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Flow-blurring atomization is an innovative twin-fluid atomization approach that has demonstrated
superior effectiveness in producing fine sprays compared to traditional airblast atomization methods.
In flow-blurring atomizers, the high-speed gas flow is directed perpendicular to the liquid jet. Under
specific geometric and physical conditions, the gas penetrates back into the liquid nozzle, resulting in
a highly unsteady bubbly two-phase mixing zone. Despite the remarkable atomization performance of
flow-blurring atomizers, the underlying dynamics of the two-phase flows and breakup mechanisms
within the liquid nozzle remain poorly understood, primarily due to the challenges in experimental
measurements of flow details. In this study, detailed interface-resolved numerical simulations are
conducted to investigate the two-phase flows generated by a planar flow-blurring atomizer. By vary-
ing key dimensionless parameters, including the dynamic-pressure ratio, density ratio, and Weber
number, over wide ranges, we aim to comprehensively characterize their effects on the two-phase
flow regimes and breakup dynamics.
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1. INTRODUCTION

Two-phase/twin-fluid atomizers are generally more effective than single-fluid atomizers at the
same injection pressure and thus are widely used in spray applications such as gas turbine en-
gines (Lefebvre, 1980). One of the most commonly used twin-fluid atomizers is the airblast
atomizer, for which the high-speed gas is injected parallel to the liquid jet, and the large veloc-
ity difference between the gas and liquid destabilizes and disintegrates the liquid jet into fine
droplets. The shear instability is triggered at the gas–liquid interface, which forms interfacial
waves that grow spatially (Lasheras and Hopfinger, 2000; Marmottant and Villermaux, 2004).
Liquid droplets are eventually formed from the breakup of interfacial waves or the disintegration
of the distorted liquid jet (Agbaglah et al., 2017; Ling et al., 2017). Although airblast atom-
izers are commonly used in gas turbine engines, they have limitations. The main drawback is
that the primary breakup of the liquid jet occurs outside of the nozzle and relies on the spatial

1044–5110/24/$35.00 © 2024 by Begell House, Inc. www.begellhouse.com 1



2 Ling & Jiang

development of shear instability. As a result, for high-viscosity liquids, the length of complete
atomization is long, and the atomization efficiency is relatively low (Qavi et al., 2021).

To overcome the limitations of airblast atomizers, the flow-blurring atomizer was introduced
(Ganan-Calvo, 2005). The fundamental difference between flow-blurring and airblast atomizers
lies in the direction of the atomization gas. In airblast atomizers, the gas flow is generally parallel
to the liquid jet, while in flow-blurring atomizers, the gas flow is perpendicular to the liquid jet.
Under proper operating conditions, the injected gas impinges on the liquid jet and flows back
into the liquid nozzle. The gas backflow interacts with the incoming liquid, creating a two-phase
bubbly mixing zone inside the nozzle (Agrawal et al., 2013; Murugan and Kolhe, 2021). As
this two-phase mixture passes the nozzle exit and interacts with the atomizing gas jet, the liquid
sheets around the bubbles break, and fine droplets are immediately formed just outside the nozzle
exit (Jiang and Agrawal, 2015a,b). Under similar injection conditions and fluid properties, flow-
blurring atomizers have demonstrated significantly higher atomization performance compared
to conventional airblast atomizers, particularly for highly viscous liquids (Fisher et al., 2018;
Ganan-Calvo, 2005; Jiang and Agrawal, 2015a; Qavi et al., 2021; Sallevelt et al., 2015; Simmons
and Agrawal, 2010).

It is important to note that simply changing the direction of the gas inlet in the flow-blurring
atomizer does not guarantee the flow-blurring atomization mode or the formation of a charac-
teristic backflow region in the liquid nozzle. The interaction between the impinging gas streams
and the liquid jet can vary depending on the geometric and flow parameters, leading to a wide
variety of breakup modes (Ganan-Calvo, 2005; Jaber et al., 2020; Khan et al., 2019). The transi-
tion between different modes depends on parameters such as the ratio between the gas gap and
liquid jet diameter, the gas-to-liquid mass flux ratio, and the Weber and Ohnesorge numbers.

Although the flow-blurring atomizer and its variations (Danh et al., 2019) show promise
in effectively generating fine sprays, the underlying mechanisms are still not fully understood.
This is primarily due to the highly unsteady nature of the two-phase flows inside the nozzle,
which makes it challenging to obtain detailed flow information through experimental diagnos-
tics (Agrawal et al., 2013; Murugan and Kolhe, 2021; Murugan et al., 2020). Therefore, numer-
ical simulations serve as an important alternative to investigate the flow physics and breakup
dynamics inside the nozzle, which are currently unclear.

