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Abstract 

The characterization of the atomization process in a spray is critical to improving the efficiency and 

effectiveness of sprays across a wide variety of industries.  The near-field region of the spray is particularly 

important in this characterization as it provides insight into the mechanisms that drive droplet formation.  

Unfortunately, this region is also difficult to image due to its inaccessibility to optical techniques and the high speed 

of the events of interest.  X-ray measurement techniques, such as white beam and focused beam radiography 

measurements, have been used to penetrate this dense liquid region and provide useful information. 

This paper presents a modification of the white beam measurement technique and investigates the feasibility of 

completing monochromatic X-ray radiography using the 7-BM beamline at the Advanced Photon Source at Argonne 

National Laboratory.  Monochromatic X-ray radiography allows for the direct calculation of the effective path 

length at any location in the imaging area, but typically has a very low intensity, which has traditionally limited its 

use to point measurements (e.g., focused beam measurements).  In order to demonstrate the potential and 

challenges of monochromatic beam radiography, time-resolved monochromatic X-ray images of a simple liquid 

stream and a low velocity spray from an airblast atomizer were acquired.  Using these representative test data, it is 

shown that the monochromator used to generate the monochromatic beam introduced a non-uniform, time-varying, 

systematic imaging error.  This error and its effect on the measurements will be demonstrated and discussed. 
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Introduction  

In order to improve the efficiency and effectiveness of sprays, it is important to understand the dynamics in the 

near-field region of the spray, as the phenomena that drive droplet formation occur in this region.  Unfortunately, 

this region of the spray is also difficult to characterize experimentally as the high liquid concentration makes the 

region optically dense, and the high speeds involved in droplet formation events necessitate high frequency 

measurement.  One method that has been successful in experimentally characterizing this region is X-ray 

measurement techniques, such as white beam and focused beam radiography, which are capable of penetrating 

through the dense liquid in the region [1,2].  Synchrotron X-ray sources, in particular, have the advantage of having 

high flux, photon energy tunability, and a highly collimated beam [2]. 

Previous studies using synchrotron X-ray sources to study sprays have used multiple techniques to investigate 

the flow characteristics including phase contrast imaging, X-ray fluorescence, and radiography [2].  The studies 

using radiography have generally used two different approaches [3–5].  One approach (referred to here as white 

beam radiography) is to use the polychromatic white beam produced by the synchrotron source, coupled with an 

imaging X-ray detector to produce a sequence of still frames of the flow.  This method provides information about 

numerous spatial positions during an individual time period, but the use of a polychromatic beam makes the 

calculation of the effective X-ray path length challenging [5].  The second commonly used method (referred to here 

as focused beam radiography) uses a monochromator and focusing mirrors to produce an extremely small, but 

intense, X-ray beam that can be used to measure the spray at an extremely high speed, but only at a single spatial 

point.  Thus, the beam must be raster scanned through the flow field to provide spatial information, as well as 

phase-locked to capture any periodic events [3]. 

A middle ground between white beam radiography and focused beam radiography is monochromatic beam 

radiography (or mono beam radiography).  In mono beam radiography, a monochromator is inserted into the white 

beam to produce a monochromatic X-ray beam (like focused beam radiography); however, no focusing mirrors are 
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used (like white beam radiography), resulting in a larger X-ray beam that can be used with an imaging X-ray 

detector.  Hence, knowing the wavelength of the monochromatic beam, the effective path length (EPL) through the 

spray can be determined precisely in the entire imaging region.  The drawback of this system is that the 

monochromatic beam has a very low intensity compared to the raw white beam from the synchrotron source.  

Additionally, unlike focused beam radiography, mono beam radiography is subject to the same phase-contrast 

effects that occur in white beam imaging, which can reduce the accuracy of EPL calculations near phase boundaries.  

Finally, as described below, vibrations occur in the monochromator during use, which introduces a time and position 

dependent variation in the X-ray beam intensity.  This paper examines the practical effects of these variations on 

the usefulness of mono beam radiography for spray characterization. 

