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Abstract 

Studying the near-field region of sprays is particularly challenging because it is optically dense. However, energy in 

the X-ray range is capable of penetrating this dense region and obtaining information that would otherwise be 

unavailable. Through time-resolved X-ray radiography, a better understanding of the near-field region is currently 

being developed. The 7-BM beamline at the Advanced Photon Source at Argonne National Lab was focused down to 

a 5 x 6 μm cross-sectional area. The attenuation in the beam, which is used to calculate the effective path length of 

liquid, was then collected at an effective rate of 270 kHz for 10 seconds. Various statistical measures were applied to 

the X-ray focused beam radiographs including average, standard deviation, skewness, and kurtosis, to quantify the 

spray from a canonical coaxial airblast nozzle. Results show that the average effective path length is useful in 

determining the intact length and spray angle. The capabilities of additional statistical measures in determining 

important spray characteristics are also discussed. 
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Introduction 

Coaxial airblast sprays are of interest because of 

their use as fuel injectors for gas turbines and jet engines, 

two-phase chemical reactors, spray drying, and food pro-

cessing [1]. Many past studies of sprays have utilized 

visual light for phase Doppler anemometry [2], particle 

image velocimetry [3], and shadowgraphy [4]. However, 

the near-field region of a spray is difficult to visualize 

with visible light because the region is optically dense. 

Recently, X-ray radiography for visualizing and measur-

ing the near-field region of sprays has gained traction [5]. 

Many of these studies focus on diesel injectors and find 

properties such as the velocity of diesel being injected 

[6] and mass accumulation of the diesel fuel [7]. 

Studies about adding swirl to the air portion of a co-

axial spray show that atomization is at the highest value 

when the swirl ratio (SR) value is around 0.45 [8]. This 

study uses a synchrotron X-ray beam, focused to a small 

cross-sectional area and raster scanned across the spray, 

to take highly time-resolved radiographs. Various statis-

tical metrics of focused beam radiographs bring a novel 

perspective to the effect of adding swirl to the air portion 

of a coaxial spray. 

Experimental Methods 

Experiments were conducted at the 7-BM beamline 

at the Advanced Photon Source (APS) at Argonne Na-

tional Laboratory. 

APS uses synchrotron technology to provide high 

energy X-ray photon beams. The electrons move around 

a storage ring where a series of bending magnets, wig-

glers, or undulators are used to bend the beam around the 

ring, creating a tangent beam of radiation at each turn. 

Experiments described here used the 7-BM beamline at 

the APS which is currently set up for taking radiographs 

of sprays. This beamline uses a bending magnet to pro-

duce radiation that is then sent through two hutches. 7-

BM-A is the first hutch and is where filtering optics work 

to produce a beam of the desired wavelength. 7BM-B is 

the second hutch, and is where beam focusing and the 

experiment is housed. The beamline is in a fixed loca-

tion, so the experimental flow loop setup (Figure 1) is 

built around the beamline. The setup of the 7-BM beam-

line is described in more detail elsewhere [9]. 

The air inlet used in this setup comes from pressur-

ized building air at APS. It first passes through a filter to 

ensure that the air supply is clean. The filter also works 

to partition the air into two lines, each of which has a 

pressure transducer to limit the air pressure that is fed to 

the system. One of the lines is partitioned after the pres-

sure transducer into two additional lines, one that feeds 

the straight co-flow air and another that feeds the swirl 

air. There is a ball valve on each of the air lines to force 

the air line closed when it is not in use. Electronic pro-

portioning valves and air flow meters are located after 

the ball valves and are used to control and monitor the 

air flow rates. Both of the air lines are split into four 

lines, after passing through flow meters, that are then at-

tached to the upper portion of the nozzle to provide air 

flow for the experiments. The four lines that run from the 

air flow meters to the nozzle are kept at equal lengths and 

inner diameters (ID) to ensure equal head loss amongst 

the lines, shown in Figure 1. 

After the filter, the other air line is fed into the water 

tank to create a pressurized section of air on the top of 

the tank that then provides the force necessary to push 

the water through the water line. From there, the water 

moves through a ball valve that is used to close the water 

line when no tests are being performed. Then the liquid 

moves through an electronic proportioning valve and 

water flow meter. Then the line is split into two lines of 

equal length and ID. The two lines then feed into the two 

sides of the liquid chamber in the upper portion of the 

nozzle, shown in Figure 2.  

