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Abstract

In the present work, detailed laser-based diagn@stperiments were conducted to
characterise the spray from low pressure 2-hole4hdle Port Fuel Injection (PFI)
injectors. The main objective of the work includalataining quantitative information
of the spatio-temporal spray structure of such pressure gasoline sprays. A novel
approach involving a combination of techniques sagMie scattering, Granulometry,
and Laser Sheet Dropsizing (LSD) was used to stheyspray structure. The droplet
sizes, distributions with time, Sauter Mean Diame{&MD), droplet velocities, cone
angles and spray tip penetrations of the sprays the injectors were determined. The
spray from these injectors is found to be ‘peniéié’l and not dispersed as in high
pressure sprays. The application of the above wwedi techniques provide two-
dimensional SMD contours of the entire spray afed#nt instants of time, with
reasonable accuracy.

1. INTRODUCTION

Stringent emission norms have been driving devetogmin technology in internal combustion
engines. While emission norms for small four-strekgines in India are among the most stringent
in the world, experimental and modelling studies manifold processes, which dictate the
performance and emission formation to a large éxteave not received much attention in
literature. Over the last few years, low-presswi2 g bar) PFI injection systems are being looked
at as an alternative to the carburetor for smailyr-8troke IC engines in two-wheeler applications.
While the injection process in PFI engines has Istedied experimentally by various groups, the
studies have mostly focused on large engines. Featuglies are found on small two-wheeler
engines. Earlier studies on PFI sprays includeetigsLenz [1], who discusses the different types
of injectors and their operation characteristicgitle-type injectors give a cone-shaped spray
while single-hole-type injectors form pencil-shapgatays. Multi-hole-type injectors may either
give a single spray (made up of several sprays) double spray (for use in 4-valve engines).
Typical Sauter mean diameters (SMD) are found tinlitee range of 20Qm for multi-hole-type
injectors and 30Qm for single-hole-type injectors.

Zhao et al. [2] reviewed published literature omtgoel injection and discussed various types
of PFI injectors and their resultant spray struetdrhe various stages of mixture formation were
described, and the important parameters which taff@porisation and transport processes,
namely, fuel properties, injection duration, timiofthe injection pulse with respect to the intake
valve opening, spray pattern, droplet size distiiby intake port and valve temperatures,
targeting accuracy, and manifold pressure, werntilikd. The characteristics required of a good
injector were summarised. The authors also empdddlse need to avoid drawing conclusions
from a single parameter such as drop size, anddhd to describe and document the entire spray
structure. This is especially relevant as most mapeliterature are found to give only detailsaof
single global SMD and not other details of the gpra

Kim et al. [3] studied the measurement of spraylesm@f PFIl injectors by three different
methods: digital image processing, shadowgraphy,spnay patternation. They observed that the
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2 Laser-Based Spatio-temporal Characterisation of Port Fuel Injection (PFI) Sprays

definition and measurement of the spray angle figcdit due to the curved boundaries of the
spray caused by air interaction. The spray angke faand to vary both with time and with axial
distance from the injector tip, and with the tecju@ used. Zhao et al. [4] obtained backlit images
and PDA measurements on baseline and pressure atedit#F| injectors, and obtained SMD and
droplet distribution and velocity data. For the ddaee case, the SMD was found to be between
160 and 190 micron for different injectors.

Four different mechanisms of liquid fuel transpiotb the cylinder were identified by Meyer
and Heywood [5]: atomisation, high speed intakaraimsport, injection contribution, and fuel film
squeezing. The effect of various engine and fughtses on liquid fuel transport into the cylinder
was also studied [6]. Phase Doppler Particle Araly®DPA) measurements of the spray were
also made in a square piston optical engine witatacylinder head. The size of droplets entering
under open valve injection was found to be smadlian that under closed valve injection, with in-
cylinder SMD values in the range of 30 to 90 micron

Ishii et al. [7] reported SMDs for an air assiséet low-pressure injector to be 120 micron
without air assist, and 10 micron with air assi$tpugh details about the location of the
measurements are not available. Kato et al. [8Yaahaha motor company, Japan, studied the
influence of PFI parameters on combustion stabilly simulating the engine through
computational fluid dynamics, and correlating thlesults with an experimentally determined
coefficient of variance (COV) in the net mean efifex pressure. They reported measured spray
angles of around 5 degrees and SMDs in the rand@®imicron for injectors operating at 3 bar
pressure.

Christ and Schlerfer [9] acquired experimental dataa PFI injector using a matrix test rig
which could collect droplets from a spray. Theyaletermined droplet velocities and diameters
from PDA measurements. No significant changes wéserved in the spray at distances of 30
mm, 50 mm, and 70 mm from the injector tip, andvits concluded that secondary breakup is
almost nonexistent, with the SMD in the range of®Q00 micron. From their experiments, it was
also observed that the droplet start velocities ramemally distributed around a constant mean
value, and are independent of drop size througtiwitinjection duration. Detailed correlations
between droplet sizes and velocities at differepations and times were obtained.

