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We report, the use of laser-plasma-driven x rays to reveal the three-dimensional (3D) structure of a
highly atomizing water spray. Soft x rays approximately 5 keV are generated by means of a laser-plasma
accelerator. Transmission radiography measurements are performed at different angles, by rotating a mul-

tihole injector. Using computer tomography, the local liquid volume distribution and its spatial variation

are retrieved in 3D, showing up to 55% liquid fraction at the nozzle outlet, which decreases to below
7% within only 1 mm. The resolution of the liquid volume fraction is 0.5% while the spatial resolution

of the radiographic images is 11.5 um. The x-ray source used here provides successful measurements of
liquid mass distribution over a relatively large volume and is very promising for the analysis of a variety
of challenging transient spray systems, e.g., the injection of liquid synthetic and biofuels used for future

clean-combustion applications.
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I. INTRODUCTION

When a liquid jet is discharged at high injection pres-
sure into a continuous gas, usually air, it is subjected to a
series of liquid breakups that lead to the formation of irreg-
ular liquid bodies and, subsequently, to the formation of
micrometric droplets that quickly evaporate. This process,
known as atomization, is still not fully understood due to
its complexity, its fast occurrence, and the lack of visibil-
ity imputed by multiple light-scattering effects. Atomizing
sprays are particularly useful for the injection of liquid
fuels, since the efficiency of a liquid-driven combustion
device depends on the rapid liquid-to-gas transition of the
injected fuel. Here, especially the primary breakup inside
the nozzle due to cavitation and at the nozzle exit due
to turbulence and aerodynamic effects is not fully under-
stood. Controlling and optimizing this transition through a
well-designed injection system allows reducing fuel con-
sumption as well as pollutant emissions. Other relevant
applications such as powder generation from spray drying,
surface coating, flame spray pyrolysis, or spray cooling,
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are all based on the use of specialized spray systems
that need to be accurately characterized. Despite those
needs, quantitative measurements as well as direct visu-
alization of highly atomizing sprays are very challenging
especially due to the occurrence and detection of multiple
light scattering. Over the past two decades, several tech-
niques have been developed to overcome those issues. The
first approach consists in using visible light and rejecting
the contribution from multiple scattering. The three main
techniques capable of doing this are as follows:

(i) Ballistic imaging [1-3], where the late arrival pho-
tons reaching the detector and corresponding to the scat-
tered light are temporally rejected by means of an ultra-
short temporal Kerr gate.

(ii) Structured laser illumination planar imaging [4-6],
where a spatially modulated light sheet is used and the
nonmodulated component (corresponding to the inten-
sity contribution from multiple light scattering) is being
suppressed after image postprocessing.

(iii) Two-photon laser-induced fluorescence (2P LIF),
where the scattered light does not have sufficient energy
for generating fluorescence, allowing high-contrast images
in comparison with single-photon excitation [7,8].
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The second approach consists in using x rays. Unlike vis-
ible light, the refractive index of the injected liquid, such
as water, approaches unity for photons in the keV range,
resulting in negligible scattered radiation in comparison to
the absorbed radiation. This makes the approach reliable
for accurately measuring the liquid mass distribution near
the nozzle, where large and irregular liquid bodies are still
present and where the liquid density is the highest [9—12].
The attenuation length of soft x-rays depends on the liquid
being injected and spans from 2 um at 1 keV to 14 mm at
20 keV for water.

The liquid mass distribution is a helpful quantity for
spray characterization as it is related to the rates of
liquid breakups, gas entrainment, and evaporation over
time. Measuring the local liquid volume fraction in the
spray region, where droplets are already formed, can
be achieved by means of a scanning structured light
sheet [13]. The three-dimensional (3D) extinction coeffi-
cient has been obtained in 2012 using tomographic struc-
tured illumination [14], by rotating the injector, while
instantaneous 3D reconstructions of a dilute hollow-
cone spray have been achieved, the same year, using
shadowgraphy images simultaneously recorded by four
cameras [15].

Even if optical techniques based on structured illumina-
tion are capable of reconstructing the spray region in 3D
at optical depth up to OD ~ 6 [16], the approach is limited
when measuring the liquid volume fraction near the nozzle
tip due to two main reasons: First, the Beer-Lambert law
cannot be assumed in the spray formation region as the
loss of light intensity along the incident direction is mostly
due to refraction at the successive liquid-gas interfaces
from large liquid bodies. Second, the remaining amount
of unscattered photons is very low, usually resulting in a
signal below the camera noise level.

