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ABSTRACT 

Near-field structures of pure- and aerated-liquid jets injected into a Mach 2 crossflow environment 

were experimentally investigated at the 7-BM beamline of the Advanced Photon Source at Ar-

gonne National Laboratory, using high-speed shadowgraph imaging, high-speed x-ray imaging, 

and pathlength-integrated x-ray fluorescence. Liquid was flush injected into a blowdown super-

sonic wind tunnel. The top and side windows of the test section were fitted with a polycarbonate 

plate for high x-ray transmittance. An axisymmetric aerated-liquid injector fitted with an ex-

changeable nozzle adaptor was used to generate a liquid jet. Water and nitrogen, which was used 

as the aerating gas for the aerated-liquid jets, were doped with specially-selected dopants to facil-

itate the x-ray measurements. The structures of the liquid column for a pure-liquid jet, typically 

masked by dense droplet clouds in a supersonic crossflow environment, were visualized with the 

present x-ray imaging setup. Formation, movement, and transformation of surface waves on the 

column windward surface of the pure-liquid jet, along with column deformation and breakup pro-

cesses, were qualitatively characterized. Time-averaged line-of-sight liquid mass distributions 

were measured within the near fields of liquid jets. Cross-sectional contours of a liquid column of 
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a pure-liquid jet at various deformation stages were reconstructed from the line-of-sight liquid 

mass distributions. The deformed liquid column of a pure-liquid jet reaches a maximum width of 

1.47 times the orifice diameter before exhibiting rapid mass removal. In the aerated-liquid jet the 

plume-crossing phenomenon was observed. 

 

INTRODUCTION 

Liquid atomization in a high-speed crossflow environment plays an important role in a number 

of real-world applications, but design of an effective liquid spray for a specific application requires 

a good understanding of the fundamental physics of liquid-jet breakup processes. In supersonic 

crossflows liquid jets undergo intense momentum exchange; the physics of these processes has 

been explored using several optical diagnostic techniques, including regular and high-speed 

imaging for spray visualization,1-7 digital holography for near-field droplet/ligament size 

measurements,8 and phase Doppler particle analysis (PDPA)6,9 for plume/droplet property 

measurements.  

Certain regions of the liquid jets and some aspects of the breakup processes of the sprays still, 

however, cannot be effectively investigated with optical diagnostics. For instance, efforts to 

investigate the structures and breakup processes of the liquid column of a pure-liquid jet in a 

supersonic crossflow are typically limited by the presence of dense droplet and ligament clouds, 

as illustrated by the shadowgraph image in Fig. 1. In this specific image, several critical features, 

such as the structure of the leeward surface of the initial liquid column, and the processes of liquid 

column deformation and breakup, are heavily masked by droplet clouds and cannot be readily 

explored.  

Recently, several x-ray diagnostic techniques have been applied to the structures of liquid jets 

in a subsonic crossflow environment. In a study by Lin et al.,10 high-speed x-ray imaging was used 

to characterize the near-field spray dynamics, such as liquid deformation and variation in liquid 

mass distribution along the line-of-sight (LOS) direction. In addition, the confocal x-ray 

fluorescence technique was utilized to measure time-averaged mass distributions across several 

cross sections of the liquid plume.  



 
Figure 1.   Shadowgraph image to illustrate near-field spray structures of a pure-liquid jet. M = 2, 

P0 = 206 kPa, stagnation temperature = 523 K, d0 = 1.0 mm, mL = 18.2 g/s, q = 3.41, and GLR = 

0. Freestream air from left to right. Unpublished image from the study of Lin et al.7 

 

Based on the promising capabilities of these x-ray diagnostics, the objectives of the present 

study were to apply them to the near-field structures of liquid jets in a supersonic crossflow 

environment. This work highlights the utility of high-speed x-ray imaging and pathlength-inte-

grated x-ray fluorescence to probe the qualitative morphology and quantitative liquid distribution 

of the spray in a supersonic crossflow. Optical measurements of the spray and gas-dynamic flow-

field will be shown to place the x-ray measurements in context. 

