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The characterization of a spray in the near-field region is challenging because of its high optical
density in this region. X-ray based techniques, with weak scatter and strong penetration properties,
can provide better characterization than optical assessment techniques in this region. In this work,
the effects of various operating parameters on the optical depth (defined as the accumulated liquid
thickness in the beam path times the X-ray attenuation coefficient) and spray profile of an atomizing
spray in the near-field region are evaluated based on time-averaged X-ray analysis techniques. Con-
trolling parameters in the spray structure include swirl ratio, liquid phase Reynolds number, and gas
phase Reynolds number. Data from the broadband X-ray radiographs obtained using a tube source
at lowa State University and from focused beam measurements at the Advanced Photon Source at
Argonne National Laboratory are compared. The X-ray tube source at Iowa State University was
operated at two different energy levels, which reveals that the X-ray tube source energy influenced
the magnitude of the optical depth but did not change the shape of the distribution. For the no swirl
condition, gas flow rate and liquid flow rate had opposite effects on the spray profile, where the spray
widens as the gas flow rate increases and narrows as the liquid flow rate increases. As the swirl ratio
increases from 0 to 1, the spray widens and then narrows. The critical swirl ratio at which the spray
reaches its widest spread differs at different flow conditions.

KEY WORDS: coaxial atomizer, spray near-field, synchrotron X-rays, tube source X-
rays, X-ray radiography

1. INTRODUCTION

Sprays are an important part of many industrial processefjding energy conversion, pro-
pulsion, spray drying, pharmaceutical production, adtica applications, and additive
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manufacturing. Precise control of the spray can effegtiveprove process efficiency. How-
ever, before a spray can be controlled, it must be propedyaditerized. A spray can be roughly
divided into three regions: the near-field, the mid-field] #ime far-field. The near-field region,
which is the focus of this study, covers the dense spray meantzzle exit, where primary
breakup happens and influences spray formation (Som andndgh@010). The near-field re-
gion is generally optically dense, increasing the diffigudf characterizing the spray in this
region using optical or laser-based techniques (MacPheag,&002). Shadowgraphy, a light
refraction-based technique, is commonly used in spray iimgadt captures the interfaces be-
tween the liquid and gas; therefore, only the contour of itpaid is shown. But when droplets,
ligaments, and other structures overlap, shadowgraphg doeshow the change in liquid ac-
cumulated thickness. Planar laser-induced fluorescerd&)#s another powerful technique
for spray visualization. By adding a tracer species in thsid, it absorbs laser light and then
fluoresces at a different wavelength, which can then be usegdantify tracer concentration.
However, the attenuation of the laser sheet across the fldgv\iiben the spray is optically
thick can lead to systematic errors (Mishra, 2014). X-ragdd techniques, with weak scatter
and strong penetration, can provide alternative measuresfar effective spray characterization
(Heindel, 2018).

X-ray radiography is a common X-ray imaging method that pozd a shadow-like image of
an object where the intensity of the “shadow” is a functioXafy power and the object’s X-ray
attenuation (Heindel, 2011). X-rays can be classified afingrto how the X-rays are produced,
and they are generally divided into tube source X-rays amdlaptron source X-rays. Tube
source X-ray devices contain two electrodes: the cathoderfutting electrons and the anode
as the metal target for the electrons. Broadband tube sdurags are produced by bombarding
the target with high-speed electrons. Synchrotron X-ragsemitted when charged particles,
moving at close to the speed of light, interact with bendiraggnets or undulators.

