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Abstract 

Experiments were carried out to observe the flow inside counterflow atomizers over a range of op-

erating conditions and fluid properties. Liquids used were water and propylene glycol, while the gas 

was either air or helium. Liquid flow rates ranged from 10 ml/min to 40 ml/min, with gas liquid ra-

tio (GLR) ranging from 0.1 to 0.6. The primary experiments used the 7-BM line of the Advanced 

Photon Source in Argonne National Laboratories with a 2.6 mm atomizer produced from 

(Poly)Ethyl-Ether-Ketone (PEEK). The X-Ray beam was operated in phase contrast mode, leading 

to interference patterns near the gas-liquid interface and enabling a qualitative understanding of the 

flow structure. Complementary optical work applied laser shadowgraphy to a 1 mm orifice atomizer 

constructed with quartz capillary tubing. A diffuse pulsed Nd:YAG laser backlight captured instan-

taneous gas-liquid interface positions in the internal flow. With both techniques, two distinct flow 

behaviors are observed corresponding to low and high GLR values. At low GLR, the inertia of the 

injected gas is insufficient to penetrate the liquid downflow. The gas stream entering the mixing 

chamber in the upstream direction is immediately deflected by the denser liquid and enters the dis-

charge tube around a central liquid jet, which is sheared and accelerated by the surrounding gas, 

leading to breakup. A distinct frequency of jet breakup is observed inside the discharge tube, with 

the liquid jet oscillating and fragmenting against the walls. The situation at high GLR is quite dif-

ferent, however, as the incoming gas stream asymmetrically penetrates upstream into the mixing 

chamber, taking the form of a high-speed jet confined along one wall, and displaying a flapping in-

stability as it encounters the liquid flowing downstream. This flapping causes violent mixing, re-

sulting in a highly disturbed interface, along with the generation of liquid ligaments and gas bub-

bles. This two-phase mixture enters the discharge tube with no liquid jet formation evident for this 

case. The transition between these two regimes is explored by changing the liquid viscosity and gas 

molar mass, and weak sensitivity to fluid properties is observed. Further, quantitative image analy-

sis techniques applied to the low and high GLR cases allow extraction of the frequencies of the liq-

uid jet in the discharge tube at low GLR, as well as the flapping mode at high GLR. 

 



 

 

Introduction 

Atomization of viscous liquids is an ubiquitous 

process in industry, incurring in diverse applica-

tions such as spray painting, dust control, spray 

drying, and snow making. In all these processes, 

the ability to control the droplet diameter distri-

bution is critical to product and process quality. 

Conventional external mixing designs such as 

pressure-swirl injectors and air-blast atomizers 

use the relative velocity between liquid and gas 

to overcome surface tension and promote the 

growth of instabilities, which leads to primary 

atomization, and far downstream, secondary at-

omization of droplets under aerodynamic forces 

[1]. This approach yields diminishing returns 

when the liquid viscosity increases substantially 

relative to liquids such as water, resulting in 

large droplets or incomplete atomization.  

 

Recently, a new type of internal mixing nozzle, 

the Counterflow (CF) nozzle, has been devel-

oped and tested under a wide range of operating 

conditions [2]. This nozzle has a novel geome-

try, whose flow passages are configured such 

that liquid and gas streams interact inside the 

nozzle in a countercurrent flow configuration. 

The hypothesis used to design this configuration 

was that in single-phase flows, such countercur-

rent flow configurations are known to establish 

regimes of high turbulent mixing, with the 

transport occurring due to turbulent rather than 

viscous mean stresses, thereby rendering the var-

iation of viscosity less important. The perfor-

mance curves of the CF have been documented 

in a few recent articles [3-5].  The nozzle is an 

internal mixing design that shares some similari-

ties with effervescent atomization [6] and flow-

blurring [7] designs; however, unlike efferves-

cent atomization, there does not appear to be an 

upper bound on the Gas-Liquid Ratio (GLR), 

and unlike flow-blurring, all the atomizing gas 

first interacts with liquid inside the nozzle.  The 

major observations that can be made are: (a)  the 

emergence of the liquid as a nearly fully atom-

ized spray in the near-field, with weak secondary 

atomization, (b) high operating efficiency (de-

fined in terms of surface area created per unit 

energy input), (c) the ability to produce fine 

droplets with mean droplet diameters less than 

45 microns from liquids as viscous as 500 cP, 

and (d) the reduction of droplet diameter as the 

molecular weight of the atomizing gas is re-

duced. A preliminary model [4] that assumes the 

formation of a well-mixed two-phase mixture in-

side the mixing chamber of the nozzle, com-

bined with assumed scalings for the dimensions 

of bubbles introduced into the mixing chamber, 

was able to partially explain the collapse of data 

[ref].  

