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a b s t r a c t 

Understanding the near-field region of a spray is integral to optimization and control effort s because 

this region is where liquid break-up and spray formation occurs, setting the conditions under which the 

spray dynamics evolve under the gas turbulence and droplet inertia. However, the high optical density 

of this region complicates measurements; thus, it is not yet well characterized. This paper is intended 

to compare four of the leading experimental techniques that are being used or developed to study the 

near-field region of a spray. These techniques are shadowgraphy, tube source X-ray radiography, high- 

speed synchrotron white-beam X-ray imaging, and synchrotron focused-beam X-ray radiography. Each of 

these methods is applied to a canonical spray, using the same nozzle, under identical flow conditions. 

Synchrotron focused-beam radiography shows that a time-averaged Gaussian liquid distribution is a valid 

approximation very near the nozzle, before the core has broken apart. The Gaussian behavior continues 

as the spray progresses further downstream, showing self-similarity. A spray angle can be defined from 

the linear spreading of the Gaussian intensity distribution with downstream distance. The spray angle 

found from shadowgraphy is validated with focused-beam testing. Additionally, a novel method of esti- 

mating the intact length of the spray from different X-ray techniques, that uses broadband illumination, 

is presented. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Coaxial atomizers are of interest in research because of their

se as fuel injectors for gas turbines and engines, two-phase chem-

cal reactors, and food processing ( Lasheras and Hopfinger, 20 0 0 ).

pray droplet characterization has been a primary focus of this re-

earch, especially in the combustion community ( Aggarwal, 1998 ;

aw, 1982 ). Some of the methods commonly used to study the

ar-field region of sprays include Laser Doppler Velocimetry (LDV),

hase Doppler Particle Analysis (PDPA), and Particle Image Ve-

ocimetry (PIV). However, each of these methods relies on the

pray being broken into droplets, and are thus not applicable for

tudying the near-field region. The near-field region is where in-

tabilities begin to develop, and is of utmost importance because of

ts role in setting up the primary combustion zone ( Lightfoot et al.,

015 ). Fully characterizing this region is difficult because the thick

iquid core reflects most visible light, impeding the use of most
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oninvasive measurement methods. Thus, the near-field region has

ot been studied with the depth and rigor that has been applied

o the mid- or far-field region. 

Shadowgraphy and back-illuminated imaging are often used for

tudying sprays ( Castrejón-García et al., 2011 ; Stevenin et al., 2012 ;

estlye et al., 2017 ). These visible light techniques are useful in

aking qualitative assessments about the spray and obtaining a

easure of the core length, but it is challenging to estimate ac-

urately other quantitative measurements, such as spray angle. X-

ay diagnostics have emerged recently as an alternative to opti-

al diagnostics for studying the near-field region ( Heindel, 2018 ;

inne, 2013 ). Unlike visible light, X-rays are able to penetrate the

ense liquid region, and their attenuation is related to the path

ength and density of the materials through which they pass. The

ttenuation can then be used to measure (or estimate if the atten-

ation is from a broadband source) the quantity of liquid present

n the line of sight along the X-ray beam. An additional advan-

age of X-rays is the mild refraction and diffraction at liquid-gas

nterfaces, which enhances visualization ( Kastengren et al., 2012 ).

allistic imaging is another measurement technique that has been

https://doi.org/10.1016/j.ijmultiphaseflow.2020.103219
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Fig. 1. Nozzle schematic showing liquid and gas inlets of a two-fluid coaxial nozzle. Q NS shows the locations for straight air flow and Q SW 

shows how swirl air is added 

(this functionality is not utilized in the current study). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 

Gas Reynolds number, momentum 

flux ratio, Weber number, and mass 

loading for each condition used in 

this study. 

Re g M We m 

21,200 6.0 40.3 0.55 

31,100 12.9 86.8 0.37 

46,500 28.9 194.1 0.25 

69,300 64.1 430.5 0.17 
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used to investigate the spray near-field ( Linne et al., 2009 ), but is

not covered in this study. 

To understand how the data from these measurement tech-

niques compare, this study uses an identical experimental setup

and flow conditions to provide a side-by-side comparison of mul-

tiple techniques. The four techniques used in this study are shad-

owgraphy (as the visible light technique), tube source X-ray radio-

graphy, synchrotron white-beam phase-contrast imaging, and syn-

chrotron focused-beam radiography. Core length and spray angle

are the two major defining parameters of the spray near-field that

are compared. An accurate measure for the core length was found

from shadowgraphy and a method that uses X-ray techniques to

estimate this length was developed. The spray angle was found

from focused-beam radiography, and the spray angles from the

other three methods were compared to this measurement. Ad-

ditionally, the capabilities, advantages, and disadvantages of each

technique are discussed. A complementary study using an imping-

ing jet spray and structured light and 3-D X-ray CT reconstruction

was completed by Halls et al. (2013) . Using the same impinging jet

spray setup, Halls et al. (2014) compared 2-D and 3-D mass distri-

bution measures to focused-beam measurements. 

