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ABSTRACT

The dharaderistics of the spray, as well as the interadion between the spray and the surrounding air, are
important to achieve the benefits of the GDI concept. Although many reseach studies are reported which
consider the structure of individua sprays, only a few regard the spray/wall interacion in the presence of air
motion, as it appeas in pradicd engines. Thisis the main goa of our study. In the first step, an experimental
fadlity was built to study spray impingement on a flat plate under crossflow conditions. This paper reports on
the charaderization of the injedor in quiescent surroundings with a phase-Dopper anemometer system, on the
visualization of spray impingement, using a combination of Mie scattering and shadowgraph to distinguish the
liquid from the vapor phase. The results are analyzed in terms of the dfed of the injedion presaire and duration
for different cross-flow velocities.

INTRODUCTION

Gasoline Dired Injedion (GDI) technology is becming increasingly popular due to its potential to reduce
fuel consumption and to increase engine performance This technology is classified in three types: the wall-
guided; the dr-guided; and the spray-guided (or air-asssted). In al types, spray impingement is one of the
processs that contribute negatively to the fuel/air mixture preparation.

Despite the interest of understanding the fluid-dynamics of spraysimpinging onto walls in the presence of a
crossflow, for the development of pradicd engines, either GDI or PFI, only a few studies have been reported on
the interadion between the spray and an air stream in experiments with well defined baundary conditions.
Arcoumanis and Cutter [1] studied the spray/wall interadion in small dired-injection Diesel engines where the
air motion was smulated by a steady cross-flow acting upon a transient Diesel spray. The auithors showed that
the mechanism of seandary atomization of the impinging droplets was atered as droplets from the gproaching
spray were entrained by the aoss-flow. From the reported measurements of droplet size and velocities it can be
inferred that the aoss-flow defleds the spray and reduces its width due to the adion of drag forces and shifts the
impingement region downstream. As a result, droplets reading the wall have a much higher diameter and
velocity than they would have in the ésence of crossflow.

A similar study was performed by Arcoumanis et al. [2] but using a PFl injedor direded at an angle of 20°
and isooctane & the fluid. The aithors observed similar structures in the wall-jet as in the D.I. Diesel spray.
Measurements of droplet size and velocity confirmed the suggestion of Ozdemir and Whitelaw [3], that the size
of secondary atomized droplets increase with increasing film thickness. The aithors also argue that a reduction
of the aoss-flow velocity and an increase of the fuel flow rate would increase the mean film thickness.

In the present work, athough the main goal of our study is aimed at a GDI application, an experimental rig
was built that all ows to acammodate, both a GDI, as a PFI injedion system. The work reported in this paper is
the result of afirst step aimed at building a fundamental basis on the influence of the pressure of injedion (P,y)
and duration of injedion (At;y) for different cross-flow velocities on droplet size and velocity. To acomplish
with that and for easy of experimental analysis, a PFl injedor was used. The properties of the injedor are
determined based on the charaderizaion of the spray in quiescent surroundings with a phase Dopger
anemometer. The spray/wall interadion is gudied based on a visualizaion technique, which combines Mie
scatering with shadowgraph to identify both the liquid and the vapor phases and making wse of a high speed
CCD camera.

EXPERIMENTAL SETUP AND INSTRUMENTATION

The spray from a ommercial injedor used on PFl gasoline engines (BOSCH 280 150 726) isinjeded into a
cross $ream of air at atmospheric pressure and temperature flowing in a duct with a redangular cross sedion
1550 (WxH mn). The fuel spray impinges upon the battom wall of the duct at a distance of 50mm from the
tip of the injedor, onto a plate of aluminium with a length of 270 mm. The side walls of the duct are made of
glassto provide opticd accessfor flow visualization and ather optica techniques of diagnostic.



Gasoline is used as the working fluid (density 787 kg/m®, kinematic viscosity 5.89x107 m?/s and refradive
index of 1.46) as there is sufficient evidence to suggest that there ae no inert test fluids that can simulate
acarately the aomisation charaderistics of this fuel (Pitcher and Winklhofer [4]). A low-pressure Denso pump
suppli es the gasoli ne through a monorail to the injedor locaed at the cantre of the duct.

