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ABSTRACT 

Near-field structures of nominally axisymmetric aerated-liquid jets discharged from specially contoured exit 

adaptors were explored, using the plume properties derived from synchrotron X-ray radiography measurements. A 

total of six adaptors with various internal configurations and lengths were selected for testing. Water and nitrogen 

were used as the injectant and aerating gas, respectively. It was demonstrated that the liquid-weighted plume 

properties, including density, velocity, and momentum flux, within the cross-sectional planes perpendicular to the jet 

axis can provide useful insights to the understanding of aerated-liquid jets. For the conditions tested, it was found 

that the margin of benefit for liquid aeration diminishes for highly-dispersed aerated-liquid jets. For the adaptors 

with a typical straight contour, pressure drop across the adaptor plays a role in determining the macroscopic spray 

structures of aerated-liquid jets at a given injection condition. A long passage length leads to a greater pressure drop 

and, consequently, a reduced exit pressure to expand the plume diameter. For the adaptor with a convergent-

divergent contour, the plume properties of aerated-liquid jets are strongly affected by the exit slope of the adaptor 

contour. An increase in aeration level can substantially increase the plume velocity and plume momentum flux with 

no increase in spray cone angle for the aerated-liquid jets discharged from the convergent-divergent adaptor. The 

adaptor with a convergent-only contour can efficiently generate highly-dispersed aerated-liquid jets without 

excessive pressure drops across the passage length.  

 

NOMENCLATURE 

D = diameter 

D(y) = chord length through the plume cross section 

d(x) = plume diameter at axial location x  

D1 = entrance diameter 

D2 = throat diameter 

EPL = equivalent path length 

GLR = aerating gas-to-liquid mass ratio 

I = intensity of the transmitted light  

I0 = intensity of the incident light 

L = passage length 

mL = liquid mass flow rate 

r = radial position from the jet axis 

TIM = time-averaged integrated liquid mass across the 

spray plume 

u(x) = weighted plume velocity at axial location x 

x = axial position from the injector exit; also X-ray 

beam path length 

y = transverse position from the injector axis 

 = linear attenuation coefficient 

 = mass attenuation coefficient 

y = X-ray transverse probing interval 

 = density 

water = water density, 1000 kg/m
3
 or 1.0 g/cm

3
 

(y) = density along the beam path at transverse 

location y 

(x) = weighted plume density at axial location x 

 

INTRODUCTION 

Liquid jet atomization plays an important role in establishing stable and efficient combustion inside the 

combustor of a liquid-fueled air-breathing propulsion system. For applications requiring both deep fuel penetration 

__________________________________________ 
a Senior Research Scientist, 1430 Oak Court, Suite 301, Beavercreek, OH 45430, Associate Fellow AIAA, corresponding 

author, Kuocheng.Lin.ctr@us.af.mil 
b Principal Aerospace Engineer, AFRL/RQHF, Associate Fellow AIAA 
c Aerospace Engineer, AFRL/RQHF, Member AIAA  
d Physicist, Advanced Photon Source 
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into high-speed crossflows for broader fuel spreading and smaller droplets in the liquid spray for faster evaporation, 

a superior liquid injection scheme is sought. Among the possible candidates, aerated-liquid (also known as 

effervescent or barbotage) jets have been explored extensively. It has been shown that the liquid aeration technique 

can generate a spray that penetrates well into the flow and produces a large fuel plume containing a large number of 

small droplets.
1,2

 The required amount of aerating gas and delivery pressure are practically obtainable in a high-

speed air-breathing propulsion system. The utilization of aerated-liquid jets has led to successful combustion in a 

liquid-fueled high-speed air-breathing combustor.
3 

 

While macroscopic and far-field features of the aerated-liquid jets have been extensively examined, detailed 

near-field spray structures cannot easily be explored, due to instrumentation difficulties. The relatively dense spray 

structure of an aerated-liquid jet prohibits the use of conventional shadowgraph imaging and/or phase Doppler 

particle analyzer (PDPA). The holographic technique exhibits limited success in measuring droplet size and velocity 

in the vicinity of the near-field jet.
4
 Recently, X-ray phase contrast imaging (PCI) technique, available at the 

Argonne National Laboratory, was successfully utilized to characterize dense diesel sprays and aerated-liquid jets.
5-9

 

 