2. Experimental setup 

2.1. Nozzle and flow conditions 

The nozzle used in these experiments, shown in Fig. 1 , is a

canonical two-fluid coaxial atomizer ( Machicoane et al, 2019 ). The

liquid Reynolds number is defined by: 

R e l = ( U l d l ) / νl (1)

where d l = 2.1 mm is the inner diameter of the liquid nozzle, ν l is

the kinematic viscosity of the liquid, and U l is the liquid mean exit

velocity, calculated as U l = Q l /A l where Q l is the liquid flow rate

and A l is the exit area of the liquid nozzle. With d l = 2.1 mm and

a liquid nozzle length of 110 mm, the length to diameter ratio is

52 ensuring a fully developed flow. The inner diameter of the gas

nozzle at the exit is d g = 10 mm, and the gas Reynolds number is

defined by: 

R e g = 4 Q tot / (πd e f f νg ) (2)

where Q tot is the total gas flow rate, and νg is the kinematic vis-

cosity of air. The effective inner diameter of the gas nozzle (d eff) is

defined as: 

d eff = 

(
d g 

2 − D l 
2 
)1 / 2 

(3)

which is the diameter of a circle with the same exit area as the

gas nozzle, and D = 2.7 mm is the outer diameter of the liquid
l 
ozzle. The total gas flow rate is composed of straight and swirl

ir. As shown in Fig. 1 , straight air enters the gas plenum directed

t the liquid needle centerline whereas swirl air enters the gas

lenum tangent to the plenum wall (which is not used in the cur-

ent study). 

The momentum flux ratio (M) is defined by: 

 = ( ρg U g 
2 ) / 

(
ρl U l 

2 
)

(4)

here the subscripts g and l define the gas and liquid properties,

espectively, and ρ is the fluid density. Additionally, the Weber

umber (We) and mass loading ratio (m) are defined by: 

 e = ρg U g 
2 d l /σ (5)

 = ( ρl U l A l ) / ( ρg U g A g ) (6)

here σ is the interfacial tension. 

All length scales have been nondimensionalized with d l where

ppropriate; hence Y = y/d l is the spanwise coordinate and

 = x/d l is the axial coordinate originating at the nozzle exit.

he liquid flow rate is constant for all test conditions considered

n this study, yielding a fixed Reynolds number of Re l = 1100

o ensure laminar flow, with a large We and small m to ensure

hat the breakup and interfacial instabilities are driven by the gas

 Lasheras et al., 1998 ; Lasheras and Hopfinger, 20 0 0 ). The gas flow

onditions selected for this study are summarized in Table 1 . 

.2. Shadowgraphy 

High-speed back-illuminated imaging and shadowgraphy have

een widely used for studying sprays because the interfaces be-

ween the liquid and gas regions are easily visible ( Castrejón-

arcía et al., 2011 ; Stevenin et al., 2012 ; Westlye et al., 2017 ). The

mages generally show the entire region of interest of the spray at

 high temporal resolution, which enables spatiotemporal analysis

f the data. However, it is not possible to capture internal details of
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Fig. 2. Shadowgraphy: High-speed imaging using visible light to capture a still 

shadow of a spray (schematic not to scale). 
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Fig. 3. Tube source radiography: The X-ray beam projects at a cone angle and the 

intensity decreases in the presence of liquid. The resulting image can be correlated 

to local projected mass distribution (figure not to scale). 
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he spray. Additionally, dense clouds of droplets obscure the light,

o they cannot be distinguished from patches of liquid. 

Shadowgraphy experiments in this study were conducted us-

ng a red light emitting diode (LED) panel, schematically shown

n Fig. 2 . Although the light coming from this source was not truly

arallel, as it would be in shadowgraphy, it has less than 5 ° di-

ergence so it was considered parallel with negligible error, for

implification in the analysis. As light passes through the spray, it

s reflected, refracted, and diffracted away from its original path

herever liquid is present; this creates a shadow in the resulting

mage. Using a visible light source makes shadowgraphy subject to

ultiple scattering, also shown in Fig. 2 , where the light reflects

nd diffracts off of multiple droplets, decreasing the sharpness and

ontrast of the resulting image. The high curvature of droplets also

ends to act as a lens, focusing light to the center of the shadow,

hich results in a bright spot in the center of larger droplets. 