 

EXPERIMENTAL METHODS 

Experimental Setup 

These experiments were conducted at the 7-BM beamline of the Advanced Photon Source 

(APS) at Argonne National Laboratory. The 7-BM beamline is dedicated to ultrafast x-ray radiog-

raphy, fluorescence, and tomography experiments in fuel sprays and associated phenomena.11 A 

blowdown, open-loop, supersonic wind tunnel, which was specially designed to integrate with the 

x-ray diagnostics inside the 7-BM hutch, provides a Mach 2 (M = 2) air flow. The test section of 

this wind tunnel has a height of 25.4 mm, a width of 25.4 mm, and a length of 139.7 mm. Sche-

matics of both the supersonic nozzle and the test section are shown in Fig. 2. Windows with poly-

carbonate plates (3.2 mm thick) on the top and sides of the test section provide both visual obser-

vation and x-ray instrumentation access with reasonable x-ray transmittance. Compressed dry air 

at pressures up to 12.6 MPa stored inside tanks with a total volume of 5.53 m3 flows through a 

dome-loaded regulator to provide a controlled stagnation pressure (P0) inside the setting chamber, 



in order to provide steady supersonic flow inside the test section over a given blowdown duration. 

Compressor operation is continuous. A photograph of the wind tunnel setup inside the beamline is 

shown in Fig. 3. Wind tunnel operation stops when the desired measurements are complete or there 

is a 2% reduction in the target stagnation pressure. Tunnel operation can be resumed once the 

storage-tank pressure is recovered. The exhaust air, which contains injected liquid, enters a diffuser 

and then a specially designed liquid separator before it is discharged to the facility exhaust system.  

 

 
Figure 2.   Schematic of Mach 2 nozzle and test section. Unit: mm 

 

 
Figure 3.   Photograph of wind tunnel setup. 

 

For the present study, the tunnel stagnation conditions were typically set at 307 kPa for a test 

section static pressure of 39.3 kPa. The compressed air at room temperature of around 298 – 305 

K was not heated. Consequently, the expanded air could reach a temperature of 166 – 169 K and 

an air speed of 517  523 m/s inside the test section. The impact of the cold air temperature on the 



near-field structure of the liquid jet is ignored, assuming that the limited heat transfer between the 

high-speed cold air and the injected liquid column would not significantly change liquid properties 

and liquid breakup processes. Air flow inside the test section was characterized by both wall static 

pressure measurements at several strategically selected locations and also by shadowgraph imag-

ing inside the section; these images allowed confirmation of the flow Mach number at the test 

section entrance and the absence of excessive shock waves from hardware misalignment or fabri-

cation defects. Characterization of the wall boundary layer thickness and flow turbulence, how-

ever, was not performed and remains as future work. 

An axisymmetric aerated-liquid injector featuring an outside-in aeration scheme was flush-

wall mounted at the tunnel floor to provide liquid injection perpendicular to the supersonic flow. 

The aerated-liquid (or effervescent or barbotage) injection scheme involves mixing aerating gas 

with liquid to generate two-phase flow prior to discharge, resulting in liquid atomization.12,13 The 

aerating gas flows from an annular passage through 32 aerating orifices of 178-m diameter to 

mix with the liquid core flow. The injector has an internal diameter of 2.1 mm in the mixing cham-

ber. A nozzle adaptor with a specific internal contour can be mounted at the exit of the aerated-

liquid injector to provide the desired transition from the 2.0 mm mixing chamber to the nozzle 

passage. A schematic of the injector assembly is shown in Fig. 4.  

 
Figure 4.   Schematic of aerated-liquid injector. 

 



The interchangeable nozzle adaptor used in the present study has a contoured transition from 

the injection mixing chamber, followed by a constant diameter nozzle exit of d0 = 0.51 mm, 0.76 

mm, or 1.02 mm. The passage length, L, varies accordingly to maintain an L/d0 of 10 for each 

nozzle diameter. The injector axis is located at a distance of 47 mm from the test section entrance. 

Water and nitrogen at room temperature were selected as the working fluids in the present study. 

The aeration level is characterized in terms of gas-to-liquid mass ratio, GLR. For the injection of 

a pure-liquid jet, the aerating gas supply is simply valved off to achieve a GLR of zero. 

 

Diagnostics 

Three types of diagnostic systems were utilized to characterize the spray structures. A conven-

tional shadowgraph imaging setup, along with a high-speed camera operated at 60,000 frames per 

second (fps) and a shutter speed of 12.5 s, were used to characterize macroscopic spray structures 

and corresponding shock-wave patterns inside the test section. The present optical setup has a field 

of view of 63.4 mm (W) × 63.4 mm (H), with a corresponding spatial resolution of 123.7 m per 

pixel. A total of 1,000 images were obtained within a 16.7 ms time span for each injection condi-

tion. Each image was normalized by the corresponding background image and then saved as a 32-

bit floating-point image using the ImageJ software package.14  

Due to the limited size of the test section, a large liquid plume can create an excessive aerody-

namic blockage that can significantly alter the supersonic flow, and this, in turn, can have unde-

sired impacts on the plume structures. Shadowgraph imaging provides valuable visual checks on 

the plume. Shadowgraph images from two injection conditions are shown in Fig. 5. The liquid 

plume in Fig. 5(a) has a relatively small plume size. The induced bow shock, along with its reflec-

tion wave from the opposite (top) wall and its intersections with the sidewalls, can be clearly ob-

served. Liquid plume properties can be affected by reflected waves from the top and sidewalls, but 

the present study focuses on the portion of the liquid plume upstream of the reflected wave from 

the top wall. Also observed in this image are several weak Mach waves, probably from hardware 

interfaces and imperfection in the Mach 2 nozzle contours. The impacts of these weak waves on 

liquid plume structure are believed to be negligible.  

