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Abstract

Extensive experimental research on high-pressure spray has been conducted for decades to deepen our understanding and
optimize its use in transportation, aviation, and propulsion applications; however, the near-field and in-nozzle flow character-
istics are not fully understood. Dense near-field spray is among the most challenging diagnostic tasks since light is severely
scattered and diffused by the liquid droplets and columns. In this work, the near-field spray and in-nozzle flow characteristics
of an aeration nozzle at elevated pressures were characterized by neutron radiography imaging at the Oak Ridge National
Laboratory High Flux Isotope Reactor. Neutron imaging benefits via strong penetration depths for some metals (i.e., alu-
minum, lead, and steel) and is sufficiently sensitive to detection of light elements, especially for hydrogen-based molecules,
due to the large incoherent scattering cross section of neutrons. Both two-dimensional snapshots of the near-field spray and
a three-dimensional tomographic scan of the nozzle geometry and in-nozzle water were obtained. This work provides new
quantitative characterization of practical metal nozzle geometry for accurate boundary conditions, internal flow patterns
inside the nozzle, and high-pressure spray flows. The findings may be used to improve performance and operating conditions

of transportation vehicles and propulsion systems.

1 Introduction

The majority of the world’s energy is derived from combus-
tion, which has alone contributed to over 1 trillion tons of
CO, emitted since the Industrial Revolution (Ritchie et al.
2020; Zhang et al. 2023). With a growing need for improving
energy conversion systems for sustainability and emission
reductions, many fundamental challenges stand as barriers
to continued technical progress in liquid spray and its appli-
cations in transportation and propulsion systems, including
lacking understanding of real-fluid effects, turbulence, and
optical dense spray under elevated pressures. Among those,
the fundamental understanding of flow physics in the spray
under elevated pressures is of paramount importance.
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Spray diagnostics play a critical role in understanding
the complexities involved in the process such as turbulence,
secondary break-up, drop collisions, evaporation, and con-
densation (Bachalo et al. 2003; Danh et al. 2019; Durdina
et al. 2014; Yue et al. 2001; Heindel 2018). Sprays are gener-
ally defined by two main regions: near-field and far-field. It
is generally defined that the near-field region, or the spray
formation region, typically represents the area beginning
with the nozzle exit and moving in the direction of flow
throughout the optically dense zone, and the far-field region
typically begins when the spray has become sufficiently
diluted (Fansler and Parrish 2015). A brief comparison of
existing near-field spray diagnostics is given in Table 1. It
should be noted that Table 1 is a partial list of existing spray
diagnostic techniques with brief discussions of advantages
and limitations, which is not an exhaustive list of all spray
diagnostic techniques.

The optical diagnostics techniques of interest are shad-
owgraph, Schlieren imaging, laser-induced fluorescence
(PLIF), particle image velocimetry (PIV), laser-induced
phosphorescence (LIP), Rayleigh, Raman, and Mie scatter-
ing (Skeen et al. 2015; Thurow et al. 2013; Richard et al.
2001; Wu et al. 2000). Even though the techniques are good
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Table 1 Limitations and advantages of various dense flow and spray diagnostics

Optical diagnostics (highly diffusive, optical
dense)

o Shadowgraph and Schlieren, laser-induced fluorescence (PLIF), particle imaging velocime-
try (PIV), laser-induced phosphorescence (LIP), Raman, Mie, Rayleigh scatterings, etc.

(Thurow et al. 2013; Richard et al. 2001; Wu et al. 2000), interferometric imaging of phase
Doppler particle analyzer (PDPA) (Vulgarakis Minov et al. 2016; Sijs et al. 2021), digital
holography (Yao et al. 2021; Palero et al. 2007), structured laser illumination planar imag-

ing (SLIPI)

e Quantitative visualization of highly complex, unsteady flow fields (Lin et al. 2017; Bang
and Lee 2013, 2015; Lee et al. 2013; Amirnordin et al. 2016)
e Limited optical access, optical dense

Ballistic imaging

e Fs-laser-based imaging, ultrafast shutter to exclude multiple scattering

e Penetrate dense spray regions (Linne 2013; Halls et al. 2017)
o Photon scattering data loss increases with spray density