Several recent attempts have been made to simulate the two-phase flows involved in flow-
blurring atomization (Ates et al., 2021; Murugan et al., 2020; Zhao et al., 2019). However, these
simulations failed to capture the characteristic features of flow-blurring atomization observed in
experiments, such as the presence of an internal two-phase bubbly mixing zone inside the liquid
nozzle. Snapshots of the 3-D simulation results (Murugan et al., 2020) showed gas bubbles in the
liquid nozzle, but the formation process of the bubbly mixing zone was not shown. Furthermore,
similar to other previous simulations, their results exhibit long, unbroken liquid jets outside the
nozzle exit, similar to airblast atomization, which are not consistent with experimental obser-
vations. In a recent simulation by Ates et al. (2021), the authors had to adjust the gas injection
angle against the liquid flow to reproduce the internal two-phase mixing zone. However, such
geometric adjustments are not required in experiments to achieve the flow-blurring atomization
mode, raising further questions about the accuracy of these simulations.

The goal of this study is to conduct a detailed numerical investigation of the two-phase flows
induced by a planar flow-blurring atomizer under different operating conditions and fluid prop-
erties. To accurately capture the sharp gas–liquid interfaces, a geometric volume-of-fluid (VOF)
method is employed. For simulations using VOF methods, numerical breakup will occur when
the mesh resolution is insufficient to resolve thin liquid sheets or filaments. Therefore, even
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though the van der Waals force is not included in the governing equations, primary breakup can
be captured. Assuming sufficient mesh resolution, the breakup of filaments and liquid sheets
can be well captured by VOF simulations, and good agreement with experiments has been ob-
served (Ling et al., 2017; Ling and Mahmood, 2023; Tang et al., 2023; Zhang et al., 2019).
Two-dimensional (2-D) simulations are performed for the two-phase flows inside the planar
flow-blurring atomizer. Though the 2-D simulations will not fully capture the 3-D features, such
as the droplet formation and statistics, they are sufficient to capture the interfacial dynamics and
instability, which in turn determines the internal flow pattern, as evident in previous numerical
studies for two-phase mixing layer in gas-assisted atomization (Bozonnet et al., 2022; Fuster
et al., 2013). Taking advantage of the relatively low computational cost of 2-D simulations, a
large number of simulation cases are carried out to identify the important dimensionless param-
eters that characterize the two-phase flow regimes and breakup modes. The governing equations
and numerical methods used in this study are introduced in Section 2. In Section 3, the simulation
setup details, including the computational domain, boundary conditions, and key parameters, are
described. The results obtained from the simulations are presented and discussed in Section 4.
Finally, the key findings of the present study are summarized in Section 6.

2. GOVERNING EQUATIONS AND NUMERICAL METHODS

The one-fluid approach is employed to resolve the gas–liquid two-phase flows inside the flow-
blurring atomizer. The liquid and the gas are treated as one fluid with material properties that
change abruptly across the gas–liquid interface. The Navier–Stokes equations for incompressible
flow with surface tension are given as

ρ(δtu+ u · ∇u) = −∇p+∇ · (2µD) + σκδsn, (1)

∇ · u = 0, (2)

where ρ, µ, u, and p represent density, viscosity, velocity, and pressure, respectively. The strain-
rate tensor is denoted by D. The third term of the right-hand side of Eq. (1) is a singular term,
with a Dirac distribution function δs localized on the interface, and it represents the surface
tension. The surface tension coefficient is σ, and κ and n are the local curvature and unit normal
of the interface, respectively.

The volume fraction of liquid C is introduced to distinguish the different phases; C = 0 and
1 for cells containing only gas and liquid phases, respectively. The time evolution of C satisfies
the advection equation:

δtC + u · ∇C = 0. (3)

The fluid density and viscosity are determined by

ρ = Cρl + (1 − C)ρg, (4)

µ = Cµl + (1 − C)µg, (5)

where the subscripts g and l correspond to the gas phase and the liquid phase, respectively.
The Navier–Stokes equations [Eqs. (1) and (2)] are solved by the open-source multiphase

flow solver, Gerris (Popinet, 2003, 2009). The Gerris solver uses a finite-volume approach based
on a projection method. A staggered-in-time discretization of the volume-fraction/density and
pressure leads to a formally second-order-accurate time discretization. The advection equation
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for liquid volume fraction [Eq. (3)] is solved using a geometric VOF method (Popinet, 2009;
Scardovelli and Zaleski, 1999). A quadtree spatial discretization is used, which gives a very
important flexibility by allowing adaptive mesh refinement in user-defined regions. The height-
function (HF) method is used to calculate the local interface curvature (Popinet, 2009) and to
specify the contact angle on the surface (Afkhami and Bussmann, 2009). Finally, a balanced-
force surface tension discretization is used (Francois et al., 2006; Popinet, 2009). Validation
studies for the numerical methods and the solver in solving a wide variety of interfacial multi-
phase flows can be found in previous studies (Popinet, 2009).