.3. X-ray imaging 

Another current method of imaging sprays uses X-rays rather

han visible light ( Heindel, 2018 ). The primary advantage of this

ype of measurement is that the X-rays attenuate (but not reflect

nd barely refract) as they pass through liquid, greatly reducing

efraction and multiple scattering. The resulting images provide in-

ernal details of the spray. This study compares the images taken

rom two types of X-ray producing devices, a tube source and a

ynchrotron. The two are considered independently because of the

ifference in how they produce X-rays and the large disparity in

he radiation intensity the sources produce, which leads to differ-

nt types of X-ray measurements. 

.3.1. Tube source X-rays 

Tube source X-rays are produced when electrons are acceler-

ted with a high voltage electric field in a cathode ray tube where

he electrons impact a metal target (anode) which decelerates the

lectrons, emitting radiation in the X-ray spectrum. Fig. 3 schemat-

cally shows the tube source X-ray setup used in current experi-

ents at Iowa State University’s X-ray Flow Visualization Labora-

ory, which has been described in detail elsewhere ( Heindel et al.,

008 ). The X-ray source has a cone-shaped beam and contains a

ide range of photon energies, referred to as broadband X-rays

r white-beam X-rays. As the beam propagates through the spray,

 fraction of the photons are absorbed by the liquid so that the

eam intensity decreases; the decrease is a function of the fluid

edium, the amount (path length) of fluid, and the X-ray pho-

on energy. Rather than using the equivalent path length (EPL) of

he spray, calculations from tube source radiography use the opti-

al depth values directly which are equivalent to μ∗EPL, where μ
s the X-ray attenuation coefficient ( Li et al., 2019 ). Note that μ is

 function of the material through which the X-rays pass, as well
s the wavelength of the X-ray energy, and is typically tabulated

or monochromatic X-ray sources, but is a complicated function

or polychromatic X-ray sources common in tube sources. The rel-

tively low intensity of the tube source used in this study requires

n exposure time of 20 ms, and acquisition speeds of the order of

0 FPS, which are too slow to capture fast-moving events, so the

esulting images become blurred. The blurring makes it difficult

o interpret individual images, but these can be time-averaged for

ean spray measurements. Additionally, the tube source has a rel-

tively large focal spot, which results in a non-negligible penumbra

ffect (caused by X-rays hitting the same spot on an occluding ob-

ect from different angles), causing blurred edges. One advantage of

he tube source is the larger X-ray beam, which allows the entire

pray region to fit inside the beam at one time. The field of view

or radiographs in this study was 22.5 × 26 mm, the tube voltage

as 50 keV, and the current was 2.0 mA. More details about the

ube source X-ray setup can be found in Heindel et al. (2008) or

he setup of Li et al. (2018) . 

.3.2. Synchrotron X-rays 

The synchrotron beamline used for the measurements in

his study was the 7-BM beamline at the Advanced Photon

ource at Argonne National Lab; the setup is detailed elsewhere

 Kastengren et al., 2012 ; Heindel, 2018 ). The synchrotron source

rovides extremely intense X-rays with an energy range of 5.1–

2 keV that are created by fast-moving electrons when they are

teered by bending magnets or undulators. Using this X-ray source

or radiography of sprays is advantageous because the high X-ray

ntensity enables microsecond exposures and kilohertz frame rates.

his permits the acquisition of time-resolved measurements or im-

ges, which allows for the capture of dynamic events and mini-

izes motion blur. The beam is also highly collimated, which min-

mizes the penumbra effect, and increases the phase-contrast ef-

ect. 

.3.2.1. Synchrotron white-beam imaging. White-beam phase-

ontrast imaging is named because the beam is not a single

avelength but, instead, uses the broadband emission from the

-ray source. The phase-contrast effect is caused by refraction and

resnel diffraction where a relatively large propagation distance

ncreases the intensity of phase boundaries. The white-beam

hase-contrast X-ray setup is shown in Fig. 4 . The beam is highly

ollimated and the source is approximately 35 m from the test

ection. The maximum beam size is approximately 6 × 8 mm. As

he beam propagates through the spray, the intensity decreases.

his concept is shown for the droplets in Fig. 4 as each of the

ines, representing a section of the beam, decreases in intensity

epending on the path length of liquid through which it passes.

fter going through the spray, the beam illuminates a scintillator
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Fig. 4. Synchrotron X-ray imaging: The nearly parallel X-ray beams pass through a 

spray where the intensity decreases, dependent on the amount of liquid through 

which they pass. In actual images, the edges are enhanced by a bright region 

around the droplets (phase-contrast effect, not shown in this figure). The result- 

ing image can be correlated to the local projected mass distribution (figure not to 

scale). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Focused-beam radiography: Intensity of an X-ray beam, that has been fo- 

cused down to a small cross-sectional area, decreases following Beer-Lambert’s Law 

as it passes through liquid (figure not to scale). 