This specific issue can be solved using soft x-ray
absorption where the integrated liquid mass can suc-
cessfully be measured near the nozzle where the spray
is being formed [17]. X-ray tomography has been first
used in 2003 [18] for two dimensions and in 2009
[19] for 3D reconstructions of a hollow-cone spray. The
results have demonstrated noticeable asymmetries of lig-
uid mass, leading to a nonuniform air-fuel mixing and a
possible increase in NOx or soot emission during com-
bustion. Recently, hard x rays (50 keV) were used for
tomographic reconstruction of cavitation inside a metal-
lic nozzle [20]. To detect the liquid-gas interface after
crossing 1-2 mm of steel, a phase-contrast configura-
tion was used instead of direct absorption. To obtain
the needed flux as well as the time resolution, the stud-
ies cited above have been performed at a large syn-
chrotron facility, the Advanced Photon Source at Argonne
National Laboratory. Some attempts in using other x-ray
sources, such as medical computed tomography systems,
have been limited to relatively low flux, long duration

of the x-ray pulse, and relatively low spatial resolu-
tion (e.g., 0.6 mm in Ref. [21]). Thus, the large major-
ity of x-ray spray characterization originates from large
synchrotron facilities making its accessibility limited. In
addition, absorption measurements rely on using raster
(point-by-point) scans [22,23], which are time consum-
ing for two-dimensional (2D) reconstructions and highly
challenging when considering 3D volumes in the range of
5-10 cm’.

In this paper, an alternative solution is employed, where
X rays are generated by means of a laser-plasma acceler-
ator, similarly to the work presented in Ref. [24]. In this
scheme, an ultrashort laser pulse reaching intensities above
10'® W/cm? is used to ionize a gas medium, thus pro-
ducing a plasma and exciting a plasma wave. If the focal
spot size and pulse duration match the plasma wavelength,
the plasma wave becomes highly nonlinear, and a cav-
ity partially depleted of electrons forms behind the laser
pulse [25]. In this cavity, there are strong focusing and
accelerating electric fields (up to hundreds of GV/m) that
can accelerate co-propagating electrons up to energies of
hundreds of MeV and few mrad divergence over a few
millimeters [26—28]. Several methods exist to inject elec-
trons into this cavity for acceleration. In the present work,
we use a gas mixture (helium and nitrogen) to inject elec-
trons via the ionization injection mechanism proposed in
Ref. [29]. It utilizes the fact that the innermost shells in
nitrogen are ionized only at the intensity peak of the laser
pulse to release electrons directly inside the cavity. During
acceleration, the electrons oscillate transversely inside the
plasma cavity; this motion leads to the generation of keV
x rays in the forward direction [30].

A laser-plasma accelerator-based x-ray source has been
developed over more than a decade at the Division of
Atomic Physics, Lund University [31-33]. Previous stud-
ies have shown that laser-plasma-based x-ray sources are
suitable for tomography [34], which is used in this study
to obtain the 3D liquid mass distribution of a multihole
gasoline direct-injection (GDI) spray. This multihole injec-
tor is designed for homogeneous combustion of improved
gasoline used for engine applications. The operating con-
ditions are equivalent to those presented in Ref. [7] where
water is injected at 200-bar injection pressure and the spray
is imaged at 200 us after the visible start of injection. In
this proof-of-concept paper, water is utilized as the work-
ing fluid instead of a combusting liquid fuel due to safety
considerations at the test rig. First, the experimental setup
is described followed by the 2D calibrated radiography.
The results of the 3D tomography are given where hori-
zontal sections at different heights from the nozzle tip are
compared. Additionally, a comparison between the liquid
volume fraction and planar two-photon LIF imaging is pro-
vided. Finally, the paper ends with a discussion on the
potential use of the technique for future investigations of
atomizing sprays involving the injection of liquid biofuels.
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II. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1. A laser pulse
with an energy of 800 mJ and a pulse duration of 38 fs
is focused to a spot size of 13 um FWHM, reaching a
peak intensity of 10! W/cm?. At focus, the laser pulse
enters a 6-mm-long gas cell containing a 99:1 gas mixture
of He and N, resulting in an electron number density of
10" cm~3. An electron bunch (shown in blue) of several
tens of pC is accelerated in the generated plasma up to a
maximum energy of 200 MeV, with a final divergence of
approximately 5-mrad FWHM [35]. The electron energy
spectrum is measured by dispersing the electron bunch
using a 0.8-T magnetic dipole onto a scintillating screen
(Lanex), which is imaged using a 16-bit camera.