Experimental Methods 

The experiments in this study were conducted at the 7-BM beamline of the Advanced Photon Source (APS) at 

Argonne National Laboratory.  The 7-BM beamline produces a polychromatic X-ray beam by bending the path of 

high energy (7 GeV) electrons in the storage ring of the synchrotron using a bending magnet.  This beam is filtered 

to a narrow range of energies (8 keV mean energy, 4% ΔE/E, for this study) using a monochromator.  This 

monochromatic X-ray beam is then passed through the spray of interest and onto a 500 µm thick cerium-doped 

yttrium aluminum garnet (YAG:Ce) scintillator.  The scintillator converts the X-ray light into visible light which is 

then imaged with a Photron FASTCAM Mini AX50 high speed camera via a mirror and lens (a 105 mm lens and a 

50 mm lens connected front to front with a macro coupler).  This process is illustrated in the schematic in Figure 1. 

In this study, a canonical coaxial flow airblast atomizer was used.  It consists of an inner liquid nozzle (inner 

diameter 2.1 mm, outer diameter 2.7 mm), surrounded by a coaxial air nozzle (outer diameter of 10 mm), and is 

identical to the airblast atomizer used by [6–8].  The liquid flow rate (𝑄𝑙) and the straight coaxial gas flow rate of 

the nozzle (𝑄𝑔) are each measured with an electronic flow meter which in turn drives an electronically controlled 

proportional valve using a proportional-integral-derivative (PID) controller.  A PID controlled swirl gas flow is 

also available; however, it was not used in this study.  The liquid used in this study was distilled water, and the gas 

used was air.  This atomizer is described in more detail in [6]. 
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Figure 1 Schematic of the airblast atomizer setup for monochromatic beam imaging at the 7-BM 

beamline at the Advanced Photon Source. 
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The liquid Reynolds number for the airblast atomizer is defined as: 

 
𝑅𝑒𝑙 =

𝑈𝑙𝐷𝑖

𝜈𝑙
 (1) 

where 𝑈𝑙 is the mean liquid velocity, 𝐷𝑖  is the inner diameter of the liquid nozzle (2.1 mm), and 𝜈𝑙  is the 

kinematic viscosity of the liquid.  Similarly, the gas Reynolds number for the atomizer is defined as: 

  
𝑅𝑒𝑔 =

𝑈𝑔𝐷ℎ

𝜈𝑔
 (2) 

where 𝑈𝑔 is the mean gas velocity, 𝜈𝑔 is the kinematic viscosity of the gas, and 𝐷ℎ is the hydraulic diameter of 

the gas nozzle, which is defined as: 

    𝐷ℎ = 𝐷𝑔,𝑜 − 𝐷𝑔,𝑖  (3) 

where 𝐷𝑔,𝑜 is the outer diameter of the gas nozzle (10 mm) and 𝐷𝑔,𝑖  is the inner diameter of the gas nozzle (which 

is the same as the outer diameter of the liquid nozzle, 2.7 mm). 

For the test conditions in this study, the high speed camera acquired images at a pixel resolution of 736 × 256 

and a frame rate of 3600 Hz or 7200 Hz, depending on the flow of interest.  These frames cover a spatial area of 

7.010 mm horizontally and 2.438 mm vertically; however, only 2.124 mm of height is usable due to the size of the 

X-ray beam.  Because the X-ray beam is monochromatic, the Beer-Lambert law for the X-ray attenuation 

simplifies to: 

 
𝐼 = 𝐼0𝑒

−(
𝜇
𝜌
)𝜌𝑙

 (4) 

where 𝐼0 is the initial X-ray intensity, (𝜇
𝜌
) is the mass attenuation coefficient of the material, 𝜌 is the density of 

the material, and 𝑙 is the EPL through the spray.  The mass attenuation coefficient (at the specific energy level of 

the monochromatic beam, 8 keV) and the density of the liquid are readily available quantities and the initial X-ray 

intensity can be obtained by imaging the X-ray beam with no spray in the imaging region [9].  Thus, the EPL of 

liquid through which the X-ray traveled, assuming the X-ray attenuation of the gas is negligible, can be calculated 

by: 