X-ray-based diagnostics

e X-ray phase-contrast imaging (PCI) (Linne 2013), X-ray radiography (Fansler and Parrish

2015), and X-ray fluorescence with tracers (Lin et al. 2014; Peltier et al. 2015), etc.
e Hard to penetrate metals in general
e X-ray can penetrate aluminum
e Low sensitivity to hydrocarbons

Neutron imaging and radiography

e Metal nozzle geometry, in-nozzle flow measurement (Smith et al. 2018; Overberghe 2005)

e Near-field dense spray measurement

e Highly sensitive to hydrocarbon

e Penetrate aluminum, steel and copper

e Lower neutron flux compared to X-ray in general

at quantitative visualization of highly complex, unsteady
flow fields, they are limited by their optical access and
optical density. Another technique of interest is using bal-
listic imaging (Linne 2013; Halls et al. 2017), which were
originally developed for medical applications. It uses Fem-
tosecond-based laser for imaging and an ultrafast shutter to
exclude multiple scattering. It is very helpful in penetrating
dense spray regions but limited by the increase in photon
scattering data loss with increasing density. Structured laser
illumination planar imaging (SLIPI) uses modulated laser
light to improve image clarity by reducing scattering effects,
enabling precise visualization of spray distributions (Stiti
et al. 2023; Berrocal et al. 2008).

X-ray-based diagnostics (Lin et al. 2014; Peltier et al.
2015; Kastengren and Powell 2014; Robert et al. 2010;
Jang and Choi 2010; Matusik et al. 2018), such as phase-
contrast imaging (PCI), radiography, and X-ray fluorescence,
are common imaging techniques used in spray diagnostics.
While these techniques are useful, the disadvantage is that it
is hard to penetrate metals in general and has low sensitivity
to hydrocarbons. Focused beam X-ray measurements have
seen significant progress in recent years for extracting drop-
let Sauter mean diameter and surface area measurements.
Combining X-ray measurements with techniques like phase-
contrast imaging and ultrafast imaging has enabled capturing
spray dynamics with great spatial and temporal resolutions
(Vu et al. 2023).

Neutron imaging and radiography (Smith et al. 2018;
Thimm et al. 2019; Takenaka et al. 2005; Lehmann et al.
2015; Duke et al. 2017) is a technique for spray diagnostic
and has several applicable features such as: (1) ability to
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measure metal nozzle geometry, in-nozzle flow measure-
ment, (2) near-field dense spray measurement, (3) highly
sensitive to hydrocarbon, (4) penetrate aluminum, steel
and copper and (5) limited neutron flux compared to X-ray.
Though new, it is a well-understood method for characteriz-
ing fluid cavitation inside injection nozzles at elevated injec-
tion pressure. In our previous paper (Smith et al. 2018), the
simultaneous neutron radiography of metal nozzle geometry
and near-field spray was experimented at atmospheric condi-
tions, which demonstrated proof-of-principle measurements
for the spray diagnostics at elevated nozzle pressures. In this
paper, neutron imaging was used to quantify practical metal
nozzle geometry for accurate boundary conditions, inter-
nal flow patterns inside the nozzle, and high-pressure spray
flows for a practical metal nozzle. The data could potentially
be used to improve performance and operating conditions of
transportation vehicles and propulsion systems.

2 Experimental setup and procedures

Figure 1 shows the schematics of the neutron imaging
experimental setup used for neutron imaging experiments
on liquid sprays under elevated pressures at the Multimodal
Advanced Radiography Station (MARS) beamline at ORNL
HFIR (Bardoel et al. 2011). The neutron source provides a
polychromatic beam with energies ranging from thermal to
epithermal neutrons. A series of collimators with different
apertures were used to achieve the desired beam collimation
and spatial resolution. The polychromatic neutron beam was
used to illuminate the flow pattern of water spray through an
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Fig. 1 Schematics of the experimental setup for neutron imaging of water spray at elevated pressures (not to scale)

air-assisted atomizing nozzle under elevated chamber pres-
sures up to 5 bar, (gage pressure). The nozzle was placed
inside an aluminum chamber of 6-inch inner diameter, which
was pressurized for tests between 0 and 5 bar,. Though the
chamber was designed for 8 bar,, to ensure maximum safety
of personnel the chamber was only pressurized to 5 bar,.
Also, water was used to simulate a fuel since it was the only
approved liquid for the experiment. It employs 6LiF/ZnS
scintillators with varying thicknesses (50-200 um) to detect
neutrons. Typical exposure times for the detecting camera
ranged from 1 to 30 s, depending on the desired signal-
to-noise ratio. The spatial resolution was measured to be
approximately 0.05 mm.