 

However, such modeling efforts are based on the 

observed droplet diameter distributions in the far 

field of the spray, and not through any direct vis-

ualization of the flow inside the nozzle. Moreo-

ver, some observations in the droplet mean di-

ameter, such as a sharp reduction beyond a cer-

tain value of injected gas mass flow rate [5], 

cannot be explained by this model. This model 

was originally based on data obtained with wa-

ter; however, experiments with more viscous liq-

uids show greater deviation from the model. 

Scaling up the geometry is unlikely to yield im-

proved visualization using conventional tech-

niques based on monochromatic optical light 

sheets, since the formation of a two-phase mix-

ture inside the nozzle creates a high density of 

liquid-gas interfacial area, causing multiple scat-

tering events for any light beam passing through. 

Therefore, we explore an alternate technique for 

visualization, namely the use of C-Ray diagnos-

tics to obtain patterns that elucidate the transmis-

sion and absorption of radiation due to the ar-

rangement of liquid and gas inside the nozzle.  

 

The objectives of this study are to visualize and 

understand the flow dynamics inside the CF noz-

zle, as a function of liquid and gas flow rates, 

gas density (controlled independently of molar 

mass through different gases), and liquid viscos-



 

 

ity. Recent developments in advanced X-Ray di-

agnostics, such as X-Ray Phase Contrast Inter-

ferometry and X-Ray Fluorescence Spectros-

copy lend themselves to qualitative and quantita-

tive understanding of dense gas-liquid flows. In 

the present study, XPCI is used for qualitative 

understanding.  

 

Experiments 

The 7-BM-B line of the Advanced Photon 

Source (APS) of the Argonne National Labora-

tory was used for this study. In this beamline, a 

synchrotron bending magnet acts on an electron 

beam, producing a collimated, broadband X-Ray 

beam which enters the test chamber.    Details of 

the X-Ray beam quality and characterization can 

be found in ref. [8]. The CF nozzle is mounted 

on a motorized traverse and placed in the path of 

the X-Ray bean. The intensity of an X-Ray beam 

is attenuated to different extents, depending 

upon the wavelengths of the beam and the mo-

lecular structure of the medium through which it 

passes, thus providing a contrast between liquid 

and gas. The XPCI technique (Fig. 1) yields 

qualitative information about the instantaneous 

density field. The incident X-Ray has higher en-

ergy, is polychromatic, and is in the form of an 

extended beam, providing a large field of view 

rather than a point measurement. X-Rays are 

weakly refracted by the three-dimensional phase 

boundaries between solid, liquid and gas. As the 

refracted waves propagate, interference occurs, 

with the interference pattern sensitive to the den-

sity gradients rather than the absolute value of 

density [9]. The interference pattern is formed 

on a scintillator which converts it to a visual im-

age. A high-speed camera captures images with 

a resolution of 10.5 μm per pixel. Quantitative 

measurements of the beam path-averaged den-

sity using X-Ray Fluorescence Spectroscopy 

[10, 11] are planned for a future study. 

 

The CF nozzle placed in the path of the beam 

was made of (poly) ethyl-ether-ketone (PEEK), 

a plastic that has high structural rigidity and can 

handle internal pressures ~ 5 bar while offering 

significant transmissivity to X-Rays. Figure 2 

shows the internal geometry of the CF nozzle 

used. Liquid from a pressurized reservoir flows 

through a mass flow controller to the core pas-

sage (diameter, d2) of the nozzle, while gas is 

supplied to the annular space in the nozzle. The 

gas flows coaxially in the annular space, before 

turning by 180o, flowing upstream around the 

discharge tube of outside diameter d1 and en-

countering the oncoming liquid stream. The 

countercurrent flow configuration establishes 

high turbulence levels and strong mixing, pre-

sumably creating a two-phase mixture in the 

mixing chamber (the near-tip region of the liquid 

tube), which is imaged using the X-Ray beam. 