The electronic proportioning valves and flow meters 

are connected to a data acquisition system that provides 

real-time measurement and control. The electronic pro-

portioning valves are controlled by an in-house Lab-

VIEW Proportional, Integral, and Derivative (PID) ac-

tive control system. Values from the flow meters are sent 

to the data acquisition system and are used as the feed-

back as well as being stored so that any natural phenom-

enon can be related to the instantaneous flow measure-

ment. The LabVIEW program has real-time control of 

the electronic proportioning valves. 

The synchrotron beam is filtered so that only a small 

range of wavelengths exist and focusing mirrors are used 

to reduce the size of the beam to 4×5 μm before it passes 

through the spray. Radiographs are then taken by raster 

scanning across the spray and taking radiographs at mul-

tiple x-y locations. After passing through the spray, the 

beam hits a PIN diode consisting of a p-type semicon-

ductor, an intrinsic semiconductor, and an n-type semi-

conductor. The diode allows energy to pass through that 

is proportional to the intensity of the beam. From there, 

the current is sent to an oscilloscope and finally recorded 

by a computer. Focused beam radiographs are taken at a 

rate of 6.25 MHz for 10 seconds and then those radio-

graphs are binned so that the effective data measurement 

rate is 270 kHz. 
The nozzle shown in Figure 2 contains an upper 

chamber for water and a lower plenum for gas. The water 

was injected into the chamber through two, 6.35 mm 

lines that sit at the upper portion of the chamber. The 

nozzle was designed to produce laminar, swirl-free, and 

axisymmetric flow. It has a long liquid needle so that by 

the time the liquid exits, it is fully developed Poiseuille 

flow. The actual liquid flow inner diameter at the nozzle 

exit, as measured through X-ray radiographs, was 

dl = 2.1 mm and the outer diameter of the liquid nozzle 

was Dl = 2.7 mm. 
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Gas is injected into the plenum through eight lines, 

four of which are 12.7 mm, evenly spaced gas lines, 

around the shaft of the nozzle. These four gas lines enter 

the gas plenum pointing towards the water flow axis and 

perpendicular to the tangent line of the cylindrical shaft. 

The other four lines are 9.53 mm inlets for swirl air that 

are evenly spaced around the shaft and in the same plane 

as the straight air-lines but offset to create rotation about 

the centerline. The gas contraction region of the nozzle 

is a cubic spline shape with minimal angle, designed with 

the capability to produce even flow throughout the noz-

zle [10]. The inner diameter of the gas stream was 

dg = 10 mm. 

The results that are obtained directly from focused 

beam testing provide a time-resolved radiograph of the 

intensity of the beam. Using Beer-Lambert’s law, the 

effective path length (EPL) is calculated from the 

intensity of the beam, I for each location as:  

 

 𝐸𝑃𝐿 =
1

𝜇
𝑙𝑛 (

𝐼0

𝐼
) (1) 

 

where I0 is the intensity of the beam where it is not pass-

ing through any liquid and μ is the attenuation coefficient 

for the material through which the beam passes (water 

was used for this study). The EPL is a length measure-

ment of the total liquid length in the beam. For all of the 

conditions presented, the total liquid flow rate, 

Ql = 0.099 LPM, the total gas flow rate, Qg = 150 LPM 

were held constant. The ratio of swirled air to straight air 

(SR) was varied and ranged from SR = 0 (no swirl) or 

SR = 1 (equal swirl and straight air). The nondimension-

alized Reynolds numbers that relate to the total liquid 

and gas flow rate are Rel = 21,200 and Reg = 1,100, re-

spectively. These are found using equations (2) and (3): 

 

 𝑅𝑒𝑙 = (𝑈𝑙𝑑𝑙)/𝜈𝑙  (2) 

 

In Equation (1), dl is the inner diameter of the liquid noz-

zle, νl is the kinematic viscosity of water. Ul is the mean 

exit velocity and is calculated as Ul = Ql/Al where Ql is 

the liquid flow rate, and Al is the exit area of the liquid 

nozzle. Reg is defined as: 

 

 𝑅𝑒𝑔 =
4𝑄𝑡𝑜𝑡

𝜋𝑑𝑒𝑓𝑓𝜈𝑔
 (3) 

 

where Qtot is the total gas flow rate, νg is the kinematic 

viscosity of air, and the effective inner diameter of the 

gas nozzle, deff is: 

 

 𝑑𝑒𝑓𝑓 = (𝑑𝑔
2 − 𝐷𝑙

2)
1

2 (4) 

 

Here, Dl is the outer diameter of the liquid nozzle and dg 

is the inner diameter of the gas nozzle (dg = 10 mm). 