The study of Lin et al.
8
 showed that an aerated-liquid jet with a modest aeration level can quickly disperse 

droplets and ligaments within the near field of the spray. Attempts to measure droplet diameter, bubble diameter, 

and bubble film thickness were also made in that study. Due to the line-of-sight feature of PCI, however, only the 

periphery of the spray can be probed for size measurement. The structure within the dense core region is still fairly 

inaccessible.
9
 In addition, the PCI images cannot provide answers to whether the near-field structure of the 

discharged jet is co-annular or uniform in density. Several studies have reported co-annular structures within the 

aerated-liquid injectors.
10-13

 The study of Lin et al.
8
 proposes uniform homogeneous-like structure as the dominant 

two-phase structure within the aerated-liquid injectors. More recently, the study of Lin et al.
14

 showed that the X-ray 

radiography can provide quantitative liquid mass distribution measurements within the dense near-field region of an 

aerated-liquid jet discharged from specially contoured adaptors.  

 

The objective of the present study is to expand the study of Lin et al.
14

 by examining liquid-based plume 

properties, such as averaged density, velocity, and momentum flux, using the already-acquired X-ray radiography 

data sets for property derivation. Axial distribution profiles of plume properties were then compared to identify the 

effects of liquid flow rate, liquid aeration level, and adaptor contours on the near-field structures of aerated-liquid 

jets. Combination of the present study with previous studies with the X-ray techniques should give a better 

understanding of the aerated-liquid jets. 

 

EXPERIMENTAL METHODS 

The experiment was conducted at the 7-BM beamline of the Advanced Photon Source (APS) at Argonne 

National Laboratory. Water and nitrogen were supplied into the aerated-liquid injector at desired flow rates to form 

a two-phase mixture inside the injector before discharge into a quiescent environment. An axisymmetric aerated-

liquid injector with an internal diameter of 2.0 mm in the mixing chamber was designed, as shown in Fig. 1. An 

adaptor with a specific internal contour, as shown in Fig. 2, can be mounted at the exit of the 2-mm injector to 

provide the desired transition from the 2.0 mm injector exit to a throat diameter of 1.0 mm. These contour profiles 

provide additional means to modify the two-phase mixture before the mixture discharges into a quiescent 

environment. Two sets of adaptors with lengths of 2.5 mm (L/D=2.5) and 10.0 mm (L/D=10) were tested to explore 

the effects of passage length and contour curvature on spray structure. More information regarding the experimental 

methods can be found in the study of Lin et al.
14

 

 

For the present study, the water spray was placed in the path of a focused X-ray beam. The schematic in Fig. 3 

illustrates the overall setup. The aerated-liquid jet was vertically discharged into a collecting bucket with a small 

opening on the cap to prevent stray droplets from entering the beam path. In addition, the distance between the 

nozzle exit and the bucket cap was kept around 15 mm, in order to avoid splashing. Both the aerated-liquid injector 

and the collecting bucket were rigidly mounted on a traversing table, which provided movement normal to the X-ray 

beam. 

 

X-Ray Radiography 
7-BM beamline is dedicated to time-resolved X-ray radiography and tomography experiments for fuel sprays 

and associated phenomena. The X-ray source for the beamline is a synchrotron bending magnet, which produces 

nearly collimated, broadband X-ray emission. The beamline consists of two radiation enclosures. The first enclosure 
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(7BM-A) houses a pair of slits to limit the X-ray beam size and a double multilayer monochromator (1.4% ∆E/E). 

The monochromatic beam then passes into the second radiation enclosure (7BM-B), which houses the experimental 

equipment. More information regarding the beamline performance can be found in Kastengren et al.
15

  

 

For the current experiments, the X-ray photon energy was 6 keV. This provides a good compromise between 

absorption of the beam by the spray and excessive absorption by X-ray windows and ambient air. The beam was 

focused using a pair of 300 mm long Kirkpatrick-Baez focusing mirrors. The beam focus is approximately 5  6 µm 

FWHM V  H, located approximately 400 mm from the center of the horizontal focusing mirror. The effective size 

of the beam for the current sprays (which are several mm wide) is slightly greater than this minimum focus size due 

to beam divergence, but less than 20 µm throughout the spray. 

 

The radiography measurements provide a quantitative measurement of the spray liquid density integrated along 

the beam path. Since the aerating gas (N2) has nearly identical x-ray absorption to air, it is invisible to the 

radiography measurements. In order to build a two-dimensional representation of the spray, a raster scan approach is 

used, with individual measurements performed at multiple locations. As manipulation of the X-ray beam is difficult, 

the spray is placed on computer-controlled translation stages to perform the raster scanning. The X-ray detector for 

these experiments is an unbiased silicon PIN diode, 300 µm thick. This detector absorbs virtually all of the X-rays 

incident on the detector, converting the X-rays into a weak photocurrent. This current is amplified with a high-speed 

transimpedance amplifier, with the resulting voltage integrated for 1.0 s at each measurement location. 