The liquid plume in Fig. 5(b) was intentionally created to exhibit a fairly large plume size, 

leading to generation of an oblique shock wave from an adverse pressure gradient and, thus, a 

separated boundary layer on the top wall. This oblique shock wave intersects the bow shock wave 



from the liquid plume to form a pair of reflected shock waves. Consequently, the portion of the 

liquid plume upstream of the reflected bow shock wave is significantly reduced. With the assis-

tance of shadowgraph imaging, the injection condition for the x-ray diagnostic surveys described 

here was carefully selected to have a reasonable region of “clean” liquid plume. 

 

 
(a) 

 

 
(b) 

Figure 5.   Shadowgraph images to illustrate liquid plume and shock wave structures for two 

injection conditions in Mach 2 crossflow environment. (a) Small liquid plume with P0 = 513 kPa, 

d0 = 0.51 mm, mL = 9.1 g/s, and GLR = 2%, (b) Large liquid plume with P0 = 307 kPa, d0 = 1.02 

mm, mL = 22.7 g/s, GLR = 2%.  

 

Two types of x-ray diagnostics were utilized to explore the liquid jets in a supersonic crossflow 

environment: high-speed x-ray imaging and pathlength-integrated x-ray fluorescence. High-speed 

x-ray imaging temporally resolves the liquid morphology and dynamics. Figure 6 shows the x-ray 

imaging setup. This diagnostic setup was used in the study of Lin et al.10 and is only briefly de-

scribed here. The x-ray white beam from the 7-BM bending magnet is first filtered by 500 µm 

thickness of silicon and 750 µm thickness of beamline beryllium windows. This filtered beam, 

measuring about 3 mm (H) × 8 mm (W), was transmitted through the sidewall windows and the 



injected liquid spray and then illuminated a YAG:Ce scintillator crystal (500-µm thick, 20-mm 

diameter) to convert the x-ray image to visible light. A Photron SA-Z camera was operated at a 

framing rate of 271,560 fps (equaling the synchrotron ring frequency) and a shutter speed of 480 

ns to capture the converted visible images. A 60 mm f/2.8 Nikon macro 1:1 lens assembly gener-

ated a field of view of 5.2 mm (W) × 2.9 mm (H) with a spatial resolution of 20.3 m/pixel. This 

spatial resolution is insufficient to resolve fine droplets or ligaments but is adequate to capture the 

temporal dynamics of the liquid column, as will be demonstrated later. Please also note that any 

object moving at a speed greater than 43 m/s will have a displacement larger than the imaging 

spatial resolution (20.3 m) during shutter opening. 

 

 
Figure 6.   Photograph of high-speed x-ray imaging setup. 

 

In order to enhance the image contrast ratio, the injected water was doped with 2.28% potas-

sium iodide (KI) and 3.68% sodium bromide (NaBr), both by mass, in order to increase the ab-

sorption coefficient of the liquid phase under x-ray illumination. Each of the obtained images was 

then further processed using the ImageJ software package. Image acquisition was carried out at 

several locations, in order to cover the whole near-field region of the spray. A total of 3,000 images 

taken within a short time span of 11.05 ms were acquired at each location.  



The second x-ray setup utilizes the pathlength-integrated x-ray fluorescence technique to sim-

ultaneously measure the time-averaged line-of-sight (LOS) liquid and aerating gas (for aerated-

liquid jets) mass distributions within the discharged plumes. This setup also has been used in pre-

vious studies15 and is briefly described here. Figure 7 shows the fluorescence measurement setup. 

The 7-BM white beam was reflected from a multilayer mirror (nominally 30 Å d-spacing, W/B4C 

multilayer) to create a monochromatic beam with a mean photon energy of 48 keV. The white 

beam was filtered with 250 μm copper and 500 μm germanium to both reduce heat load on the 

mirror and eliminate low-energy x-rays reflected rather than diffracted from the mirror. The beam 

was focused using a pair of 300 mm long Kirkpatrick-Baez focusing mirrors. The beam focus is 

approximately 8 × 9 µm FWHM V × H, located approximately 500 mm from the center of the 

horizontal focusing mirror. The effective size of the beam for the current sprays (which are several 

mm wide) was slightly greater than this value (the beam divergence angle is less than 2 mrad). 

