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Abstract

Much progress has been made in the field of Diesel injedion techniques snce the past twenty yeas. The
injedion presare increased by afador 10 thanks to the mwming appeaance of the ammmon rail system and to the
change in the injedor geometry. Droplet sizes have been reduced as well as emission of CO2 and NOX.
Industrials gill need for numericd tods to assst the cnception of injedors. To creae virtua injedor
configuration the manufadurers need models for the diesel jet at injedor’s outlet. At the present time, thereis no
unified assessed model for the Diesel jet and dfferent points of view can be found in the literature [1][2]. In this
paper, we present nea field jet visualizations obtained from the use of two synchronized light sources : a
coherent laser source and a non-coherent white pulsed source Different configurations of the laser light shed
tomography setup were explored. The use of ray tradng help usto interpret the light scattering patterns obtained.
For a cetain range of delay time and injedion pressure, the images present line structures which are related to
the presence of gas cavities. These visualizations alowed us to gain an insight into the way the Diesel jet
emanate from the nozzle and to propose amodel for the dense cre.

Introduction

Deaeasing the pdlutant emissons from diesel enginesis a challenge for many scientists and enginees including

the spray community. The knowledge of the Diesel jet atomization processis thus esential to control the Diesel

spray formation and thus to optimizethe fuel combustion.

The structure of aDiesel jet in the nea field of the nozzeis explored experimentally.

This part of the jet is very difficult to study for many reasons:

e It correspondsto afield lessthan 1 mmz;

« the high injedion pressures employed in dired injedion engines induce simultaneous complex atomization
processes and high liquid velocity penetration;

« theinjedionis drongly time dependent, with very short duration;

* theopticd density of this part of the spray isvery high;

e The structure is extremely complex, owing to the probability of cavitation and strong turbulence d the
injedor outlet.

Numerous imaging techniques have been tested for this experimentation. The badklighting imaging with flashes
of very short time permits to freezethe interfaceof the jet but not inform on the internal flow. The other main
technique considered as the most promising one is the laser light sheet tomography. This technique seems to be
the best one to bring out information from the Diesel dense mre. A verticd laser shed pointing the jet was
previously used by Fath [4], Cavaliere [5] and Tamaky [6] among others, to oktain Mie-scattering imaging. But
the interpretation of this kind of image require an initial knowledge of the jet structures. At present time, it is not
possble to conclude dealy on the nature of the Diesel jet at the outlet of the injedor and different schemes are
always under discussion : either the jet is gontaneoudly atomized [2] or a liquid core is gill present in the
vicinity of the nozzle[1].

It is attempted here to colled enhanced experimental data. In this ope, we extend the cgabiliti es of the laser
tomography by combining it with backlighting. An original feaure of this gudy liesin the way the laser shed is
positioned in the jet : Different angles between the jet axis and the shed where explored.



Experimental setup

In order to simplify the observations we used a singe verticd axis orifice whose diameter and length are
respedively 200um and 80Qum. The injedion pressure P; ranges from 10to 80 MPa and the anbient pressureis
kept at atmospheric level. The neealle lift is electricdly driven at the starting injedion time T,. The nealle
pasition is aso controlled during the injedion time. Two types of light source of very short duration time (10 ns)
are used to illuminate the jet at different delay time n relative to the injedion command time. A 30 mJ coherent
laser YAG (A=532nm) is used to provide alight shee about 50um in thickness The Mie scattering tomography
tedhnique provides information about the internal structures of dense jet core. A white incoherent flash lamp
(Nanolite) is used in a badlight configuration. A Sony CCD camera mupled with a long working distance
microscope provide afield of view around 620472 um. The camerais verticdly oriented in order to present the
larger CCD side dong the axis of the jet (eadr component of the setup can be fredy moved, relatively to the
other). The originality of our approach resides in the way the laser light shed is placel. The three opticd
configurations used in this paper are shown in figure 1. The onfiguration A is a dasdcd tomography
configuration with a verticd laser light shed orientation. For configurations B and C the laser shed istilted 45°

an 90° from the verticd axisrespedively.
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Figure 1. Experimental set-up orientation

Resultsand Analyzis

Configuration A

Two injedion pressures (20 MPa and 80 MPa) at the same injedion time (n=2.19 ms) are presented in
figure 2 for the mnfiguration A. The laser light shea and the focus plane ae of the amera ae superimpaosed and
intercept the axis of the jet.

