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The paper discusses some fundamental spray properties and new aspects of measuring the spray behavior. The fuel
injection measurements were done with marine common rail diesel injection equipment under nonevaporating con-
ditions in a pressurized test rig. The tests were made at room temperature to ensure a constant environment for the
sprays and to study the fundamentals of transient fuel jet. Fuel injection was performed with 1400 bar pressure to 35
kg/m® ambient gas density with different nozzle orifices. Some fundamental phenomena in dense and high-velocity
diesel spray can be confirmed by short exposure spray imaging. Imaging was based on planar illumination and digital
imaging. The main findings were high-definition shockwave images. Shockwaves can be seen when the supersonic fuel
spray exits the nozzle orifice. Shockwave imaging is used to estimate the velocity difference of the fuel and ambient gas.
Boundary layer velocity measurements are shown at the vicinity of the nozzle orifice. Velocity measurements can be
used to estimate nozzle discharge coefficients. The initial laminar core flow of the liquid and the collapse of this initial
region were recorded. This may seem like a rather unlikely phenomenon in diesel injectors and it can well be considered
as a special case. Spray-to-spray variation of the spray exit has also been recorded. Some time scales of the transient
spray phenomena are also drawn.

KEY WORDS: diesel spray, shockwaves, spray visualization, common rail, backlight imaging, shadowg-
raphy, diesel spray velocity

1. INTRODUCTION often recorded or reported. However, these phenomena
are important if the fundamental spray behavior is in fo-
Diesel sprays have been under active research ¢as. Basic knowledge of spray physics is important for
decades. Some experimental techniques enable highemiled spray simulations, too. Digital imaging also has
resolution on spray imaging. More precisely measuredrtain advantages, because it can handle a high number
spray characteristics are becoming interesting becausefdfamples, and the pressurized gas is found to give a good
the development of computational fluid dynamics. Thdatform for fuel jet studies (Shao et al., 2003).
study discusses results of backlight imaging of sprays. veasurements just after the start of injection are
Some of the general spray properties have been repogggwn. Usually the phenomena at the start of injection
and discussed in a different paper (Hillamo et al., 2008)spray development) are neglected because the spray has
In this paper the main focus is on a few phenometav penetration, and phenomena at spray introduction are
which can be seen in sprays. These do not show a dirbeiught to have a minor effect on the main combustion
effect on diesel engine performance and are therefore paicess. It should be recognized that even though the
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NOMENCLATURE
a velocity of sound, m/s Ul Vvelocity of fuel, m/s
ameasured  Measured velocity of sound, m/s  Greek Symbols
ASOI time after start of injection, s 104 angle between boundary layer
Dinj injection pressure, bar and shockwaves, deg
Daas pressure of gas, bar pruel  density of fuel, kg/m
Pruel pressure of fuel, bar peas  density of gas, kg/th
Tsas temperature of gas, K Dimensionless Numbers
Uindicated  indicated velocity, m/s Ma Mach number, dimensionless velocity Md#a
Uruel max ~ theoretical maximum of the jet exit C, velocity coefficient of specific injector
velocity, m/s Y rate of specific heats, = ¢,/c,