The average of the focused beam radiographs was 

calculated as: 

 

 𝐸𝑃𝐿̅̅ ̅̅ ̅̅ =  
1

𝑛
∑ 𝐸𝑃𝐿𝑖

𝑛
𝑖=1  (5) 

 

where n is the number of measurements at a given data 

location, EPLi is the instantaneous EPL, and EPL̅̅ ̅̅ ̅ is the 

average EPL. The standard deviation was calculated as: 

 

 𝐸𝑃𝐿𝑆𝐷 = √
1

𝑛−1
∑ (𝐸𝑃𝐿𝑖 − 𝐸𝑃𝐿̅̅ ̅̅ ̅̅ )2𝑛

𝑖=1  (6) 

 

where EPLSD denotes the standard deviation of the EPL. 

The skewness was calculated as: 

 

 𝐸𝑃𝐿𝑠𝑘𝑒𝑤 =  
1

𝑛
∑ (𝐸𝑃𝐿𝑖−𝐸𝑃𝐿̅̅ ̅̅ ̅̅ )3𝑛

𝑖=1

[
1

𝑛
∑ (𝐸𝑃𝐿𝑖−𝐸𝑃𝐿̅̅ ̅̅ ̅̅ )2𝑛

𝑖=1 ]
1.5 (7) 

 

where EPLskew is the skewness of the EPL. The kurtosis 

was calculated as: 

 

 

 𝐸𝑃𝐿𝑘𝑢𝑟𝑡 =  
1

𝑛
∑ (𝐸𝑃𝐿𝑖−𝐸𝑃𝐿̅̅ ̅̅ ̅̅ )4𝑛

𝑖=1

[
1

𝑛
∑ (𝐸𝑃𝐿𝑖−𝐸𝑃𝐿̅̅ ̅̅ ̅̅ )2𝑛

𝑖=1 ]
2 (8) 

 

where EPLkurt is the kurtosis of the EPL. 

Results and Discussion 

Focused beam radiographs were taken by raster 

scanning across the spray. The data point locations are 

shown in Figure 3. Each circle represents one data point 

location but is not representative of the beam size as the 

beam was 4×5 μm.  

Figures 4a, b, and c show the average EPL, 

calculated from radiographs taken by the focused 

synchrotron X-ray beam. The blocks within the figures 

represent data from a point located in the center of each 

block. The nozzle centerline is located at y/dl = 0, and 

the first row of data are taken at x/dl = 0.26. Successively 

wider scans were used as the axial distance increased to 

ensure that the entire spray region was captured.  

The average EPL plots shown in Figures 4a, b, and 

c represent the mass distribution of liquid at each (x, y) 

location where focused beam radiographs were taken 

throughout the spray. Average EPL plots are used in 

determining the spray angle and can be used to estimate 

the intact length or core length [11]. As the SR increases 

from 0 to 0.5, the spray angle increases but when the SR 

is increased further to SR = 1, the spray angle decreases 

but is still wider than the condition with SR = 0. The core 

length follows this same pattern, shortening as the SR 

increases from 0 to 0.5 and then lengthening when the 

SR is increased to 1 but remaining shorter than the 

SR = 0 condition.  
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Standard deviation plots from the same focused 

beam radiographs are mapped in Figures 4d, e, and f. 

Comparing Figure 4a to Figure 4d shows that the 

standard deviation is the greatest in the region 

surrounding the core. Figure 4b and e follow the same 

pattern relating the maximum standard deviation to the 

region surrounding the core in Figure 4c and f, 

respectively. Videos of the same spray from synchrotron 

white beam X-ray imaging in [12] give further insight 

into the increase in standard deviation around the core 

region. Throughout the videos, the liquid core can be 

seen oscillating, explaining the high standard deviation 

at the core edge. Ligaments from the core are also shed 

periodically, which explains the high standard deviation 

at the lower portion and just below the core.  

The skewness measures of the focused beam 

radiographs are shown in Figures 4g, h, and i. The color 

bar scales vary between conditions because of the large 

difference in maximum values. The skewness plots give 

good insight into the location of the edge of the spray 

which is the most evident in Figure 4g where values were 

taken beyond the edge of the spray and show low 

skewness values. Beyond showing the edge of the spray, 

skewness plots provide no additional insight that can be 

related to physical properties of the spray.  

 The kurtosis was also calculated from the focused 

beam radiographs and is shown in Figures 4j, k, and l. 