Murakami et al. [10] used CFD as a tool to studyd¢bmbustion phenomena in a 50-cc engine.
The spray was simulated using the Lagrangian-Earnemethod with the Taylor Analogy breakup
(TAB) model for secondary breakup. Images of theagpwere presented showing the spray
penetration. Bianchi et al. [11] studied the effettinjection timing and targeting in a 4-valve
motorcycle engine under idling conditions. Theydusgperimental data from the characterisation
of the injector under quiescent conditions to @liyi simulate the spray, and matched the mean
diameters and penetration. Using a PDA, they obthdroplet distributions at two locations along
the axis for a 3-hole and a 4-hole injector. SMIuga were around 120 micron and 100 micron,
for the 3-hole and 4-hole injectors, respectivaly50 mm from the axis, and at 3 ms after the start
of the spray. The 4-hole injector showed the highasber density for droplets around 50 micron
in size, while the 3-hole injector had the highegimber density for droplets of size around 25
micron. The spray angles were between 9 and 1kdsgr

Thus, it is seen that though some studies on R&yshave been reported in literature, detailed
information, especially time-resolved data on SMARriations, is not available. Also, no
satisfactory empirical or analytical correlatiome available to predict the spray characteristics f
this class of sprays, and hence, experimental figa®ns are imperative. Further, while high
pressure sprays can be simulated accurately by gl certain inputs, the same is not true for
low-pressure sprays. Low-pressure sprays of thé &indied here differ significantly from high-
pressure sprays due to the presence of large liggam@onsequently, breakup occurs farther away
from the injector tip. Most breakup models in lgamre only deal with the secondary breakup of
the spray — it is assumed that the primary breakuomplete and droplets have formed from the
sheet/ligaments. Further breakup of these droefsen simulated. While these assumptions are
satisfactory for high-pressure sprays, they dohwid good for low-pressure sprays. Thus, even
from an application point of view, comprehensiveaspdata is very important for low-pressure
sprays.

Typically, multiphase flows for engine applicatioase modelled using a Lagrangian-Eulerian
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method: the gas phase is assumed to be a contiplase, and is solved for in an Eulerian
fashion, while the liquid phase is considered tothee dispersed phase, and is solved for in a
Lagrangian manner. This approach can be applietlute sprays, where the volume fraction of
the dispersed phase is small. A PFI engine caimtidated by this methodology if the flow within
the injector is not required to be modelled. Th& #w condition of the nozzle is however,
required to be known. Models for breakup, collisicnalescence of the droplets, and wall film
formation exist, which can be used to model thdwgian of the droplets. The ‘normal’ way is to
inject ‘blobs’ which are of the same size as thedtor orifice, and tune these models to match the
values from experiments. This is also one of théivations for obtaining detailed time-resolved
measurements. The next few paragraphs descritiefditerature review of the various techniques
used to characterise sprays.

Techniques used in literature for droplet size messents include line of sight diffraction
based methods [12] such as a Malvern diffractometlich though not overly expensive, can
however give only average values of droplet dianset8ince the values here are averaged over a
volume which corresponds to the path of the lasamb spatial variations in the spray are lost.
The data is, however, useful to obtain a quick idiethe atomization, and is especially useful for
comparing the effect of various parameters on dreepaunder production environments.

Phase Doppler Anemometry (PDA), which is widelga®eled as the most accurate method,
can simultaneously provide droplet sizes and veésc[13]. PDA is essentially a ‘point technique’
as the measurement volume is generally very srball,the high accuracy and lack of any
calibration factors, makes it very attractive fapplet size measurements. The PDA technique
however suffers from very high cost due to the nfdmultiple lasers, and shortcomings in
applicability to high pressure sprays and densayspr

Laser sheet drop sizing (LSD) which is based orrdiie of planar laser induced fluorescence
(PLIF) to Mie scattering, and requires calibratiana point in the spray, is a very attractive
technique [14,15]. This method has been appliedessfully to very dense sprays such as in those
from pressure swirl atomizers [15] and diesel spraty a running engine [16]. LSD requires
utilisation of a dye with similar properties to theel, and the concentration of the dye used for
fluorescence has to be carefully chosen to minimizers [17]. Recent findings also suggest that
the calibration constant may depend on the dian@étthre droplets itself [18]. However, given its
ability to give planar information of SMD, and igbility to work under conditions where PDA
may fail, LSD is increasingly being seen as araative technique. The only drawback is the need
for a calibration. This aspect has been addresstgticurrent work.