P=20 MPa P,=80MPa
Figure 2. Images from the mnfiguration A, 1] =2.19 ms

One observes a change in the external structures of the jet with the injedion presaire. At alow injedion pressure
large ligaments surround the liquid jet. These ligaments are principally formed from the liquid bulk
disintegration. Liquid sheds are dso observed. For P,=80 MPa, the destabili zation processes become more
intense. A persistent liquid sheet is always formed at the same location (on the left part of the jet). This is
probably due to locd orifice defects. High liquid velocity induces Kelvin-Helmoltz instabili ties which rapidly
disintegrate the liquid shee into ligaments and finally into into fine droplets of diameter lower than 10 um. The
light scattered from the laser shee presents two different patterns depending on the injedion pressure. For P,=20
MPa, agrea light flux is diredly reflected by the mrrugated liquid-gas interface
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Figure 3. Ray-tradng model with corresponding images, P,=30 MPan=2.19 ms

For P;=80 MPa, straight lines appea in the scatering light pattern. At this high injedion presaire there is no
more liquid-gas interface At least a dense two phases flow including ligaments and shed replaces the
continuous liquid-gas interface On may conclude that the observed scatered light pattern is related to internal
flow structures. These straight lines were ohserved for P,=25 MPa. The position of the laser shed relative to the
verticd axis of the jet, Ax has been varied. Images corresponding to four paosition Ax, P,=30 MPa and n=2.19 ms
are shown in figure 3. In this particular case, the focus of the camera varied. The focus plane is sifted within a
distance | in the x diredion. The different light patterns observed in this configuration are explained with the
help of ray-tradng computation. A cylindricd column of gasoil and of diameter d=200 pum is considered. The
surrounding spray is not taken into ac@unt but an important light scatering is expeded if the light isfocusingin
this media. On figure 3, dashed line indicates the paosition of the focus plane. In the cae g the laser shed is
diredly refleded on the left part of the plain liquid phase. The surrounding spray scatters the refleded light
behind the focus plane which explained the luminous blurred asped of the left part of the corresponding image.
In the cae b, the refledion on the left part of the jet still exist and the rays refraded by the jet interface ae
focused on the right part of the jet. The light is then scattered by the surrounding spray on the left and right part
of the jet. The focus plane is nearer from the jet than previously and some droplets, back-lighted by the scattered
light are visible. Inthe cae ¢ thelight isrefleded towards the +x diredion. The left part of the light scétering is
obscured by the jet and the surrounding spray then no more visible but the right luminous part remains. In the
last case, the right positioned focused padnt disappeas, and a part of the refraded light is expeded to crossthe
interface of the jet towards the camera. Then the blad thin light observed on this image would be internal
structures shadows positioned on the peripheral part of the liquid jet. This model seemsto be in acardance with
the experimental data from a qualitative point of view. So, this shows that, to have abetter visualizaion of these
structures, we must shift the camerain order to be focused on the peripheral part of the jet. The obtained imageis
presented in figure 4.

Configuration B

In this configuration the laser shee plane intercept the jet with an angle of 45° with resped to the verticd
axis. The principal interest of this configuration resides in the fad that the scatering pattern contains information
about the entire jet. The drawbad is that the interpretation seems more difficult (figure 4-a). But, by considering
ray-tradng model exposed above, the reconstruction of the images could be done. The remnstruction method is
ill ustrated in figure 4-b.

P
Figure 4. View with a shift of the focus plan
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a: 45° ill umination image b : Remnstruction method ¢ : Reoonstructed image
Figure 4. Remonstruction of the pictures obtained with the second configuration, P,=80 MPa, n=2.18 ms

The orientation of the laser sheet implies that for eat z paosition in the image arresponds a different x position
of the laser shed impad into the jet. Thus sveral dlices coming from the first experiment (configuration A) are
put end to end in order to reconstruct the image of the configuration B. The result is represented in figure 4-c.
The dharaderistic pattern observed on the original image ais remnstructed in figure b. The only change mmes
from the dhange of focus plane for ead dlice of the reconstructed image whereas the focus plane naturally does
not change for the 45° laser sheet orientation.