Please note that the confocal x-ray fluorescence technique, which was used in the study of Lin et 

al.,10 was not utilized in the present study, due to concerns over the signal quality in the present 

wind tunnel setup but it will be utilized in future work. 

 
Figure 7.   Photography of pathlength-integrated x-ray fluorescence setup. 

 



Iodine (I) and krypton (Kr) atoms were selected as the dopants for water and nitrogen, respec-

tively. In this case, potassium iodide (KI) was dissolved into the water at a concentration of 1.3% 

by mass. This concentration was monitored during the experiment by measuring the electrical 

conductivity of the doped water, which was approximately 10.4 mS/cm. The surface tension of the 

doped water (56.0 dyne/cm) was measured to be close to that of the water (59.1 dyne/cm). The gas 

phase was pre-mixed (by the gas vendor) to a concentration of 6% Kr (94% N2) by volume.  

The fluorescence signals through the window on the top wall were measured by a silicon drift 

diode detector, which was oriented 90° to the x-ray beam, in order to minimize elastic x-ray scat-

tering. The obliquely scattered x-rays were mitigated by covering the detector with a copper shield. 

The detector area measures 100 mm2, and was positioned approximately 100 mm from the injector. 

The parameter derived from the processed fluorescence signals is the equivalent path length (EPL), 

which is the length of x-ray beam path that would be required for continuous distribution of the 

media of interest, such as liquid or gas phase, to generate the fluorescence intensity measured from 

the two-phase mixture. Unknowns in the chord length of x-ray beam within the liquid plume pre-

vents the direct conversion of the derived EPL into LOS density. Consequently, liquid and gas 

mass distributions within the liquid plumes are represented by EPL in the following sections. Cal-

ibration scans at known liquid or gas density were carried out to correlate the measured fluores-

cence photons to local densities. It should be noted that, due to low signal levels, the calibration 

for the quantity of gas is only accurate to within 10%. Fluorescence data have been corrected for 

detector dead time effects, changes in the incident intensity, and attenuation of the incident beam, 

but not for signal trapping. Especially for the liquid signal, the influence of signal trapping is ex-

pected to be relatively small given the high photon energy (28.3 – 28.6) of the iodine Kα emission. 

 

RESULTS AND DISCUSSION 

Near-Field Structures of Pure-Liquid Jets 

Shadowgraph Images 

Shadowgraph images of pure-liquid jets to illustrate the effects of liquid flowrate, mL, (or jet-

to-air momentum flux ratio, q) on the macroscopic plume structures are shown in Fig. 8. An in-

crease in mL or q leads to increases in liquid plume penetration, as expected. The increase in aero-

dynamic blockage of the freestream air by the liquid plume, however, creates an undesired shock 

wave pattern, where the wave from the bow shock, reflecting off the top of the wind tunnel, quickly 



impinges on the liquid plume and, thus, affects the far-field plume structures. Both field of view 

and spatial resolution in the present shadowgraph imaging setup prevent a close-up examination 

of near-field structures such as liquid column deformation and breakup processes. The near-field 

structures are not affected by the impinging shock waves for these injection conditions. As stated 

earlier, investigation of these near-field properties from shadowgraph images can be fairly chal-

lenging in a supersonic crossflow environment, since rapid generation of fine droplets and liga-

ments can easily mask the structure of the liquid column, especially on the leeward side of the 

plume.  

 
Figure 8.   Shadowgraph images of pure-liquid jets at various liquid flowrates (or jet-to-air mo-

mentum flux ratios) injected into supersonic crossflow environment. M = 2, P0 = 307 kPa, d0 = 

0.76 mm, GLR = 0. Freestream air from left to right. 

 

X-Ray Images 

Figure 9 shows composite x-ray images of the near-field liquid plumes. The imaging field of 

view is limited, so each composite x-ray image is created by stitching together individual uncor-

related x-ray images obtained at different imaging locations. Note, therefore, that the continuity of 

liquid column dynamics across the stitched images is not preserved. In addition, fine objects or 

structures cannot be resolved here because 1) the present imaging setup has a limited spatial reso-

lution of 20.3 m/pixel and 2) the imaging contrast of fine objects or structures with a small thick-

ness in the x-ray beam direction can be insufficient to create clearly identifiable x-ray images. An 



increase in dopant concentration may alleviate this limitation, at the cost of altered liquid proper-

ties, such as surface tension and density. Adjustments in x-ray energy, window material, or win-

dow thickness may also improve the imaging quality.   