Fig. 6. Instantaneous shadowgraph image from a high-speed spray sequence, taken 

at Re l = 1100 and Re g = 21,200 with a frame rate of 10 kHz and exposure time of 

1 μs. 
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(not pictured), which creates a visible light image proportional

to the incident X-ray intensity. The visible light image is then

reflected off a mirror and captured by a high-speed camera. Addi-

tional details of white-beam phase-contrast imaging are presented

by Heindel (2018) . 

2.3.2.2. Synchrotron focused-beam radiography. Focused-beam ra-

diography in this study was performed by first filtering the white-

beam into a monochromatic beam, and then focusing the beam

into a small cross-sectional area of 5 × 6 μm at 8 keV. The re-

sulting beam was then raster-scanned across the spray to acquire

line-of-sight measurements. For focused-beam radiography, as the

beam passes through the spray, it reduces in intensity in the same

way as white-beam imaging. After passing through the spray, the

X-ray beam illuminates a PIN diode that produces a voltage, pro-

portional to the beam intensity, which is then recorded. By scan-

ning across the spray, intensity as a function of time signals are

recorded at multiple locations. Focused-beam radiography can be

highly time-resolved. In this study, focused-beam radiographs are

taken at an effective frequency of 270 kHz for 10 s. at each line-of-

sight location in the spray. 

Because this setup requires the beam to be focused to a small

cross-sectional area, the full power of the beam is not required,

which enables the use of a nearly monochromatic X-ray beam. This

greatly simplifies the subsequent analysis, since X-ray absorption is

strongly dependent on X-ray wavelength. A monochromatic beam

eliminates beam hardening (preferential absorption of lower en-

ergy radiation) so that Beer-Lambert’s Law provides an accurate

measure of the EPL: 

EP L = ( 1 /μ) ln ( I 0 /I ) (7)

where I 0 is the incident beam intensity, I is the beam intensity af-

ter passing through the spray, and μ is the X-ray attenuation coef-

ficient. By knowing the X-ray photon energy, the attenuation coef-

ficient can be obtained from the NIST XCOM database ( Berger et al.,

2010 ) which is then used to obtain the equivalent path length

(EPL). Being able to compute the instantaneous EPL of the liquid

makes it possible to measure the mass distribution of the spray, as

well as for additional spray dynamic properties to be computed. 

The setup for focused-beam radiography is shown in Fig. 5 . The

inset of the figure shows a representative measured beam intensity

over time, changing as the droplets pass through the probe vol-

ume. A spherical droplet yields an elliptical curve whose minimum

corresponds to its diameter when it is intersected at its center.

Droplets that are in the same line of sight result in the superposi-

tion of multiple droplets in the measurement, giving more complex
esults and making it difficult to distinguish the signal from each

roplet. 

. Results 

.1. Shadowgraphy 

A shadowgraph image of the spray is shown in Fig. 6 where

any of the visible spray characteristics are identifiable. The liq-

id core is nearest to the nozzle and characterized as a continu-

us section of thick liquid that has not yet broken apart. Primary

reakup can be seen, leading to the formation of ligaments and liq-

id sheets. As ligaments move further downstream, they break up

nto large droplets while liquid sheets break into smaller droplets.

nce the primary breakup process is finished and the liquid moves

o the mid-field region, the spray has become more dilute and

roken into droplets that continue to split apart as the turbulent

as flow advects them downstream. When using shadowgraphy,

arge particles can be seen, but their smaller neighbors often go

nobserved because of the low contrast at that scale and the in-

ufficient spatial resolution. Additionally, a percentage of smaller

roplets is not captured when the light source is not perfectly par-

llel. The minimum resolvable object size measured for this setup

as 0.25 mm. 
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Fig. 7. Tube source X-ray radiograph. Single radiograph normalized to emphasize 

the spray region showing the liquid mass distribution for the entire flow field re- 

gion of interest. The momentum flux ratio was 6.0 with an image capture rate of 

10 FPS. Gas and liquid conditions are Re l = 1100 and Re g = 21,200. 
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For this study, from the grayscale shadowgraph, where the