 

According to Beer’s law, the relationship between the absorption of light and the properties of the material 

through which the light is travelling can be described as follows: 

 

xe
I

I 
0

               (1) 

 

where I and I0 are the intensity of the transmitted light and the incident light, respectively, measured by the PIN 

diode,  is the linear attenuation coefficient, and x is the path length of the X-ray beam through the media of 

interest. For the present study, the media of interest is a multiphase flow consisting of air and a dispersed phase in 

the form of fine droplets and ligaments. 

 

Equation (1) can be further manipulated as follows: 

 

 


)ln(ln 00 IIII
EPLx





              (2) 

 

where  is the mass attenuation coefficient and is equal to (/). For pure water at room temperature with a density 

of 1.0 g/cm
3
 and mass attenuation coefficient of 24.19 cm

2
/g at 6.0 keV without coherent scattering, the path length 

derived from Eq. (2) is the equivalent path length (EPL). The mass attenuation coefficient was calculated using the 

NIST photon cross sections database.
16

 The equivalent path length is the thickness of pure water required for the 

transmitting X-ray to generate the same amount of extinction as that generated from the dispersed spray at the same 

X-ray energy level. The value of EPL can, therefore, be related to the local density of the liquid/air mixture or local 

liquid mass fraction. The two-dimensional line-of-sight EPL and the 2-D contours was presented in the study of Lin 

et al.
14

 to depict the spray structure. In this study, no attempt was made to resolve the three-dimensional distribution 

of EPL through mathematical schemes such as Abel inversion.  

 

Without measuring the properties of aerating gas within the aerated-liquid jet, the liquid-based plume properties 

can be calculated using the line-of-sight (LOS) EPL. Referring to the schematic in Fig. 4, the line-of-sight liquid 

density along each X-ray cord length within the plume cross section, (y), can be calculated as follows: 

 

 
  water
yD

EPL
y  








               (3) 
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where D(y) is the chord length through the plume cross section with the LOS EPL greater than 1.0 m and 
water

 is 

the water density (1.0 g/cm
3
 or 1000 Kg/m

3
) at room temperature. The weighted plume density at each axial 

location, (x), can then be calculated as follows: 

 
     

    22

22























xd

TIM

xd

yyDy
x




             (4) 

 

where y is the X-ray radial probing interval of the present study, TIM is the time-averaged integrated mass of the 

liquid found at a given x location (in units of mass/length in x), and d(x) is the diameter of spray cross section, 

defined as the region with the LOS EPL greater than 1.0 m. It should be noted that this analysis for plume density 

assumes that the local, ensemble average density of liquid is uniform across the cross-section of the spray. This 

analysis could be improved by fitting the measured EPL distributions to account for non-uniformities in the liquid 

distribution, though no such fitting was attempted in this work.  It should also be noted that the derived density is the 

local, time-averaged liquid density, and does not account for the gas density. 

 

The weighted plume velocity, u(x), can be calculated from the continuity as follows: 

 

 
  TIM

m

xd
x

m
xu LL 























2

2


             (5) 

 

where mL is the injected liquid flow rate for each test condition. This quantity represents the average velocity of the 

liquid integrated for all y at a given x.  It is also weighted by the local density.  The analysis for plume velocity does 

not depend on assumptions regarding the liquid density distribution.   

 

RESULTS AND DISCUSSION 

Spray Regime Map 

Figure 5 is an adopted figure from the study of Lin et al.
14

 to show the typical regime map in terms of liquid 

flow rate and gas-to-liquid mass ratio (GLR) for aerated-liquid jets. The Configuration #1 adaptor with L/D=10 was 

used. In Fig. 5, the executed injection conditions are represented with red symbols. Macroscopic appearances of 

corresponding sprays discharged into a quiescent environment were visualized using conventional photography and 

are placed next to the marked test conditions in Fig. 5. As can be seen in Fig. 5, well-dispersed sprays can only be 

achieved at a fairly high GLR for the operating condition with a low liquid flow rate. On the other hand, well-

dispersed sprays can be obtained at a fairly low GLR for the operating condition with a high liquid flow rate. While 

this regime map is useful in understanding the macroscopic appearances of aerated-liquid jets at various operating 

conditions and can be helpful for some spray applications, these images do not provide quantitative measurements of 

relevant plume properties, such as the averaged density, velocity, and momentum flux. 