This two-phase mixture exits the nozzle through 

the discharge tube of diameter d0. The relevant 

dimensions of the CF nozzle are enlisted in Ta-

ble 1.  

 
Figure 1. Schematic diagram of the X-Ray 

Phase Contrast Interferometry setup.  

 

Two liquids --- water and propylene glycol (PG) 

were tested at multiple flow rates ranging from 

10 ml/min to 60 ml/min. The gas mass flow rates 

expressed non-dimensionally as a Gas-Liquid 

Ratio (GLR) was varied from 0.03 to 0.6. The 

properties of the liquids used are listed in Table 

2.  

 



 

 

For each test condition specified by liquid and 

gas mass flow rates, liquid properties, and spa-

tial location being imaged, images were taken at 

5000 frames per second for 4 seconds. The gray-

scale images are the result of absorption of X-

Ray radiation by the two-phase mixture in the 

nozzle, as well as the PEEK walls of the nozzle. 

Therefore, reference images were taken at each 

position of the nozzle in the beam path, that 

were used to normalize the images with the 

flow. This resulted in a set of normalized images 

whose pixel values nominally represent the at-

tenuation of the beam through the beam path.   

 
Figure 2. Sketch of the Counterflow nozzle.  

 

Table 1. Values of important dimensions (mm) 

in the CF nozzle. 

do d1 d2 L 

1.6 2.2 2.6 1 

 

Table 2. Physical properties of liquids used in 

study.  
Fluid Density 

(kg/m3) 

Surface 

Tension 

(N/m) 

Viscosity  

(mPa.s) 

Water 998 0.07 0.89 

Propylene   

glycol 

1042 0.04 49.3 

 

Results  

The raw images were adjusted in the software 

NIH-ImageJ to enhance contrast and elucidate 

flow features. This process also accentuates the 

vignetting and absorption effect inherent in the 

optical setup, leading to dark horizontal bands at 

the top and bottom of each image. For assistance 

in interpretation of subsequent figures, Figure 3 

shows the geometry sketch superimposed on an 

actual X-Ray image. The liquid enters from the 

top, the gas enters from the bottom on the sides 

(the annular region) and the discharge tube wall 

shows up as two rectangular posts (hatched in 

the figure). The opaque rectangular region at the 

bottom corresponds to a PEEK piece used to fix 

the discharge tube to the nozzle housing. The 

bottom plane of this piece is the exit plane of the 

nozzle discharge.    

 

 
Figure 3. Representative image from meas-

urements along with superimposed geometry, 

for aid in interpretation.  

 

Figure 4 shows a composite image created by 

stitching two images taken at different axial lo-

cations and at different times. These images 

were taken for operating conditions defined by a 

water flow rate of 40 ml/min, and an atomizing 

air flow adjusted to yield a high value of GLR= 

0.59. It is apparent that the gas enters the mixing 

chamber along the periphery as a high-speed jet 

with significant momentum, penetrating far up-

stream into the liquid. The jet curves away from 

the wall due to the pressure of oncoming liquid 

and undergoes breakup through an apparent 

shear-driven flapping instability.  

 



 

 

The breakup of the gas jet generates gas bubbles 

and liquid ligaments of multiple scales that can 

be observed in the upstream region. The gas 

bubbles can penetrate as far upstream as 6 mm 

(note the discharge tube diameter of 1.6 mm at 

the bottom of the lowermost image). The break-

down of the gas jet and consequent formation of 

liquid ligaments appears responsible for no clear 

contrast between liquid and gas in the flow en-

tering the discharge tube, suggesting the two 

phases are well mixed at the entrance.  

 

 

Figure 4. Composite image showing the flow 

structure for a water flow rate of 40 ml/min 

and GLR=0.59.  

 

Figure 5 shows the corresponding images for the 

same liquid flow rate but a reduced GLR = 0.3. 