Shadowgraphy is the only technique which can be tsecharacterize droplets and ligaments
of arbitrary shapes [19, 20]. However, shadowgragdryalso be utilized only in non-dense sprays
since the light illuminates in-focus as well as-ofifocus droplets, as the light rays pass through
the entire spray before reaching the camera. Ryrthere sophisticated image processing is
required to differentiate between droplets whiaoh iarfocus and those that are defocused, in order
to obtain accurate values of droplet sizes [19].ilgViiffractometers and PDA devices use
powerful continuous wave lasers, it is desirableige pulsed lasers with appropriate attachments
which can provide uniform diffuse light for shadaaghy, or use cameras with very low exposure
times such that the droplets are frozen in the esaGranulometry on magnified images obtained
from shadowgraphy can then be utilized to obtaioptit size distributions. Long distance
microscopes having very small depths of focus ape@ally useful for such studies.

This paper concerns diagnostics of gasoline sgrays two-hole and four-hole automotive PFI
injectors. A combination of techniques, i.e., Migattering and LSD has been used to obtain
guantitative information about the sprays. Thedielhg sections provide a detailed description of
the experimental setup and data on the spray stejctone angle, spray tip penetration, and
droplet velocities. Temporal variation in SMD vedufrom granulometry are then presented and
discussed. The LSD technique is then describedcalilsrated LSD images showing SMD values
in a plane at different instants of time are présgiand discussed. Finally, the results of the pape
are summarised.

2. EXPERIMENTAL SETUP
Experiments were carried out on a PFI facility whéonsists of a low pressure injector with a fuel
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pump arrangement which maintains the pressureZab@:.. A modified two-wheeler fuel tank
houses the pump which is powered by a 12 V, 1 Agvaupply. The pump gives a fuel flow rate
of 14.7 g/s as indicated by a mass flow meter élithe. A pressure sensor in the line reads the
line pressure, while a one-way pressure reliefer@msures that pressure downstream is constant
at 2.4 bar. The excess fuel is fed back to the.taBlo panels show readouts of the pressure, flow
rate, and number of times the injector is fired. @émergency stop switch and circuit breakers
which activate on the improper working of the puargnjector ensure a high level of safety. The
injector is actuated by means of an electronicudird he fuelling duration and frequency can be
modified by means of a signal generator. A squaiteepof 10 V amplitude is fed from the signal
generator, which causes the opening of the injectmienoid valve. This signal is amplified by a
power circuit to account for the amperage requilgat fed to the injector. A square Perspex
collecting chamber (10 x 10 x 20 cm) was fabricatedollect the spray and the rig was placed
under an exhaust duct in order to remove any fapburs. Various experiments were carried out
on the injector. The frequency of firing was mainéa at 1 Hz, since at higher frequencies, a few
droplets from the previous injections were fountiriger in the Perspex chamber. The pulse width
corresponding to the injector firing duration wagimained at 8 ms, which corresponds to the
firing duration under real engine conditions ofthigad and speed.

The experimental setup for experiments on the REilify includes laser, optics, cameras and
synchronisation equipment. A schematic of the exrpamtal setup is shown in Fig. 1, and a brief
description of the various components is given welo
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Figure 1: Schematic showing the setup for the laser diagnostics experiments.

2.1 Lasers

Three lasers were used as light sources for th& done in this paper: A 300 mW continuous-
wave green diode laser with a wavelength of 532 Mianufacturer: Roithner) was used wherever
a continuous light source was required - for exanipl conjunction with high speed cameras. A
50 mJ double-pulsed Quantel Nd:YAG laser was usedélocity measurements. This laser was
used as a source of green light (532 nm), and hagpetition rate of upto 15 double-pulses per
second. The time between the two pulses was vageaasing a delay generator. A single-pulsed
Quantel Brilliant Nd:YAG laser (400 mJ at 1064 nmas used for most of the experiments. A
doubling crystal was used to generate a green f&agnnm) with the energy being 180 mJ for a 5
ns pulse. The laser fires at 10 Hz while runningtsninternal mode. Whenever synchronisation
was required, the laser was run with both the famp and the Q-switch triggered externally.
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2.2 Optics

Optical hardware was used both to align and stemibeam, and to increase the optical path to
make synchronisation possible. The beam from therJavhich has a circular cross section, was
made into a plane by passing it through convex ayticdrical lenses. A cylindrical lens with a
focal length of 50 mm was used to create the plahaet. The beam was turned through a right
angle using a front-coated mirror (80 x 80 mm) void multiple reflections. An iris was used to
limit the height of the beam. A cylindrical lensvitag a long focal length (300 mm) or a slit was
used to reduce the width of the laser sheet. Thieoprere held in posts mounted on stages to
allow fine movement. These in turn, were mountecomptic table.

