the spray.

The dropsize data for the frame time of 1.72 ms and 2.22 ms show the ‘appearance’ of large drops at 35-40
mm from the exit just downstream of the vortex.  There are no droplets larger than 25 microns at the earlier
measurement locations.  The reason for their appearance is the breakup of liquid ligaments.  Single shot imaging
demonstrated that significant ligaments of fuel are still present as far down as 25 mm from the exit.  These liquid
ligaments are breaking up to generate the large drops measured at 35 mm. 

As frame time increases the vortex grows and the vortex centre moves downstream and radially out from
the axis.  At 2.72 ms the centre is at 30 mm downstream and at 3.72 ms it is at 40 mm.  In these later stages the
whole flow pattern and penetration is dominated by the large scale taurus, containing only the smallest of droplets,
while the main mass of fuel is convected around the vortex and towards the spray axis.

6. Conclusions
In order to continue the rapid development and refinement of injection systems for Gasoline Direct Injection, GDI,
it is essential to provide powertrain design engineers with full field data to understand the structure of high pressure
liquid fuel sprays.  For the fundamental scientific understanding of the processes involved in fuel atomisation data
are required under all environmental conditions while, from the engineering point of view, the injection systems
have to be studied under typical engine operating conditions.  The primary data required must be able to
characterise the spatial and temporal distribution of the fuel state, i.e. liquid, droplets and vapour as well as the air
state.

It has been shown that the single point measurements techniques of laser Doppler anemometry (LDA) and
phase Doppler anemometry (PDA) and the planar imaging techniques of laser sheet visualisation provide
complementary views of the structure and temporal development of the spray. 

Experimental data has revealed that for the high pressure injection systems investigated in this study the
spray development is dominated by a large scale toroidal vortex which is generated in the outer shear layer of the
spray.  This vortex recirculates the smaller droplets and also limits the radial development of the cone and deflects
it to generate a spray which has no unique cone angle, it can only be specified as a function of distance downstream
from the nozzle.  The PDA data and CCD images revealed the appearance of large droplets on the leading edge of
the spray cone 30 mm downstream of the nozzle exit.  These were attributable to the existence of fuel ligaments
which exist as far as 25 mm downstream and break-up in the periphery of the spray to generate the large droplets.
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