It is apparent that the reduction in GLR substan-

tially reduces the momentum of the gas jet, and 

it does not penetrate far into the liquid, or un-

dergo shear-driven breakup. Instead, the gas jet 

undergoes turning almost immediately after en-

tering the liquid tube, under the action of the on-

coming liquid, and enters the discharge tube 

along with the liquid. A steady separation bubble 

of gas is formed on the flat surface of the end of 

the discharge tube, attesting to the relative quies-

cence of the flow. While some large bubbles are 

visible, the liquid, does not undergo any signifi-

cant breakup, and no ligaments are visible in the 

mixing chamber. Instead, the liquid enters the 

discharge tube as a clearly visible coherent 

stream in the core, with the gas flowing coaxi-

ally in the annular space between the liquid and 

the wall of the discharge tube. The acceleration 

of the gas due to the reduced cross-section pro-

motes the growth of Kelvin-Helmholtz instabili-

ties on the liquid surface. In videos, the liquid is 

seen to behave like a jet undergoing pinch off; 

large ligaments are seen to break off under the 

action of the gas shear inside the discharge tube 

and the flow is extremely unsteady, despite the 

relative steadiness of the entrance flow.  

 

 

 Figure 5. A composite image depicting the 

flow structure for a water (40 ml/min) and 

GLR=0.3 



 

 

The behaviors observed by X-Ray in Figs. 4-5 

were also observed using visible 532 nm light in 

complementary images of a similar CF atomizer 

constructed of quartz capillary tubing (d_0, d_1, 

d_2 = 1.0, 1.2, 1.5 mm, L = 1 mm). A diffuse 

pulsed Nd:YAG laser backlight allowed <10 ns 

effective exposure time in Figure 6, showing in-

stantaneous air-water interface positions at (from 

left to right) GLRs of 0.22, 0.36, and 0.83. It can 

be seen that gas penetrates farther upstream at 

larger GLR, with asymmetry and perturbation of 

the interface increasing significantly at higher 

GLR. Small bubbles and pockets are located on 

the interface near the injection region in all 

cases, while farther upstream interfaces show 

less perturbation and larger bubbles remain al-

most spherical. 

 
Figure 6. Images of the injection region us-

ing diffuse visible light pulse of <10 ns, with 

(from left to right) GLR of 0.22, 0.36, and 

0.83. 

 

Figure 7 shows corresponding images with he-

lium as the atomizing gas.  The water flow rate 

used was kept equal to approximately 40 

ml/min, but the gas flow rate was adjusted to 

much lower values of GLR= 0.08. This was mo-

tivated by previous work that suggested that 

much lower GLR values are required to achieve 

the same Sauter Mean Diameters in the spray 

when low molecular weight gases are used. De-

spite this significantly lower GLR, it is apparent 

that the overall flow structure is like that of the 

high-GLR condition encountered with air as the 

atomizing gas, shown previously in Fig. 3. 

While the penetration of the gas stream into the 

liquid tube is not as evident as for air in Fig. 3, 

large bubbles are visible, and the flow in the dis-

charge tube seems well mixed with no sharp in-

terface as is true in Fig. 4. 

 

Figure 8 compares representative images taken 

near the entrance to the discharge tube for high, 

moderate, and low values of GLR with helium. 

It is apparent that as GLR is reduced to the 

smallest value of GLR= 0.02, the flow structure 

is like that encountered for air/water flows with 

a GLR of 0.3. The entering gas flow immedi-

ately turns around towards the discharge tube, 

with the sharpness of the curved interface attest-

ing to the steady nature of the flow. The two flu-

ids do not mix in the mixing chamber, enter the 

discharge tube as coherent streams, where the 

onset of Kelvin-Helmholtz instabilities derived 

liquid ligament formation. At high GLR, the 

phase interface along the curved gas path ap-

pears more diffuse, suggesting more vigorous 

mixing. At the intermediate GLR value of 0.04, 

the situation appears to be closer to the low GLR 

situation, with a well-defined carved interface 

and a clear core of liquid entering the discharge 

tube, suggesting that the transition in flow char-

acter occurs between GLR=0.04 and GLR=0.08.  

  



 

 

 

Figure 7. Flow structure inside the nozzle for 

water flowing at 40 ml/min and helium flow 

rate yielding GLR=0.08.  