 

 
 

Figure 9.   Composite x-ray images for pure-liquid jets at various liquid flowrates (or jet-to-air 

momentum flux ratios) injected into a supersonic crossflow environment. M = 2, P0 = 307 kPa, d0 

= 0.76 mm, GLR = 0.  

 



The limited ability to identify small objects using the present x-ray imaging setup, however, 

has advantages for the study of the structure of the bulk liquid column. First, only large objects 

have sufficient characteristic length to stand out in the image. Second, highly dispersed fine objects 

create limited x-ray beam attenuation for an indiscernible shadow projection. The combination of 

these characteristics, along with the negative index of refraction of x-ray in water for negligible 

beam scattering, creates a spatial filtering effect and allows the viewer to ignore fine objects that 

might otherwise produce undesired masking effects.  

The instantaneous images in Fig. 9 show that the windward surface of all of the plumes is 

highly perturbed by the air crossflow, while the leeward side shows much less interaction with the 

freestream. The structures on the windward side of the plume grow as the liquid penetrates into 

the freestream until the plume completely breaks apart. The structure of these interactions appear 

to be rounded intrusions of freestream air into the plume, with fine structures of liquid surrounding 

these intrusions. With the present high-speed x-ray imaging, movement and morphology of surface 

waves along the windward column surface can be qualitatively investigated, as will be discussed 

in the section below.  

Figure 9 also shows the mean liquid distribution, taken by averaging the instantaneous images. 

While not as accurate as the fluorescence measurements discussed below, the average images give 

a view of the overall time-averaged liquid structure. The liquid column undergoes a column flat-

tening process. Liquid on the windward surface is blown by the freestream air, resulting in a re-

duction in length in the freestream direction (x direction) and, at the same time, an increase in 

thickness in the spanwise direction (the z direction, perpendicular to the image projection plane). 

Due to this observed column flattening process, an increase in drag coefficient along the transverse 

direction (y direction, direction of liquid injection) is expected. It can also clearly be seen that 

higher liquid momentum leads to more intact liquid plume with deeper penetration into the 

freestream. The leeward surface of the plume also shows little deviation from its original trajectory 

until the plume has significantly flattened. 

The final panels of Fig. 9 show standard deviation images taken over all of the instantaneous 

frames. These images show regions of variability in the images, usually due to presence of liquid 

contents or motion of the liquid-gas interface. The windward surface of the column has a standard 

deviation that grows in size steadily from the nozzle exit to the breakup of the jet. This size growth 

is caused by the increase in size of the surface wave. In contrast, the leeward surface of the plume 



shows a narrow region of small standard deviation initially (indicative of limited or no surface 

wave), followed by a region of fairly high standard deviation (probably due to flapping motion or 

deformation of the distinct leeward surface). Eventually, regions with high standard deviation 

along both windward and leeward sides merge. Column breakup point may take place within the 

merge region. 

 

X-Ray Fluorescence Measurements 

Line profiles of time-averaged pathlength-integrated liquid mass distributions in terms of liq-

uid EPL are shown in Fig. 10, where y = 0 is at the tunnel floor and x = 0 is at the injector axis. At 

the y = 0.1 mm location, the peak EPL value is close to the orifice diameter of 0.76 mm for all four 

injection conditions, as expected. Using the injection condition with mL = 9.1 g/s as the reference 

case, the peak EPL value gradually increases as the liquid moves deeper into the crossflow (y = 

1.0 mm), indicating a liquid mass increase in the z direction due to the liquid column flattening 

processes. A trace amount of liquid can be detected in the region downstream of the leeward col-

umn surface at y = 1.0 mm, probably due to the presence of liquid removed during the surface 

breakup processes. It is these droplets which obscure the plume in optical imaging of the plume, 

though they represent only a small fraction of the liquid present. 

The maximum EPL is 1.13 mm, which is about 1.48 times the orifice diameter, for the injection 

condition with mL = 9.1 g/s. Similar maximum EPL values were measured for the other three 

injection conditions. The combined maximum EPL has an average value of 1.47d0. This observa-

tion indicates that the liquid column can be flattened by the freestream air, with a characteristic 

length of up to 1.47d0 in the z direction. After reaching this maximum value, liquid removal 

through breakup mechanisms or bending of the thin liquid film (measured in the x direction) leads 

to a rapid reduction in the peak EPL value at the elevated y locations. Similar liquid column evo-

lution characteristics can be observed for the other three injection conditions.  