Synchrotron X-rays, with much higher energy levels and phdlux, can provide more de-
tailed data than tube sources, especially for small-sdajlects with low contrast like sprays,
because they can provide much higher intensity (flux) letfed® tube sources [up to six or-
ders of magnitude higher (Matusik et al., 2018)]. The higbdlimated synchrotron X-rays
also decrease image distortion caused by cone beams, wkidommon in tube sources. Be-
cause of the higher X-ray flux from synchrotron X-rays, a namwomatic filter can be used in
the beam path to produce narrowband X-rays that eliminaaenldeardening effects commonly
found when using broadband X-rays (Hsieh, 2003). Beam nargeoccurs when the X-rays
traverse an object, and low-energy X-rays are attenuated gasily than high-energy X-rays.
Thus, the attenuation is a function of X-ray wave length (gyg and the total attenuation from
a broadband source does not follow a simple exponentialydseen with a monochromatic
X-ray (Boas and Fleischmann, 2012). However, the largepfitand high construction and
maintenance costs of a synchrotron X-ray facility limit tiecessibility of synchrotron X-rays
as a regular tool to acquire data. Synchrotron X-rays cap balproduced at specialized fa-
cilities, such as the Advanced Photon Source (APS) at Argdyational Laboratory. Several
investigations using synchrotron X-rays for radiographgprays have been completed at the
APS (Powell et al., 2000; MacPhee et al., 2002; Kastengreal.e2009, 2014a), where the
high-flux X-ray beam provides high spatial and temporal ggm images of the spray. The
APS also enables focused beam X-ray measurements by pkaoioegochromator and focusing
mirrors in the beam path while using a PIN photodiode (a disitle a intrinsic semiconductor
region between a p-type semiconductor and an n-type sedhictaor region) to record the X-ray
attenuation in the spray liquid as a function of time alorgllkam path (Heindel, 2018).
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Tube source X-rays typically operate at lower flux levelsjting penetration and temporal
resolution, resulting in lower contrast and quality of theay images. Additionally, monochro-
matic filters are typically not feasible for tube source ¥s&ecause of the low operating flux.
However, the low operating and maintenance costs of tubesorays reduce the data acqui-
sition costs, making them easier and more flexible to opefatee source X-rays can easily be
found in hospitals and universities. Another advantagelod source X-rays is that they usually
provide a larger field of view of the object of interest and banoperated for a long period of
time; it can provide a large 2D image over an extended timeg@ein contrast, synchrotron
X-ray sources provide either point measurements usingsgt:ibeam radiography or provide
an image over a portion of the spray using white-beam imagitgindel, 2018). Furthermore,
the high energy flux from the synchrotron sources can damiagestroy the object of interest if
the exposure time is not limited.

X-ray imaging using a tube source has been used to studypha#te flow with a dense
distribution of the dispersed phase (Kingston et al., 2®&indel et al., 2008), as well as the
near-field region of a spray (Halls et al., 2014b). A compmarisf the spray equivalent path
length of liquid determined using tube source X-rays andcByoiron X-rays was completed
by Halls et al. (2012, 2014a) using an impinging jet spraythia research, tube source X-rays
were used to investigate various spray flow conditions, ahekcsed results were compared to
synchrotron X-ray measurements.

The goal of this paper is to reveal the effects of variousipatars on the near-field region
of a spray from a canonical coaxial two-fluid atomizer. Theadsbtained from broadband tube
source X-ray radiographs are compared to those obtained fxtused beam synchrotron ra-
diography. Two spray characteristics that will be repoitetlide optical depth and spray profile.
Operating parameters that control the spray structure endagied in this study include liquid
Reynolds number, gas Reynolds number, and swirl ratio. fhetef X-ray tube source energy
level in the measurement quality is also studied.

2. EXPERIMENTAL SETUP

In the current research, the broadband X-ray radiograptiseafiear-field region in a canonical
coaxial two-fluid spray were taken using a tube source at Btate University. The broadband
X-ray radiographs were taken using a LORAD LPX-200 IndasiXi-ray source (Heindel et al.,
2008). The LPX-200 can generate an X-ray tube potential g0tbkeV, a tube current up to
10 mA, and a maximum allowable power of 900 W. The radiograpbie taken at 10 frames
per second for 2 minutes (1,200 frames) at each conditich,avield of view of approximately
117 x 86 mm (1,388 x 1,024 pixels). The exposure time was 2(Muose details of the X-ray
imaging facility at lowa State University (ISU) can be foualdewhere (Heindel et al., 2008).
The focused beam X-ray data were acquired using the 7BM lieaal the Advanced Photon
Source of the Argonne National Laboratory. The monochransgtchrotron X-rays were fo-
cused to 5 x Gum full width at half maximum (FWHM) and recorded by a silicofNRdiode
at an effective frequency of 270 kHz. Similar techniquesemgerformed by Kastengren et al.
(2009, 2012, 20144a,b).

X-ray radiograph quantification is based on the Beer-Lairber (Pedrotti et al., 2007):
if @ monochromatic X-ray beam with an intensity &f traverses through a medium, the X-
ray energy will be attenuated tbbecause of absorption, which is a function of the material
attenuation coefficientu) and the path lengthY through the object, and can be described as
follows:
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I'=Ipexp(—p-1)I = Ipexp(—p-1) 1)

Equation (1) assumes negligible beam scattering, which apgropriate assumption with
X-rays.