The x-ray pulses (in purple) are generated at a rate of
0.15 Hz in order to allow for the gas mixture to be pumped
away and vacuum restored in the gas cell. Each pulse fol-
lows a synchrotronlike spectrum with a critical energy of
2.3 keV with a maximum energy of approximately 25 keV
and a spectral peak located at 2 keV. The ultrashort pulse
emanates from a source, which is less than 3 um FWHM,
containing approximately 10'? photons per steradian with
a divergence of less than 30 mrad and pulse duration of a
few fs [33,36,37].

The various filters (Al, Kapton, and Be windows) in the
x-ray beam path absorbs the low-energy photons, prehard-
ening the beam to have spectral peak at 5.5 keV. The spray
is produced by a GDI Continental XL5 6-holes nozzle,
with an orifice size of approximately 230 pm and intermit-
tently separated jets, as shown in the microscopic image

800 nm

Camera

FIG. 1.

foil

of the nozzle plate and the radiography image as insets in
Fig. 1.

The nozzle is operated at 200-bar liquid injection pres-
sure using a high-pressure fuel-injection system. All the
data presented here are recorded at 200 us after the visi-
ble start of injection. The injected liquid is composed of
water and 20% potassium iodide (KI) in order to increase
X-ray absorption by a factor 2-3. Note that this mass con-
centration of KI changes the surface tension of the liquid
by 2%, resulting in 74.2 mN/m, and the viscosity by 16%,
resulting in 0.73 mm?/s, as detailed in the Supplemental
Material from Ref. [24]. Note that these changes in the
liquid properties are impacting the liquid breakups; means
to avoid this is briefly discussed in the next section. The
injector is mounted on a rotational system, motorized by a
remotely controlled electronic stepper motor. This allows
x-ray images of the spray at different angles to be recorded,
while maintaining angular resolution under 0.1°. Images
at angles from 0° to 180° are recorded by a step of 10°.
To increase statistics and reduce noise level, images are
averaged over 25 single shots at each angle. After crossing
the spray, the x-ray pulse is detected using a 4-megapixel,
16-bit back-illuminated, deep-depletion x-ray camera with
13.5 pm pixel size (Andor iKon-L SO CCD). The pixel
resolution of the recorded image is increased to 11.5 um
due to the magnification from the beam divergence.

III. X-RAY RADIOGRAPHY

A typical single-shot x-ray radiograph of the spray is
shown in Fig. 2(a). Even if the main features of the spray

Rotation system

Femtosecond
X+ay pulse X-ray camera
Kapton 4%
window @\@
<R
S, Radiographic image

Illustration of the experimental setup where femtosecond soft x-ray pulses are generated using a laser plasma accelerator

(left). The incident intense laser pulse (red) propagates from left to right and generates the x-ray beam (purple) after being focused
into a gas cell containing 99% helium and 1% nitrogen. The enlarged inset illustrates the laser plasma x-ray generation where the
background plasma density is shown in light blue and white. The emitted electrons (blue) are deflected from the x-ray beam using
a strong dipole magnet and imaged on a Lanex screen to obtain the electron-beam spectra. An aluminum foil and a Kapton vacuum
window stops the laser radiation while allowing the x-ray beam to exit the vacuum chamber. The GDI spray nozzle is mounted on a
motorized rotation stage. The enlarged inset shows a microscope image of the six holes of the injector each defined with a number. On
the right, an averaged (25 single shots) x-ray image of the spray is provided.
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FIG. 2. Process for obtaining radiography images of the lig-

uid path length. First, single-shot images (a) are recorded and an
averaged image over 25 recordings is deduced (b). Then a cal-
ibration curve, shown in (c), is applied. The calibration curves
shown in (c) correspond to the transmission of an x-ray beam
with the same spectrum as measured at the detector as a function
of equivalent path length for pure water and a mixture of water
with 20% KI. Finally, the liquid path length is deduced, as exem-
plified for the rotation angle of 0° in (d), 60° in (e), and 120°

in ().