The color bar for these three plots varies for each 

condition because of the difference in maximum kurtosis 

values. Similar to the skewness, the edge of the spray is 

evident in kurtosis measurements. However, beyond 

showing the edge of the spray, kurtosis measurements 

have yet to give insight into additional spray 

characteristics. 

Using the same data from which the plots in Figure 

4a, d, g, and j were created, Figure 5 shows the 

probability density function (PDF). The portion of the 

average EPL plot (in Figure 5a) that is boxed is expanded 

and represented by PDF of EPL plots in Figure 5c. The 

PDF plots break the sample space, with a range from 0 

to 1.3 EPL/dl, into 52 smaller ranges where each of the 

small ranges corresponds to a set of values with a range 

of 0.0255 EPL/dl. The PDF plots use a square root scale 

to improve the visibility of smaller intensity values. In 

Figure 5b, one of the plots is expanded to show the 

horizontal and vertical scales that are used for all of the 

plots in Figure 5c. 

Figure 5 presents a spray with no swirl in the air, 

SR = 0. Looking at the region along the center of the 

spray in Figure 5a shows that for the region very near the 

nozzle, the EPL/dl values have a narrow distribution and 

never present zero values, representing the core of the 

spray. When the spray progresses further downstream, as 

shown in the midsection of Figure 5a, the EPL/dl values 

become more distributed as the spray goes through initial 

breakup. Nearing the lower portion of the tested region 

the EPL/dl values shift towards smaller values because 

the spray breaks into small droplets. Moving further 

away from the center of the spray, the PDF plots in the 

center two columns of Figure 5c show the spray 

converging at first, following the outline of the spray 

core, and then diverging once the core has gone through 

initial breakup. The PDF plots that are furthest from the 

center of the spray represent the outer portion of the 

spray. Near the nozzle, there are only zero values, as the 

spray is not found in this region. Further downstream, the 

spray begins to show EPL/dl values with a relatively 

small range of lengths, providing evidence that the 

droplets are similar in size in this region. At the 

maximum x/dl location, the outer portion of the spray 

shows fewer droplets in the line of sight of the X-ray 

beam but with a similar EPL/dl distribution, implying 

that the droplets in this region are sized similarly to the 

droplets toward the center of the spray.  

Figure 6 presents a spray where there is swirl in the 

air portion of the nozzle with SR = 0.5. When Figure 6a 

is compared to Figure 5a, a shortening of the core region 

can be seen in the average plots. Additionally, a wider 

set of data was required for the SR = 0.5 condition 

because the swirled air increases the width of the spray. 

The PDF plots shown in Figure 6c, down the center of 

the spray, show that the values shift in a similar way 

towards zero like SR = 0 but do so much closer to the 

nozzle. Unlike in the condition where SR = 0, the 

SR = 0.5 condition does not have a converging region 

before it spreads. In Figure 6c the outermost data point 

that is near the nozzle exit shows that liquid is present in 

this region meaning that the spray has widened by 

x/dl = 0.026, where the scan is taken. The bottom portion 

of the PDF plots shows a spray that is distributed with 

small EPL/dl measurements which corresponds to small 

droplets. 

Figure 7 shows a spray with a SR = 1. The PDF plots 

in Figure 7c show that the spray has no zero values just 

below the nozzle exit, in the center of the spray, 

consistent to the results from Figure 6c. However, 

comparing Figures 5-7 shows that the EPL/di distribution 

increases as SR increases. Additionally, the plots that are 

nearest the nozzle but on the outside edge show that as 

SR increases, the width of the spray very near the nozzle 

increases as there are successively less zero values with 

increasing SR. Unlike the condition where SR = 0 but 

similar to the condition where SR = 0.5, the condition 

with SR = 1 does not show a narrowing of the spray 

before it widens. A comparison of Figures 5c, 6c, and 7c 

show that as SR changes from 0 to 0.5 to 1, the values 

shift toward zero closest to the nozzle in Figure 6c, not 

as close in Figure 7c, and the furthest from the nozzle in 

Figure c. This is indicative of larger droplets existing in 

the condition where SR = 1. 