For a spray consisting of a distribution of droplets, thehdahgth cannot be determined
for individual droplets; instead, the equivalent path nd=PL) is defined as the accumulated
length for the liquid phase along the path of the beam andeid tesdescribe the spray structure.
Hence, using the Beer—Lambert law, the equivalent paththecan be determined as follows:

I = Ipexp(—p - EPL) = I exp(—OD) 2

wherelj is the intensity without the spray,is the intensity after passing through the spray, EPL
is the equivalent path length for the liquid in the spray, and the attenuation coefficient of
the liquid medium through which the beam passes. Noteitlgt function of the material and
X-ray energy (wavelength) and is tabulated for monochramétray sources, like the focused
beam radiographic measurements available at the APS. ®degirof the attenuation coefficient
and the equivalent path length is called the optical depi)(®or the same spray, the averaged
EPL from the APS focused beam data and ISU broadband ragioegshould be identical:

O Dradiograph o O Drocused
Wradiograph Wfocused

EPLradiograph: = EPLfocused (3)

For narrowband focused beam X-ray data, the attenuatidfic@est (w fcused IS @ CcONstant,
and it is easy to calculate ERL.ses However, for broadband X-ray radiograpiggiographis a
complicated function of X-ray wavelength and path lengtle ttubeam hardening effects and
is difficult to determine directly. Additionally, due to thmn-negligible size of the X-ray tube
source at ISU, the penumbra, as shown in Fig. 1, complichesube source measurements.
The penumbra effect happens when the X-ray source cannegheded as a point source and is
enhanced as the distance between the object and the détectases. Previous work attempted
to account for the effect of beam hardening and penumbrat(&i.£2018), but the correction
lost efficacy when the EPL was small. In the current work, hawea normalized OD was used
instead of the EPL to avoid the need for beam hardening andnplera corrections when de-
scribing spray characteristics. Additionally, the resalbhd discussions presented here are based
on time-averaged data.

A schematic of the broadband experimental flow loop is shawhig. 2. The X-ray tube
source, the nozzle, and the imaging system are install@kiadead-lined X-ray vault. The feed
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FIG. 1: The penumbra effect in the ISU X-ray facility (not to scale)
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FIG. 2: Schematic of the experimental flow loop at ISU

and collection system, as well as the flow controllers, acatkd outside the vault. Liquid is
forced into the nozzle from both sides. Air is firstly dividedo swirl air and co-flow air, and
then each air flow line is again subdivided into four brancteagh entering the nozzle from
four symmetric locations (see Fig. 3). A detailed desaniptbf the complete experimental flow
loop can be found elsewhere (Li et al., 2018). The flow loop tnessported to APS to complete
focused-beam measurements using the same system (Bailell2018, 2019).

The two-fluid coaxial atomizer (University of Washingtor)12) used in this research has
been designed to be an open source canonical atomizer theegaproduced in any laboratory

water water

air  water air
swirl air
—

co-flow air

FIG. 3: Schematic representation of the aluminum two-fluid cosatiainizer
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experiment or numerical simulation that aims to compareatidate data against that obtained
in this study or others published with this system (Machimoat al., 2019; Huck et al., 2018).
As Fig. 3 suggests, liquid and gas enter the atomizer sefyaaid flow parallel to each other
at the nozzle exit. Water enters into the top chamber frorh bidies, and then flows out through
the centrally located liquid needle with an inner diameier 2.1 mm and an outer diameter at
the atomizer exit of); = 2.7 mm. Air is used as the atomizing gas in this study. To ityate
the effects of swirl (angular momentum) on the spray, air diagled into two streams, co-
flow air and swirl air. Co-flow air enters the gas plenum fromarfeymmetrical inlets that are
perpendicular to the water needle centerline. The curveeriwall of the gas plenum turns the
air downward to create a coaxial air flow at the nozzle exitergtthe inner diameter at the gas
exitisd, = 10 mm. When swirl is imparted, a portion of the air stream ieritee plenum through
four centrosymmetric inlets that are off-axis, creatingrsflow. The concentric liquid and air
streams meet and interact at the atomizer exit to createg $ptthis research, the central axis of
the atomizer defines theaxis (vertical axis) and points downward with the origimresponding
to the atomizer exit plane. Theaxis (horizontal axis) is the spray spanwise coordinatieas
an origin corresponding to the liquid needle centerline ignaerpendicular to the X-ray beam
path direction, which defines theaxis.