2.3 Cameras

Three different cameras were used according tqpHemomenon studied. A Phantom 6 camera
capable of taking upto 250000 frames per seconduged for high speed imaging. A Sharpvision
CCD camera capable of taking upto 12 sets of 2 @wgupr second was used to acquire images in
conjunction with the double-pulsed laser. This canteas a minimum exposure time of 4€) and

a pixel array of 1360 x 1036. Due to its high refioh, this camera was also used where
magnification was important, e.g., where magnifiethges of small parts of the spray were
required to be acquired. An Intensified Charge Gedipevice (ICCD) camera was used where a
large dynamic range and low noise was requiredPfdf. This camera (Manufacturer: Stanford
Computer Optics) has a resolution of 648 x 484 Ipjx@nd a minimum exposure time of 1 ns. It is
capable of taking upto 60 images per second. Thg lav exposure time capability helps in
reducing noise to a large extent and weak interssdf fluorescence can be effectively captured.

2.4 Synchronisation Equipment

Signal generators and delay generators were usgghthronise various events such as the start of
injection, laser firing, which is a nanosecond ¢yand camera triggering. Square pulses from a
master signal generator were used to operate jipetan. To acquire images at different points of
time after the start of the spray, the master sigizs delayed by known intervals and fed to the
camera. Suitably delayed inputs were fed to thehflamp and Q-switch of the laser to operate
them with the least possible jitter. Using the abavrangement, an exposure time of 60 ns was
sufficient to capture images, when using the ICG@nera. A Tektronix oscilloscope, capable of
acquiring 2 gigasamples per second, was used tdteonadhe signals. The timing diagram used is
shown in Fig. 2.

Various techniques were used to obtain the diffespray parameters: Microscopy for the
nozzle orifice diameters, Mie scattering to measpry tip penetrations and cone angles, and
Laser Sheet Dropsizing (LSD) for the Sauter meamdier (SMD). The techniques and results
are discussed in the following sections.
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Figure 2: Timing diagram showing the synchronised signals for Mie scattering and
PLIF experiments (for the spray structure, granulometry, and LSD).
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Figure 3: A PFI injector.

2.5 PFl injectors

Figure 3 shows a photograph of the two-hole PHditgr. It is a low-pressure, plate type, solenoid
operated injector. Two injectors were studied - ot two orifices, and the second with four
orifices. Images of the injectors were acquirechveitreflective-type light microscope to find the
nozzle orifice diameters. These were obtained uaintgiss microscope operated with the Axio
Vision acquisition software. Figure 4 shows micagsgeimages of the plate surface of the 2-hole
and 4-hole injectors. The details of the orifices seen here - the two orifices are approximately
270 micron in size and 730 micron apart for theo®hnjector. In the 4-hole injector, the orifices
are approximately 190 micron in size and their @néare in a circle of diameter 9gfMh. Being
plate type injectors, the spray from these injecisrexpected to be a ‘pencil type’ spray with a
low divergence angle [1].

Figure 4: Details of the 2-hole and 4-hole injector plates.
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3. RESULTS AND DISCUSSION

3.1 Spray development, spray cone angle and spray tip penetration

Preliminary experiments were required to obtainaaididea of the spray structure since no
prior data were available. A laser sheet was formmgidg the optics described earlier, from the
continuous wave 300 mW, 532 nm diode laser. Théeskvas passed through the spray and the
spray was photographed using two different camesiakiodak Motioncorder camera at 1000
frames per second, and a Phantom 6 camera at speedaround 50000 fps. While the images
from these cameras give an idea of the time ewwluf a single spray, the data were not very
useful for determining droplet sizes since thers blarring of images owing to the low resolution
of the images particularly at high speeds anddlgel exposure times: at lower exposure times, the
signal in the images was very low as the lightristey available from the continuous-wave diode
laser was insufficient. However, it was observeairfrthe data that large ligaments were present.
This is to be expected since the injection presisuvery low. The images indicated that the length
required for breakup is substantial. This is alssevved in Figs. 5 and 6.

As mentioned earlier, very few papers with quatitieatime-resolved data on low-pressure PFI
sprays are to be found in literature. Spray stmestobserved in this study are however, similar to
the qualitative images seen in previous studiesl{1§ observed that a considerable portion of the
spray near the injector is not atomized. One ofcthedlenging aspects of droplet measurements in
such sprays is that a large number of droplets nudybe spherical. This aspect is important for
spray techniques, as many commonly used methodmas$e droplets present to be spherical.

The spray cone angle and penetration were obtdioead Mie scattering images of the full
spray. Images numbering 300 with the laser shesdipg through the mid-plane of the spray were
acquired with a Sharpvision camera mounted with anth Pentax quartz lens. The 532 nm green
beam from the 10 Hz Nd:YAG laser was used for theegeeriments. The images were ensemble-
averaged after subtracting the background (to ehtei electronic noise and ambient light). Since
the spray from a low pressure injector does nottameonstant well-defined cone angle as in the
case of high pressure sprays, the angles heretalea with reference to a downstream point at a
distance equal to 60 times the diameter of thdcerif21]. The cone angle in such low-pressure
sprays is difficult to estimate near the injectoredo the presence of ligaments which lead to a
delayed breakup. Hence, the spray cone angle iar aftudies has been found to be often
determined by mechanical methods such as colledtirgspray using a patternator, and then
determining the mass at different locations [22].