ackground was light and the liquid was dark, image threshold-

ng was used to create a binary image that defined the gas-liquid

nterface. However, the center region of the liquid droplets and the

iquid jet core were lighter or the same intensity as the background

ecause the liquid acted as a lens and focused the illumination;

his was corrected through image processing when binarizing the

mages. A global, bimodal threshold that minimized the weighted

ithin-class variance was applied to all images, which provided

inary images with minimized thresholding error. After identify-

ng the location of the liquid, the intact length (longitudinal extent

f the instanteous section of liquid still fully attached to the noz-

le) from each image was averaged together. The error in intact

ength measurements from shadowgraphy images was calculated

o be 15% by Charalampous et al. (2016) for a spray with a more

ense droplet field, so the experiments here are estimated to have

t or below 15% measurement error. The average intact length as

etermined by shadowgraphy for varying flow rates will be com-

ared to other methods below. 

.2. Tube source X-rays 

A time-average tube source X-ray radiograph, representative of

he images taken for this study, is shown in Fig. 7 . The canoni-

al nozzle is the bright region along the top of the image, and the

mage has been normalized to emphasize the spray region, which

ppears as the dark region. The spray in the original tube source

adiograph is close to a time-average image because the exposure

ime of 20 ms is too long compared to the flowfield time scales.

he darker regions represent a longer liquid pathlength, and the

ighter regions represent less attenuation by the liquid. To increase

he contrast between the liquid and the gas background, the liquid

as doped with potassium iodide (KI) at a concentration of 20% by

ass, which provides measurements with an estimated measure-

ent error of 5%. Past studies have shown that a KI concentration

f up to 20% has a negligible effect on the density and viscosity

f water, and a KI concentration of 20% by mass does not affect

eam hardening ( Halls et al., 2014 ). The image shown in Fig. 7 , at

 resolution of 327 × 377 px, covers an area that is 10.7 × 12.4 d l 

22.5 × 26 mm), and is from a video sequence that was acquired

t a rate of 10 FPS using a Photron FastCAM Mini AX50. 

A flat-field correction was first used to reduce the fixed noise

attern and then averaged over several seconds, to get a mean pic-
ure of the spray attenuation. The optical depth is used in these

easurements because the X-ray attenuation coefficient is not pre-

isely known for the broadband tube source ( Li et al., 2019 ). 

.3. Synchrotron white-beam imaging 

Fig. 8 shows several synchrotron white-beam images from loca-

ions along or near the centerline of the spray. Each image has an

xposure time of 1.05 μs and was taken from a series of X-ray im-

ges that were captured at a rate of 6 kHz with a Photron FastCAM

ini AX50. The images were taken at different locations along the

pray, as the beam size is much smaller than the width of the

pray; thus, they could not be taken synchronously. This highlights

 notable difference with the tube source X-ray imaging used in

his study. The tube source was able to image the spray in its en-

irety, but at a slower frame rate and lower flux, whereas the syn-

hrotron white-beam imaging provided high-speed high-resolution

mages but over a smaller field of view. The synchrotron beam was

etup for phase-contrast imaging in this study, which enhances the

dges of phase differences, making the liquid-gas interface more

learly delineated. However, the analysis presented below does not

se the phase-contrast effect, but rather treats the technique as at-

enuation only imaging. 

Unique spray characteristics are distinguished in each image.

nlike shadowgraphy that mostly shows a binary representation of

he liquid location, synchrotron X-ray imaging measures the opti-

al depth, which is related to the amount of liquid that is present

n the projected image. Hence, the ability to do high-speed X-ray

maging provides more details and highlights many spray features

hat are not observed with other imaging methods, such as over-

apping droplets and liquid features. The liquid core in the spray

hown here was more complex than a simple jet with bag for-

ation, as shown in Fig. 6 with shadowgraphy. The phase-contrast

mage at the nozzle exit (X = 0.8, Y = 0) shows the initial forma-

ion of bags and ligaments, even before one nozzle diameter away

rom the nozzle exit plane. Moving downstream (X = 2.3, Y = 0),

nternal structures of the core continue to be seen as bags start to

orm. Then, the spray begins to form thin liquid sheets and liga-

ents (X = 3.8, Y = 1.5) which break apart as they advect down-

tream to form small and large droplets, respectively. One partic-

lar challenge with high-speed X-ray imaging is that specific flow

eatures are all imaged in the same projection, shown as “stacked

eatures” in Fig. 8 (X = 6.8, Y = 0). However, one example of the

nique features of this imaging method is the ability to capture air

ubbles within the liquid region (X = 6.8, Y = 0). 