The ratio of swirl air flow rate to co-flow air flow rate is definad the swirl ratio (SR) to
quantify the amount of air entering the gas nozzle throughtéimgential ports relative to the
amount entering perpendicular to the liquid needle.

swirl air flow rate

SR= .
co-flow air flow rate

(4)

In this study, 0< SR< 1, and the total gas flow rate remained constant when the stiolwas
varied. The focus of this study was for SR1, where the influence of SR was observed, and no
data were acquired for SR 1.

The gas Reynolds number (f3as defined as follows:

2
re, = Voot _ Ugy/dg—Di

v v

(5)

g g

whereU, is the mean gas velocity at the nozzle exit; is the kinematic viscosity of air at
25°C; anddes is the gas effective exit diameter of the air stream at thezleoexit, defined as
the diameter of a circle with the same area as the gas exitBseegas Reynolds numbers were
investigated: Rg= 21,200 and Rg= 46,500.

The liquid phase for the focused beam X-ray data from APS vgled water. For the ISU
broadband X-ray radiographs, 20% by mass potassium io#lijeMas added to the water as
a contrast enhancement agent. The additional KI could &ser¢éhe surface tension but only by
~ 2% (Ali and Bilal, 2009), which should not make a significarftuence on the spray structure.
Also, the work of Halls et al. (2014a) has shown that Kl coricion has a linear relationship
with the X-ray attenuation coefficient with Kl concentratfas high as 20%. Therefore, the
20% KI does not significantly enhance beam hardening. Otiears also used Kl as a contrast
enhancement agent and have shown negligible effects om dasity and viscosity, and they
observed no change in the flow behavior (Radke et al., 2014s dgal., 2014a). The liquid
Reynolds number (REis defined as follows:

U,
=

Re (6)
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whereU; is the mean liquid velocity at the nozzle exi; is the inner diameter of the liquid
needle (2.1 mm), which is also used as the characteristitHdar nondimensionalization; ang

is the kinematic viscosity of water at 25°C. Note that for k8&) broadband X-ray radiography,
although the addition of the Kl changed the liquid densitgtly (1,196.4 kg/m), the liquid
Reynolds number mentioned in this paper was still cons@tlasea reference Reynolds number
based on pure water at 25°C. Three liquid Reynolds numbers e@nsidered in this study:
Re = 1,100, 1,600, and 2,200.

Figure 4(a) shows imaging with various Kl concentrationsitiass) in the broadband X-ray
radiographs for a liquid stream (no gas flow). In these floves -R1,100 and Rg= 0. The pure
water stream is difficult to distinguish from the backgrouflde image contrast improves as the
KI concentration increases. Figure 4(b) plots the OD distions of the liquid streams atd;, =
0.95 (at 2 mm below the atomizer exit). The maximum opticgitd€ODyyean) for pure water,
10% Kil, 15% KI, and 20% Kl is 0.03, 0.15, 0.22, and 0.44, resipely. The increased OD with
increasing Kl concentration is the result of increased Kattenuation |¢), which improves the
image contrast.

Peak signal-to-noise ratio (PSNR) for OD is used to evaltieenfluence of KI concentra-
tion:

MSEnoise

where ORyeamis the maximum OD of the different KI concentrations as nameid previously;
and MSE,iseis the mean square error of OD measured where there is nd ligudresenting the
noise calculated from a selected region of the backgrounte bhat the MSkse is a position-
dependent error that is related to the number and positipixefs used in its calculation. Time-
dependent noise is minimized by averaging 1,200 radiogedpdimes. The form of MSkise
should be the same as ®r comparison:

1 - Inoise 2
MSEnqise = " 2_: —log I—O (8)

2
PSNR= 10- logy, (M’> @)

- water

0.4 Re=1100

x/d=0.95 - 15%KIY

— 20%KI
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FIG. 4: Liquid streams with changing Kl concentration by mass: @gldband X-ray radiographs (same
colorbar), and (b) optical depth distributions
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wheren is the number of pixels used to calculate Mgk (n = 2,500);1, is the time-averaged
background intensity; anfqise iS the root mean squared intensity of each pixel used to leaécu
MSEuise According to Egs. (7) and (8), the PSNR for pure water, 10%1%P56 Kl, and 20%
Kl are 65.4, 97.6, 105.2, and 119.1 dB, respectively. The 8NR shows an approximately
linear relationship to the KI concentration. Hence, to aehibetter contrast, 20% by mass Ki
was added to the liquid phase for the broadband X-ray radjigy.

