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Abstract
Aerated-liquid (or effervescent, or barbotage) injection has been shown to be a capable liquid atomization scheme.
The objective of the present study is to characterize the two-phase flow structures in aerated liquid within an aluminum
nozzle, using the neutron imaging technique available at the Oak Ridge National Laboratory. Long-exposure neutron
images of two-phase flows at different injection conditions, including variations in liquid flow rate, aeration level, and
aerating tube configuration, were obtained. Water and nitrogen were used as the working fluid and aerating gas, re-
spectively. For the purposes of direct comparison, high-speed x-ray images with aluminum and beryllium nozzles
were obtained at the Argonne National Laboratory, using the same injector assembly and injection conditions. It was
found that time-averaged two-phase flow structures inside an aluminum nozzle can be successfully visualized by the
present neutron imaging setup, without the use of any dopant in the injection fluid. Effects of liquid flow rate, aeration
level, and aerating tube configuration on internal two-phase flow structures were subsequently explored, based on the
neutron images. Comparisons between neutron imaging and the companion x-ray imaging clearly demonstrate the
advantages and challenges in applying each in-situ imaging technique for the present imaging setup configurations.
Neutron imaging at Oak Ridge National Laboratory provides time-averaged qualitative line-of-sight liquid distribution
patterns inside a more practical metal nozzle. X-ray imaging at Argonne National Laboratory provides time-resolved
qualitative line-of-sight distributions or evolution (in compiled movie clips) of the doped two-phase flow with a sat-
isfactory quality for the beryllium nozzle and with somewhat degraded quality for the aluminum nozzle. Comparison
between neutron imaging and quantitative x-ray radiography and fluorescence measurements highlights the needs to
improve the spatial resolution and to extract quantitative liquid mass distributions from neutron images in the future.
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INTRODUCTION

Aerated-liquid (or effervescent, or barbotage) injec-
tion is a promising method for rapid liquid atomization.t
5 This method mixes gas and liquid upstream of the spray
nozzle, resulting in the discharge of a complex two-
phase mixture.l? Depending on the injection conditions,
enhanced liquid atomization can be achieved from the
breakup processes of the discharged two-phase mixture.
The structures of the discharged aerated-liquid jets, how-
ever, are dictated by the two-phase flow structures within
the aerated-liquid injector, so it is of great interest to ex-
plore the time-averaged and time-resolved internal two-
phase flow structures in a given injector configuration,
using in-situ advanced diagnostics.

Recently, two-phase flow structures within an aer-
ated-liquid injector have been extensively explored at the
Advanced Photon Source (APS) at Argonne National
Laboratory (ANL), using various x-ray diagnostic tech-
niques, including x-ray radiography, x-ray fluorescence,
and x-ray imaging.5® For instance, time-averaged x-ray
radiography and fluorescence techniques were success-
fully used to measure quantitative mass distributions
within beryllium nozzles.®” Time-resolved x-ray imag-
ing with beryllium nozzles was found to be very success-
ful for qualitative visualization of internal two-phase
flow dynamics.? To facilitate these x-ray measurements,
however, specially selected dopants at a sufficient con-
centration were typically added to the injection fluid to
either increase the x-ray absorption coefficients for en-
hanced imaging contrast or facilitate the generation of
emitting photons in proportional to the spatial fluid den-
sity. In addition, a special nozzle made out of metal with
a low atomic number for high x-ray transmittance, such
as beryllium, was used to enhance the data quality. Be-
ryllium nozzles, while they offer high x-ray transmit-
tance and are very useful for laboratory programs in spe-
cialized facilities, are not appropriate to real-world ap-
plications. Successful application of x-ray diagnostics in
aluminum or other relatively heavy metal nozzles re-
quires the selection of other dopants, such as xenon, and
the application of elevated x-ray energy. More practical
in-situ diagnostic techniques capable of exploring flow
structures within injectors made out of aluminum, stain-
less steel, or Inconel are therefore desired for testing with
direct application to practical uses.