As shown in Fig. 2, the aluminum chamber was
designed and implemented for maximum neutron pen-
etration, since aluminum is very transparent to neutrons
compared to steel etc. (Schillinger 2000). Figure 2 pro-
vides detailed views of the experimental setup compo-
nents. Figure 2a shows the aluminum pressure chamber
used in the experiments, designed to enclose the nozzle
with elevated pressures up to 8 bar,. Figure 2b shows the
chamber’s cap, featuring chamber wall blowers to avoid
mists on the chamber wall, an air feed line for air supply,
a water feed line for injection, and the nozzle, detached
from both air and water lines. This configuration allows
precise control of the air and water flows. Additionally, a
side viewing window is incorporated for high-speed imag-
ing capabilities. A commercial Delavan oil-air atomizing

nozzle is attached to the top plate and is lowered into the
chamber, suspended for operation. A schematic of the noz-
zle used is shown in the supplemental material. Finally,
Fig. 2c offers a zoomed view of the post-use and computed
tomography (CT) exposure nozzle. The image reveals air
feeds from the top and water feeds from the side. The noz-
zle overall length, not including the plugs, is 69 mm and
measures 19 mm from plane to plane of 2 parallel faces
of the hex body.

The nozzle and spray images were acquired using a
charge-coupled device (CCD) coupled with a scintillator,
converting transmitted neutrons into detectable photoemis-
sions. Water was injected using a high-pressure syringe
pump (Chemyx Fusion 6000-X) to deliver the necessary
water pressure to overcome the chamber pressure. Some of
the air used to pressurize the chamber was bled off to sup-
ply the air necessary for nozzle flow as well as supply air to
blowers for the chamber walls to help mitigate water accu-
mulation. The air run to the nozzle was controlled using a
mass flow controller (Omega Engineering, FMA5528A) to
adjust the injection velocity of the water stream as well as
the liquid—air mixture.

Each test followed the same procedure adjusting the
chamber pressure between 0 and 5 barg at 1 barg intervals,
nozzle water flow at 0.05, 0.08, and 0.1 nominal liter per
minute (nlpm), with constant air at 10 nlpm. Tests were per-
formed at every variation of the chamber pressure and water
flow rate. Air flow was adjusted and verified by first running
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Fig.2 a Aluminum pressure chamber (left); b Inside of cap featuring wall blowers, air feed, water feed and nozzle detached from feeds. ¢ A
zoomed picture of post-use and CT exposure nozzle with air feed plugged. Air feeds from the top; water feeds from the side

air through the nozzle. Since air flow was held constant, this
only needed to be done once.

The chamber was placed in front of the beamline and run
dry to calibrate imaging equipment and for alignment. Using
the dedicated MARS data acquisition software, the aperture/
pinhole size (D) and exposure time were adjusted to offer
the best image. With the syringe filled with water and the
injection lines primed to mitigate air pockets, the Fusion
6000-X syringe pump was programmed for a 30 s runtime
for the appropriate injection volume with additional time
and volume allotted for initialization and area lockdown. A
drain pump for the excess water accumulated at the bottom
of the chamber was turned on. This pulled the radiated water
out while also keeping the chamber from over-pressurizing
during the experiments. The main pressure control valve was
opened and throttled to the desired chamber pressure, which
was monitored by a digital pressure gage on the chamber.
Once all parameters were set, the syringe pump was initial-
ized, and the neutron beam area locked down. When veri-
fication of beam area lockdown was confirmed, the beam
shutter was opened, and image capture began.