3. SIMULATION SETUP

The 2-D computational domain is depicted in Fig. 1. The flow-blurring atomizer (injector) con-
sists of one liquid nozzle and two gas nozzles. The liquid enters the liquid nozzle from the left
boundary with a uniform velocity Ul, while the the gases enter the top and bottom nozzles with
identical uniform velocities Ug. The widths of the liquid and gas inlets are 2R and H , respec-
tively. The nozzle walls are treated as no-slip surfaces with the contact angle specified. The
injector exit is connected to a chamber that is initially filled with stationary gas, and the right
surface of the domain serves as the outlet, with the pressure set to zero. To focus the computa-
tional resources on the internal flow, a small gas chamber has been used. The chamber height is
6H , and the length is 9H , which are both significantly larger than the flow length scale set by the
gas nozzle width H . The current chamber size is sufficient to resolve the flow inside the nozzle
and near the nozzle exit. To capture the turbulent dispersion of droplets further downstream of
the nozzle exit, a larger chamber size will be required, which will be relegated to future work.

The origin of the coordinate is located at the center of the liquid nozzle exit, as shown in
Fig. 1. The colors indicate the initial distribution of the liquid volume fraction C, with red and
blue corresponding to liquid and gas, respectively. The liquid–gas interface is initially flat and a
distance of H away from liquid nozzle exit, namely x = −H . The liquid and gas densities are
denoted as ρl and ρg, respectively, and the viscosities are µl and µg, respectively. The surface
tension is σ. The contact angle on the nozzle wall is generally set as θ = 70◦, and a sensitivity
analysis of θ is performed. The fluid properties, inlet velocities, and geometric parameters are
listed in Table 1.

FIG. 1: Simulation setup
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TABLE 1: Physical parameters used in the present simulations

ρl ρg µl µg σ Ul Ug H R θ

kg/m3 kg/m3 Pa s Pa s N/m m/s m/s mm ◦
1000 3.125–50 10−3 5 × 10−3 0.05 0.0625–2 40 0.05–3.2 3H 30–90

The key dimensionless parameters that determine the characteristics of two-phase flows pro-
duced by the flow-blurring atomizer are the density ratio (r = ρl/ρg), viscosity ratio (m =
µl/µg), gas-to-liquid inlet size ratio (η = H/R), dynamic-pressure ratio [M = (ρgU

2
g )/(ρlU

2
l )],

gas Reynolds number (Re = ρgUgH/µg), and Weber number (We = ρgU
2
gH/σ). Another com-

monly used parameter is the gas-to-liquid mass inflow ratio (GLR = ṁg/ṁl), which can be
calculated from the dimensionless parameters defined above as GLR = η

√
M/r.

In the present study, the values of ρl, µl, µg, and σ are fixed, while Ul, H , and ρg are varied
for the parametric studies of M , We, and r. When H is varied, R is correspondingly adjusted to
maintain a constant η = 1/3. Furthermore, m = 0.2 is kept constant throughout the study. The
ranges of dimensionless parameters considered are listed in Table 2.

The quadtree mesh is utilized to discretize the computational domain, and the maximum
refinement level determines the finest mesh allowed. The minimum cell size ∆ used here is
equivalent to H/128. The dynamic refinement or coarsening of the mesh relies on the gradient
of C and the estimated discretization errors of all velocity components. Grid refinement studies
have been performed by varying H/∆ = 64 to 256; see Appendix A. The results show that
the mesh resolution ∆ = H/128 is sufficient to resolve the two-phase flows for the ranges of
parameters considered.