penetration of spray is initially low, some characteristics In general, supersonic sprays cause shockwaves. Gen-
for the spray are already formed at that stage, e.g., #ration of shockwaves by diesel sprays, as seen in the cur-
spray angle is formed at the very beginning of jet deveknt paper, has also been studied by other research groups,
opment. For precise fuel spray computational fluid dgs it is described in the following chapters. However,
namics the boundary conditions are becoming more ithe significance of shockwaves to diesel combustion has
portant. remained rather unknown. In this paper high-definition
In the current paper near nozzle effects are measuséd@ckwave images are introduced which are recorded di-
and discussed. When measuring near nozzle effects, vegétly with visible (laser-based) light and a method to es-
ous factors affect the exit of fuel from the nozzle orifice§mate jet exit velocity. In other studies x-ray imaging
It is clear that the needle valve and the liquid fuel hawnd Schlieren imaging have also been used for imaging
certain inertia which must be accelerated to enable fafldiesel spray shockwaves (MacPhee et al., 2002).
flow of fuel. The needle liftis one restriction for fuel flow, Generation of diesel spray shockwaves has also been
and the pressure inside the nozzle will drop due to instasafidated at high temperatures (Pickett et al., 2009), and
loss of mass at the beginning of injection. The stabilizaimilar cases have also been studied with different injec-
tion of pressures will take some time. These phenomdimn pressures and gas densities (Kook and Pickett, 2008).
are difficult to measure and therefore the beginning of iGas density has a major effect on spray characteristics,
jection is not clearly understood. A good tool for flowvhile it changes spray penetration and makes the spray
research inside the nozzle seems to be model tests (&iden with increasing density. The effect of gas density
and Lee, 2008a) and simulations (Ning et al., 2008). on spray characteristics can be clearly measured and vi-
In the beginning of injection, fuel may have a relssualized (Araneo et al., 1999).
tively low Reynolds number, and because of the relatively In the current paper phenomena at the very beginning
low length-to-diameter ratio (initially still) fuel can someof diesel spray are shown. Measurements have been per-
times be seen to exit from the orifice as a laminar liqufdrmed using backlight photographing. This paper shows
column. This transparent liquid then becomes unstallesetup which enables high-contrast spray imaging and
and the following higher velocity fuel is pushing the sloweonversion of particle image velocimetry setup into a
part at the front. This leads to breakdown of the initial révacklight imaging setup. Similar phenomena, like initial
gion and complete spray atomization is seen to take plaggray formation, breakup of the liquid core, and flow field
It can be seen that atomized fuel has high velocity sinf@mation has been studied with x-rays at atmospheric
it forms shockwaves to ambient gas. When these shopkessure (EI-Hannouny et al., 2003), while the current pa-
waves can be seen to bend it means that the velocitypef gives a high-definition view with visible light to the
the discharging liquid has exceeded the speed of sousaine phenomena. In the study of EI-Hannouny et al. the
The exit velocity is further increased, but the spray atom-rays were used because diesel sprays are optically very
ization and ligament breakup has already started at supmse in the vicinity of the jet exit. High-definition pho-
sonic velocities. tography of the diesel jet near the nozzle has also been
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done, but the results show different spray behavior d2e EXPERIMENTAL SETUP

to a different nozzle configuration, light source, and fuel )
(Bae and Kang, 2006). Measurements with the current setup were performed

When measuring diesel sprays, the effect of ambidlith a mariqe_ commone-rail injector. Different injectiorj_
gas density to diesel spray formation should be taken imgFssures, injector nozzle.s, and. a}mbllent gas der!smes
account. The gas density effects have also been studi¥gre tested. The gas density and injection pressure in the
and some similarities were found in this study compar8igasurements shown in this paper are near to real engine
to other studies introduced formerly. The importance afignditions (Table 1). ) ]
formation of diesel-spray-induced shockwaves has been! N€ SPray tests were done in a pressurized measure-
discussed and demonstrated (Roismann et al., 2007). &g8ttestrig (Fig. 1) to imitate similar physical conditions
density was also varied and the effects on spray fornfgen in engines butina nonevaporating environment. The
tion and spray tip velocity were studied. The collapSi&S density was kept constant with the aid of pressure_and
of initial liquid flow when colliding with dense gas hadéMperature measurements. The gas pressure was slightly
formerly been sketched and discussed (Roismann et @fiusted if needed with a spring-actuated backpressure
2007), and the experiments shown in this paper suppYﬁlve- Different nozzle orifice sizes were tested.
the introduced hypothesis and calculations. In the optical measurements illumination of images

Measurements based on shockwave generation ¥ftf done with a planar light source (Fig. 2). There was a
discussion of spray exit velocity are shown in a latt&hort duration laser pulse, and the width of the beam was
part of the paper. Spray exit velocity has also been stfgPanded to about 100 mm. While originally green light
ied with laser flow tagging in the vicinity of the noz{(532 nm) was shot to a fluorescent plate, the light was
zle orifice (Wissel and Griinefeldt, 2006). Velocity prgehase shifted to white light. This was done to get even
files and the relative velocity difference of mixed ga@nd planar light to measurements. The light was further
and liquid fuel can be achieved with a flow tagging tecffmoothed with a milk glass diffusor. Without phase shift-
nique, and thereby also the jet velocity can be compar88 1aser light will cause significant laser speckling which
to the theoretical maximum velocity. However, there afdll ruinimage quality and make detailed image consider-
very few techniques capable of diesel spray jet exit V@tjon_dﬁflcult. Ph_ase shifting takes place r_1ear_|y mstantl_y,
locity measurements, and it is shown that the generat@f it was possible to capture consecutive images with
of shockwaves gives a new perspective on velocity stfne intervals of 500 ns.
ies. The accurate timing and the sequence of measure-