Neutron radiography has been developed at the Oak
Ridge National Laboratory (ORNL).** As shown in
Fig. 1, neutrons have a zero net charge, and constitute a
complementary probe for imaging, interacting with the
nucleus of the atom, rather than the electron cloud. Un-
like x-rays for which object penetration decreases with
the atomic number, the strong interaction forces between
neutrons and nuclei do not follow a systematic correla-
tion. Neutrons typically exhibit relatively good penetrat-
ing power for metals (Fe, Al) used in practical applica-
tions. A major advantage of the use of neutron imaging

is the high neutron absorption of hydrogen atoms (or hy-
drogen-bearing substances); water (or hydrocarbon fuel)
in a metal injector is expected to exhibit favorable con-
trast and offer enhanced flow visualization, as illustrated
in the study of Smith et al.'> No specially selected dopant
is required. The working principles and demonstrations
of the neutron imaging technique can be found in the
study of Santodonato et al.°

The objective of the present study is to demonstrate
the effectiveness of using neutron imaging on two-phase
flow structures in an aerated-liquid injector with the noz-
zle section fabricated from aluminum. Comparison with
results from companion and previous x-ray diagnostic
programs is used to assess the results. Advantages and
limitations in applying both in-situ imaging techniques
will also be briefly discussed.

EXPERIMENTAL METHODS
Neutron Imaging at ORNL

The experiment was carried out at the CG-1D beam-
line of the High Flux Isotope Reactor (HFIR) at ORNL.
The details of this beamline can be found in Ref. [9]. Fig-
ure 2 shows the HFIR CG-ID beamline layout. Neutrons
generated from the HFIR reactor core were guided
through an aperture (D) of 4.1 mm with a beam diver-
gence of 2.7 degrees followed by a helium-filled flight
tube with silicon windows and motorizeded boron-ni-
tride exit slits to reach the sample of interest. The neutron
flux is around 1 x 107 n/cm?:s at the sample position. A
thin aluminum plate (1.0 mm thick) followed by an
LiF/znS scintillator (50 um thick) was placed behind the
injector to convert neutron transmission to a visible-light
image. The distance between aperture and the aluminum
plate, I, is around 6.6 m, resulting in an I/D of 1,610. A
mirror was placed at 45 degrees relative to the beam axis,
in order to direct the visible light to an off-axis camera
assembly. An ANDOR Zyla 5.5 sCMOS camera with
2,560 (H) x 2,160 (V) pixels was operated with a 10-s
exposure time for each image frame. The camera was lo-
cated within a light-tight box to avoid ambient light in-
terference. The resulting image has a field of view of
51.5 mm (H) x 48.1 mm (V) and a spatial resolution of
20.1 (W) x 22.3 (V) pum/pixel.

Injection Setup
Figure 3 shows the experimental setup. The injector

was placed in front of the aluminum plate. Due to the
need for a cylindrical aluminum sheet to prevent splash
from reaching the scintillator assembly, the distance be-
tween the injector axis and the aluminum plate was
around 70 mm, resulting in a slight decrease in spatial
resolution. The spatial resolution of the present setup is
acceptable for qualitative characterization of time-aver-
aged flow structures.



Figure 4 shows the aerated-liquid injector assembly,
which consists of a stainless steel injector body, an alu-
minum aerating tube, and an aluminum nozzle. It fea-
tures the inside-out aerating configuration with the aer-
ating gas flowing in an aerating tube and then entering
the annulus liquid flow passage through specially-placed
aerating orifices. The aluminum nozzle has a plenum di-
ameter (dm) of 4.8 mm (0.188”) and a plain orifice nozzle
of diameter (do) = 1.02 mm (0.04”) and passage length
(L) = 10.2 mm (0.4”). Critical dimensions and regions of
interest within the aluminum nozzle are shown in Fig. 5.
For the present study, gas plume formation and two-
phase flow evolution within both aerating and mixing re-
gions are of special interest. As will be discussed later,
the two-phase mixtures in the nozzle and spray regions
could not be clearly explored by the present imaging
setup and should be investigated in the future.