 

𝑙 =
ln

𝐼
𝐼0

−(
𝜇
𝜌
) 𝜌

 (5) 

Results and Discussion 

One of the key assumptions in Equation (5) is that the initial X-ray beam intensity (𝐼0) does not change 

between when the reference images are acquired and when the data images are acquired.  Unfortunately, in mono 

beam radiography, this assumption is violated.  A combination of the motions of the X-ray source and the vibration 

of the monochromator optics introduces a time dependent spatial variation in the beam intensity [10].  Specifically, 

the background of the image moves vertically a small amount.  This spatial variation is shown without an 

overlaying spray in Figure 2, and the approximate vertical displacement from the first frame in the sequence is 

shown in Figure 3.  The vertical displacement was approximated using a cross-correlation between the first frame 

and the n
th

 frame in the sequence.  The variation has two important properties that make it particularly difficult to 

Figure 1: The approximate vertical displacement of 

the background intensity due to vibrations 

in the monochromator. 

Figure 2 A single frame of the spatial variation in the 

initial X-ray intensity caused primarily by 

the monochromator.  This frame covers a 

physical area of 7.0 mm wide by 2.4 mm 

high. 

Figure 3 The approximate vertical displacement of the 

background intensity due to vibrations in the 

monochromator. 
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remove from the data using traditional image processing techniques.  First, the motion of the background is not 

periodic (the power spectrum of the motion is roughly pink noise); therefore, the position of the background cannot 

be predicted.  Second, the amplitude of the deviation is consistently less than one pixel (9.52 μm).  Because of 

this low amplitude, any attempt to measure and correct for the moving background is subject to significant 

interpolation effects.  The result of this uncorrected variation is a systematic error in the resulting EPL due to the 

inability to fully represent the initial X-ray intensity.  However, in spite of this error, mono beam radiography is 

still capable of making useful measurements, and will improve as better correction methods are developed. 

To demonstrate the advantages and limitations of mono beam radiography, two example flow conditions were 

tested.  The first flow condition was 𝑄𝑙  = 0.099 LPM (𝑅𝑒𝑙 = 1000), 𝑄𝑔 = 0 LPM (𝑅𝑒𝑔 = 0 LPM), which produces 

a laminar stream of liquid.  This condition is shown in Figure 4 as imaged with the white beam at APS and in 

Figure 5 as imaged with the monochromatic beam at APS, both immediately downstream of the nozzle exit.  Both 

images have been normalized to remove as much background intensity variation as is possible with current 

algorithms.  It can be seen clearly that the white beam image contains a much lower level of background noise than 

the mono beam image.  However, because the mono beam is more strongly absorbed by water than the white beam, 

there is more contrast between the background and the liquid stream in the mono beam.  It should also be noted 

that the higher power of the white beam permits the use of a much shorter exposure time (1.05 μs) than the mono 

beam image (278 μs).  At this condition, the flow is stable and the few perturbations that do occur result in slow 

transients.  Therefore, the comparatively long exposure of the mono beam image is not an issue. 

The second flow condition tested was 𝑄𝑙  = 0.099 LPM (𝑅𝑒𝑙 = 1000), 𝑄𝑔 =150 LPM (𝑅𝑒𝑔 = 16,709), which 

results in a low velocity spray.  Figure 6 shows a white beam image of this condition (1.05 μs exposure) and 

Figure 7 shows a mono beam image (139 μs exposure) of this condition, both at approximately 5 mm downstream of 

the nozzle exit.  Again, both images have been normalized to remove as much background intensity variation as 

possible.  In addition to the previously noted disparity in background noise, the higher velocity transients in this 

condition also cause motion blur in the mono beam image, which is not present in the white beam image due to the 

extremely short exposure time.  This motion blur introduces the potential for the EPL to be underestimated due to 

dynamic bias error [2,11]. 