After each experiment, a radiation cool-down period
was observed before approaching the chamber for
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operation safety purpose. Removal of the chamber cap
was required to remove any excess water on the chamber
walls before the next run could begin. The nozzle sample
was examined to verify no leaks were occurring and the
chamber was then resealed. The test procedure would then
again be repeated as before for the varying parameters. All
radiation guidelines and safety protocols were observed
before, during and after each run.

For the 3D computed tomography (CT) image, repre-
senting a cross section view of the sample nozzle filled
with water, the sample was removed from the chamber.
The nozzle was filled with water and capped at the water
and air ports, and wax was used to seal the nozzle exit end.
Once confirmed that water was not leaking and filled to a
reasonable level, it was stood up in an aluminum container
on a rotating stage. Over the course of a few hours, the
nozzle would rotate 360° to capture its 3D cross section.
With each image being 30 s of exposure time and a step
size of 0.31°, the total time for the CT scan was approxi-
mately 9 h and 41 min. All radiation guidelines and pro-
tocols were observed during this experiment.
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3 Experimental results and discussions
3.1 Quantitative image analysis

The absorption and scattering of the neutron by material
in a sample are measured as attenuation. By using the
Beer-Lambert law, the neutron transmission is calculated
as Raventos et al. (2017)

I(x) / [- 20, u(hx)]
— = [ ex = MY ] A 1
e p (1)

where A and x; are the wavelengths and the path length
through the attenuating material, respectively. I(x;) and
I,(x;) are the transmitted and incident neutron intensities,
respectively. The attenuation coefficient u(4) is given by the
equation,

N
u(a) = a,,,,u)”ﬁ @

where 6,,,(A) is the total neutron attenuation cross section of
the material, p is the density of the material in kg/m>, N, is
Avogadro’s number, and M is the molar mass.

The incident and transmitted neutron images of the
attenuating material are normalized using the equation
given below. This helps in correcting background noises,
inhomogeneities of beam and detector, and fluctuation of
neutron flux.

I (raw image) — I (Dark Current)

3

Iy =
1 (Open Beam) — 1 (Dark Current)
Equation 3 is used to obtain the normalized image. With

the current neutron image settings, three different types of

images are obtained: (1) no object in the field of view, (2)

nozzle without injection, and (3) nozzle at different injection

conditions. By using the Imagel software package, the flat
field normalization is obtained.

3.2 Comparison of sprays at different flow rates
and pressures

The spray experiments were conducted at different pres-
sure and water flow rates conditions. The exposure time for
each run was 30 s. Three different nozzle flow rates were
examined: 0.05 nlpm, 0.08 nlpm, and 0.1 nlpm of water, all
in combination with 10 nlpm of air. These conditions were
tested across chamber pressures ranging from O to 5 bar,,
as previously stated. While the manuscript presents data for
the 0.08 nlpm condition, results for the other two flow rates
(0.05 nlpm and 0.1 nlpm) are included in the supplementary
materials. It should be noted that a dry run of nozzle without

water was conducted, which is used as the background of the
neutron imaging.

Figure 3 shows the normalized neutron images of spray
under the water flow rate of 0.08 nlpm mixed with 10 nlpm
of air as chamber pressures vary from 0 to 5 bar,. The atten-
uation of the neutron by water is shown by the dark shade of
gray. The volume with less attenuation is the lightest shade
of gray. With neutron imaging, the presence of water inside
the fuel injector is easily captured. Not only water but the
liquid with H atom in the structure could be studied. With
increasing pressures, a clear change in liquid penetration
length is observed. At higher pressures, the spreading angle
is narrow and steady. With decreasing flow rate, a clear trend
in a decrease in liquid penetration length at all pressures is
observed. The amount of water flow rate and pressure influ-
ences the availability of water inside the fuel injector. At
low-pressure conditions, the higher flow rate of water leads
to easy removal of water from the injector. This could be
seen by less water availability near the bottom portion of the
injector. With increasing pressure, the availability of water
near the bottom surface becomes comparable.