Diesel fuel jet exit velocity is important for certainents were controlled by a computer which was also used
phenomena like atomization of fuel and turbulent corf®" data acquisition. The original request to measure was
bustion. Some parameters which are substantial &t t0 a trigger unit which synchronized the injector and
proper combustion of fuel have been acknowledged f@Ping of the laser and the camera. Images were taken
a long time. These kinds of parameters are initial v&t different times after the start of injection (ASOI) and
locity (momentum source), spreading and penetrationtBreby an additional delay was set to camera and laser.
fuel (Heywood, 1988; Hiroyasu and Arai, 1990), anBelay was controlleq byaumm_g unit. A schematic im-
nozzle efficiency (LeFebvre, 1989). Initial flow condi@de of signal routes is shown (Fig. 3).
tions, diameter-to-length ratio of the nozzle orifice, and
jet exit velocity have a sign.ificgnt effect on so-called pr'z_l Imaging
mary breakup of the spray liquid core (Hiroyasu and Arai,

1990; Faeth et al., 1995). Nozzle flow coefficients habmaging was performed with a 4 megapixel grayscale
been used to describe these phenomena in general. amera. Imaging parameters are listed in Table 2. The
ondary breakup of droplets is greatly affected by aerodyrage is rectangular and the resolution of the camera is
namic forces, which depends on initial velocity (momeni:2 bit. In the current study the area of view was about 10
tum) of the spray (Pilch and Erdman, 1987). At presert10 cm, which corresponds to a pixel resolution of 50
the injection pressures are high from the start of injeg-50 um. In high-detail studies, i.e., shockwave imaging,
tion, and it is believed that the intact liquid core of ththe area of view was 36 30 mm, which corresponds
spray is very short and complete atomization of liquid t® a 15um pixel resolution. The double frame camera
seen a few nozzle diameters downstream (Smallwood andapable of taking two consecutive images with a time
Gulder, 2000). interval of 200 ns. The light source is a double-pulsed
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TABLE 1: Operation conditions in measurements

Gas (N) density 35 kg/m?

Gas temperature ~ 303 K

Fuel (diesel) density 831 kg/n¥

Injector Marine common-rail injector
Injection pressure 1400 bar

Nozzle orifice diameter | 0.31... 0.36 mm (indicated at text)

FIG. 1. Measurement chamber was pressurized and the camera, and laser were pointed to each other from different
sides of the chamber. Laser light was phase shifted to white light with a fluorescent plate. The light was further
smoothed with a milky glass diffusor.
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FIG. 2: Schematic image of measurement configuration. View from top.

Nd:yttrium aluminum garnet (YAG) laser which has alate which is illuminated with laser light and the phase

maximum pulse energy of 500 mJ (532 nm light). Thehifting nature of the current plate makes the light source

pulse has a typical duration of 5 ns, which is an advaplanar. The technique is similar to direct shadowgraphy

tage because such a short light pulse is capable of free4i@gttles, 2001). Some other research groups have used

most motion of high-velocity fuel spray. Due to the shofaser-based imaging (Suh and Lee, 2008b), spark light

pulse duration of the light source, high timing accuragae and Kang, 2006), a xenon lamp (Ryu et al., 2005),

can be achieved. and radiography (El-Hannouny et al., 2003;Vuorinen et
Very high-definition images were achieved because®f, 2006).

short illumination times, high grayscale definition, and

special backlighting (Fig. 4). There are many backligh\g—_ RESULTS

ing techniques for imaging high-velocity objects, but this

system was used in a rather simple way, where the light/ariety of different image sets was achieved. The sets

source and camera are axial and no special optics hame divided into different groups according to which

been used. The light source is planar, since it is a flatysical phenomena was being observed. Measurements
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TABLE 2: Imaging parameters

Nd:YAG laser wavelength | 532 nm
Duration of laser pulse 5...10ns
Exposure time Same as laser pulse duration
Cameratype ImagerPro 4M
Imaging technique Direct imaging (direct shadowgraphy)
Double framing PIV camera 2000 times 2000 pixels
Cameralens 105 mm 1:2.8 Micro-Nikkor lens
Camera aperture /2.8
Injection Amphﬁer - ~— Injector
Trlggcr — ,.// — FUC] SpI"W
/- Computer H,f" 3 \\
Timing Unit — Camera — . Pressurized Test Rig

FIG. 3: A schematic image of signal routes and timing of measurements.