Time-averaged cross-sectional contours of a liquid column at various distances from the tunnel 

floor for the injection condition with mL = 18.2 g/s are shown in Fig. 11. Also shown, for reference, 

are the corresponding x-ray images from Fig. 9 and the orifice contour of the d0 = 0.76 mm nozzle. 

These contours are derived from the liquid EPL with the assumption of symmetric liquid distribu-

tion with respect to the center span plane (z = 0) of the wind tunnel. This approach can be useful 



in depicting the portion of the bulk liquid column with a continuous liquid mass distribution (see 

the EPL definition in the previous section).  

 

   
                                           (a)                                                                      (b) 

   
                                           (c)                                                                      (d) 

Figure 10.   Line-of-sight liquid EPL profiles for pure-liquid jets at various liquid flowrates in-

jected into supersonic crossflow environment. (a) mL = 9.1, (b) 13.6, (c) 18.2, and (d) 22.7 g/s. M 

= 2, P0 = 307 kPa, d0 = 0.76 mm, GLR = 0.  

 

At the y = 0.1 mm location, the depicted liquid column cross section is in excellent agreement 

with the orifice cross-sectional contour. (A small misalignment in injector placement can be ob-



served. No adjustment was made.) Flattening of the liquid column caused by high-speed air cross-

flow quickly develops as the liquid column travels to the y = 1.0 mm location. Please note that the 

wall boundary layer was not characterized, and the air crossflow may be subsonic at this transverse 

location. A small displacement of the column toward the tunnel exit can be observed, and liquid 

mass in traveling surface waves on the windward side the liquid column is depicted. The present 

approach, however, assumes that the total liquid mass in surface waves is concentrated along the 

x-y plane at z = 0.  

 
(a) 

 

 
(b) 

Figure 11.   (a) X-ray images and (b) time-averaged cross-sectional contours of a liquid column 

derived from liquid EPL with the assumption of symmetric liquid distribution with respect to the 

center span plane (z = 0). M = 2, P0 = 307 kPa, d0 = 0.76 mm, mL = 18.2 g/s, and GLR = 0.  



 

A trace amount of liquid behind the leeward surface of the liquid column is depicted at the y = 

1.5 mm location. This may be the liquid removed from the liquid column through surface breakup 

processes, and it is probably distributed in regions close to the tangential surface at the widest 

spanwise locations, not along the center plane. Once again, liquid mass spatial distributions in the 

windward surface waves and also behind the leeward column surface cannot be accurately depicted 

using the present approach. At this transverse location, the speed of the air crossflow increases but 

still may not reach Mach 2.  

At the y = 2.0 mm location and higher, displacement (through column bending) and defor-

mation of the liquid column accelerate. Identification of the windward column surface is signifi-

cantly challenged by the presence of more surface waves (see the corresponding instantaneous x-

ray image). Please note that liquid mass in droplet clouds, which is ignored by the present x-ray 

imaging setup, may be significant enough to be measured by the present x-ray fluorescence tech-

nique. Nonetheless, the spanwise maximum thickness of 1.47d0 and the leeward column surface, 

which has little or no surface wave, can still be determined with a high level of confidence at y = 

2.0 mm.  

At y = 2.5 mm, the reduction in spanwise maximum thickness and the increase in the amount 

of liquid behind the leeward surface clearly indicate an acceleration in mass removal from the 

liquid column. The leeward surface is still relatively intact and allows location identification in the 

instantaneous x-ray image at this transverse location. The high standard deviation value, which is 

caused by surface flapping, however, leads to a high uncertainty in location identification from the 

time-averaged EPL measurements. More liquid is dispersed at the y > 2.5 mm locations. Conse-

quently, the present approach cannot be used to depict the liquid column cross section at these 

traverse locations.  

Contours of time-averaged pathlength-integrated liquid mass distributions in terms of liquid 

EPL recorded with x-ray fluorescence are shown in Fig. 12.  Qualitatively, the plots resemble the 

time-averaged images shown in Fig. 9 but are now quantitative measurements of the liquid distri-

bution. The wavy features seen in the contours are interpolation artifacts from the plotting soft-

ware. Nonetheless, the liquid column deformation processes and the near-field liquid mass distri-

butions can be depicted in these contour plots.  



 
Figure 12.   Liquid EPL contours for pure-liquid jets at various liquid flowrate injected into su-

personic crossflow environment. M = 2, P0 = 307 kPa, d0 = 0.76 mm, GLR = 0.  

 

Surface Wave Dynamics and Column Breakup 

Selected sequential x-ray images with distinct identifiable features within the same field of 

view are shown in Figs. 13 and 14 for two sample injection conditions. For the test condition with 

a nozzle orifice size of 0.51 mm in Fig. 13, formation, movement, and evolution of surface waves 

on the column windward surface, along with the column break up points, can be clearly identified. 