 

Liquid Mass Distribution Profiles 

Using this regime map in Fig. 5 as the reference, the effects of liquid mass flow rate on the structures of 

aerated-liquid jets at a given aeration level are shown in Fig. 6. This figure is adopted from the study of Lin et al.
14

 

The aeration level was fixed at 4% for four selected liquid flow rates from 4.5 g/s to 27.2 g/s. Transverse distribution 

profiles of the EPL also depict the evolution of the injected liquid mass along the jet axis from x=0.5 mm to 12.5 

mm in Fig. 6. 

 

A number of conclusions can be drawn from these figures. First of all, the spray width increases with liquid 

flow rate at a given aeration level. A higher injection pressure to discharge more fluid through the injector orifice is 

a plausible contributing mechanism. Second, the peak value of the equivalent path length at the x=0.5 mm location 

is significantly lower than the exit orifice diameter of 1.0 mm, indicating that the liquid volume fraction at the 

nozzle exit is considerably less than 1.  Third, the aerated-liquid jets with liquid flow rates of 4.5 and 9.1 g/s (Figs. 

6(a) and 6(b), respectively) exhibit a bimodal distribution, which indicates an annular flow of liquid, with more 

liquid distributed within an annular ring near the periphery of the jet. This means that the liquid and aerating gas are 

not well mixed, and much of the aerating gas inhabits the core region inside the injector.  This annular flow feature 
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persists within the axial range of the measurements for both conditions. At higher liquid flow rates, the measured 

transverse distribution profiles for the EPL are far more Gaussian. This implies more uniform mixing between liquid 

and aerating gas at these liquid flowrates. The transition from annular-like flow to a well-dispersed flow takes place 

between liquid flow rates of 9.1 g/s to 18.2 g/s for this injector/adaptor assembly operated at GLR=4%.It should be 

stressed that these details regarding the liquid distribution could not be derived from Mie scattering or shadowgraph 

images of these sprays. 

 

Plume Properties 

Figure 7(a) shows the axial distribution of plume diameter, which is defined as the region with EPL greater than 

an arbitrarily chosen value of 1.0 m. The plume diameter increases linearly with the axial locations for each test 

condition. Also, the plume diameter increases as liquid flow rate increases up to a certain value at the same aeration 

level. Both sprays with 18.2 and 27.2 g/s liquid flow rates exhibit nearly identical plume widths. For both well-

dispersed sprays, the measured plume diameter exhibits some uncertainties, due to radial X-ray probing resolution 

(y), spray unsteadiness, and the gradual gradients in EPL at the edges of these sprays at the most downstream 

locations. 

 

Axial distribution profiles of liquid-based plume density, calculated from Eq. (4), are shown in Fig. 7(b). Also 

shown in Fig. 7(b) are the fitting lines of the calculated density and the ambient air density for comparison. The 

weighted plume density decreases dramatically along the jet axis for each injection condition, due to the increase in 

plume diameter and the decrease in peak EPL. As the liquid flow rate increases, plume density decreases, due to a 

higher rate of expansion for the plume diameter. Once again, the sprays with 18.2 and 27.2 g/s liquid flow rates 

exhibit nearly identical distribution profiles for the plume density. At further downstream locations for both sprays, 

the calculated plume density is less than the ambient air density, indicating that the time-averaged liquid mass 

fraction has fallen below 0.5 in these locations. This observation highlights the need to include the gas phase 

properties for the calculation of averaged plume density for the aerated-liquid jets, even though the percentage of 

gas mass is relatively low.  

 

In the axial profiles of the liquid-weighted plume velocity (Fig. 7c), the injected liquid gradually increases in 

velocity and then approaches an asymptotic average speed at the downstream locations for the injection conditions 

with low liquid flow rates. At high liquid flow rates, plume velocity initially increases and then decreases 

downstream. With almost identical distribution profiles for plume diameter and plume density for both sprays with 

18.2 and 27.2 g/s liquid flow rates, the increase in liquid flow rate directly leads to a higher plume velocity. The 

qualitative differences between the low- and high-flowrate cases are likely directly tied to the differences in the 

liquid distribution shape.  For the high-flowrate cases, the liquid and aerating gas are well mixed, leading to a wide 

jet with strong interactions with the ambient gas. For the low-flowrate cases, the co-annular structure leads to a 

narrower jet. It also seems likely that the central gas jet may move at substantially higher velocity than the liquid in 

these sprays, with shear against this gas counteracting the effects of drag from the quiescent ambient gas. 