FIG. 4: Two spray images combined and tilted to normal operational position. The measurements were positioned
and performed so that only one spray was visible at a time.

were done with a modified nozzle tip. The modification
consisted of plugging nozzle orifices next to the spray
which was in focus (Fig. 5).

The measurements shown were done as part of a bigger
spray measurement project. In the whole project thou- Y
sands of images were taken. The phenomena seen here gm0
and the idea of diesel spray visualization was realized '
during the project; therefore, more detailed measurements
were done to confirm the observed phenomena. The re-
peatability of these phenomena was high, and the phe-
nomena were seen with different injectors, different fu-
els, and different nozzles. The authors believe that the
phenomena are general, since they are visible with vaFIG. 5: Spray pattern of a plugged multihole nozzle.
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ious configurations and have also been sketched, meat gas (Fig. 6). In the measurements there is 1400 bar
sured, and simulated by other research groups (furtigection pressure in the common rail and the density of
references specific to each phenomena are describedrmbient gas is 35 kg/fn The images shown are not from
the Introduction). the same spray, and the laminar spray exit is a special
case, since often the spray introduction is asymmetric, as
can be seen from detailed images (Fig. 7). Spray-to-spray
variation is typical when using a multiorifice nozzle. The
At the start of injection a mushroom-cloud-shaped fuebzzle was partly plugged to enable measurements of a
discharge can be seen when the low-velocity liquid tip single spray and a schematic of the spray pattern is at-
the fuel is protruded through the nozzle orifice to amitiached (Fig. 5).

3.1 Start of Injection

b
L
-

Shockwaves start
to form

el

FIG. 6: This particular phenomenon is a special case of spray introduction. Each of these images is from a different
spray and the "laminar spray introduction” is found from a large measurement set. Very often the injections looked
like the image (a) if initial disturbances had occurred — the laminar exit is a rare but interesting phenomenon and

gives new looks to the mass fraction of liquid and gas at the initial stage of spray development.
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FIG. 7: Example of spray-to-spray variation with equal delay from the start of injection. All the measurement
parameters are the same and ideally, the spray images should be similar. Left side of the nozzle tip: three holes open,
not parallel to the imaging plane. Right side of the nozzle tip: one nozzle hole open and parallel to the measurement
plane.

It is acknowledged that there is some effect on the disturbed by cavitation and initial breakup, and an in-
spray behavior due to plugged orifices. The phenomeaat liquid core can occasionally be seen. Even if some
described in the current paper do not suffer significantliysturbances and breakup had occurred, the liquid-to-gas
from this issue, since the results describe sprays as a gaass fraction at the vicinity of the injector should be near
eral phenomena and the focus is more on the meastie-same level in the case of low and high atomization.
ment technique. Also if we look at Fig. 7, it can be sedn the images (Fig. 6) the injection pressure is 1400 bar,
that there is an arbitrary effect on spray-to-spray varigas density is 35 kg/fp and the nozzle orifice diameter is
tion. It seems that the plugging has not favored cert@r32 mm.
nozzle orifices. Plugged nozzles have been successfullyeven though this laminar liquid column (Fig. 6) is
used for study of nozzle orifice characterization (Hillam@ common feature in early spray development, no gen-
et al., 2008). According to Fig. 6, supersonic velocitiegal conclusions can be made. Sometimes the spray is
develop shortly after the start of injection, which indicategomized at a very early stage and even low atomiza-
that the nozzle starts to operate as multiple “plain orifigen or the breakup of a spray core will result in a non-
pressure atomizers”. In plain orifice pressure atomizeransparent and asymmetric jet exit. If atomization oc-
the main restriction for flow is the nozzle orifice, whereurs the view through the liquid part is lost and no vi-
also the main pressure drop is seen (LeFebvre, 1989).sual analysis of the inner structures of the spray column