These surface waves exhibit a sawtooth wave pattern. For surface wave A, it takes 40.5 s to travel 

from the location in Fig. 13(a) to the breakup point in Fig. 13(g). During this time interval, this 

wave continuously interacts with the air crossflow, which can gradually increase in speed from the 

tunnel wall, resulting in an increase in wave amplitude. This wave also deforms into a thin wave 

along the column windward surface. At the same time, the portion of the liquid column connecting 

surface wave A and surface wave B (behind) is stretched thinner. Eventually, the thin liquid col-

umn fractures at the breakup point identified in Fig. 13(g). The detached surface wave A structure 

is exposed to the higher speed crossflow and quickly breaks into clouds of droplets and ligaments. 



Similar dynamics can also be observed for surface wave B, which is detached from the liquid 

column in Fig. 13(i). Similar column breakup points are observed for both breakup events identi-

fied in Fig. 13. 

 
Figure 13.   X-ray images to illustrate surface wave evolution and liquid column breakup pro-

cesses. M = 2, P0 = 307 kPa, d0 = 0.51 mm, mL = 5.9 g/s, q = 4.09, GLR = 0. 

 

The test condition in Fig 14 is generated with d0 = 1.02 mm and mL = 24.1 g/s. Within this field 

of view, the column breakup occurs at a higher transverse location, where surface waves have 

developed into large structures. It is believed that these surface waves are surrounded by a signif-

icant amount of liquid already removed from the liquid column. The removed liquid is in the form 

of drops or ligaments with a characteristic length sufficient to be resolved by the present x-ray 

imaging setup. These droplet clouds can greatly mask wave structures and liquid column breakup 

processes in conventional shadowgraph images.  



It seems that surface wave B of this injection condition is detached from the liquid column in 

Fig. 14(c), where the column leeward surface can still be clearly identified. The detached wave 

structure becomes a cluster of droplets and ligaments, and quickly moves toward the tunnel exit. 

The breakup process between surface waves D and E can also be clearly observed in Figs. 14(d)  

14(h). Both waves exhibit a sawtooth-like structure in Figs. 14(d) and 14(e) and quickly transform 

into a disk-like structure, with the portion of liquid column connecting the waves significantly 

stretched into a thin film, as seen in Figs. 14(f) and 14(g). Eventually, this portion of the column 

exhibits a breakup process resembling that of bag breakup. The liquid column breaks up at a sim-

ilar spatial location for all breakup events identified in Fig. 14. 

 
Figure 14.   X-ray images to illustrate surface wave evolution and liquid column breakup pro-

cesses. M = 2, P0 = 307 kPa, d0 = 1.02 mm, mL = 24.1 g/s, q = 4.09, GLR = 0. 

 

Please note that the present imaging setup is capable of differentiating liquid structures with a 

significant mass distributed along the x-ray beam direction. A liquid film, for instance, with an 



orientation perpendicular to the x-ray beam (or parallel to the x-y plane) may exist within the field 

of view. It can be a part of the breakup processes but may not be depicted by the present x-ray 

setup. It can also possess a significant thickness, reducing the contrast ratio for the structures of 

interest within the line of sight. A high-speed x-ray imaging setup with an increased dopant con-

centration, an improved spatial resolution, and a sufficiently large field of view should be able to 

increase both spatial and temporal resolutions and enable the study of liquid jets in a supersonic 

crossflow environment. 

Based on the observations from all three diagnostic techniques, the near-field structure of a 

pure-liquid jet in a supersonic crossflow environment can be conceptually depicted as shown in 

the combined schematics and composite x-ray image in Fig. 15. Important information on the 

structures and dynamics of the liquid column has been obtained.  

 
Figure 15.   Schematics and representative composite x-ray image to illustrate flow field and liquid 

column breakup processes of pure-liquid jet in supersonic crossflow environment.  

 

In future studies, the thickness and velocity profile within the wall boundary layer should be 

characterized, since both parameters can play critical roles in determining near-field processes like 

surface wave formation and column deformation. Upon discharge, the initial liquid column expe-

riences first subsonic crossflow and then supersonic crossflow. In the presence of a bow shock, 

the transition in the air crossflow velocity can be even more complicated. Orientation (normal or 

oblique) and strength (greater or less than the freestream Mach number) of the bow shock deter-

mines the actual crossflow velocity interacting with the liquid column.  



Future work should also include shadowgraph imaging with a field of view comparable to that 

of the present x-ray imaging setup, in order not only to better resolve the shock structure, but also 

to better assess the masking effects of the droplet clouds.  