3. RESULTS AND DISCUSSION

The following results describe the optical depth maps awndilps of the atomized spray over a
range of Rg Re,, and SR. The influence of X-ray tube source energy levelsdkiated. The
spray profiles determined from broadband X-ray radiograpitis 20% Kl added for contrast
enhancement are also compared to profiles determined framsdéd beam measurements of the
same atomizing spray using distilled water.

3.1 Optical Depth

The X-ray source operating potential can influence the gadjoh intensity, which may affect
the data obtained from the image because of beam hardenéhtharattenuation coefficient,

which is a function of wavelength for a polychromatic X-ragdm. In this work, radiographs
were taken at two power levels of 100 and 234 W with correspangotentials summarized
in Table 1. Figure 5 shows a comparison of the OD, determirstguEq. (2), with 234 and

100 W power levels at identical spray conditions and axiaitmm. In general, the two plots are
both bell-shaped curves, but the magnitudes of the two péotsgreatly because of the different
attenuation coefficients caused by the change in X-ray gn&ogeliminate the effect of power

level, the OD is normalized by the local maximum OD. Note thatlocal maximum OD is the

maximum value at the given axial location and not the maxinfimmthe entire spray.

TABLE 1: Related parameters for different operating potentials

Operating potential | Tube current | Tube potential | Exposure| Frame rate| Frame count
234 W 3.0mA 78 kV 20ms 10 FPS 1,200
100 W 2.0 mA 50 kV 20ms 10 FPS 1,200

0.9 T T T T T T T T T
0s| Re=1100 S ° 234w ||
Re,=21200 D + toow
071 xd=0.48 . . 1
06} SR=0 N °
~ 05} . m :
o 04} LAY
O 00 0.
03} . o
02t . %
0.1 & 2
0 ——MW%J— —————— M——
s 2 a5 4 ©5 0 05 1 15 2 25
y/d,

FIG. 5: OD distributions with different X-ray source power levels
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Figure 6 shows the normalized OD distributions for the twav@olevels, where the error
bars represent the relative error calculated from the apatiependent background noise by
the 3o rule (Pukelsheim, 1994). The absolute error in OD is 0.02afbconditions, and this
is normalized by the local maximum OD at the givertocation. At both positions in Fig. 6,
the normalized OD distributions are similar regardless @fgr level. This indicates that the
change of X-ray tube source power level does not signifiganfluence the shape of the OD
distribution. Comparing the profiles for the two axial ldoas of z/d; = 1.9 and 3.33, it is
evident that the relative OD error in Fig. 6(b) is larger tlafrig. 6(a). The absolute OD error
generally remains unchanged with position, but the maxirdrdecreases with increasimg?;
as the spray spreads out. This leads to an increase in esdaitior ase/d; increases. For the same
reason, the span of the normalized OD distribution incre&een approximately/d; = + 0.75
toy/d; = £ 1.25 whemne/d; increases from 1.9 to 3.33. The profiles coincide with théogréph
in Fig. 7(b). As the atomized spray disperses, the sprayadgreut and dissipates while the
image intensity decreases, making it hard to distinguighsipray, which corresponds to the
increasing relative error in Fig. 6.

Figure 7(a) shows the magnitude and shape changes of thesbribulion for different axial
positions ranging fromx/d; = 0.48 to 7.14 when no gas swirl is added (SR0). Figure 7(b)
is one frame of the corresponding broadband tube sourcey Xadiograph. In Fig. 7(a), every
distribution shows an approximate Gaussian distributowell et al., 2000; Yue et al., 2001)
with a maximum aty/d; = 0 (the central axis). The distributions in the region clbteshe
nozzle exit (the near-field region) are influenced by a liqgade, showing an obviously flatter
top compared to a typical Gaussian distributionazAf; = 1.9, the influence of the liquid core
becomes negligible. The OD maximum then decreases witlkeasang axial distance from the
atomizer exit. Atz/d; = 0.48 ¢ = 1 mm), the maximum OD is 0.87. Whetld; increases
to 4.76 (¢ = 15 mm), the maximum OD decreases to less than 0.1, where thaishilbution
flattens out to nearly a straight line. For this no swirl cdiodi, the span of the OD distribution,
however, increases slightly with increasindg;, forming a slender spray.