Figure 4 shows the quantitative density of spray under
different pressure and water flow rate conditions for the near-
field region of the images taken. By using Eqgs. 1-3, the den-
sity of the water—air mixture is quantified with a maximum
resolution of 100 um, per the limitations of the instrument
configuration. A cone shape for the spray was assumed and
utilized to calculate the water density. The 2D shape out-
line of the cone, which is a projection of the 3D spray into
the camera, was obtained from the intensity changes in the
neutron radiography image. The density at the nozzle exit is
not 100% water because of the mixture of air and water, as
per the design of the atomizing nozzle (Miller et al. 2021).
Similar results were obtained by Distler et al. (2017) using
a gasoline direct injection (GDI) nozzle and evaluating den-
sity using an X-ray technique. The maximum resolution was
confirmed for the images captured using the dimensions of
the nozzle.

Taking an average of the length (flow direction) of the
results from Fig. 4, it can be more clearly seen the increase
in water density approaches 250 kg/m? as the injection rate
increases up to 0.1 nlpm, which is shown in Fig. 5. The red
line features the cross section of the ROI where the max-
imum density value occurs, and the blue line the bottom
where the supposed minimum will be as the water stream
dissipates downstream of the exit. An average is also shown
of the entire region of interest. Table 2 gives numerically the
minimum and maximum values of the water density recov-
ered from the region of interest.

The results from varying ambient pressures and liquid
flow rates reveal the substantial impact of these param-
eters on spray geometry and density distribution. Cham-
ber pressure profoundly influences spray behavior and

@ Springer



163 Page6o0of12

Experiments in Fluids (2024) 65:163

Fig. 3 Normalized neutron
images captured by the camera.
Water flow at 0.08 nlpm mixed
with 10 nlpm of air between 0
and 5 bar, chamber pressures.
The measurements were con-
ducted for a duration of 30 s to

obtain time-averaged signal

0 Bar

Nozzle Exit (mm)

From Nozzle Exit (mm)
N
&

characteristics. As pressure increases, changes in spray pat-
tern and droplet density distribution become pronounced.
At higher pressures, the spray cone angle narrows, produc-
ing a more focused and concentrated spray. In contrast,
lower pressures widen the cone angle, leading to a more
dispersed pattern. Density distribution within the spray also
shifts with pressure variations. Higher pressures result in a
denser cloud of droplets due to increased force driving finer
atomization. Lower pressures, conversely, create a sparser
distribution of droplets. Additionally increasing chamber
pressure leads to deeper penetration due to higher velocity
and finer droplets. Lower pressures reduce penetration depth.
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Velocity and momentum also follow this trend: higher pres-
sures yield greater velocity and momentum, allowing the
spray to travel farther before dispersing. Lower pressures
limit travel distance.

The water flow rate also plays a key role in spray char-
acteristics. Higher flow rates tend to result in a more
substantial volume of liquid passing through the nozzle,
leading to increased droplet formation and a denser spray
cloud. This denser cloud can have implications for spray
coverage and penetration depth. Lower water flow rates, on
the other hand, may result in a sparser distribution of drop-
lets, affecting the overall coverage and effectiveness of the
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Fig.4 Region of interest (ROI) at the atomizing nozzle exit. Water
flow rate at 0.08 nlpm mixed with 10 nlpm of air. Water density
shown varies up to 250 kg/m®. The measurements were conducted for
a duration of 30 s to obtain time-averaged signal

spray. Balancing water flow rates with chamber pressure
is essential to achieve the desired spray characteristics,
ensuring optimal coverage and penetration depth for spe-
cific applications.

Some dimensionless numbers can be used to characterize
the fluid flow near-field to the nozzle exit. These numbers
are the Reynolds number per unit length, the Weber num-
ber, and momentum flux of the fluid. The Reynolds number
represents the ratio of the velocity to the kinetic viscosity of
the fluid, which is described by,

Uy
Re, = V_f “4)
where Relf is the Reynolds number per unit length of the

fluid, Uf is the fluid velocity, and 7 is the fluid kinematic
viscosity. For this experiment we assume that water is
incompressible since the pressures we are applying do not
have a significant effect on the viscosity; therefore, the kin-
ematic viscosity of water is constant at 1002 x 1072 . The
air, however, is affected by the pressure in the chamber thus
having an impact on its density. Equation (4) can be rewrit-
ten as,