Unlike the white beam image, the EPL can be calculated directly from the mono beam image.  While this 

information can be used in multiple ways, e.g. to measure the shape of droplets, one method of analysis is to 

calculate the time-averaged effective path length, or mean EPL.  Using Equation (5), the mean EPL can be 

calculated from the mono beam data and compared to the same information as acquired by a focused beam raster 

scan.  Figure 8 shows the mean EPL from both mono beam radiography and focused beam radiography at a 

position of y = 0.5 mm downstream of the nozzle exit for the laminar water stream condition.  Similarly, Figure 9 

shows the mean EPL from both mono beam radiography and a focused beam radiography scan for the low velocity 

spray at a position of y = 1.0 mm downstream of the nozzle exit.  In both conditions, the mean EPL profiles match 

well between the mono beam and focused beam information.  The largest discrepancy in mean EPL between the 

mono beam radiography and the focused beam radiography occurs at the edges of the low velocity spray (around 

x = −1.0 mm and x = 1.0 mm).  The most likely cause of this discrepancy is that the long exposure time of the 

Figure 4 White beam image of a laminar liquid 

stream with 𝑅𝑒𝑙  = 1000.  The top of the 

image corresponds to the nozzle exit and 

spans a width of 3.4 mm and height of 

2.1 mm. 

Figure 5 Mono beam image of a laminar liquid 

stream with 𝑅𝑒𝑙  = 1000.  The top of the 

image corresponds to the nozzle exit and 

spans a width of 3.4 mm and height of 

2.1 mm. 
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mono beam radiography is too slow to capture the high-speed dynamics in this high-shear zone, resulting in a small 

dynamic bias error.  Additionally, the focused beam information is much lower in noise than the mono beam 

image.  This lower noise comes at the expense of a long raster scanning process.  Each of the 49 averaged data 

points in the focused beam scan in Figure 8 required 10 s to acquire, whereas the 736 averaged data points in the 

mono beam in Figure 8 (along with the data points for over 200 more axial locations) were acquired in a single 3 s 

imaging sequence. 

Conclusions 

Monochromatic X-ray imaging of sprays has great potential to provide detailed information about the dense 

liquid region near the nozzle exit of sprays where visible light cannot penetrate.  Mono beam radiography provides 

the EPL determining capability of focused beam radiography, while maintaining the capability to measure the 

spatial-temporal structures that white beam radiography captures.  However, it has also been shown that significant 

challenges remain to be overcome.  Specifically, the moving background introduced by the combination of the 

X-ray source movement and the vibrations in the monochromator causes non-trivial noise to the images, which both 

lowers the visual quality of the images as compared to white beam radiography as well as reduces the precision of 

the data as compared to focused beam radiography.  Additionally, the low intensity of the X-ray beam as compared 

to white beam radiography necessitates the use of much longer image exposure times, which introduces motion blur 

into the images and creates the potential for dynamic bias error.  Further work will be necessary to determine if 

algorithms can be developed to satisfactorily remove the moving background; however, reductions in motion blur 

will likely require the development of more powerful monochromatic X-ray sources. 
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Figure 6 A white beam image of low velocity spray 

with 𝑅𝑒𝑙  = 1000 and 𝑅𝑒𝑔  = 16,700.  The 

top of the image is approximately 5 mm 

below the nozzle exit and spans a width of 
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Figure 7 A mono beam image of a low velocity spray 

with 𝑅𝑒𝑙  = 1000 and 𝑅𝑒𝑔  = 16,700.  The 

top of the image is approximately 5 mm 

below the nozzle exit and spans a width of 

4.2 mm and a height of 2.1 mm. 

Figure 8 The mean EPL through the laminar water 

stream ( 𝑅𝑒𝑙  = 1000, 𝑅𝑒𝑔  = 0) at 0.5 mm 

downstream from the nozzle exit. 
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