 

Figure 7(d) shows the distributions of the weighted liquid momentum flux, which is directly calculated from the 

plume density in Fig. 7(b) and the plume velocity in Fig. 7(c). It should be stressed that this measure of momentum 

flux is only approximate, as measurements of velocity and density as a function of y would be needed to rigorously 

calculate momentum flux.  First of all, plume momentum flux decreases with the axial locations, mainly due to the 

increase in plume diameter for a reduced plume density. Second, with the same nozzle exit to discharge more liquid 

and aerating gas, plume momentum flux increases with liquid flow rate (at the same GLR) in the region immediately 

adjacent to the nozzle exit. Further downstream with x>10 mm, however, the derived momentum flux exhibits a 

higher value for both jets with lower liquid flow rates. Third, both well-dispersed sprays with liquid flow rate of 

18.2 and 27.2 g/s lose momentum flux quickly along the jet axis, indicating intense momentum exchange (or 

mixing) between the plume and the ambient air. For both aerated-liquid jets with liquid flow rate of 4.5 and 9.1 g/s, 

however, a slower decrease in momentum flux along the jet axis is clearly observed, indicating limited momentum 

exchange with the ambient air for both jets. 

 

In summary, X-ray radiography measurements along with the derived plume properties can provide a 

significant amount of information for the structures of the aerated-liquid jet within the near-field region. For the 

injection conditions described in Fig. 7, the aerated-liquid jets with well-dispersed plumes exhibit a wider plume 

diameter, a higher velocity, a lower density, and a higher momentum flux in the region adjacent to the nozzle exit 

(x<2 mm). When injected into a crossflow environment, the well-dispersed jets can penetrate deeper, due to the high 
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momentum flux, and mix with the ambient air faster, due to the large plume diameter. Interestingly, the weighted 

plume velocity for the well-dispersed jets gradually decreases from x=2 mm to x=10 mm and eventually leads to a 

fast decay in momentum flux.  

 

Effects of Aeration Level 

Figure 8 shows the axial distributions of plume properties for aerated-liquid jets with the aeration level varied 

from 2% to 8% at a constant liquid flow rate of 9.1 g/s. The Configuration #1 adaptor with L/D=10 was used. The 

corresponding spray appearances can be seen in the spray regime map (Fig. 5). The study of Lin et al.
14

 indicates 

that the injected sprays for these injection conditions in Fig. 8 all exhibit annular-like flow structures within the 

plumes. The present measurements show that the plume diameter, or spray cone angle, increases as the aeration 

level increases, due to the increase in injection pressure to assist plume dispersion, in Fig. 8(a). The derived plume 

properties further indicate that the weighted plume density decreases as the aeration level increases, due to the 

increase in plume diameter, as illustrated in Fig. 8(b). The weighted plume velocity for both jets with GLR=6% and 

8% in Fig. 8(c) exhibit an initial increase within the region with x<2 mm and then gradually decreases toward 

downstream locations. Surprisingly, the derived momentum flux for the high aeration cases is smaller than that for 

the low aeration cases within the X-ray probing range in Fig. 8(d). The injection condition with a high aeration level 

has a higher total injected mass and a higher injection pressure, which is unexpected. The lack of the inclusion of 

aeration gas momentum, which can be fairly high at a high GLR injection condition, may account for this behavior. 

 

Similar plots for the injection conditions with the constant liquid flow rate elevated from 9.1 g/s to 18.2 g/s are 

shown in Fig. 9, using the same Configuration #1 adaptor with L/D=10. Due to the constraints from the injection 

system, the aeration level beyond 6% could not be achieved. The corresponding spray appearances can be found in 

Fig. 5. The study of Lin et al.
14

 indicates that the injected sprays for these injection conditions in Fig. 9 exhibit 

Gaussian-like or uniform flow structures within the plumes. The axial distribution profiles of the weighted plume 

properties in both Fig. 8 and Fig. 9, however, do not exhibit any distinct features to reflect the differences between 

annular- and Gaussian-like liquid mass distributions within the injected plumes. The axial distribution profiles for 

the injection condition with GLR=6% exhibits a higher degree of scattering in Fig. 9, due to the presence of drifted 

fine water mist for the highly-dispersed plume. In general, an increase in aeration level for an aerated-liquid jet at an 

elevated liquid flow rate can result in plume diameter increase, plume density decrease, and initial plume velocity 

increase. The weighted velocity for an aerated-liquid jet with limited dispersion exhibits an initial increase and then 

approaches an asymptotic value along the plume axis. For a well-dispersed aerated-liquid jet, the weighted plume 

velocity exhibits an initial increase, followed by a steep decrease along the jet axis. Without considering the gas 

phase properties, both Fig. 8 and Fig. 9 show that a further increase in aeration level from GLR=6% to 8% or higher 

at a constant liquid flow rate can only create marginal benefits in terms of macroscopic plume properties. 