 

 

 

Figure 8. Comparison of flow structures in-

side the nozzle for low, moderate, and high 

GLR, with water as liquid and helium as at-

omizing gas. (a) GLR=0.08 (b) GLR = 0.04 (c) 

GLR = 0.02.   

 

Figure 9 depicts the phase interface at multiple 

values of water flow rate: 19, 40, 92 and 130 

ml/min. The corresponding GLR values were 

0.6, 0.6, 0.51 and 0.46, with the GLR value at 

the highest liquid flow rate being lower due to 

facility limitations. All these test conditions are 



 

 

expected to correspond to the regime of turbu-

lent mixing in the mixing chamber.  Looking at 

the images, no major differences are perceptible, 

suggesting that the mixing process is more sensi-

tive to GLR and less sensitive to absolute values 

of the liquid or gas flow rates for a given liq-

uid/gas combination. Some difference is evident 

when comparing the smallest and largest flow 

rates, however; the phase interface seems more 

well-defined and steadier in the region immedi-

ately above the entrance to the discharge tube for 

the lowest mass flow rate, when compared to the 

highest mass flow rate, where a multiplicity of 

wrinkled phase interference lines suggests 

greater mixing.  

 
 

Figure 9. Flow visualization inside the nozzle 

for various liquid flow rates and GLR: (a) 19 

ml/min, GLR=0.59 (b) 40 ml/min, G:R=0.59 



 

 

(c) 92 ml/min, GLR=0.51 (d) 130 ml/min, 

GLR=0.45.   

 

With the understanding that the flow structure is 

relatively insensitive to the magnitude of flow 

rate at constant GLR, we are now able to exam-

ine the effects of GLR in greater detail. Figure 

10 examines the flow near the entrance to the 

discharge tube as a function of the gas-liquid 

mass flow ratio GLR. Figures 3 and 4 suggest 

that there are two distinct regimes in the flow. 

We now attempt to narrow the transition bound-

ary by considering five different conditions 

shown in Fig. 8 with GLR ranging from to 0.59. 

For the low GLR values ranging from 0.13 to 

0.26, the liquid core in the discharge tube is 

readily apparent. This core appears mixed out at 

GLR=0.39, and is not visible at GLR=0.59, sug-

gesting that the transition value of GLR for the 

air-water combination is between 0.39 and 0.6. 

This may explain the results of Rangarajan and 

Srinivasan [4] who found little variation in mean 

droplet diameter for this nozzle geometry until 

the GLR was increased beyond 0.5.  

 

Figure 11 considers the effects of liquid viscos-

ity. As seen in Table 2, propylene glycol is 45 

times more viscous than water, with the result 

that Reynolds numbers describing the flow are 

significantly lower for the same volumetric flow 

rates. At low or moderate GLR, the flow struc-

ture is like that for water, with the fragmentation 

of the liquid core occurring in the discharge 

tube. Mixing in the chamber prior to entry into 

the discharge tube only occurs at higher GLR.  

 

It is apparent that while the increase in GLR 

causes this transition from the low-GLR regime 

(jet breakup in the discharge tube) to the high 

GLR regime (bulk mixing in the liquid tube due 

to gas jet breakup), the exact value of GLR at 

which this transitions a function of liquid viscos-

ity. 

 

 
Figure 10.  Effects of variation in GLR on 

flow structure. (a) Ql= 92 m;/min. GLR=0.13 



 

 

(b) Ql = 48 ml/min, GLR=0.18 (c) Ql = 35 

ml/min, GLR =0.26 (d) Ql= 45.5 ml/min, 

GLR=0.39 (e) Ql = 40 ml/min. GLR=0.59.  

 

 
Figure 11. Effect of liquid viscosity on the 

flow structure (a) PG at GLR=03. ;(b) PG at 

GLR=0.33; (c) PG at GLR=0.59; PG at 

GLR=0.89 (d)PG at GLR=1.18.  