In the measured cases the liquid is often first cleai®@n be made with the current measurement system. These
laminar, and later there is some Kelvin—Helmholtz insté&&minar and low-atomization cases were not separated or
bility introduced (Fig. 6). The liquid core starts to rolexcluded from the subsequent spray analysis, and those
up from the tip of the liquid column and the instabiliseem to have similar behavior to more atomized sprays
ties begin to grow larger. Similar results have also bewfith regard to spray penetration and geometry (Hillamo
achieved with large-eddy simulations (Srinivasan et a¢t al., 2008). The main acceleration region of spray pen-
2008), and modeling of dense liquid sprays shows singitration for these marine diesel injectors was found to be
lar phenomena (Tonini et al., 2008). Later the liquid cotess than 12 mm (100 S/d) from the nozzle (Hillamo et
of the spray is changed to nontransparent. That candbe 2008), and the transparent core is seen to break down
taken as a clear sign of breakup of liquid fuel. Only undigt maximum of roughly 4 mm (35-40 S/d).
turbed liquid can act as optically transparent media at theAt this point it must be clarified that the jet exit ve-
current measurement setup. The primary atomizationasity and the spray penetration velocity are very differ-
believed to happen due to cavitation and high-velocity ient measurements. The jet exit velocity is coupled with
stabilities (mainly turbulence) of the liquid. The liquidnass flow, and the tip velocity is coupled with atomiza-
part of the fuel does not tolerate the high aerodynantion, momentum of liquid, and aerodynamic effects. The
forces and internal turbulence, since it leaves the nozpkenetration of fuel spray is an important measure for the
hole and therefore bursts into a spray of droplets and lggmbustion, since for satisfactory combustion a large spa-
aments. It is believed that the liquid core of the sprdial coverage of spray is needed.
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Some time scales can be drawn from the initial intro- g
duction of fuel. The velocimetry measurements (Hillamo |
et al., 2008) show that the initial liquid column (Fig. 6)
has tip velocities which are about 40-50 m/s. The shift
from low exit velocity to supersonic flow (shockwaves at
Fig. 6) was seen to take place within less than 180
The spray tip velocity is constantly accelerated from ve-
locities of 50 m/s to 150-200 m/s, even though the jet exit
velocity can be seen to reach supersonic velocities muc
earlier than the peak velocity of the spray tip as measure
(Hillamo et al., 2008).

3.2 Shockwave Generation and Jet Exit Velocity

Diesel fuel sprays are supersonic because of the high in-
jection pressures. Supersonic fuel jets cause shockwaves
to ambient gas, and this can be both measured and com-
putationally confirmed (Im et al., 2009). According t®Roshko, 1960). The novel idea is that with shockwave
Bernoulli's law (Eg. 1), the maximum of the jet exit veimaging measurements it is possible to get velocity data
locity (Uruel,max) is bound with the pressure difference gtom the vicinity of the jet exit. Some shockwaves can
the nozzle orifice. According to several studies there aje recognized as near as one nozzle hole diameter down-
some issues that limit the maximum velocity. The mostream (Fig. 10). While the nozzle orifices at diesel in-
important of these issues are hydraulic flip and cavitatigactors are in the range of 0.1-0.4 mm in diameter, there
which cut down the flow area which then cuts down thge few measurement techniques capable of velocity esti-
jet exit velocity compared with the theoretical maximurmates so near the jet exit (Kastengren et al., 2007). De-
(Naber and Siebers, 1996; Martynov et al., 2006; Kastegpite that, near-nozzle velocity measurements of diesel in-

FIG. 8: Schematic of jet velocity estimation.

gren etal., 2007). . jectors have been demonstrated (Meingast et al., 2000;
The Bernoulli equation (Eg. 1): Wissel and Griinefeld, 2006).
The edge of the spray represents the boundary layer
(Ptuel — Pgas) which is progressing at a high velocity, and the surround-
UfueLmax = 2 e ( ) 1 1 Nt 1 H 1
Ptuel ing gas is initially stationary. Since the fuel spray is su-