 

Effects of Adaptor Configuration 

The effects of adaptor configuration on plume properties are shown in Fig. 10. The two-phase mixture with a 

liquid flow rate of 18.2 g/s and a GLR of 2% was injected through the selected adaptors. Each adaptor has an L/D of 

2.5. As can be seen in Fig. 10, the spray plumes discharged from both Configuration #1 and Configuration #3 have 

the similar distribution profiles. The plume from the Configuration #3 adaptor, however, has a wider plume diameter 

and, consequently, a lower weighted liquid density, a lower weighted velocity, and a lower momentum flux. The 

study of Lin et al.
14

 shows that a higher effective injection pressure for the aerated-liquid injected from the 

Configuration #3 adaptor is the contributing factor. With a gradual converging contour for the Configuration #3 

adaptor, the pressure drop across the adaptor is smaller than that for the Configuration #1 adaptor. A higher pressure 

drop across the nozzle exit plane of the Configuration #3 adaptor can, therefore, create a larger expansion for the 

discharged aerated-liquid jets. 

 

The plume properties for the aerated-liquid jet discharged from the Configuration #2 adaptor exhibit different 

features in distribution profiles in Fig. 10. With an exit orifice diameter of 2 mm for the Configuration #2 adaptor, 

due to the specially-designed convergent-divergent (C-D) contour, the discharged plume has a wider initial diameter 

at the exit plane and then undergoes a slower rate of growth for the plume diameter in Fig. 10(a). The study of Lin et 

al.
14

 shows that the spray cone angle agrees fairly well with the exit slope of the Configuration #2 adaptor contour 

with an L/D of 2.5. It was also postulated by Lin et al.
14

 that the two-phase mixture, which may possess a low speed 

of sound, is choked at the throat of the Configuration #2 adaptor. The continuous expansion of the two-phase 

mixture between the divergent sections of the adaptor eventually leads to a reduced or no pressure drop across the 

nozzle exit plane. Consequently, the discharged plume follows the exit slope of the adaptor contour without further 
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lateral expansion, as illustrated in Fig. 10(b). With a smaller plume diameter or spray cone angle, the weighted 

density is expected be higher at the downstream locations for the plume injected from the Configuration #2 adaptor. 

The calculated plume velocity quickly reaches an asymptotic value within 4 mm from the nozzle exit plane, 

indicating limited plume dispersion for the aerated-liquid discharged from the Configuration #2 adaptor in Fig. 

10(c). The relatively high plume density is the main factor in preserving the momentum flux at the downstream 

locations for this aerated-liquid jet. 

 

Effects of Adaptor Length (L/D) 

Figure 11 shows the plume properties for the aerated-liquid jets injected from all three adaptors with an L/D of 

10 at the injection condition same as that used in Fig. 10. Therefore, Fig. 11 can be compared with Fig. 10 to 

illustrate the effects of adaptor length, or L/D, on plume properties. The most obvious observation is that the long 

adaptor length (or L/D) can reduce the diameters of spray plumes discharged from both Configuration #1 and 

Configuration #2 adaptors. For Configurations #1, the reduction in plume diameter comes from the increase in 

pressure drop across the L/D=10 adaptor, resulting in a reduced pressure drop across the nozzle exit plane for lateral 

spray expansion. For Configuration #2, however, the reduction in plume diameter comes from the expansion 

processes of the compressible two-phase mixture across the C-D contour and the reduction in exit slope for the 

L/D=10 adaptor. The reduction in exit slope can be seen in the corresponding adaptor schematics Fig. 2. With a 

reduced plume diameter for the aerated-liquid jet discharged from the Configuration #2 adaptor with an L/D of 10, 

the weighted plume density, velocity, and momentum flux increase accordingly in Fig. 11, as expected. The spray 

plume discharged from the Configuration #1 adaptor exhibits similar reduction in plume density and momentum 

flux for the long L/D adaptor. The weighted plume velocity, however, shows a slight difference in the region with 

x<4 mm between both L/D=2.5 and L/D=10 adaptors. The jet discharged from the Configuration #1 adaptor with 

L/D=2.5 exhibits a larger increase in weighted plume velocity with this region. Experimental uncertainties or nature 

of the expansion processes within the region adjacent to the nozzle exit can be the contributing factor and should be 

explored in the future. In the region with x>4 mm, the weighted plume velocity is almost the same for both adaptor 

lengths. Interestingly, the plume properties are not significantly affected by the adaptor length for the #3 

configuration in the present study. The highly-dispersed plumes, however, lead to higher measurement uncertainties, 

due to drifted fine mist especially at the downstream locations. For applications requiring a long L/D for the aerated-

liquid injectors, the discharge passage with a converging contour can be a plausible solution to mitigate the 

degradation in plume properties or the need of an elevated delivery pressure to overcome the excessive pressure 

drop across the long discharge passage. 