.4. Synchrotron focused-beam radiography 

Synchrotron focused-beam radiography provides an X-ray inten-

ity measurement as a function of time. In this study, an effective

ignal acquisition rate of 270 kHz over a 10 s. period was recorded

t each raster scan location. The instantaneous intensity signal is

hen used with Beer-Lambert’s Law ( Eq. (7) ) to determine the in-

tantaneous equivalent path length (EPL). Averages at each location

ere used to obtain contour maps of the spray over the entire flow

eld. Because data were taken at discrete locations, the data were

inearly interpolated to estimate the EPL values between acquisi-

ion locations. For the given flow conditions, the maximum EPL

as larger than the inner diameter of the liquid nozzle, showing

hat the liquid spreads out slightly after leaving the nozzle, wet-

ing the outer liquid needle surface, so the initial jet diameter is

pproximately equal to the outer needle diameter, but still remains

ntact. This is confirmed by images from synchrotron white-beam

hase-contrast imaging ( Li et al., 2017 ). Using the same method

s Kastengren et al. (2008) , the absorption coefficient in Beer-

ambert’s law has an uncertainty of approximately 1.5%, and the
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Fig. 8. Synchrotron white-beam X-ray images were taken near, or along the centerline (Y = 0) while the X distance increases with X = 0 corresponding to the jet exit. X 

and Y locations were non-dimensionalized by d l , and identify the image center. Re l = 1100 and Re g = 21,200 with a capture rate of 6 kHz and an exposure time of 1.05 μs. 

Fig. 9. Focused-beam PIN diode signal, with Re l = 1100 and Re g = 21,200: (a) a short sample of focused-beam data showing the instantaneous effective path length as a 

function of time, taken at X = 2.38 and Y = −0.48 and (b) the average EPL/d l from one scan across the spray at X = 2.38. 
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measurement positions have an axial uncertainty of ±20 μm and

a spanwise uncertainty of ±5 μm. The total measurement uncer-

tainty is therefore estimated to be ±3.2%. 

A sample of the instantaneous EPL from focused-beam data at

(X, Y) = (2.38, −0.48) from a short time span (1.6 ms) is shown

in Fig. 9 a. These data were acquired by raster scanning across the

spray and pausing at each data point location for 10 s to collect

data, which was long enough to gather good statistical data for

the time-varying system. From plots like these, the times when

there was no liquid present are evident because the equivalent

path length is very near zero. Individual droplets passing through

the focused-beam are easily identified by elliptical curves in EPL.

For much of the signal, however, the precise spray dynamics are

difficult to discern because the signal is composed of several over-

lapping projected liquid dynamics; one of these regions is identi-

fied in Fig. 9 a as overlapping spray dynamics. 

3.5. Self-similarity 

To determine if the spray angle can be accurately described as

the angle between two straight lines, it was first necessary to de-

termine if the spray was self-similar and widening in a linear fash-

ion. It has been established that the quantity of liquid present in

the cross-sectional area of a spray field can be described by a self-
imilar Gaussian curve in the mid-field region ( Powell et al., 20 0 0 ;

ue et al., 2001 ). The Gaussian distribution follows the velocity in

ingle-phase jets ( Van Wissen et al., 2005 ). 

Using focused-beam raster scans that span the width of the

pray, a Gaussian curve fit accurately represented the EPL data in

he span-wise direction for all cases of the spray that were tested

ith data that were taken 1d l or farther from the nozzle exit plane.

o visualize the self-similarity of the data, the EPL was scaled so

hat: 

 P L scaled = E P L ( x, y ) /E P L ( x ) max (8)

here EPL(x) max was the maximum EPL at each axial (x) location.

dditionally, the EPL distributions were scaled for the spray width

sing the Y location corresponding to 2 σ where σ is the stan-

ard deviation, so that y scaled = y/y| 2 σ . This scaling collapsed all

he data, proving self-similarity. A sample of the scaled data for

e l = 1100 and Re g = 21,200 is shown in Fig. 10 a. 

.6. Spray angle comparison 

The results from focused-beam radiography, shadowgraphy, and

ube source radiography were all used to create a time-averaged

pray map. For focused-beam radiography, the average spray map

epresented the average EPL, as shown in Fig. 10 b. For shadowgra-

hy, the average spray map was an average of binarized images
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Fig. 10. Re g = 110 0 and Re l = 21,20 0 showing (a) self-similar jet profiles, scaled by EPL max and 2 σ , and (b) average EPL/d l contour map showing the jet spreading angle, θ , 

and the intact length, L b . 