When the swirl ratio increases but Rend Rg remain constant (Re= 21,200, Re=1,100),
the OD distribution shows a similar approximate Gaussiatufe but the span and magnitude

x/d=1.9 s Paoi x/d=3.33 ° 100W
11 Re=1100 % . 1 11 Re=1100 W
Re,=21200 % Re,=21200
08t N 08} ope
SR=0 SR=0

06} i %
04t ;

OD/OD5

02

o

02

T

:
i

1

—HEEREEE -

05 0
y/d,

(@)

25 2 15 A
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1

15 2

25

N}“ |

-Dj5 0
y/d,

(b)

05 1

FIG. 6: Normalized OD distributions with different X-ray sourcevper levels at: (ay/d; = 1.9 x =
4 mm), and (b)/d; = 3.33 ¢ =7 mm)
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FIG. 7: (a) OD distributions at different axial positions for Re 1,100, Rg = 21,200, and SR= 0, with
tube power level of 100 W; and (b) corresponding X-ray tuhe'se radiograph

change. At SR= 0.5, the OD decreases over a smaller axial distance, ancthreiscreases
along the axial direction. When SR 1, the OD profile is similar to that of SR 0. For example,
atx/d; = 0.48 [Fig. 8(a)], the normalized OD distributions overlap® < SR< 1. This position

is close to the atomizer exit, where the spray is not comigleieveloped, and the intact liquid
core still has a significant diameter (Bothell et al., 2008)e magnitude of the intact liquid
core, common for all swirl ratios, provides the similaritythe OD distributions. At:/d; = 1.9
[Fig. 8(b)], the normalized OD distributions begin to shotkeand as a function of swirl ratio. The
normalized OD with SR= 0 and 0.25 still overlap. However, the normalized OD disitiitns
with SR = 0.5, 0.75, and 1 become wider and spread from each other. iStrédbation with
SR=0.75is the widest, then SR 0.5 and SR= 1. At z/d; = 3.33 [Fig. 8(c)], the normalized
OD distributions with SR= 0 and 0.25 still overlap. The distribution with SR1 approaches the
distributions of SR= 0 and 0.25. The distributions with SR0.5 and 0.75 are much wider. Note
there is also more scatter in the datacal; = 3.33 because the relative error at this location is
larger [see Fig. 6(b)] due to the smaller absolute OD meadgse® Fig. 7). This indicates that the
spray is more spread out in the radial direction (Hopfingerlaasheras, 1996). Compared with
SR= 0.5, when SR= 1 the span of the OD distribution decreases. For exampiddat 3.33,
the maximum OD are 0.20, 0.09, and 0.43 for SR, 0.5, and 1 respectively. This reveals that
as SR increases, the spray changes from slender to broashtteslagain.

Figure 9 shows a comparison of the normalized OD distrimstimetween broadband and fo-
cused beam radiographs. The circles in the plot represeatiband radiograph data (marked as
“Radi”), and the triangles represent focused beam datakgdaas “FB”). The unfilled symbols
represent data at the positiofil, = 0.48, whereas the filled symbols represefa = 3.33. The
unfilled circles and triangles overlap, which means that/dt = 0.48 where the OD is large,
broadband and focused beam measurements are well matcahiis position, the penumbra,
beam hardening, and the 20% KI do not show a significant impad¢he normalized OD dis-
tribution. The filled symbols reveal some differencescal; = 3.33. The focused beam OD
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FIG. 8: Normalized OD distributions with various SR: (al; = 0.48; (b)z/d; = 1.9; and (c)/d; = 3.33

distribution is narrower than that of the broadband OD. Ad #xial position, the OD is very
small, which enhances the penumbra and beam hardeningseffeevell as the relative error
from the broadband measurements. Hence, the broadbandmaeasts are noisier at this axial
position. Furthermore, although the flow loop used in thetdband and focused beam measure-
ments was identical, the exhaust system downstream frorspifay was not because of space
restrictions at APS. Both exhaust systems provided a sigttion to prevent recirculation. The
APS system, however, had a more powerful suction systencthdd have hindered the spray

spreading, making the focused beam profile narrower thabrtedband profile, and this was
exacerbated further downstream.