Figures 5 to 8 show instantaneous and averagedegnafthe spray, 8 ms after the start of
injection. Figure 5 shows the instantaneous Midtsdag with the laser sheet passing through
only 1 orifice, and perpendicular to the plane pagsshrough both orifices. Figure 6 shows the
Mie-scattering image when the laser sheet is afignéh the centres of both orifices of the
injector. In other words, the plane of image in.FEgis perpendicular to that in Fig. 6. The
corresponding ensembled images are shown in Figad7 8, respectively. It is observed that
though the instantaneous images show a wide smfedibplets, due to variations from spray-to-
spray and presence of ligaments in the core retfi@ensemble images resemble a ‘pencil spray’
as predicted by Lenz [1]. The breakup processtiemely complex with the interaction of the jets
from the 2 or 4 nozzle holes. It is possible that interaction between the jets leads to a reductio
in the breakup length — the breakup length is ghart the case of the 4-hole injector (The effect
of the smaller hole size in the 4-hole injectorraatrbe discounted though). It is likely that a $ng
hole injector would have a longer breakup lengtttfie same mass flow rate. The breakup length
is important from an engine application perspectiviee the nozzle would have to be located such
that any regions of impingement would be beyonddtieakup length.

The spray half-cone angles from the processed isnagearious points of time were found to
be between 4 and 8° for the 2-hole injector. Thector was tested in two orientations - with the
laser sheet passing through one orifice of thectoje and with the laser sheet passing through
both orifices of the injector. The spray half-cargle at different points of time was found to be
similar in both cases. The spray cone angle wasdda be better defined in the 4-hole injector
and around 7°. The angle was found to be retaiaedway from the injector tip also. A smaller
presence of ligaments due to the smaller orifize sbuld explain this.
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The spray was photographed at 1 ms intervals franstart of the injection pulse and ensemble
averaged images were obtained. The location afphey tip was found from these images. Figure
9 shows the evolution of the spray with time, ang. EO shows the variation of the spray tip
penetration. The slope of the spray tip penetratiorve gives an approximate estimate of the
droplet velocity in the spray tip region, which wiasind to be around 20 m/s. This estimate was
refined by particle tracking velocimetry measuretaeliVhile the injection velocity could not be
directly measured at the nozzle tip due to theegres of ligaments, it could be measured at 20
mm from the nozzle tip. Using the setup describadiex, and with the camera in PIV mode, 2
successive images of the spray were takems2&part. Due to the low number of droplets and the
large droplet sizes, the images could not be peseksvith standard PIV software. A particle
tracking velocimetry approach was adopted: indigidiroplets were identified in both images and
their displacement calculated. Their velocity whsnt determined, knowing the time separation
between the image pairs. The velocity of the ladgeplets (which are relatively unaffected by the
drag force due to air) was estimated to be 20.5a?® mm from the injector tip.

From the Mie images of the spray, a lag of 1.3 n&s wbserved to exist between the
transmission of the electronic pulse for injectmmd the emergence of fuel from the injector.

Similarly, though the electronic injection pulsesastopped at 8 ms, fuel was found to be injected
upto 11 ms.

0 mm
0 =10 mm

Pixe

100 200 300 400 200 600 700 300 300
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Figure 5: Instantaneous Mie scattering image of the spray at 8 ms (laser sheet through 1
orifice).
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Figure 6: Instantaneous Mie scattering image of the spray at 8 ms (laser sheet through
both orifices).
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Figure 7: Averaged Mie scattering image of the spray at 8 ms (laser sheet through 1
orifice).
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Figure 8: Averaged Mie scattering image of the spray at 8 ms (laser sheet through both
orifices).

bb A af bme CAR- =T

=) 10me. [E] B2

Figure 9: Evolution of the spray: Processed images at 2 ms intervals.
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Spray tip penetration vs. Time
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Figure 10: Variation of spray tip penetration with time.
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Figure 11: Typical raw (false colour) and processed images showing droplets at 45 mm
from the injector tip.

3.2 Granulometry

Droplet sizes and distributions were obtained tangtometry. Direct imaging of the spray was
performed at a high magnification. The spray wasrilinated by the pulsed laser, operating at 532
nm. Cylindrical and spherical lenses were usedéate a laser sheet which was passed through an
axial plane of the spray.

A signal generator was used to create a square putls a duration of 8 ms. This pulse was fed
to the injector through an amplifying circuit. Thielay generator was used to synchronise and
trigger both the laser and camera. The laser wad fvith both the flash lamp and Q-switch in
external mode. A delay of 3% was set between the flash lamp and laser fiohgeduce the
intensity of the beam (as against a delay of 20@r maximum power).
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The Sharpvision CCD camera used has a chip areE3@&® x 1036 pixels, with an 8 bit
resolution. An exposure time of 3g8 was used for these experiments. A Sigma 70-300ens
was used in macro mode to focus on a small redi@nfm wide x 10 mm high) of the spray.
Using a calibration target, the number of pixels pen was found, and hence the pixel size was
found to be ~10 micron for the given configuration.