Fig. 11. Comparison of spray angle for multiple testing techniques at varying mo- 

mentum flux ratios, where the error bars represent the estimated experimental er- 

ror. 
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Fig. 12. Comparison of intact length for multiple testing techniques at varying mo- 

mentum flux ratios, where the error bars represent the estimated experimental er- 

ror. 
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epresenting the probability of the presence of liquid. For tube

ource X-rays, the average spray map represented the averaged in-

ensity which is linked to the optical depth, and was created af-

er individual images were normalized with the background inten-

ity, shown in Fig. 7 . The phase-contrast imaging presented here

oes not provide sufficient information to calculate the spread an-

le because the phase-contrast imaging region did not capture the

ntire spray. Stitching phase-contrast images together was not pos-

ible because the incident X-ray flux from the synchrotron var-

ed with time, producing non-uniform background intensities from

ne imaging region to another. The period of the X-ray flux vari-

nce ranged from milliseconds to several hours and developing a

ethod of adjusting images based on the flux variance was beyond

he scope of this study. 

At any given axial location, a Gaussian curve fit was applied to

he data and the y-location of 2 σ from the Gaussian curve was de-

ned as the edge of the spray for this study. The spray angle was

hen defined as the angle between the two lines that connect the

 σ locations. This angle is shown as θ for M = 6.0 in Fig. 10 b. Us-

ng the 2 σ location as the spray edge is an arbitrary choice, but is

alid for comparison because the angle would scale with the Gaus-

ian distribution so that the spray angle for any σ location could

e calculated by multiplying the current spray angle by a constant.

Comparing the spray angle obtained from shadowgraphy,

ocused-beam radiography, and tube-source radiography gives dif-

erent results for low gas momentum flux ratios. At higher gas mo-

entum flux ratios, the results are much closer for all three meth-

ds, as shown in Fig. 11 . At low momentum flux ratios, as the spray

rogresses further downstream (beyond the measurements from

ocused-beam radiography) the spray angle increases. This explains
he larger spray angle for shadowgraphy and tube-source radiogra-

hy, because they both captured a larger spray field of view. As the

as momentum flux ratio increases, the spray angle found from the

hree methods are more similar because the physical extent of the

ear-field becomes smaller and the three imaging methods capture

he same physics in their different fields of view. This shows that

he spray edge at lower momentum flux ratios are not completely

traight. Improved measurements would have focused-beam mea-

urements further downstream, to ensure the same spray field for

ll measurement techniques. The most accurate value of the spray

ngle is found through focused-beam radiography because of the

igh precision of the measurements. The angle found from tube-

ource radiography is more accurate than shadowgraphy since the

verage map of shadowgraphy shows the presence or not of liq-

id, rather than the amount of liquid. However, the high corre-

pondence between tube-source measurements and shadowgraphy

how that the probability map found from shadowgraphy could be

sed with acceptable accuracy for finding the spray angle at high

omentum flux ratios. 

.7. Intact length comparison 

The intact length (L b ) of a spray is defined as the average ax-

al length at which the liquid remains attached to the nozzle. This

ttachment is either caused by a liquid core or ligaments that re-

ain connected to the liquid at the nozzle tip. The intact length for

hadowgraphy (L b,SI ) was computed by measuring the intact length

rom a series of images using image processing to determine the

ongitudinal extend of the liquid core on each instantaneous image.

he lengths were then averaged, as shown in Fig. 12 , for varying
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gas momentum flux ratios. Visual inspection of the intact length

from the image series showed minimal error from detached liga-

ments and droplets that obscured the measurement, even in sprays

with higher momentum ratios where droplet clouds are present.

For sprays with a denser cloud of droplets surrounding the liquid

core, it will often be necessary to estimate the intact length from

other measurements, such as X-ray radiography. The method for

estimating the intact length is below. 

For measurements that use the EPL, the core length has been

shown to correlate to the distance where the average EPL along the

centerline is 30% of the maximum EPL (EPL max ) along the center-

line of the particular spray ( Lightfoot et. al., 2015 ). It is important

to note that the core length and intact length are not the same

measure and the core length does not have a consistent definition

throughout the literature. However, using the same technique as

Lightfoot et al. (2015) , a ratio of EPL to EPL max was defined that

provides a reasonable estimate of the intact length. For focused-

beam radiography, the ratio found that provides the most accurate

intact length is L b,FB = 0.02 ∗EPL(x 0 ) max . The L b,FB ratio was found

by determining the EPL value along the centerline, at the intersec-

tion of the intact length (as found from shadowgraphy). Because

focused-beam radiographs are point measurements, if the intact

length location did not lie on a point, the values between points

were estimated using a linear fit between the two nearest axial lo-

cations. A comparison of the results shows that a good estimate of

the intact length was found from focused-beam imaging, shown in

Fig. 12 . 