3.2 Spray Profile
The edge of the spray at any given axial location is definedektation where the OD is equal

to 1/2 of the maximum OD at that axial location (as shown in E@), and is used to characterize
the spray spatial extent. Because of the limitations inagdiphy contrast, it is easier and more
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FIG. 9: Comparison of normalized OD distributions between broadbend focused beam radiographs
with SR= 0.5

accurate to identify the spray edge using 50% of the localimam OD, particularly when the

OD is small. Figure 10 shows an OD distributioncé&d; = 0.95. For focused beam data, the edge
of the spray was defined by interpolating between two datatpédr which the OD values were
closest to the half maximum OD. For broadband radiograpd, @étvhich the interval between
data points is very small, the edge of the spray was dire&findd by the data point closet to

the half maximum OD. The corresponding distances from thaysedges on both sides to the
central axis are defined d&x andLygn; these two measures are averaged to get a more accurate
evaluation of the spray profile, defined as delta:

1
delta:§ (Lieft + Liight) 9)

The error in delta that resulted from the discreteness ditbadband radiograph data points
is £ 0.08 mm, and is assumed to be small when compared to thaatbastic length (2.1 mm).
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FIG. 10: Defining the edge of the spray at the half maximum OD
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The spray profile is determined by plotting the measuredadeltue at various axial loca-
tions. Figure 11 shows the spray profile for two differen} Bed Re values for a range of
swirl ratios. The atomizer exit plane corresponds:t@, = 0, but data are available starting at
zld; = 0.3 (x = 0.63 mm) because the image at the nozzle exit is distortetbdhe image res-
olution and processing. Note that delta is normalizedbyn general, the spray profiles focus
near the nozzle exit and then spread out. The focused regroalates with the position where
the liquid core (Faeth, 1991) begins to disappear, and thepy atomization has fully occurred
(Li et al., 2018). The broadband radiographs have an axsaluéon of 0.08 mm, but the data
in Fig. 11 shows every fourth data point for better visudima Figure 11(a) shows the spray
profile for Rg = 1,100 and Rg= 21,200. When SR increases from 0 to 0.25, the spray profile
remains unchanged. The point of minimum spray width is adatid; = 1.3. When SR= 0.5,
the point of minimum spray width is aroundd; = 1.1, and the spray gets much widerzsds;
increases. Further increasing SR to 0.75 and then to 1 mewdcdarrower spray compared to
SR= 0.5, and the point of minimum spray width moves downstreanidp= 1.6.

Figure 11(b) shows the spray profile for ,Re 2,200 and Rg = 46,500. Compared with
Fig. 11(a), Rg and Re are increased. For these conditions, the spray atomizatiproves
and the spray becomes too dilute to be captured by the broddhdiographs, creating large
fluctuations in the data wherld; > 3. At this condition, the profiles for SR 0, 0.25, 0.5, and
0.75 are similar; the point of minimum spray width corresg®toz/d; ~ 1.3; and deltal;, = 0.7
atx/d; = 3. When SR increases beyond 0.75, the spray widens with dhestyrofile at SR= 1.
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FIG. 11: Spray profiles with various SR at: (a) Re 1,100 and Rg = 21,200; and (b) Re= 2,200 and
Re, = 46,500
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At SR = 1, the point of minimum spray width seems to move closer tottwezle exit, showing
a shape that gradually widens from top to bottom. In both g@mrd shown in Fig. 11, a large
change in the spray profile happens at certain SRs. For thgdeweynolds number [Fig. 11(a)],
delta sharply increases when SR increases from 0.25 to &x3h& high gas Reynolds number,
this happens at the maximum SR1 [Fig. 11(b)].