Images of the spray were acquired at three ax@altions corresponding to 45 mm, 75 mm, and
105 mm below the injector tip, an example of whishshown in Fig. 11. Both the laser and
camera were triggered at various times (2 ms iatsj\after the electronic pulse was given to the
injector. The images were acquired to a PC conddotéhe camera by a firewire port. The images
were processed as described below: First, imagdsdiackground noise and Rayleigh scattering
of the laser light by the air were obtained. Afeibtracting the background, the images were
processed using the Ximager software [23]. Thioiwed specifying a threshold so that the
software could clearly distinguish droplets frone thackground. A lower cut-off of 20 on the
intensity scale was chosen after a study of theceffof various thresholds. High thresholds lead to
large reductions in the droplet areas, and arificilower droplet sizes - often the software tseat
the two glare points of the drop as separate digplehile low thresholds cause inclusion of
background noise as droplets. The granulometry teoafuthe software was then used to process
and summarise the images: the x and y locatioraldhe droplets identified in an image, and
their respective areas in pixels, were recordeduidher processing in Matlab. The change in the
SMD value based on threshold was found to be less 10% (less than 5% in many cases) when
the threshold was varied from 10 to 20.

The droplets were then assumed to be sphericauairin cross section), and their diameters
and volumes calculated. This process was repeateghth of the droplets in all 300 images. The
sum of the volumes of the droplets was divided lyy $um of the areas to get the SMD. This
procedure was performed for sets of images at efdhe three locations, at different times.
Comparisons with SMD values from 200 images didstmw significant differences in SMD, (a
difference of about 1%) thus showing that the numbiedroplets sampled in the images is
statistically large enough.

SMD variation with time
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Figure 12: Variation of SMD with time at different locations for the 2-hole injector.
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Figure 13: Variation of SMD with time at different locations for the 4-hole injector.

The variations of SMD with time for the 2-hole iofjer, at the 3 different locations, are shown
in Fig. 12. At each of the locations, it is seeattthe SMD is initially high (which corresponds to
large droplets entering the viewing section), fakal by a nearly constant region corresponding to
steady flow from the injector. This is followed bylow SMD. At a section 45 mm from the tip of
the nozzle (in Fig. 12), the SMD drops sharply fr864% um at 4 ms to 22@m at 6 ms, after
which it remains fairly constant upto 12 ms. Thigial high value is also probably due to the
injection of large droplets at the start of injecti During the bulk of the injection, the injection
rate and hence the SMD remain constant. Laterevth injection tapers off around 12 ms, the
SMD also drops. This could be both due to the smallass of fuel injected towards the end, and
due to the fact that while the larger droplets fafiidly, the smaller droplets drift in the air gar,
leading to a smaller SMD.

A similar trend is observed at the 75 mm and 105 lorations with the initial SMD being
higher and then falling, but the further drop in BNt these locations is not seen due to the
unavailability of data at times beyond 14 ms. Rissfdr the 4-hole injector are similar to those
obtained for the 2-hole injector, and are showRim 13. It is of interest to note that a decrdase
the individual orifice size from 270 to 190n has caused a large difference in the SMD of the
spray initially. However, at later times, the difface in the SMD of the spray from the two
injectors is not as large. The trends in the vimabf SMD are similar at the three axial locations
However, from 8 to 12 ms, the values of SMD far wivam the injector tip are about 20 % higher
than those at 45 mm from the injector tip. It isgible that the SMD values at the centreline far
away from the injector could be higher due to tiepersion of smaller droplets, for the 4-hole
injector. Another reason could be that the smalieplets produced initially from this nozzle
coalesce to form larger droplets which are refigdtethe increase in SMD. This is because there
is a high incidence of droplet collisions at thatceline due to the interaction of the individuets
from the four holes. It is interesting to note thamputational fluid dynamic simulations of such
sprays utilising collision models based on empiridata yield inaccurate results such as
predictions of large, sudden changes in the SMDs Was observed in simulations which were
performed using the experimentally-obtained diamdigtribution at 45 mm from the injector tip
as an input. The simulations were performed udieg®VL FIRE code, for the same conditions as
the experiments: PFI spray from a 2.4 bar injeaioguiescent air. The Taylor analogy breakup
(TAB) model [24] with standard constants for secmydbreakup, and coalescence and collision
model of O’Rourke et al. [25] were used in this glation. The predicted results showed large
variations in the SMD, The experimental resultsyéeer, show SMD values along the axis to lie
in a relatively small range (Fig. 12), which is agreement with trends observed by other
researchers [9]. Thus, it is possible that coaleseén these low-pressure sprays is either low or
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14 Laser-Based Spatio-temporal Characterisation of Port Fuel Injection (PFI) Sprays

that the models which were proposed initially faghhpressure sprays are not accurate for this
class of sprays. The collision and coalescencegrhena in such sprays merit further study, and
these need to be revisited for low-pressure sprays.