Fuel injedion is triggered by a TTL pulse from an injedor control driver controlled with a function
generator computer board, NI 5411 from National Instruments, which allows control of the duration and of the
frequency of injedion independently. The injedion presaire is controlled by a fuel-pressure regulator located
downstream the injedor. Calibration of the injedor showed that the flow rate of fuel increases linealy with the
duration of injedion. Figure 1 shows a diagram of the experimental rig and Figure 2 shows a photo of the
working sedion where impingement occurs.
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Figure 1 Schematic of the fuel injedion rig Figure 2 Low speed wind tunnel working sedion.
1) Impaa surface 2) Perspex or glass 3) Injedor;
4) Monorail; 5) Barometer; 6) Fuel-presaire
regulator.

Maaoscopic visudlization of the flow is made by illuminating the flow with a laser light shee (1 mm)
obtained by spreading a2 mm laser beam with a cylindricd lens. The beam is emitted by an argor-ion laser light
source with a maximum power of 9W and the laser light shed is collimated with a plane-convex lens with a
focd distance of 400mm. Images are recmrded with a CCD Kodak SR-Series camera, triggered by a pulse signal
synchronized with the injedion system operating with a frame rate of 2000s and with a spatia resolution of
256x120 (pixel?) corresponding to a viewing areaof 52x24 mm? (WxH) and an exposure time of 0.1 ms. For
shadowgraph, the laser beam is expanded with a magnifying lens and collimated with a plano-convex lens with a
focd distance of 235mm. Figure 3 and Figure 4 show schematic diagrams of both visuali zation techniques.

Figure 4 Shadowgraphy setup

Figure 3 Schematic diagram of the opticd system
used for visuali zation through Mie Scétering

The injedor is charaderized with a two-component phase-Dopper system from Dantec The system
consists of a 55X transmitting optics, a 57x10 PDA receaving optics and a Dantec 58N10 Covariance signal
processor. The transmitting optics, in a standard two component form, include a Bragg cdl with frequency
shifting of 40MHz and a beam splitter to separate an Ar-lon laser beam of 300 MW into wavelengths of 488 and
5145 nm. In the transmitting optics the laser has a diameter of 1.35 mm, expander ratio of 1 and bean
separation of 60 mm, originating a measurement volume diameter and fringe spadng of 150 um, 2.671 mm
(green) and 143 um, 2.533 mm (blue), respedively. The number of fringes is 56 and the poarized light is
paral el to the fringes.

The PDA recaving optics is oriented at a scatering angle of 3(°, with a focd length of 500 mm and
aperture of 0 mm, giving a maximum measurable diameter of 167.278 um.



The Bandwidth used for both components was mostly 12 MHz (except for 4.5 bar where 36 MHz were used
for the vertical component) and the gain was st to high. The signal to noise ratio was %t to -3dB, the phase aror
to 10degrees and the sphericd deviation to 10%.

RESULTSAND DISCUSSION

Table 1 summarizes the working conditions considered throughout the paper. The aossflow velocities
were chosen so the interadion with the spray could be noticed (lower limit) and occurs within the length of the
working sedion (upper limit). Transition of the boundary layer at the wall was forced at the beginning of the
working sedion using atrip wire.

Category Values
Air stream Air temperature T;(°C) 25°C (£ 2°C)
Crossflow velocity V, (nVs) 53,115,173
Spray Fuel Unleaded Gasoline
Presaure of injedion Py (bar) 2,3,45
Duration of injedion Aty (ms) 3,5,7,10, 20
Impinging surface I mpingement distance Z,, (mm) 50
Angle of impact Qimpac (°) 90

Table 1 Experimenta conditions

Spray Characterization

The unconfined spray was first charaderized based on phase Dopper measurements for presaures of
injedion of 2, 3 and 4.5 bar. The duration of injedion was %t at 10 ms and the frequency of injedion to 1(Hz,
which is representative of a moderate spead in Sl engines. In Figure 5 a set of four plots describes the spray
pattern at 6, 8, 10 and 12 ms after the start of injedion (ASOI), for an injedion presaure of 3 bar. In ead plot,
the arows represent the droplet velocity vedor and the drcles represent the Sauter Mean Diameter (SMD).
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Figure 5 Spray charaderistics for pi, =3 ber at instants 6, 8, 10 and 12 ms after the start of injedion (ASQI),
respedively.