are visible, details are difficult to distinguish. By averaging
over 25 exposures, as given in (b), the signal to noise level
is greatly improved and each spray plume becomes clearly
visible from the exit of the nozzle to its end, around 10 mm
below. In order to account for the nonuniform background
from the Gaussian-like x-ray beam-intensity distribution, a
flat-field correction is applied on each image. The averaged
images are then converted into a liquid path length (LPL)
by means of a calibration curve, as shown in (c). The aim
of the calibration is to convert x-ray intensity into a use-
ful quantity for the tomography. It first requires to know
the spectrum of the x-ray source. The x-ray spectrum gen-
erated by the laser-plasma accelerator is described by the
following equation:

&1 3¢? E\’ E
— NN 2 £ 2 1
dwas P (E) 23 (2E)

with Nj the electron number, e the electric charge, ¢ the
speed of light, ¥ the Lorentz factor, x/3 the modified
Bessel function, E the photon energy, and E, the critical
energy. E. is the only relevant parameter for the calibra-
tion since it determines the “shape” of the spectrum while
the other parameters determine the total number of pho-
tons. The critical energy is measured using a Ross filter

array and E. = 2.3 keV (£0.3 keV) [24]. In order to obtain
the spectrum at the detector, the effect of the 3-pum-thick
aluminium foil, the 50-um Kapton window, and 250-um
beryllium plate in front of the camera sensor, the 12 cm
of air as well as the detector response function are consid-
ered. Finally, the absorption of any amount of liquid can
be determined using the generalized Beer-Lambert law:

T(z) = f " e *ES(E)dE,
0

where S(E) is the normalized spectrum at the detector and
a(FE) is the absorption of the liquid [38]. The absorption
for water and water +20% KI are shown in Fig. 2(c).
Finally, we use the transmission 7(z) to convert the raw
x-ray images into LPL. A flat-field correction is con-
ducted to all the images in order to correct the effect of
the x-ray beam-pointing fluctuation and nonflat intensity
distribution.

The maximum liquid path length in Fig. 2 (d) is near
175 pum at the exit of the nozzles where no jets over-
lap and falls to 20 pum at the end of the spray 10 mm
below the nozzle. Considering that the size of the orifices
were around 230 pm this indicates that the liquid jets have
already started to breakup when exiting the nozzle. Differ-
ent orientations of the injector can be accurately adjusted
as shown in Figs. 2(d)-2(f) corresponding to 0°, 60°, and
120° angles, respectively.

IV. X-RAY TOMOGRAPHY

The tomographic data is reconstructed from 475 cal-
ibrated projection images—from 475 independent injec-
tions—taken over 19 evenly spaced perspectives, ranging
from 0° to 180°. For each perspective an image averaged
over 25 single shots is generated, as shown in Fig. 2. To
obtain the liquid volume fraction, see Figs. 3 and 4, the
tomographic data is normalized to the voxel size.

A cubic spline interpolation is used to increase the num-
ber of projection angles from 19 to 179 in order to reduce
streaking artifacts induced by the low number of projection
angles [39]. The tomographic reconstruction is obtained
by a filtered back-projection algorithm with a Ram-Lak
filter in a parallel beam geometry. Due to the low x-ray
beam divergence (approximately 10 mrad), the total root-
mean-square error introduced by assuming a parallel beam
geometry instead of a cone-beam geometry is found to
be 0.7% by simulating a reconstruction of a Shepp-Logan
phantom. A nonlocal median filter is applied to the tomo-
graphic data with a strength proportional to the nozzle
distance to increase the signal-to-noise ratio far away from
the nozzle, without compromising the spatial resolution
close to the nozzle.

The resulting tomogram is rendered as 3D contour levels
in Fig. 3(a). The liquid volume fraction ranges from 0.5%
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(a) 3D tomographic reconstruction of the spray where the false colors indicate the liquid volume fraction in percent. (b)

Contours for every 5% liquid volume fraction of jet no.2. (c) Line out of the liquid volume fraction along the center of jet no.2.

to 55%. The signal reaches the camera noise level below
0.5%. Thus, a threshold filter is applied at this value to
remove the noise and increase visibility. The liquid volume
fraction of the spray plume generated by orifice no.2 (indi-
cated in Fig. 1), is extracted and shown in Fig. 3(b). Some
isolated, local density distributions can be observed at the
spray front, where the liquid volume fraction equals 10%.
The liquid volume fraction rapidly reduces by a factor 10
over 1.5 mm as shown in Fig. 3(c) and approximately fol-
lows an exponential decay. This trend is further discussed
in the subsequent paragraph.