Sample droplet distributions by number density eoldme for the 2-hole injector are shown in
Figs. 14 and 15. It is seen that small droplet200lm) are large in number, while the larger
droplets, (>10@m) though few in number, still contribute to a kanggart of the spray by volume.

Droplet Number Distribution at 40mm, 6ms
T T

02

0.15

. ;
| ““|‘I
ke I
0 50

Figure 14: Droplet distributions for the 2-hole injector by number density at 45 mm from
the injector tip, 6 ms after the start of the spray.
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Figure 15: Droplet distributions for the 2-hole injector by volume at 45 mm from the
injector tip, 6 ms after the start of the spray.

3.3. Laser Sheet Dropsizing (LSD)

Laser Sheet Dropsizing (LSD) or Planar Dropletr&#iPDS) is a technique which can be used to
obtain simultaneous spatial distribution of dropletnd liquid volume and concentration [17]. The

formulation and application of the technique fratarature [13-18, 26] is summarised below. The

method has also been used with water sprays [A¥]iranliesel engine [16] and gasoline direct

injection conditions [14]. Among the benefits of D Ss that it is a planar method, and hence, is
less time consuming. The equipment required is lals®expensive than the PDA setup.
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The technique itself involves using images of:

. Mie scattering, and

. Planar laser induced fluorescence (PLIF)

Since the intensity of the Mie scattering is prdjporal to the area of the droplet, and the
intensity of PLIF is proportional to the volumejifiages of the Mie scattering and fluorescence of
the same setup are acquired with the same settiof@nd camera and the intensities are divided,
the equations yield,

lue/Imie o D3z 1)

D32=k lLIF/I MIE (2)

where I3, is the ratio of volume to the area of the droplets, the SMD. If the proportionality
constant can be determined by some method, theiSaetan diameter at different locations in the
spray can be obtained from LSD. One method foibeatiion is to use a mono-disperse droplet
generator and use exactly the same experimentditemrs (laser power, aperture, intensification,
focal length, and distance) as in the actual erpamts. This is difficult to ensure, and hence other
methods are followed. For the present study, qtaivie data obtained by applying the
granulometry method on the magnified Mie-scatteimgges of small portions of the spray were
used to calibrate the LSD images. To the best ofknowledge, this is the first work wherein
granulometry based data has been used to quargify images in a PFI spray. This method had
the added advantage that no separate equipmemequised to calibrate the spray.

3.4 LSD Experiments

The experimental setup for the LSD measurementsistsnof the PFI facility, pulsed laser, fused
silica lenses and a fluorescence filter. In thespné¢ study, the spray can be considered non-
evaporating in the time scale of the experimefeét{ine of a 20 micron droplet is around 40 ms as
computed by the Dlaw), and hence Rhodamine-6G, which is a non-enaing dye, could be
used as the fluorescence traderror! Reference source not found.This dye can be excited in
the visible range (Laser radiation at 532 nm) dadcmission is centred at 590 nm. Images (Mie
scattering and PLIF) were acquired at 2 ms interuaing the ICCD camera. For capturing the
fluorescence, an Edmund optics broad band filtatezed at 600 nm with a FWHM of 80 nm was
used. Gasoline with no dye was sprayed and it wasdirmed that the Mie scattering was not
passing through the filter. Subsequently, 0.02 dRbbdamine 6G was dissolved in 200 ml of
ethanol. This solution was mixed with 4 litres adsgline and used for the experiments. The
concentration of Rhodamine used (5 mg/L of gasplinas chosen as the lowest value from
literature.

Around 300 images at each time setting were acdj@inel ensemble-averaged after subtracting
the background to get the final image of the Mid &ftuorescence. All the images were acquired
with a gamma of 1, and care was taken to ensutelibee was no saturation of intensity at the
pixels. The LSD images were calibrated by usingd#i@ from the granulometry images. A region
of 1 mm x 1 mm corresponding to 300 x 300 pixelshia granulometry images was taken as the
reference section, and the SMD was calculated usiagmethod previously described. As the
region chosen corresponds to 3 x 3 pixels in th® LiBiages, the images were processed,
averaging over 3 x 3 pixels. The images were tladibrated at a point, using granulometry data.
An average calibration constant was determinedgusie granulometry data at 3 different sections
45 mm, 75 mm, and 105 mm from the injector tip,hwét standard deviation of 33% from the
average. The main source of this variation is tygetidence of PLIF intensity on diameter. There
can be deviations from the ideal dependence of Bigfal which is @ This index depends on the
dye concentration [1Eror! Reference source not found., and is not known for the present
configuration. The real dependence in future studien be determined by looking at the PLIF
intensities from monodisperse sprays from a drogdsierator, and the dye concentration suitably
chosen.