In both Figs. 11(a) and 11(b), the spray pattern does notgehamiformly with SR. In
Fig. 11(a), the plots of SR= 0 and 0.25 almost overlap and suggest a slender spray shape.
However, when SR increases to 0.5, the spray reaches itstwidiaen SR increases to 1, the
spray gradually narrows down again. This nonmonotonic gharfi spray pattern with swirl ratio
is caused by the interaction of swirl air and co-flow air. Besmathe sum of swirl air and co-flow
air remained constant, the dominant one could be influenge®edynolds numbers and could
cause the other to weaken, leading to a narrower spray. IMLE{®), the plots of SR= 0, 0.25,
0.5, and 0.75 only have small differences. When SR increasésthe spray suddenly widens
and reaches its maximum. In both conditions, there is acafifoint where the spray suddenly
becomes the widest. This point is related to the flow conaiiti@and before this point, the spray
shape does not change significantly with SR. When there isassyirl (SR= 0), the effect
of Re, and Re on the position of the point of minimum spray width show ogfeosends. As
shown in Fig. 12(a) for a fixed Re= 2,200, increasing Refrom 21,200 to 46,500 causes the
point of minimum spray width to move closer to the nozzle eXte spray also spreads out
more as Rg increases. This is caused by the additional gas momentuemeinty the liquid
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FIG. 12: Spray profiles changing with (a) Reand (b) Re while all other conditions are fixed
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atomization and mixing, promoting the spreading of the ypi#ghen Rg is fixed at 21,200 and
Re increases from 1,100 to 1,600 [Fig. 12(b)], the effects agigible. However, when Rés
further increased to 2,200, the point of minimum spray widthves downstream, and the spray
elongates. This is caused by the additional mass loadingedfquid, delaying the atomization
process and therefore the spreading of the spray. Limitethé&ymage resolution, the spray
profiles in the far-field region are hard to analyze and, tioeeg not included here. From the
near-field results shown here, it appears that&e Re also have opposite trends on the spread
of the spray in the radial direction. Data from the mid-fieddjion of the spray are needed to
confirm this.

Delta from the broadband radiographs is normalizedibyAs mentioned previously, the
error in delta from the broadband radiographs determinatidyesolution of the image is fixed
at £ 0.08 mm (x 0.04 normalized h¥). Compared to the characteristic length scale, this error
is small; therefore, interpolation was not applied to thesllband radiograph data to determine
the edge of the spray. The focused beam data, however, aredakifferent sampling intervals,
so the normalized error ranges from + 0.04 to + 0.23, whicluireg interpolation to minimize
the position error. The broadband radiographs also haveaa@intage because, as the spray
disperses (large/d;), image contrast decreases and the scatter in the spralepncfieases as
shown in Figs. 13(a) and 13(b). The spray profiles from braadbradiographs match well with
that from the focused beam data at SFO and 0.5, as Figs. 13(a) and 13(b) show. AtSR
[Fig. 13(c)], the profile from broadband radiographs is oa&r. This is possibly due to the
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FIG. 13: Comparison of the spray profile between broadband radibgrapd focused beam data with (a)
SR=0; (b) SR=0.5;and (c) SR=1

atomization enhancement along the radial direction cabgexirl air. Compared with the no
swirl condition [Fig. 13(a)], strong swirl air significagtimproved spray dispersion along the
radial direction and lowered the contrast of the image, iogus narrower spray profile.

4. CONCLUSIONS

The current work evaluated the effect of operating pararaete spray formation from a two-
fluid coaxial atomizer in the near-field region. The two netiof the spray discussed in this work
were optical depth (OD) and spray profile. Controlling paetems were the RgeRg, and swirl
ratio. The data obtained from broadband X-ray radiogragihsgua tube source were compared
to synchrotron X-ray focused beam data. Two tube X-ray soertergy levels for broadband
X-ray radiography were analyzed, and their differencesevieund to be negligible when the
data were normalized properly.

The OD provided an approximate Gaussian distribution actios spray width. The mag-
nitude of the OD decreased uniformly across the spray diemaetthe spray developed down-
stream from the atomizer nozzle. The X-ray tube source griefigenced the magnitude of the
OD but did not change the shape of the distribution. Comptrédcused beam data, the nor-
malized OD distributions obtained from the broadband rg@iphs matched well at smalld;
but deviated at large/d; because of the penumbra effect and beam hardening.
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The spray profile was defined by the location of the half maxmm@D. The swirl ratio
influenced the spray profile with trends related tg R Re, = 21,200, the spray widened and
then narrowed as SR increased from 0 to 0.5 to 1; the Wldthaamad significantly when SR
increased from 0.25 to 0.5. At Re= 46,500, the widest spray occurred at the maximum SR
studied, SR= 1, and the spray width increased significantly when SR irsg@drom 0.75to 1.
This implied a critical value for SR, related to Reynolds fuem above which the spray width
increased significantly.

For the no swirl condition, Reand Re showed opposite effects on the spray profile, where
increasing Rg broadened the spray but increasing Rarrowed the spray. Future experiments
will further quantify these effects with a narrower interedthe Reynold’s number. Compared
to focused beam data, the spray profile from the broadbamaaghhs matched well at SR 0
and 0.5, but were narrower downstream at-SR.
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