 

Plume Properties from C-D Adaptor 

The unique features of the spray plumes generated from the Configuration #2 adaptors were selected for further 

discussion in this paper. Figure 12 shows the plume properties derived from the X-ray radiography measurements 

for aerated-liquid jets at a constant liquid flow rate of 18.2 g/s, two aeration levels (GLR=2% and 4%), and two 

adaptor lengths (L/D=2.5 and 10). The results show that the rate of growth for plume diameter, or the spray cone 

angle, is totally determined by the exit slope of the adaptor contour, as discussed previously. The adaptor with an 

L/D of 2.5 can generate a wider plume for the aerated-liquid jet. The change of aeration level from 2% to 4% has no 

impact to the plume diameter for a given adaptor length, even though a higher injection pressure is typically required 

to deliver the jet with GLR=4%. As the aeration level increases for a given adaptor length, the weighted plume 

density decreases, indicating a lower liquid volume fraction within the two-phase mixture. Figure 12 also shows that 

the plume density increases as the plume diameter decreases for the jets discharged from the L/D=10 adaptor at the 

same injection condition. For the injection condition shown in Fig. 12, an increase of around 50% to 60% in 

weighted plume velocity and weighted momentum flux can be achieved by a small increase of aeration level from 

2% to 4% for both adaptor lengths. In general, the macroscopic features of the aerated-liquid jets can be manipulated 

by adjusting the C-D contour in terms of adaptor length and the ratio between throat diameter and the exit diameter, 

if the primary interest is not in the generation of highly-dispersed jets.  

 

CONCLUSIONS 

Near-field properties of aerated-liquid jets discharged from specially contoured exit adaptors were studied, 

using liquid-weighted plume properties derived from X-ray radiography measurements. The use of a synchrotron x-

ray source with a monochromatic beam allowed for a simple conversion of x-ray intensity to liquid pathlength. 

Water and nitrogen were used as the injectant and aerating gas, respectively. An axisymmetric aerated-liquid 

injector equipped with an exit adaptor was utilized to deliver the aerated-liquid jets. A total of six adaptors with 

various internal configurations and lengths were selected for testing. The specific objective is to characterize the 
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plume diameter and averaged plume properties, such as density, velocity, and momentum flux, at various cross-

sectional planes perpendicular to the jet axis for aerated-liquid jets at various injection conditions. Properties of 

aerating gas within the discharged plumes, however, were ignored in this study, due to the lack of gas phase 

measurement. Major findings of the present study are as follows: 

 

1. The use of averaged spray plume properties, derived from the quantitative X-ray radiography 

measurements for liquid phase, has been successfully demonstrated to characterize the structures of 

aerated-liquid jets.  

  

2. For adaptors with a straight passage: 

a) At a given aeration level, an increase in liquid flow rate leads to an increase in plume diameter and a 

reduction in weighted plume density. Both weighted plume velocity and plume momentum flux 

increase with the liquid flow rate in the region adjacent to the nozzle exit. For the highly-dispersed 

aerated-liquid jets generated from high liquid flow rates, both plume velocity and momentum flux 

decrease at the downstream locations, due to momentum exchange (or mixing) with the ambient air. 

 

b) At a given flow rate, an increase in aeration level leads to a wider spray plume, a reduced plume 

density, and a higher plume exit velocity. The highly-dispersed aerated-liquid jets generated from high 

aeration levels exhibits reductions in plume velocity and momentum flux as the plume is convected 

toward downstream. 

 

c) For the conditions tested, the margin of benefit for liquid aeration diminishes for highly-dispersed 

aerated-liquid jets. In the present study, GLR of 6% or 8% appears as the threshold aeration level. 

 

3. Effects of adaptor contours:  

a) For the adaptors with a straight contour (Configuration #1): Pressure drop across the adaptor plays a 

role in determining the macroscopic spray structures of aerated-liquid jets. At the same injection 

condition, a long nozzle passage length leads to a greater pressure drop and, consequently, a reduced 

exit pressure to expand the spray plume, resulting in a reduction in plume diameter. 