 

To extract more quantitative information from 

these images, we consider that the greyscale val-

ues in these images represent the degree of trans-

mission through the fluid, which, with 

knowledge of the gas and liquid density values, 

is equivalent to the volume fraction. If the inci-

dent X-Ray bean has intensity I0, then the inten-

sity incident on the detector after passing 

through nozzle wall and fluid is 

 

𝐼! = 𝐼"𝑒
($l % &$l % &$l % ) (1) 

where subscripts p, l, g refers to plastic, liquid, 

and gas respectively, and the constants  refer 

to their respective absorption coefficients. If an-

other measurement is made in which there is no 

gas or liquid flow and yields an intensity I2: 

𝐼( = 𝐼"𝑒
($l % )   (2) 

If we assume a spectrally narrow beam, we can 

write for the transmission ratio:  

t =
)

)
= 𝑒

*($ % &$ % )  (3) 

This quantity can be constructed by analyzing 

images taken with and without flow and is ex-

pected to yield values less than 1 everywhere in 

the domain. 

 

However, the phase interference at the gas-liquid 

interface boundaries can cause the values of this 

quantity to be greater than 1. Therefore, despite 

the potential to extract quantitative information, 

we refrain from calculating beam path-averaged 

void fractions. However, there remains an op-

portunity to calculate the flapping frequency of 

the gas shear layer at high GLR, and the jet 

breakup frequency in the discharge tube at low 

GLR. This is accomplished by sampling one 

pixel value (corresponding to a fixed spatial lo-

cation) across 4000 successive images and con-

structing a time series for that spatial location. A 

Fast Fourier Transform of that time series yields 

the frequency spectrum of transmission at that 

location, which may potentially reflect the oscil-

latory frequency of the gas shear layer/phase in-

terface as it crosses the sampling location.  

 

Figure 12 shows such a frequency spectrum for 

the case of water sprayed at 40 ml/min with He 



 

 

as the atomizing gas with GLR=0.04. A sharp 

frequency peak at 230 Hz is apparent with am-

plitude well above the background noise, along 

with a harmonic at 460 Hz. These frequencies 

differ by about 30% from the frequencies calcu-

lated in [Rangarajan2020] for the case of water 

and air. Such spectra emerge at multiple sam-

pling locations in the central region of the dis-

charge tube, with no change in the locations of 

the frequency peaks, strongly suggesting that the 

K-H instability is indeed responsible for the 

fluctuation in transmissivity.  

 

The high-GLR regime is characterized by the 

penetration of the gas stream into the mixing 

chamber, and the instability of this gas stream as 

it breaks down and mixes with the liquid. De-

spite visual evidence of the gas stream flapping 

and breaking down, a spectrum obtained for the 

high-GLR regime, at a location in the near-wall 

region of the liquid tube/mixing chamber (Fig. 

13) shows no evidence of frequency peaks. In 

fact, the log-scale plot of the fluctuations shows 

a strong power-law roll off behavior, suggesting 

that the intense mixing sets up broadband turbu-

lence over a large range of length and time 

scales.  

 

 

Figure 12. Frequency spectrum of fluctuations in 

pixel value in the discharge tube for a water flow 

rate of 45 ml/min, GLR=0.04 and He as the at-

omizing gas.  

 

Figure 13. Log-plot of frequency spectrum of 

fluctuations in pixel value in the mixing cham-

ber for a water flow rate of 45 ml/min, GLR=0.6 

and air as the atomizing gas.  

 

Summary  

 

Qualitative observations of the dynamics of the 

internal flow fields inside a Counterflow nozzle 

were made using X-Ray Phase Contrast Imaging 

radiography. The results strongly suggest two 

distinct modes of breakdown of flow that likely 

determine the previously documented external 

flow behavior. For a given gas-liquid combina-

tion, the flow at low GLR is marked by negligi-

ble mixing inside the liquid tube, with most of 

the liquid fragmentation occurring in the dis-

charge tube through a confined Kelvin-Helm-

holtz type instability. At high GLR, the gas 

stream entering the mixing chamber has suffi-

ciently high momentum that it penetrates sub-

stantially upstream, undergoes a shear-driven 

breakup, and creates a two-phase mixture, which 

enters the discharge tube.  These breakup modes 

carry distinct signatures in their spectral content 

and can be detected from analysis of the trans-

mitted intensity. The transition between these 

modes occurs at or near a vertical value of GLR 

that is dependent on the liquid and gas proper-

ties; decreasing as gas density is reduced and in-

creasing with liquid viscosity. Over the range of 

conditions studied, the value of transition GLR 



 

 

does not seem to substantially depend on the 

magnitude of liquid flow rate.  
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