Two aerating tubes were tested, as shown in Fig. 6.
Both tubes have been previously used with x-ray diag-
nostics at APS in the study of Peltier et al.” Critical di-
mensions of each aerating tube are listed in Table 1. One
of the main features of both aerating tube designs is that
the total aerating cross-sectional area (Aa) is comparable
to the internal cross-sectional area of the tube (A), or
Ad/A: ~ 1. Each aerating tube has an outside diameter
(dio) of 3.18 mm (0.125”) and an inside diameter (d;;) of
2.16 mm (0.085”). There is a constant distance of 1.27
mm (0.05”) between the rows of aerating orifices. The
distance between last row of aerating orifices and the tip
of aerating tube is 4.45 mm (0.175”). The tip of the aer-
ating tube is 3.18 mm (0.125”) from the entrance of the
nozzle passage.

For the present study, water and nitrogen were used
as the liquid and aerating gas, respectively. Unlike pre-
vious studies with x-ray fluorescence and imaging at
APS,%8 no doping species were added into the fluid to
enhance neutron absorption coefficient. The test matrix
consists of variations in liquid flow rate, aerating level
(in terms of gas-to-liquid gas mass ratio, GLR), and aer-
ating tube configuration.

Imaging Processing

Three types of images were obtained with the pre-
sent neutron imaging settings: clean, with nothing within
field of view, nozzle-only (no spray), and intended injec-
tion conditions. The images were then further processed
with the ImageJ software package,® using the following
two approaches: flat-field image normalization with
clean image, and flat-field image normalization with
nozzle-only image. Further adjustments in contrast and
brightness were subsequently made for each image, in
order to enhance the presentation.

Figure 7 shows the flat-field images of both nozzle
assemblies with no injection. Both images were taken af-
ter several injection trials (during setup), so residual wa-
ter was present inside both nozzle assemblies even after

repeated nitrogen purges. Efforts to totally remove the
residual water were not carried out, due to constraints in
available beam time. Nonetheless, the processed images
show a fairly high neutron beam transmittance through
both nozzle and aerating tube. Due to the presence of re-
sidual water in the nozzle-only images, the clean flat-
field images are used for discussion and comparison.

An unexpected network outage during the experi-
ment curtailed the original test plan. Nonetheless, mean-
ing results and useful insights were obtained and are pre-
sented here.

RESULTS AND DISCUSSION
Effects of Liguid Flow Rate

Figure 8 shows the time-averaged two-phase flow
structures inside the aluminum nozzle coupled with the
Configuration #1 aerating tube at various liquid flow
rates and a fixed aeration level (GLR = 4%). Several key
features of the time-averaged two-phase flow structures
can be identified in the figure. It should be noted that the
aerating tube was not symmetrically positioned inside
the aluminum nozzle, resulting in an uneven annular wa-
ter flow passage, and uneven mixing between water and
aerating gas.

Water accumulation in the wake region downstream
of the aerating tube can be observed for the injection con-
dition with a liquid flow rate (m.) of 4.5 g/s (0.01 Ib/s).
As the liquid flow rate is increased to 18.2 g/s (0.04) Ib/s,
the amount of liquid in the wake region is reduced, and
liquid can be clearly observed in the shear layer created
by the tip of the aerating tube. Water accumulation can
also be observed at the end of the plenum section within
the aluminum nozzle, with a variety of liquid distribution
patterns. The accumulated liquid appears to be distrib-
uted in three lobes for the injection condition with m_ =
18.2 g/s.

Figure 8 also shows that the width or spreading rate
of the gas plume from the upstream aerating orifices de-
creases as the liquid flow rate increases, mainly due to
an increase in the required injection pressure. The pene-
tration of the gas plume, however, increases as the liquid
flow rate (or the absolute gas flow rate) increases, lead-
ing to impingement of the gas plume onto the nozzle in-
terior wall and the formation of a liquid film flowing
along the aerating tube. The combination of a narrow
plume width and more liquid flowing on the aerating
tube leads to more liquid in the shear layer for the injec-
tion condition with high liquid flow rate.

Under the present imaging setup, no distinct phase
boundary is distinguishable in the two-phase flow inside
the nozzle region (see Fig. 5) for any of the injection con-
ditions. With a 22:1 reduction in flow passage cross-sec-
tional area across the nozzle entrance, the two-phase
mixtures with a small length scale flow at a high speed




in the nozzle region. The two-phase flow structures iden-
tifiable using the present imaging setup are, therefore,
relatively featureless.