The same method was used to estimate the intact length from

tube-source X-ray images. The ratio of intensity along the center-

line was calculated for (I/I 0 ) as 20% where L b,TS = 0.20 ∗I max (x 0 )/I 0 ,

indicating that the threshold may be a function of the X-ray power

and spectrum. The resulting intact lengths from this method are

shown in comparison to the more direct measurements from shad-

owgraphy in Fig. 12 . The high correspondence between the shad-

owgraphy and tube-source radiography intact lengths show that

the estimate from tube-source radiography was a reasonable es-

timate. 

Phase-contrast images were not used in estimating the intact

length because the field of view was too small so the spray had to

be imaged in sections. Thus, the core or attached ligaments did not

all fit into one imaging frame. Additionally, the differences in the

projected intensity between spray regions where the liquid core

was intact and where it was broken into a multitude of large liquid

droplets made the detection of intact length uncertain. The inten-

sity difference could be magnified in future experiments by doping

the liquid with a sensitizer, similar to the KI that was added to the

water for tube source X-ray imaging. 

4. Discussion 

Shadowgraphy required less time for data acquisition because

the system was capable of capturing a large portion of the flow

field in a single set-up. Unlike X-ray images, shadowgraph images

do not show the internal dynamics of sprays or the initial bag and

ligament formation, so they can only be used where a binary im-

age showing the outline of the spray will suffice. Shadowgraphy

is a great option for obtaining the core length of a spray and an

excellent option for initial testing or proof of concept testing to

qualitatively assess the spray uniformity. 

With tube-source radiography, it was not possible to capture

all the same breakup dynamics as with the synchrotron beam or

shadowgraphy because a longer exposure was required to account

for the low intensity source. However, it was possible to capture

the entire spray region in the same image, which was not possi-

ble with synchrotron imaging. One of the largest benefits of using

a tube-source X-ray setup is the ease of access when compared
o the synchrotron source because it is possible to install a tube-

ource in a university or industrial lab setting. 

Synchrotron phase-contrast imaging works well for qualitative

pace- and time-resolved analysis of the spray features. The im-

ges showed droplet formation, bubbles, ligaments, as well as bag

ormation and breakup. An image time series (i.e., video) can also

how complex breakup events with internal air bubbles ( Li et al.,

017 ). Quantitative measurements from white-beam images are

ossible but were challenging in this study because of the small

ntensity differences between the regions with and without liquid,

nd the inability to correlate objects across imaging regions. 

Focused-beam radiography yielded accurate EPL values for

he near-field region of the spray. They were also highly time-

esolved and were used to find the equivalent path length statis-

ics. However, the line-of-sight measurements do not allow for spa-

ial and temporal information to be acquired at the same time un-

ess the spray is highly repeatable and the data acquisition system

s phase-locked (which was not the case in this study). Focused-

eam measurements often require another experimental technique

uch as shadowgraphy or synchrotron white-beam measurements

o probe the spray in a complementary way. The mechanisms of

reakup can be made evident through imaging and then quantita-

ive statistics from the focused-beam measures can better quantify

pray parameters. 

. Conclusions 

Using focused-beam radiography, a Gaussian distribution of the

PL was found near the exit plane. The Gaussian behavior contin-

ed to exist as the spray progressed downstream with EPL(x) max 

ecreasing and the spray width increasing. Scaling the spray based

n the EPL(x) max , and the 2 σ width of the Gaussian fit as the spray

dge, shows the EPL distributions collapsing into a single curve,

roving that they are self-similar. 

An accurate measure of the spray angle was determined us-

ng focused-beam radiography and tube-source radiography. The

pray angle from shadowgraph imaging provided similar results to

hose from focused-beam radiography and tube-source radiography

t high gas momentum flux ratios. However, focused-beam radio-

raphy showed a smaller spray angle at low gas momentum flux

atios because the angle changes downstream and the spray region

hat was required to get a reasonable estimate at these conditions

as larger than the field of view used in this study for focused-

eam radiography. Although the spray angle from shadowgraphy

ame from a binary distribution of the probability of liquid in-

ercepting the light beam, rather than an average EPL, the results

how that it can provide a reasonable estimate of the spray angle. 

The intact length was most accurately determined through

hadowgraphy. For focused-beam radiography, a threshold value

f 2% of the EPL max along the centerline of the jet resulted in a

trong correlation with the results from shadowgraphy. The thresh-

ld value for tube-source imaging that provided the most accurate

ntact length is 20% of the I max which also showed good correlation

o the intact length from shadowgraphy. 
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