An outline of the core region can be defined from the 

PDF plots as the region where values that fall into the 0.0 
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to 0.0255 EPL/dl range makeup less than 5% of the total 

instances. When SR = 0, this region ranges from -1 to 1 

at y/dl = 0.026 and is narrower than -0.5 to 0.5 at 

y/dl = 0.714 but is still present. When SR = 0.5, the core 

region ranges from -1 to 1 at y/dl = 0.026 and from -1 to 

1 at y/dl = 0.714. When SR = 1, the core region ranges 

from -1 to 1 at y/dl = 0.026, from -1 to 1 at y/dl = 0.714, 

and is narrower than -0.5 to 0.5 at y/dl = 1.190. However, 

because of the relatively large steps in these focused 

beam radiographs, the precise outline of the core cannot 

be determined from the data presented. This shortcoming 

is not a function of focused beam radiographs, just a 

result of this data collection cycle. 

Summary and Conclusions 

Maps of the average EPL from focused beam 

radiography provide visual insight into the location of 

the core and are used to visualize the width of the spray. 

Maps of the standard deviation show high values on the 

edges and lower portion of the core, corresponding to 

oscillations and shedding, respectively. Measures of the 

skewness and kurtosis both provide information about 

the width of the spray at various downstream locations 

but have not been found to provide additional insight into 

the physical properties that define the spray. The 

combination of these maps shows that the condition with 

SR = 0 has the longest core length, narrowest spray, and 

a large path length fluctuations around the core. The 

condition with SR = 0.5 has the shortest core, widest 

spray, and fewer fluctuations around the core. The 

condition with SR = 1 has a core length that is between 

SR = 0 and SR = 0.5, a spray width that is between 

SR = 0 and SR = 0.5, and path length fluctuations that 

are also between the conditions with SR = 0 and 

SR = 0.5. 

Plots of the PDF of focused beam data points for 

conditions with varying SR show how adding swirl 

increases the width of the spray very near the nozzle. The 

condition with no swirl exhibits necking before widening 

but the conditions with swirl do not. The EPL 

distribution is consistent across the scan for all three 

conditions at y/dl = 0.714 (the scan furthest from the 

nozzle). The portion of the spray that is furthest from the 

nozzle for the condition with SR = 0.5 exhibits EPL 

measurements that are closer to zero than the other 

conditions, providing evidence that the condition has 

small droplets in the region. 

The wider distribution and smaller droplets that are 

created by increasing the portion of air that is swirled are 

advantageous for many spray systems. However, if the 

swirl ratio is increased too much, the droplets become 

larger, losing the advantage that was initially gained by 

increasing the swirl ratio. Because the total gas flow rate 

is kept constant throughout testing, the energy input is 

independent of SR. Spray properties can then be 

controlled based on the requirements of a particular 

system, without expending excess energy, which is 

advantageous for may spray systems. 
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Figure 1. Schematic of the Advanced Photon Source (APS) experimental setup. 
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(a)    (b)  

 

Figure 2. The airblast atomizer used in the experiments: (a) the water and air inlets and (b) a close-up of the 

nozzle exit. 

 

 

 

 
Figure 3. Data point locations of focused beam radiographs for the condition where Ql = 0.099, Qg = 150, 

SR = 0. 
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Figure 4. Comparison of effective path length (EPL) moments of distribution for sprays with varying swirl ratio 

(SR). Liquid flow rate, Ql = 0.099 LPM and total gas flow rate, Qg = 150 LPM with Rel = 1,100 and Reg = 21,200 

for all conditions.   
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Figure 5. Condition with liquid flow rate, Ql = 0.099 LPM; gas flow rate, Qg = 150 LPM with Rel = 1,100 and 

Reg = 21,200; swirl ratio SR = 0. (a) Map of average effective path length, EPL, nondimensionalized with dl. (b) 

Probability density function (PDF) of time-resolved EPL measurements with axis labels. (c) PDF of EPL plots for 

boxed regions in (a) with all axes identical to those in (b) 

 



 10 

 

Figure 6. Condition with liquid flow rate, Ql = 0.099 LPM; gas flow rate, Qg = 150 LPM with Rel = 1,100 and 

Reg = 21,200; swirl ratio SR = 0.5. (a) Map of average effective path length, EPL, nondimensionalized with dl. (b) 

Probability density function (PDF) of time-resolved EPL measurements with axis labels. (c) PDF of EPL plots for 

boxed regions in (a) with all axes identical to those in (b).   

 



 11 

 

Figure 7. Condition with liquid flow rate, Ql = 0.099 LPM; gas flow rate, Qg = 150 LPM with Rel = 1,100 and 

Reg = 21,200; swirl ratio SR = 1. (a) Map of average effective path length, EPL, nondimensionalized with dl. (b) 

Probability density function (PDF) of time-resolved EPL measurements with axis labels. (c) PDF of EPL plots for 

boxed regions in (a) with all axes identical to those in (b). 

 