 

b) For the adaptor with a convergent-divergent (C-D) contour (Configuration #2): The macroscopic 

plume properties of aerated-liquid jets are strongly affected by the exit slope of the adaptor contour. 

The rate of growth for the plume diameter, or the spray cone angle, is dictated by the exit slope. 

Injection pressure does not contribute to additional lateral plume expansion, due to the expansion 

processes of the compressible two-phase mixture within the adaptor to significantly reduce the plume 

exit pressure. At the same liquid flow rate for a given C-D adaptor, an increase in aeration level can 

substantially increase the plume velocity and plume momentum flux with no increase in spray cone 

angle. 

 

c) For the adaptor with a converging contour (Configuration #3): the general features of the macroscopic 

plume properties of aerated-liquid jets are similar to those generated from the adaptor with a straight 

contour. The converging contour, however, can reduce the pressure drop across the adaptor and 

consequently, leads to a higher plume exit pressure to generate a wider plume. In general, the 

divergent-only contour is more efficient in generating highly-dispersed aerated-liquid jets in terms of 

delivery pressure. 

 

Due to the lack of gas phase property measurement for the derivation of averaged plume properties, the 

weighted plume density less than the ambient density is observed for the well-dispersed aerated-liquid jets in the 

present study. Future efforts to combine X-ray radiography for liquid phase measurement and X-ray fluorescence for 

gas phase measurement should be carried out to better characterize the plume structures. 
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Figure 1.   Photograph of axisymmetric aerated-liquid injector with exchangeable nozzle adaptors 

 

 
 

                                                             Configuration #1   Configuration #2    Configuration #3 

 

Figure 2.   Adaptor internal contours for the axisymmetric aerated-liquid injector. D1=2.0 mm, D2=1.0 mm. 

 

 
Figure 3.   X-ray and injection stand setup at the 7-BM beamline at the Argonne National Laboratory. 
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Figure 4.   Schematic to show X-ray probing and the methodology for plume property calculations 

 

 
Figure 5.   Regime maps showing the macroscopic structures of aerated-liquid jets at various liquid flow rates and 

aeration levels for the Configuration #1 adaptor with L/D=10. Adopted from Ref. [14]. 
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         (a)        (b) 

 

   
         (c)        (d) 

 

Figure 6.   Radial distribution profiles of equivalent path length for aerated-liquid jets at various liquid flow rates. (a) 

mL =4.5 g/s, (b) mL =9.1 g/s, (c) mL =18.2 g/s, (d) mL =27.2 g/s. Configuration #1, L/D=10, GLR=4%. Adopted 

from Ref. [14]. 
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         (a)        (b) 

 

    
         (c)        (d) 

 

Figure 7.   Axial distributions of (a) plume diameter, (b) weighted plume density, (c) weighted plume velocity, and 

(d) weighted momentum flux for aerated-liquid jets with various liquid flow rates at the same aeration level. The 

Plume diameter is defined as the region with LOS EPL greater than 1.0 m. Configuration #1, L/D=10, GLR=4%. 
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         (a)        (b) 

 

    
         (c)        (d) 

 

Figure 8.   Axial distributions of (a) plume diameter, (b) weighted plume density, (c) weighted plume velocity, and 

(d) weighted momentum flux for aerated-liquid jets with various aeration levels at the same liquid flow rate. 

Configuration #1, L/D=10, mL=9.1 g/s. 
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         (a)        (b) 

 

    
         (c)        (d) 

 

Figure 9.   Axial distributions of (a) plume diameter, (b) weighted plume density, (c) weighted plume velocity, and 

(d) weighted momentum flux for aerated-liquid jets with various aeration levels at the same liquid flow rate. 

Configuration #1, L/D=10, mL=18.2 g/s. 
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Figure 10.   Axial distributions of (a) plume diameter, (b) weighted plume density, (c) weighted plume velocity, and 

(d) weighted momentum flux for aerated-liquid jets with various adaptor configurations at the same injection 

condition. L/D=2.5, mL=18.2 g/s, GLR=2%. 
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Figure 11.   Axial distributions of (a) plume diameter, (b) weighted plume density, (c) weighted plume velocity, and 

(d) weighted momentum flux for aerated-liquid jets with various adaptor configurations at the same injection 

condition. L/D=10, mL=18.2 g/s, GLR=2%. 
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         (a)        (b) 

 
Figure 12.   Axial distributions of plume properties, including diameter, weighted density, weighted velocity, and 

weighted momentum flux, for aerated-liquid jets with two adaptor lengths. Configuration #2, mL=18.2 g/s, GLR=2% 

or 4%. (a) L/D=2.5, (b) L/D=10.  
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