Figures 4(a)4(e) show horizontal slices at different
heights from the nozzle tip; while (f)~j) show vertical
slices at different distances along the x axis. From those
results, one can observe that the spray plumes are sym-
metrical along the vertical axis. Furthermore, not all spray
plumes have the same size and shape due to the optimiza-
tion of spray targeting and flow behavior in the respec-
tive holes. The maximum volume fraction at the exit of
the spray is 55% and the liquid jet rapidly atomizes. It
is known from the literature, that GDI jets—contrary to
diesel primary jets—contain a high amount of gas (vapor
and air), already at the nozzle exit due to cavitation and
air entrainment. However, using optical techniques instead
of x ray [40], the liquid volume fraction could not be
quantified due to the aforementioned challenges.

The jets generated from the larger lateral orifices (no.2,
3, 5, and 6), have a steeper angle along the x direction
[see (a)He)] in comparison with the jets generated by
the smaller orifices, in the center (no.l and 4). At 2 mm
below the nozzle tip, shown in Fig. 4(e), it is observed that
five spray plumes are merging together to form a single
cloud of droplet while the plume no.1 still remains isolated.
Additionally, it is observed that the smaller orifice diame-
ters, corresponding to the holes no.1 and 4, result in a more
prominent and compact spray core compared to the other,

larger orifices. Furthermore, the maximum LVF of spray
plumes no.2 and 6 is found to be 40-50% higher than the
spray plumes no.3 and 5, despite having identical orifice
diameter.

Some minor artifacts can be observed in Fig. 4, which
have an amplitude of about 4% of the maximum signal.
This ratio remains similar when moving further down,
away from the nozzle, making the artifacts more visible,
see Fig. 4(j), and are therefore not an issue for inter-
preting the liquid mass distribution. The origin of these
are likely due to the low number of projection angles
and possibly minor beam-hardening artifacts. Although the
beam hardening is taken into account in the analysis to
a certain extent, the x-ray spectrum is assumed to have a
specific shape and if the true shape deviates (in particu-
lar for low-energy x rays) this could lead to some minor
beam-hardening artifacts.

To further improve the experimental setup, the low-
energy X-ray transmission would need to be increased.
This would allow for experiments without the need of KI
additives and for the injection of other liquids. Achieving
an x-ray spectrum with a lower critical energy would be
advantageous for the same reason, as well as contribut-
ing to a higher signal-to-noise ratio, as the higher-energy x
rays mainly contribute as noise in this application. Tailor-
ing the electron injection mechanism in the plasma channel
to produce a lower-energy x-ray spectrum could further
improve the results. Another option would be to use a crys-
tal monochromator to filter a specific x-ray energy, which
would also prevent beam hardening with the downside of a
reduction in x-ray flux. Due to the geometrical constraints
of the vacuum chamber in the current setup, the distance
between the x-ray source and the detector is 85 cm. How-
ever, decreasing this distance to 20 cm would increase the
x-ray flux by a factor 25 while still covering the full spray
area, greatly improving the signal-to-noise ratio.
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X=1.21mm

X=1.32 mm

FIG. 4. Slice of the tomographic reconstruction showing the
liquid volume fraction (in %) at different distances from the noz-
zle. Horizontal slices are shown on the left: (a) just at the exit of
the nozzle (each jet is numbered), (b) at 500 pm below, (c) at 1
mm below, (d) at 1.5 mm below, and (e) at 2 mm below. Vertical
slices are shown on the right: (f) along the center of the spray
plume no.1, (g) the center of the spray plume no.2 and 6, (h)—j)
along the center of the spray plume no.3-5, respectively.