U.p,
He

Re, = )
where in this case, Re; is the Reynolds number per unit
length of air, U, is the “velocity of air, p, is the density of
air, and p, is the dynamic viscosity of air at a constant
1.825 % 10_5 kg , which is assumed independent of pressure.
Density of the a1r varies with the pressure within the cham-
ber as it flows out of the nozzle end. This is calculated using
the ideal gas law,

P abs
= 6
Pa=R.T (6)
where P, is the absolute pressure in Pascals of the chamber,

R is the gas constant for air at 287 and T is the absolute

temperature in the chamber Wthh 1s assumed to be constant
at 293K. Because the Reynolds number is dependent on
velocity of the fluid, it was calculated using the ideal orifice
exit of 2 mm diameter, by the manufacturer’s standards. This
value was used since only a theoretical velocity could be
obtained from the 30 s averaged images. An error is applied
to the value based on the maximum orifice diameter captured
by the image’s spatial resolution. Table 3 shows the ideal
Reynolds number per unit length of the captured parameters
with a spatial error of 8.5% across all values.

It can be noted from the table that there is very little
variation in Reynolds number among the different water
flow rates. This is a result of the dominating flow rate of
air, which is the propelling fluid for the water. The ratio of
momentum flux shows the ratio of the momentum of air to
momentum of the liquid as expressed by,

a

prUy

U,
M=l )

where M is the momentum flux and p; is the density of water

at a constant 997%. Table 4 shows the momentum flux for
the varying water flow rates and chamber pressures.

As can be seen from Table 4, there is substantially higher
water-to-air momentum present in the nozzle exit for the
0.05 nlpm water flow rate. What can also be noted is that the
majority of momentum is dominated by the air, which again
has a much greater flow rate over the water.

The Weber number is the ratio of the pressure force
exerted by the liquid to surface tension of the liquid. This
can be uniquely applied to atomizers by,

p.(U = U,)d

c

We = ®)

where We is the Weber number, d is the orifice diameter

in meters, and o is the surface tension of water at 0.072%.
Table 5 shows the Weber number for the varying conditions
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Fig.5 The average near-field spray density over region of interest (ROI) along the flow length at the atomizing nozzle exit. Water flow rate at
0.08 nlpm mixed with 10 nlpm of air. The water density shown varies up to 200 kg/m® on average

Table 2 Minima—maxima Density [x 1000 kg/m?]

and average water density at
experimental conditions 0 bar, 1 bar, 2 bar, 3 bar, 4 bar, 5 bar,
0.05 nlpm min 0 0 0.0116 0.0294 0.0572 0.0617
max 0.0637 0.1118 0.1740 0.1855 0.1846 0.1970
0.08 nlpm min 0 0.0354 0.0463 0.0724 0.0837 0.0705
max 0.1303 0.1965 0.2064 0.2091 0.2366 0.2484
0.10 nlpm min 0.1660 0 0.0031 0.0561 0.0752 0.0806
max 0.1715 0.1591 0.2004 0.2063 0.2200 0.2330
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Table 3 Reynolds number per

- X . 0 bar 1 bar 2 bar, 3 bar, 4 bar, 5 bar,
unit length of air/water mixture. £ g g £ g g
Values are 1x 10%/m 0.05 nlpm 3.50297 6.95986 10.4168 13.8737 17.3306 20.7875

0.08 nlpm 3.50312 6.96002 10.4169 13.8738 17.3307 20.7876
0.10 nlpm 3.50323 6.96013 10.4170 13.8739 17.3308 20.7877
Table 4 Momentum flux of air/ 0 bar 1 bar 2 bar 3 bar 4 bar 5 bar
water mixture g g g g g g
0.05 nlpm 48.3428 96.0534 143.764 191.474 239.185 286.896
0.08 nlpm 18.8839 37.5208 56.1578 74.7948 93.4317 112.068
0.10 nlpm 12.0857 24.01336 35.9410 47.8686 59.7963 71.7240
Table 5 Weber number of air/ 0 bar 1 bar 2 bar 3 bar 4 bar 5 bar
water mixture ¢ & ¢ ¢ ¢ £
0.05 nlpm 93.2628 185.306 277.349 369.392 461.435 553.479
0.08 nlpm 92.7012 184.190 275.679 367.168 458.657 550.146
0.10 nlpm 92.3278 183.448 274.568 365.689 456.809 547.930