Figures 16 and 17 show the calibrated images o$phay in the axial plane, at 8 ms and 12 ms
after the start of the injection pulse respectiyvédy the 2-hole injector. It is seen that the Si4D
highest at the lower parts of the spray (at ladistances from the tip of the injector). This trend
was also noticed from the granulometry images. beaat earlier times have not been presented

Volume 1 - Number 1 - 2009



16 Laser-Based Spatio-temporal Characterisation of Port Fuel Injection (PFI) Sprays

here as similar trends are observed. The imageshtsw that the SMD is higher at the centreline,
with smaller droplets being found at the edgeshatdpray (as was seen in the Mie scattering
images of the spray shown earlier). The figuresgesgthat the larger droplets, which contain
most of the fuel injected, have low radial velocitpmponents, and travel along the axial
(downward) direction. This may be causing air éntreent along the centreline and the
consequent pressure drop due to higher air vedscilf is possible that the smaller droplets which
remain nearby get drawn towards the centre of pineys This may be causing the particular shape
of the spray seen in Fig. 16, which is quite déferfrom that observed in high pressure sprays.

Figures 18 and 19 show the calibrated images o§pinay at 8 ms and 12 ms after the start of
the injection pulse respectively, for the 4-holedtor. Similar trends to that of the 2-hole infct
spray are seen, with the diameter being highesiiay from the nozzle. However, while the jets
from the 2 holes cannot be distinguished in thes afsthe 2-hole injector, in case of the 4-hole
injector, the sprays from the 4 orifices form disti regions which are also visible in the LSD
images.

It is worth emphasising here that though the uadstt in the dependence of PLIF on diameter
introduces some uncertainty in the calibration da@nd consequently in the SMD, LSD is a
guantitative technique, and as such, the LSD imggesthe numerical value of SMD at any point
in the spray. For the standard deviation of theameeported earlier, the error bar on these
measurements based on a 95% confidence le¥@0%. However, at parts close to the tip of the
injector, the assumption of the dependence of Ridliameter is violated due to the presence of
ligaments, and hence the data is not expected tacberate in that region. This is, in fact, a
limitation of all techniques found in literature.
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Figure 16: LSD: calibrated image of the spray from the 2-hole injector at 8 ms. The
colourbar indicates the magnitude of SMD in ym.
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Figure 17: LSD: calibrated image of the spray from the 2-hole injector at 12 ms. The
colourbar indicates the magnitude of SMD in pm.
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Figure 18: LSD: calibrated image of the spray from the 4-hole injector at 8 ms. The
colourbar indicates the magnitude of SMD in um.

Volume 1 - Number 1 - 2009



18 Laser-Based Spatio-temporal Characterisation of Port Fuel Injection (PFI) Sprays

300

X axis 100 pixels =29 mm
Y axis 100 pixels =29 mm

50

250

100

150

200

250

300

350

400

450

0

100 200 500 600

Figure 19: LSD: calibrated image of the spray from the 4-hole injector at 12 ms. The
colourbar indicates the magnitude of SMD in um.

4. CONCLUSIONS

Several laser-based diagnostic techniques have &eglied to sprays from 2-hole and 4-hole
plate-type PFI injectors. This is, to the best of knowledge, the first reported study describing
the detailed spatio-temporal SMD distribution ofvipressure PFI gasoline sprays. Also, a novel
method of calibrating LSD images of Sauter meameéigr using granulometry is reported. The
objective was to generate time-resolved quantiéatiata on these low-pressure sprays in terms of
the structure, penetration, and drop-sizes. A cehmgasive study of the spray has been done with
state-of-the-art techniques, with all the importpatameters such as the spray angle, spray tip
penetration, mass injected, droplet velocities ptiodistributions and SMDs, being measured.
The spray was observed to be pencil-like with a kpread, and breakup lengths of several
centimetres. The mass of fuel injected was founbdetd2 mg per 8 ms pulse. Spray droplet size
distributions were determined at three differertalions along the axis of the spray at 2 ms
intervals in time, and found to be in the range260-250 micron for the 2-hole injector and
around 120 micron for the 4-hole injector. Thusarge reduction in the SMD was observed when
going from the two-hole to the four-hole injectdie variations of SMD with time and space
were also determined. At the axial locations, tMDSvas found to be initially high, followed by

a near constant value after which it drops. Thayspalf cone angle was found to be around 6° for
2 and 4 hole injectors, and the injection velocitgs found to be around 21 m/s. Using LSD
technique, two-dimensional SMD contours for therergpray in a central plane were determined
with reasonable accuracy20%). Lastly, such detailed data of the spray strecwould be
extremely useful as an input in a Computationaldliynamics (CFD) simulation of PFI engine
processes.
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