 

 
Figure 16.   Shadowgraph images of aerated-liquid jets at various aeration levels injected into 

supersonic crossflow environment. M = 2, P0= 307 kPa, d0 = 0.76 mm, and mL = 13.6 g/s.  

 

 

Structures of Aerated-Liquid Jets  

Shadowgraph images of aerated-liquid jets at various aeration levels are shown in Fig. 16. An 

increase in aeration level in terms of GLR leads to an increase in plume size, similar to the obser-

vations in the study of Lin et al.6 The aerated-liquid jets also exhibit more aerodynamic blockage 

inside the present test section, as evidenced by the induced shock structures in the shadowgraph 

images. Attempts to characterize both aerated-liquid jets with the present x-ray imaging setup gen-

erate highly transparent images, i.e., images with an extremely low contrast ratio. This observation 

indicates the generation of droplet clouds highly dispersed by the liquid aeration, even in the near 

field of the discharged plume.  

Figure 17 shows the time-averaged LOS EPL for both liquid and gas phases for the injection 

condition with GLR = 4%. The liquid EPL value is lower than the orifice diameter upon discharge, 

due to a reduction in liquid volume fraction through aeration inside the injector.16 Also, the liquid 

EPL quickly decreases to an even lower value in the discharged plume, indicating a highly dis-

persed liquid distribution. (For comparison, the liquid EPL for the pure-liquid jet with the same 



liquid flowrate and GLR = 0 can be seen in Fig. 11.) Similar to the observation in the study of Lin 

et al.,10 the aerated-liquid jet also undergoes 'plume-crossing' in the supersonic crossflow environ-

ment. The gas plume exhibits low penetration in the crossflow and intersects the leeward side of 

the liquid plume within a short distance.  

 
(a) 

 
(b) 

Figure 17.   Line-of-sight EPL contours for (a) liquid and (b) gas phases for aerated-liquid jet in 

supersonic crossflow environment. M = 2, P0 = 307 kPa, d0 = 0.76 mm, mL = 13.6 g/s, GLR = 4%.  

 

 

SUMMARY 

Near-field structures of pure- and aerated-liquid jets injected into a Mach 2 crossflow environ-

ment were experimentally investigated at Argonne National Laboratory, using high-speed shad-

owgraph imaging, high-speed x-ray imaging, and pathlength-integrated x-ray fluorescence. Liquid 



at the desired injection condition was flush injected into a blowdown supersonic wind tunnel with 

test section dimensions 25.4 mm (W) × 25.4 mm (H) ×139.7 mm (L). The top and sidewall win-

dows of the test section were fitted with polycarbonate plates for high x-ray transmittance. An 

axisymmetric aerated-liquid injector fitted with an exchangeable nozzle adaptor with a given noz-

zle orifice diameter was used to generate a pure- or aerated-liquid jets at the desired injection 

conditions. Water and nitrogen, which was used as the aerating gas for aerated-liquid jets, were 

doped with specially selected dopants at low concentrations, to facilitate the x-ray measurements. 

The major conclusions are as follows: 

 

 Structures of a liquid column for a pure-liquid jet, which is typically masked by dense droplet 

clouds in a supersonic crossflow environment, were successfully visualized with the present 

x-ray imaging setup.  

 

 Formation, movement, and transformation of surface waves on the column windward sur-

face, along with column deformation and breakup processes, were qualitatively characterized 

for a pure-liquid jet. 

 

 The column leeward surface exhibits limited or no perturbation up to the breakup point and 

can be clearly identified in the x-ray image for a pure-liquid jet. 

 

 Time-averaged line-of-sight liquid mass distributions were quantitatively measured within 

the near fields of both pure- and aerated-liquid jets. 

 

 Cross-sectional contours of a liquid column of a pure-liquid jet at various stages of defor-

mation were reconstructed from the line-of-sight liquid mass distributions. 

 

 The deformed liquid column of a pure-liquid jet reaches a maximum width of 1.47 times of 

the orifice diameter prior to the beginning of rapid mass removal. 

 



 The plume-crossing phenomenon was observed in the aerated-liquid jet; the plume of aerat-

ing gas penetrates less far into the crossflow than the liquid plume does and quickly intersects 

the leeward side of the liquid plume. 

 

Wall boundary layer probing, an improved x-ray imaging setup, and shadowgraph imaging 

with a magnified field of view to match that of the x-ray imaging are recommended for future 

studies. In addition, confocal x-ray fluorescence measurements to determine spatially-resolved liq-

uid and gas densities within the spray can be carried out in the future. 
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