Fig.6 Nozzle geometry shown
where solid lines are water
channels and dashed lines are
air channels (a). Region of
interest where the water and
air mixture occurs (b). Higher
attenuation coefficients signify
water presence

Y W

Ported ———»
Channel Water/Air
Mixing

Fluted Region

Column
Ported
Surface

Attenuation coefficient (cm-1)

applied to the nozzle. What can be noted here is the small
impact the water flow rate has on the Weber number, but the
large impact of the chamber pressure increases the liquid
pressure to the surface tension.

3.3 Quantitative measurements of metal nozzle
geometry and internal water distribution

The nozzle CT scan captured individual images of the nozzle
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as it rotated from O to 360°. An image was captured every
0.31° of rotation. The images were then stitched together to
form a three-dimensional tomography of the nozzle. Fig-
ure 6a shows the cross section of the nozzle, where various
geometries are highlighted. Geometries noted are a ported
channel where multiple orifices are present for air flow,
a fluted column for air passage on the outside and water
passage on the inside, and a ported surface that allows air
through the removable nozzle end to enter the water/air mix-
ing region.

Figure 6b zooms in on the mixing region of the nozzle.
The color map shows the attenuation coefficient. The regions
of interest such as water-filled nozzle show a higher attenu-
ation coefficient, while the other regions made up of met-
als show lower values. A low attenuation region is present
between two high-attenuation regions along the height of
the nozzle. This is an air bubble trapped within the nozzle
due to its geometry.

A detailed image of the water present in the nozzle via
3D tomography is shown in Fig. 7. This is only a physical
representation of the water present within the nozzle, thus
the nozzle itself was left mostly transparent. Water is present
in the threading of the nozzle due to possible leaks, which
could be attributed to manufacturing tolerances. The mixing
region presents a “fan-like” shape for air flow to the end of

Fig.7 3D tomography showing
the water presence within the
geometry of the nozzle with
water in the highlighted voids

@ Springer

the nozzle just before atomization would occur. This is only
visible due to water entering these channels via the very tip.
Had the nozzle been operating under flow conditions, these
channels would not be easily visible. Air bubbles are also
seen due to leakage that occurred during the hours-long CT
scan. A short video of the 3D tomography as displayed by
Fig. 7 can be found in Supplementary materials.

4 Conclusions

In conclusion, the data obtained from our experiments
underscore the invaluable role of neutron imaging in study-
ing the characteristics of injected sprays under elevated pres-
sure environments. This significance is particularly high-
lighted by the fact that elevated pressure systems are often
constructed with metal chambers for their strength under
high pressures, making traditional X-ray imaging or some
optical techniques impractical. Neutron imaging, with its
ability to penetrate metal nozzles, offers a unique advantage
for observing fluid characteristics within these structures and
providing accurate measurements of metal nozzle geometry
and internal water distribution.

Through the application of Beer—Lambert’s law on neu-
tron imaging, we were able to estimate the density of the
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water-to-air mixture in the near field, providing crucial
insights for predicting flow behavior and density in fuel
injection systems operating at elevated pressures. Neutron
radiography can effectively capture 3D internal flows within
the nozzle, including the complex interactions between air
and fluid, as well as the near-field dense flows. This makes
it particularly useful for examining the detailed internal
dynamics in such environments. These findings could not
only contribute to the optimization of injection processes in
high-pressure environments but also have broader implica-
tions for fields such as combustion engineering and fluid
dynamics.

The limitations of neutron imaging arise from the rela-
tively low neutron flux compared to X-rays, which necessi-
tates longer exposure times to achieve a high signal-to-noise
ratio. Neutron radiography is primarily effective for captur-
ing average properties rather than resolving the turbulent
structures inherent in high-speed sprays.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00348-024-03908-8.
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