Configuration C

Images of the mnfiguration A present linea structures when P=>25 MPa. The nature of these long linea
structures remains unknown in term of both temporal and spatia asped. In the onfiguration C, the laser shed is
oriented horizontally and located just below the camera field of view. The laser energy has been increased to
observe the light propagation in the jet. The results presented here crrespond to the P,=40 MPa with the focus
plane cetered in the jet. The two photos presented in figure 5 are obtained for two dfferent injedion times
(n=1.77 msand n=2.17 ms).
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Figure 5. Results of the mnfiguration C for two different injedion time, P,=40 MPa.

At the beginning of the injedion, large ligaments are present. Some liquid sheets arise in the left part of
the jet (bottom part on the image). At alater injedion time, the flow is quasi-stationary, the liquid shed istotally
developed. The observed waves on the liquid shed positioned on the left part of the jet, corresponds to the
ligaments formation for higher injedion presares. The scater light patterns of the two images are totally
different. For the n=1.77 ms, a spatially homogenous light scattering occurs. This is in agreement with the
hypathesis of a homogeneous emulsion of gaseous inclusions inside the jet. This interpretation is coherent with
previous observation made by Soteriou [7] in a scded up plain orifice nozze. When the jet is fully developed
(n=2.17 ms), a straight line gpeas in the image. This indicaes that the previously observed ad like opticd
guides 9 these structures correspond to a dange of the media. This makes us believe that the structures are long
tube-like shape gas cavities. This type of cavitation was observed in transparent nozzles by Arcoumanis et al.
[8]. They showed the presence of gas films at the nozzle wall. At the outlet, this pockets gives birth to gas
ligaments. The presence of cylindricd gas cavities was mentioned by Fath et al. [9]. The observation of these
luminous lines dructures occurs for sufficiently high injedion presaure. This is coherent with the idea that
cavitation structures need a minimal injedion presaure for the cavitation number to be higher than the «itical
value.

To validate the hypothesis of tube-like shape gas cavities, we cdculated the time of coll apse of a gas bubble
from the Rayleigh equation (1). One can note than this equation considers gherica bubbles and not cylindricad
ones but, this gives us an order of value.
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where Ry is the initial radius of the germ resporsible for the cavitation appeaing, p is the liquid, P is the
presaure & infinity intheliquid. P, is the saturated vapor presaure of liquid. The cdculated time of collapse is
0.42 ps with Ry=5 um which is a value commonly used in the literature. The velocity of the liquid in the
quiescent air isin the order of 200 m/s o, considering sphericd shape cavities, we can estimate the distance
they cover to be aound 85um. This corresponds to the order of the structure length observed.

Proposed schemefor the Diesel dense core

Tube-like shape cavitation bubbles have dso been observed with the non-coherent badklighting only. In this
case, some image processng (gamma arredion, contrast enhancement ...) are needed to visuali ze the straight
structures. It has been shown through spedfic cdculation [10] that these lines can be produced by cylindricd gas
cavities locaed at the periphery of the liquid jet. The light distribution diagrams obtained by ray-tradng
computations present discontinuities smilar to what is observed on the images.

The scheme propaosed here asaumes the existence of a liquid core & the nozzle outlet. For injedion
presare higher than 25 MPa and for quasi-stationary flow conditions, two kinds of gas cavities can be
encountered. The first colledion of cavities congtitute an homogeneous cavitation foam. The second kind is
showed of tubular shape dongthe jet axis positioned on the jet boundary (figure 5).

Figure5: Model of the dense are. For P;=50 MPa

Conclusion

Badlight and dfferent tomographic configurations were employed simultaneously to visualize the Diesel
jet at the outlet of the nozzle. The originality of this approach liesin the use of two angular configuration of the
laser light shed. The focus plane position was varied to observe lines dructures in the jet. Different injedion
presares and injedion delay time were used. A ray-tradng simulation helped us to interpret the observed
patterns of light scatering. The different approaches permit to elaborate amodel for the Diesel jet at the nozZe
outlet. The jet is compaosed of a liquid phase mntaining gas foam and tube-like shape gas cavities very long
(>1mm) with diameter in the order of 10 um positioned in the jet periphery.

These structures has been visualized also with the unique badklighting non-coherent source As this
configuration is very easy to implement, it seems very promising and will be used to achieves further
experiments on the nea field of the Diesel jet.

Nomenclature

X, ¥,z gpatia diredions,

nozzle diameter,

injedion presaure,

saturated vapor presaure of Diesel fuel,
injedion command time,

initial radius of the germ,

ill umination time after T,

Diesel fuel density,

wavelength of the laser light.
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