The discharged plume exhibits fairly low contrast,
indicating low density within the highly dispersed plume
for the m_ = 18.2 g/s injection condition.

Similar features can be observed in Fig. 9 for the
time-averaged two-phase flow structures using the Con-
figuration #2 aerating tube. Water accumulation can be
clearly observed near the end of gas flow passage. With
more aerating orifices distributed over a longer distance
along the aerating tube, the two-phase mixture can be
generated further upstream, but the aerating gas flow ap-
pears to be unable to efficiently purge accumulated water
from the nozzle. (It is worth noting that this observation
of water accumulation highlights the capability of neu-
tron imaging in exploring the two-phase flow structures
inside the aluminum aerated-liquid injector assembly.)
For the injection condition with m_ = 18.2 g/s and GLR
= 4%, the gas plumes from upstream aerating orifices ex-
hibit a fairly narrow width and therefore limited mixing
with water.

The two-phase flow structures are qualitatively sim-
ilar within the mixing region at the same injection con-
dition for the two aerating tube configurations shown
here.

Effects of Aeration Level

The effects of liquid aeration level on two-phase
structures are shown in Figs. 10 and 11 for the Configu-
ration #1 and #2 aerating tubes, respectively. At a fixed
liquid flow rate of 18.3 g/s, an increase in aeration level,
which also requires an increase in the absolute gas flow
rate, leads to 1) wider gas plumes, 2) changes in liquid
distribution patterns in the shear layer off the aerating
tube and at the end of the nozzle plenum section, and 3)
significantly reduced contrast within the highly-dis-
persed discharged plume.

The present observations demonstrate the capability
of neutron imaging technique to qualitatively character-
ize time-averaged line-of-sight two-phase flow struc-
tures within an axisymmetric aerated-liquid nozzle as-
sembly made out of aluminum.

Comparison with X-Ray Diagnostics

Various x-ray diagnostics have been applied to ex-
plore two-phase flow structures within an aerated-liquid
injector.”® In this section, the results of neutron imaging
and selected x-ray diagnostics, including high-speed x-
ray imaging, x-ray fluorescence, and x-ray radiography,
are compared, using the same injector configuration and
the same injection condition, m_ = 18.2 g/s and GLR =
4%.

Comparison with X-Ray Imaging

Details of the x-ray imaging technique can be found
in the study of Lin et al.® The x-ray imaging at ANL can
be operated at a fairly high frame rate of 271,554 frames
per second, to provide time-resolved flow visualization,
but the field of view is limited by the x-ray beam size
and the choice of field of view (here, 5.0 mm (H) x 2.8
mm (V) in Table 2). In order to increase the absorption
coefficient of the liquid phase under the x-ray, potassium
iodide (K1) was added to water at a concentration of 10%
by mass. X-ray images with both aerating tube configu-
rations were obtained with aluminum and beryllium noz-
zles, in order to compare the differences between the
nozzles and also to directly compare the x-ray images
with the neutron images with the aluminum nozzle. Ta-
ble 2 lists the setup conditions for the neutron imaging
and x-ray imaging. The obtained x-ray images can be
compiled as a movie clip for playback at a reduced fram-
ing rate; in this paper, however, only representative im-
ages are shown to demonstrate the capability of high-
speed x-ray imaging.

Figure 12 shows composite x-ray images with alu-
minum and beryllium nozzles, using the same Configu-
ration #1 aluminum aerating tube. The as-built cross-sec-
tional contour of the Configuration #1 aerating tube,
which clearly exhibits several machining imperfections,
is overlaid with instantaneous x-ray images for flow
boundary identification. Each composite instantaneous
x-ray image consists of uncorrelated flat-field sub-im-
ages with a reduced field of view from various regions
of the flow field. Also shown in the figure are average
and standard deviation images from 7,500 collected im-
ages for each field of view (equivalent of 27.6 ms expo-
sure time). With a relatively high x-ray transmittance
through the beryllium nozzle, the two-phase mixture ex-
hibits a relatively large contrast ratio. Identification of
two-phase interfaces and qualitative line-of-sight liquid
mass distribution in instantaneous and average x-ray im-
ages, respectively, can be made with confidence. The
line-of-sight projection through the aluminum aerating
tube, however, exhibits a reduced contrast ratio, due to
elevated photon absorption by aluminum. The reduction
in contrast ratio can be further observed when the beryl-
lium nozzle is replaced by an aluminum nozzle. The av-
erage x-ray image obtained with the aluminum nozzle
exhibits a low signal-to-noise ratio and, therefore, is not
shown here.