_ _ _ o personic and the shockwaves travel at a local speed of
The theoretical maximum velocity of jet in the currenfound, the waves are lagging behind (seen as bending).

measurements can be calculated from Eq. 1: Shockwaves will catch the spray tip while it has decel-
erated further downstream. Correlation between velocity
Ust = Co -1 ]2.- (Puel — Dgas) and shockwave angle is
" ! Pfuel 1
N 2)
(1400E® — 31.4E5) m SE = Va (
831 s

wherex is the angle between boundary layer and shock-
whereC, is a characteristic nozzle velocity coefficienvave (Fig. 8), and Ma is the dimensionless number in-
which can be approximated. To estimate theoretical malieating the boundary layer velocity compared to local
imum velocity, C,, is set to unity. The pressure differspeed of sound (Liepmann, Roshko, 1960).
ence at the nozzle is indicated with,e — pgas [Pa], and Here it is estimated that the speed of sound: is
fuel density is indicated witlpg,e1 [kg/m?] (Naber and 355 m/s, whilepgas = 35 kg/m¥ and Tgas = 30°C in
Siebers, 1996). the ambient nitrogen environment. The°S@ending of
The jet exit velocity of the fuel spray can also be estshockwaves corresponds to a velocity of 450 m/s. The
mated from the bending of shockwaves. The shockwawfinition of angle is not very accurate, but it is clear
(Fig. 8) will set to a certain angle (Eg. 2) depending dhat the right value lies between 40 and® 60hereby the
the Mach number of the boundary layer (Liepmann aijet exit velocity can be estimated to be between 400 and
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500 m/s. The injected mass per injection compared to finetion and it has a slightly lower velocity than the core
nozzle orifice size suggests that these estimates havedithe fuel jet. It is also known that theoretical maximum

right order of magnitude. velocity is not usually achieved. Nozzle efficiency can be
approximated according to comparison between theoreti-
3.3 Speed of Sound in Pressurized Media cal and measured values.

The measured velocity;,gicatea CAN be compared to
Speed of sound;, in pressurized (ideal) gaseous medi@e theoretical maximum VeloCifyruel max and a relation
can be estimated with the following equation (Eq. 3):  for the velocity coefficient can be calculated (Eq. 4). Ac-
cording to measurements the characteristic velocity coef-

0.5
a= (%) (3) ficientC, for a specific nozzle (Fig. 10) can be estimated
Pgas (Naber and Siebers, 1996):
wherey is the ratio of specific heatp,. is the pressure Usndicated  510m/s
of gas, ancy.. is density (White, 20086). Cy = Una = S7am/s 0.89 (4)

The shockwaves were recorded to move at approxi-
matelyaeasurca = 36020 m/s, while the computational  This result for the velocity coefficient],) may be a
value for the corresponding environment wias 355 m/s  bit underestimated because the measured velocity is about
(nitrogen, 35 kg/m, 303 K). The edge of a shockwaveawo nozzle orifice diameters downstream of the jet exit
was very sharp and it was possible to recognize the edgel because the ambient gas might not be completely still.
within pixel resolution. Error due to the measuremeiihere might also be additional losses due to flow condi-
system is therefore set tbl pixel, which corresponds totions inside the orifice and primary atomization just after
+20 m/s. The shockwave propagation has a certain erttog jet exit.
due to the pixel size of the images and the fact that the
images are a kind of projection of the tangent of a sphers Liquid Core of Spray
ical or conical wave. From the images a shockwave shift
of 0.18 mm was recorded between two images captut8grart of the measurements transparent liquid can be
with a 500 ns time interval. seen to exit the nozzle. Transparency of liquid in this
Because of the crossing shockwaves the particuf@se means undisturbed liquid flow. Even small amounts
waves had a “fingerprint’” which enabled recognition &if bubbles or initiallatqmization would form a nontrans-
the same shockwave in consecutive pictures (Fig. Bfrent core. The liquid core of the spray will act as a
With the current measurement system it was possiblek#gd of lens which is collecting the light to the center
freeze the shockwaves near to each other if consecufi@ét of the spray, diffusing the light at the edges (com-
images were taken with a time interval of, e.g., 500 rare to Fig. 11). The disintegration of the liquid core is
Then it was possible to iteratively find different timdelieved to take place at the vicinity of the jet exit, at a

and shockwave shift correlations and to approximate tf@ximum of a few nozzle orifice diameters downstream
speed of sound with an optimal wave shift. (Smallwood and Giilder, 2000). The disintegration of the

intact core was monitored, e.g., with microscopic imag-
ing of the spray exit (Bae and Kang, 2006) and radiogra-
phy (El-Hannouny et al., 2003;Vuorinen et al., 2006), and
there have been some trials of ballistic imaging as well
If we take a close look at the nozzle, some shockwavygsnne et al., 2006).