As mentioned in the introduction and demonstrated in
Refs. [7,8], 2P LIF allows high-contrast single-shot visual-
ization of atomizing sprays in the visible spectral range. By
taking a portion of the femtosecond laser pulses used here,
a light sheet approximately 30 xm in width, approximately
8-mJ pulse energy and 800-nm center wavelength is cre-
ated for imaging the spray plume no.1. The corresponding
experimental setup is illustrated in Fig. 5(a) and an exam-
ple of the recorded 2P LIF single-shot image is shown in

@ o - 8
injector : -]
‘ Bandpass By o
filter Iy e

Laser sheet S X
~8mJ,40fs MR
800 nm

3

100

Two-photon LIF (arb. unit:} 1070 Liquid volume fraction (%) ®
FIG. 5. (a)Experimental setup for 2P LIF imaging of the spray
plume no.1. (b) Example of a resulting single-shot 2P LIF image
where the laser sheet enters the spray at 70 um away from the
orifice center. (c) Enlarged view of the near nozzle region (red
dashed box) while (d) is the corresponding 30 pum thickness
vertical slice from the tomogram.

(b). The image is recorded with an sCMOS camera (Andor
Zyla 5.5 Mpx) equipped with a 1 x magnification telecen-
tric lens objective resulting to 6.5 pum pixel resolution. A
band-pass filter centered at 510 nm with 90 nm bandwidth
is used to collect only the fluorescence signal. In the low-
density spray region, a large number of individual droplets
can be observed in Fig. 5(b). A dashed red box located
near the orifice is magnified 5x in (c). This exact same
area is deduced from the tomographic reconstruction and
given in (d).

When comparing Figs. 5(c) and 5(d), a similar general
shape of the spray is observed although a slightly different
angle can be noticed. This is due to the fact that the 2P
LIF detection is a single-shot image where the direction of
injection and shape of the jet is fluctuating from one injec-
tion to another while the x-ray data is averaged. Thus, a
one-to-one correspondence between the two is not to be
expected. Of note, the two techniques provide different
spray-related information:

For 2P LIF planar imaging, a qualitative description
of the spray is obtained, where liquid structures can be
visualized at high resolution from single-shot images.
Additionally individual micrometric droplets located in the
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low-density spray region [away from the nozzle tip, as
seen in (b)] can still be resolved and imaged with a good
contrast. Despite those benefits, it is very challenging, if
not impossible, to relate the 2P LIF signal with the liquid
volume fraction near the nozzle tip, due to the follow-
ing: (1) Light refraction effects from large liquid bodies.
(2) The occurrence of multiple light scattering by the sur-
rounding micrometric droplets. (3) The nonlinear response
of two-photon emission, which differs from one-photon
LIF [41].

X rays, on the other hand, exhibit a negligible amount
of refraction and scattering, which allows for quantita-
tive measurements of the liquid volume fraction close to
the nozzle tip, as shown in (d). However, far away from
the nozzle, the absorption of the integrated liquid mass
is approaching the absorption of air, resulting in a poor
contrast. Thus, the two imaging techniques complement
each other well, where x-ray imaging provides quantita-
tive imaging through high liquid density regions (near the
nozzle tip) while 2P LIF imaging reveals liquid elements
within regions of lower liquid density .

V. CONCLUSION

In this paper, we show that soft x-ray beams produced by
a laser-plasma accelerator are well suited for tomographic
reconstructions of advanced spray systems, where both
high spatial resolution and large imaging area is needed.
Additionally, the high x-ray flux combined with the ultra-
short nature of the x-ray pulse makes the source suitable
for the study of highly transient two-phase flows. Fur-
thermore, the tomogram reaches a liquid volume fraction
resolution of 0.5%, while the pixel resolution of the radio-
graphy images is 11.5 pum. The liquid volume fraction at
the nozzle exit is found to be in the range of 55%, which
confirms assumptions in the literature. This is an essential
finding as no quantitative data on volume fraction near the
nozzle tip exists so far for the development and validation
of spray atomization models.

To conclude, this work is an essential step towards
future measurements of the 3D evolution of the liquid
mass over its injection cycle, by repeating it at different
times after the start of injection. Its capability for generat-
ing radiography images with a large field of view is very
advantageous for the 3D reconstruction of large spray vol-
umes. In addition, the technique can easily be combined
with 2P LIF imaging at no extra costs, providing valuable
additional spray information such as droplet size. Future
findings from such measurements can lead to a deeper
understanding on the formation and behavior of highly
atomizing sprays, especially for alternative synthetic and
biogenic fuels. This may show the influence of different
fluid properties on the atomization quality.
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