Figures 13 and 14 shows comparisons of high-speed
x-ray imaging and neutron imaging inside the same noz-
zle geometries with the Configurations #1 and #2 aerat-
ing tube, respectively. The as-built cross-sectional con-
tour of each aerating tube is also overlaid with the corre-
sponding neutron images, for improved flow visualiza-
tion. One major advantage in using the neutron imaging
technique to characterize the time-averaged two-phase
flow structures inside an aluminum nozzle is the ability




to depict the gas plumes within the line-of-sight projec-
tion of the aerating tube. The high-speed x-ray imaging,
however, gives a degraded flow visualization within this
“masked” region. Some improvement in X-ray images
can be achieved with the beryllium nozzle, as demon-
strated in Fig. 12. Please note that both neutron and x-
ray images have a similar per-pixel resolution of around
20 pm, as listed in Table 2. As noted above, the combi-
nation of neutron beam divergence and necessary spac-
ing between the injector and the aluminum plate may
somewhat limit spatial resolution in the present neutron
images, and in fact the spatial resolution of the neutron
images is considerably poorer than that of the x-ray im-
ages.

Each of the present imaging techniques has its own
strengths and limitations with regard to interrogating the
two-phase flow structures and dynamics inside an aer-
ated-liquid injector. The neutron images were obtained
with a 10-s per image exposure time, to give a more rep-
resentative depiction of the time-averaged flow struc-
tures in the present setup. The temporal resolution of the
neutron imaging setup may be limited by the ORNL re-
actor configuration. The averaged high-speed x-ray im-
ages come from 7,500 individual images, accounting for
a very short time span of 27.6 ms, and may not depict the
actual time-averaged two-phase flow structures, though
this could be remedied by adjusting the frame rate of the
high-speed camera used for these images. Nonetheless,
the combination of the two imaging techniques with ap-
propriate choice of metal materials for injector bodies
can greatly enhance the current understanding of both
time-resolved and time-averaged two-phase flow struc-
tures inside an injector of interest.

Comparison with X-Ray Radiography and Fluorescence

Figure 15 shows a comparison between the present
neutron imaging and the quantitative line-of-sight liquid
density contours obtained from x-ray radiography and
fluorescence measurements in the study of Lin et al.,” for
both aerating tube configurations. Details of both x-ray
radiography and fluorescence measurements can be
found in Ref. [7]. Both x-ray measurements were ob-
tained with a beryllium nozzle, because beryllium offers
reduced attenuation for both transmitting and emitting
photons. The x-ray detection duration was set at one sec-
ond at each measurement location, in order to obtain
time-averaged line-of-sight liquid density contours. The
neutron images appear similar to the quantitative time-
averaged line-of-sight liquid mass distributions obtained
using both x-ray measurements. Again, the combination
of time-averaged x-ray measurements and neutron imag-
ing provides considerable information on the two-phase
flow structures within an aerated-liquid injector. Deriva-
tion of quantitative mass distributions from neutron im-
ages should be explored in the future.

SUMMARY

Two-phase flow structures in aerated liquid within
an aluminum nozzle were explored using the neutron im-
aging technique at the Oak Ridge National Laboratory.
Long-exposure neutron images of two-phase flows un-
der different injection conditions, including various lig-
uid flow rates, aeration levels, and aerating tube config-
urations, were obtained. Water and nitrogen were used
as the working fluid and aerating gas, respectively. For
direct comparison purposes, companion high-speed x-
ray images with aluminum and beryllium were also ob-
tained at the Argonne National Laboratory, using the
same injection conditions and injector assemblies. Major
conclusions of the present study are as follows:

1. Time-averaged in-situ two-phase flow structures in-
side an aluminum nozzle were successfully visual-
ized with the neutron imaging technique, without
the use of any dopant in the injection fluid.