Measurements of droplet number density (not shown here, due to ladk of space showed a hump like profile
nea the nozzle «it, in acmrdance with the hollow cone structure of the spray. The hump like behaviour
disdpates as droplets move downstream, due to the eff ects of dispersion and crosstrgjedories and, at x = 20 mm
from the injedor, the number density of droplets at the spray axis is alrealy large enough to oktain statistically
independent measurements of velocity and size The first plot in Figure 5 was obtained at 6ms ASOI, which
corresponds to the instant at which the droplets firstly injeded arrive & a distancex = 70 mm below the injedor
nozze. Maximum velocity values were measured at x = 20 mm downstream the nozzle, with values up to 18m/s



at the centre, which deaease far downstream due to transfer of momentum with the surrounding quiescent air
and attain values in the range 11 — 15m/s at the far downstream station. Droplet size is rather uniform with
values of SMD ranging from 50to 90um at x = 20 mm, but increasing downstream up to 115-128 ymat x = 70
mm..

At later stages of injedion, droplet size increases from the axis towards the periphery of the spray in
acaordance with the holl ow cone structure, particularly at x = 40 mm below the nozzle becaise smaller droplets
disperse faster towards the axis, where number density wasiinitialy smaller.

An important feaure of the injecor is due to the transient induced by the goerture of the injecor. The
reported measurements show that maximum droplet size occurs at the initial stage of injedion at the far
downstream axia stetion (t = 6 ms, x = 70 mm) which means that droplets firstly hitting the wall when
impingement occurs are larger in comparison droplets injeded at later stages. Therefore, the suggestion is that
fuel initialy injeded has alarger contribution to the formation of aliquid film at the impinging surface Closer
of theinjedor does not sean to induce any peauliar behaviour.

The experiments included measurements for other presaures of injedion (2, 4.5 bar besides 3 bar) and it was
confirmed that an increase in the injedion presaure reduces droplet size and increases droplet velocity.

Spray Impingement in Quiescent Conditions

The dynamics of impingement has been charaderized based on flow visualizaion with Mie scattering
combined with shadowgraph. Figure 6 shows the spray pattern in quiescent conditions, with a structure similar to
that observed by Arcoumanis and Chang [5], Arcoumanis and Cutter [1] and Meingast et al. [6] with Diesel
injedors and also by Arcoumanis et al. [2] with agasolineinjecor.
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Figure 6 Effea of the injedion presaure upon spray structure and impingement charaderistics 6ms ASOI

The results also show the formation of two roll-up vortices at the spray wall-jet after impingement.
Increasing the pressure of injedion also increases the spray angle, due to a higher differential pressure expanding
the spray at the eit; increases the spray wall radius, as defined in the numericd model developed by Bai and
Gosman [7]; and increases intensity and diameter of the roll -up vortices.

Also, secondary atomisation occurs as reported in Arcoumanis and Cutter [1], Arcoumanis et al. [2] and
Ozdemir and Whitelaw [3], due to splashing and rebound of the incoming droplets, as well as film stripping.

Effect of Pressure of Injection in Spray Impingement under Cross-Flow Conditions

Figure 7 shows the behaviour of the impinging spray in the presence of a aossflow with an average
velocity of 5.3 m/s for different values of the pressure of injedion, as sen in Mie scdtering images and
shadowgraphs. Superimpaosed to the images are the ais of the injedor and the wall boundary layer, for easy of
analysis.

When the fuel is injeded in the presence of cross-flow, a transverse drag force ads upon droplets and the
spray is deflected, moving the impingement region downstream and reducing the influence of the roll -up vortices
of the wall-jet. For the aossflow velocity considered in Figure 7, two stagnation points are identified, the
former at the impingement point of the incoming spray, the second as a result of the decderation exerted by the
crossflow upon the liquid film spreading in the oppasite diredion.