near the nozzle orifice show a relative angle of d4#ea- The spray core was often nontransparent in the mea-
sured from the boundary layer of the fuel spray (Fig. 18urements, and it seemed to be dependent on the nozzle
while in the latter part the waves seem to set more likéfythis liquid core was more often visible. Tested nozzles
to around a 50 angle. These angles correspond to 45@a total of five nozzles) had different diameter-to-length
510 m/s (Ma= 1.25-1.45) velocities. The magnitude ofatios and different machining. This probably contributed
velocity a few nozzle orifice diameters downstream is &sflow conditions, i.e., cavitation, inside the hole.
expected. This is slightly less than the theoretical max- The shockwaves indicate that the outer edges of the
imum velocity at the nozzle exit, as it should be. Thispray have a velocity of over 360 m/s, and even though
approximation of velocity is made for the boundary lay¢here was cavitation or similar phenomena inside the
velocity. The boundary layer is decelerated becausenmizzle, the liquid core is occasionally conserved intact

3.4 High-Definition Imaging of Diesel-Spray-
Generated Shockwaves

Volume 20, Number 3, 2010



186 Hillamo et al.

FIG. 9: On the left side a mixing of shockwaves can be seen. On the right side only one nozzle hole is open. Special
fingerprint of shockwaves can be seen.

(Fig. 11). Even a few bubbles of ligaments would scattiy-spray variation. However, the laminar jet exit and the
the light, and it would not be possible to see light throughsualization of the intact liquid core of spray gives a good
the spray core. The jet exit diameter is the same as tbel to estimate the mass fraction of liquid and gas at cer-
orifice diameter, which means 0.31 mm for scaling puain distances from the nozzle exit. This can be done since
poses. Intact liquid droplets of the same diameter as gpray angle and penetration can be combined with gas
spray exit are shown for comparison. The droplets adensity.

recorded with the same imaging configuration. Shockwave imaging of the spray shows potential for
spray exit velocity studies and defining the injector de-
4. CONCLUSIONS lay. It is often assumed that needle lift restrains spray de-

velopment. When the flow has reached supersonic speed

Very good image quality can be achieved with a lasg#00-500 m/s) near the theoretical maximum velocity, the
based backlight imaging system. Results of this pagkaw is probably not significantly restrained by the needle.
concentrated on certain phenomena, even though largeBseause of the nature of a diesel injector as a pressure
ries of images were gathered during nozzle testing. Dueatad orifice atomizer, an adequate pressure difference can
the larger project with similar measurements at the badle quickly achieved, with careful design. The flow area
ground, repeatability of the introduced phenomena waound the needle should be relatively high compared to
known to be good. The flow studies presented here aretha orifice area. These results show that the jet exit veloc-
interesting summary of some specific fuel spray phenoity is stabilized very early, even though fuel spray pene-
ena. tration was low at the beginning of the jet introduction.

The laminar jet exit is an occasional phenomenon Near-nozzle velocity measurements enable estima-
which is not always present. The jet exit seems to d@ns of the velocity coefficient(,), which is important
pend on nozzle and injection parameters. Notable sprayren considering nozzle efficiency. Jet exit velocity (ini-
to-spray variation is seen in big marine diesel injectotsal momentum) is also important when discussing the
The jet exit time also has a typically high level of spraygeneration of turbulence in fuel jets.
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position mm

FIG. 10: Close look at the nozzle exit. Hole diameter 0.36 mm. Shockwaves have a maximum andle of 44

FIG. 11: Liquid (transparent) fuel seen at the jet exit region concurrently with shockwaves. It can be seen that the
light intensity pattern of the intact liquid droplets is very similar to what is seen at the jet exit. Nozzle orifice diameter
0.31 mm.
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