2. Effects of liquid flow rate, aeration level, and aerat-
ing tube configuration on internal two-phase flow
structures were subsequently explored from the neu-
tron images.

3. Comparisons between neutron imaging and com-
panion x-ray imaging clearly demonstrate the ad-
vantages and challenges in applying each imaging
technique for the present setup configurations

e Neutron imaging at Oak Ridge National Labor-
atory provides time-average qualitative line-of-
sight liquid distribution patterns inside an alu-
minum metal nozzle. For the present setup, a
full-field flow measurement can be achieved
but with a relatively long exposure for each im-
age and poorer spatial resolution than with x-
rays.

e X-ray imaging at Argonne National Laboratory
provides time-resolved qualitative line-of-sight
distributions or evolution (in compiled movie
clips) of the doped two-phase flow with a satis-
factory quality for the beryllium nozzle and a
lower quality for the aluminum nozzle. The
field of view is limited by the size of the x-ray
beam.

Comparison between neutron imaging and quantita-
tive x-ray radiography and fluorescence measurements
highlights the needs to improve the spatial resolution and
to extract quantitative liquid mass distributions from
neutron images, in order to expand the capability of the
neutron imaging technique in the future.
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Table 1. Aerating tube configurations

Configuration d, (mm) row orifice/row |Offset (degree)| A,/A,
#1 0.76 (0.03") 4 2 90 1.00
#2 0.51(0.02") 10 2 90 1.11

Table 2. Comparison between neutron and x-ray imaging setups

ORNL Neutron Imaging ANL X-Ray Imaging
Image Field of View 51.5 mm (H) x 48.1 mm (V) 5.0 mm (H) x 2.8 mm (V)
Camera Pixel 2,560 (H) x 2,160 (V) pixels 256 (H) x 144 (V) pixels
Spatial Resolution 20.1 (H) x 22.3 (V) pm/pixel 19.5 (H) x 19.4 (V) um/pixel
Exposure Time 10 sec/image 1.0 us/frame
Framing Rate 0.1 fps 271,554 fps
Injector Metal Tested Aluminum Beryllium, Aluminum
Use of Dopant Not needed Potassium iodide (K1) 10% by mass

X-ray cross section

o BQQQQQ

Al Si

@0 e ° o
—

Neutron cross section

Figure 1. Comparison of cross sections of x-ray and neutron. Neutron is very sensitive to hydrogen and al-most
transparent to metals, while x-ray is the opposite.
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Figure 2. High Flux Isotope Reactor (HFIR) CG-ID beamline layout at the Oak Ridge National Laboratory
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Figure 3. Experimental setup at the HFIR CG-1D beamline
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Figure 7. Flat-field neutron images of injector assemblies with no water injection (residual water present)
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Figure 8. Flat-field corrected neutron images of time-averaged two-phase flow structures at various liquid flow
rates, Configuration #1 aerating tube, GLR = 4%
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Figure 9. Flat-field corrected neutron images of time-averaged two-phase flow structures at various liquid flow
rates, Configuration #2 aerating tube, GLR = 4%
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Figure 10. Flat-field corrected neutron images of time-averaged two-phase flow structures at various aeration lev-
els, Configuration #1 aerating tube, m_ = 18.2 g/s
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Figure 12. Comparison of beryllium (left) and aluminum (right) nozzles under high-speed x-ray imaging. Configu-

= 4%

18.2 g/s, GLR

ration #1 aerating tube, m.



Neutron Scattering Imaging — Aluminum Nozzle
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Figure 13. Comparison between x-ray imaging (left) and neutron imaging (right), aluminum nozzle, Configuration
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Figure 14. Comparison between x-ray imaging (left, beryllium nozzle) and neutron imaging (right, aluminum noz-
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Beryllium Nozzle, m;=18.2 g/s, GLR=4%, Line-of-Sight Contours
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Figure 15. Flat-field corrected neutron images (left) and line-of-sight liquid density measurements from x-ray radi-
ography and x-ray fluorescence techniques (right), m_= 18.2 g/s, GLR = 4%, x-ray measurements with a beryllium
nozzle, from Ref [7]