The dark areas in the shadowgraphs correspond to the liquid phase and the dimples indicate the presence of
vapour of gasoline. For theimages at 3 bar and at 5 ms ASOI, the vapour phase gpeas with the incoming spray
and is conveded by the ar stream. Also, a surface vapour layer appeas which released from the impinging
surfacedue to vaporizaion, either of the liquid film or of secondary atomised droplets. The interface between
both is referred as the vapour shea layer. Comparison of the images at 7 ms ASOI for ead injedion pressure,
suggest that the surfacevapour layer increases with the injedion pressure probably due to the enhancement of
secondary atomisation, or to aincrease of thickness of the liquid film, or even due to bah effeds. Senda et al.
[8] showed that increasing the quantity of fuel impinging on the surface more fuel adheres to it, increasing the




thickness of the liquid film and which sustains the idea of a higher surface vapour layer for a higher injection
pressure, since more fuel isinjected.

)

Downstream | .";
Vortex ; Upstream

Vapour t=5msASOI t=7msASOI
Shear Layer

Figure 7 Mie scattering and Shadowgraph images of the liquid and vapor phase post-impingement with a cross-
flow velocity of 5.3 m/s. Duration and frequency of injection of 10 msand 10 Hz, respectively.

For larger cross-flow velocities (11.5 and 17.3 m/s), the deflection of the spray and the shift of the
impingement point are more pronounced. The surface vapour layer appears to develop below the turbulent
boundary layer, as shown in Figure 8.
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Figure 8 Effect of injection pressure and cross-flow velocity in the spray impingement.

Anincrease in the cross-flow velocity also reduces the influence of the roll-up vortices. In these images, the
boundary layer seems to have a greater effect on the flow pattern, which is more visible at 7 ms ASOI, with
pi=4.5 bar and V. = 11.5 m/s. However, the magnitude of the influence of the cross-flow velocity on the spray
structure reduces as the injection pressure increases, which is in accordance to what was verified for the
unconfined spray, for which higher injection pressures produce droplets with larger velocities, reducing the
influence of the air stream upon them.

Effect of Duration of Injection in Spray Impingement under Cross-Flow Conditions

Figure 9 shows shadowgraphs obtained at the last instant for several periods of injection. In accordance with
the results of Senda et al. [8], the results suggest that the amount of fuel adhered to the wall increases with
duration of injection. Also, the images seem to confirm the previous suggestion that an increase of the height of
the surface vapour layer might be due to an increase of fuel thickness and/or to enhancement of secondary
atomisation.

The magnitude of the Saffman lift forces upon the rolling droplets in the near-wall region where shear is
larger and therefore render them significant relative to drag, e.g., Bai, [9] and fuel volatility may affect fuel/air
mixing (e.g., Tong et al. [10]). Therefore, the surface vapour layer growth suggests that these phenomena,
associated with the mixing capabilities of the turbulent boundary layer, may influence the fuel/air mixture
preparation in cold-start conditions.
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Figure 9 Effed of the duration of injedion for 3 bar and crossflow velocity of 5.3 m/s.

SUMMARY

This paper reports on the dharaderistics of a gasoline spray impinging upon a flat surfaceunder crossflow
conditions. The study includes charaderisation of the free spray in quiescent surroundings with a phase Dopder
anemometer and analysis of the behaviour of impingement with a cmbination of Mie scatering and
shadowgraph to distinguish the liquid from the vapour phases. The duration of fuel injedion, pressure of
injedion and cross-flow velocity were varied to all ow the study of the impingement under different conditions

Results diowed the expeded increase in the angle of the hollow-cone spray with increasing injedion
presaure; the formation of two roll-up vortices with and without cross-flow, in spite their influence was reduced
when the dr stream velocity is increased; the presence of two stagnation points in the impingement region and
upstream. Analysis of the results further suggest a relation between the film thickness and the surface vapour
layer, associated with the mixing cgpabiliti es of a turbulent boundary layer, may influence the fuel/air mixture
preparation. This also suggests further areas for future work
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