The C field is used to identify and tag connected liquid cells. Cells with C > 0 that are
connected will be assigned the same tag (Herrmann, 2010) from which the volume (or area for
2-D simulations) of individual liquid structures can be determined. In order to improve the nu-
merical stability of the simulations, any liquid fragments with a size smaller than approximately
4 cells are removed, which is a common practice in VOF simulations (Ling et al., 2017; Shinjo
and Umemura, 2010). For the present 2-D simulations, “droplets” formed in the atomization
process are actually cylinders and do not truly represent physical droplets. Therefore, statistical
data regarding droplet sizes are not collected here. A comprehensive investigation of the droplet
size statistics is deferred to future work.

4. RESULTS

4.1 Characterization of Two-Phase Flow Regimes

Different breakup modes/regimes can be clearly identified from the simulation results for dif-
ferent M and We. Representative snapshots of VOF (C), liquid velocity magnitude C|u|, and
vorticity ω are shown in Fig. 2 to depict the two-phase flows inside the flow-blurring injector
and in the near field outside of the atomizer.

TABLE 2: Physical parameters used in the present simulations

M We r m Re η

5–5120 20–1280 20–320 20 500–32,000 1/3
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FIG. 2: Representative snapshots of the VOF function C, liquid velocity magnitude c|u|, and vorticity ω

for different M and We, which can be used to identify different breakup modes. The density ratio is r = 80
for all cases shown.

• Flapping-jet regime: When both M and We are low, the interaction between the gas and
liquid jets are not strong enough to disintegrate the liquid jet. As a result, a long unbroken
liquid jet is formed outside the injector; see Fig. 2(a). As the liquid jet is squeezed by the
two gas jets, the thickness of the liquid jet decreases along the x axis. Due to mass conser-
vation, the liquid velocity increases along x as well. This flow pattern is also referred to as
the flow-focusing mode in previous studies (Ganan-Calvo, 2005). The liquid jet flaps due
to the unstable sinuous mode (Delon et al., 2018; Deshpande et al., 2015). Since a small
chamber is used there, the subsequent breakup of the planar liquid jet is not resolved. It is
expected that the liquid sheet will break as the amplitude of sinuous perturbation grows
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to be larger than the sheet thickness, producing filaments and droplets (Deshpande et al.,
2015). Though shear instability and the resulting interfacial waves are observed on the jet
surface, the interfacial waves rarely break. From the vorticity field, it is evident that the
gas shear layers near the interfaces are generally stable. Flow separation and vortices are
induced only on the crest of the interfacial waves.

• Airblast-jet regime: As M and We increase, the breakup mode transitions to a different
regime, as shown in Fig. 2(b). First, the length of the unbroken jet significantly reduces
as M increases from 5 to 80. Additionally, due to the increase in We, surface tension
becomes less effective in resisting the development of shear instability on the liquid jet
surface. This interfacial instability leads to interfacial waves, which break as they are ad-
vected downstream. Simultaneously, the vorticity field shows that the gas stream becomes
more unstable due to perturbations from the wavy interfaces. Consequently, the jet mor-
phology closely resembles that observed in airblast atomization of a liquid jet with paral-
lel coflowing gas streams (Fuster et al., 2013; Ling et al., 2019, 2017; Matas et al., 2011),
despite the gas inflow being perpendicular to the liquid jet in the present flow-blurring
injector. At high We, the influence of surface tension on the shear interfacial instability
becomes secondary, and the length of the unbroken liquid jet primarily depends on the
dynamic pressure continuity on the jet surfaces (Lasheras et al., 1998). Thus, the length
of the unbroken jet decreases as M increases. In conventional coaxial airblast atomiza-
tion of cylindrical liquid jets, the length of the unbroken jet scales with M−1/2 (Lasheras
et al., 1998). It would be intriguing for future studies to determine whether this scaling
relation remains valid for the flow-blurring atomizer in the airblast-jet regime, though it
is beyond the scope of the current study. While the flapping of the small unbroken liquid
jet also contributes to droplet formation, the dominant mechanism for droplet formation
in this regime is the breakup of interfacial waves on the jet surfaces.

• Bubbly-jet regime: When M is further increased to 320, while We remains the same as
in Fig. 2(b), a distinct breakup mode emerges; see Fig. 2(c). The length of the unbroken
liquid jet is further reduced. More importantly, gas bubbles start to appear in the liquid
jet near the liquid nozzle exit. The shear-induced interfacial waves on the jet surfaces
grow faster with increasing M , and the rolling interfacial waves entrain bubbles into the
liquid jet, similar to the bubble entrainment in breaking waves (Deike et al., 2016). As the
bubbly jet interacts with the gas jets, the bubbles inside become distorted and eventually
burst. The interaction between the gas flows and the bubbly jet is better shown in the
vorticity plot. A small amount of atomizing gas is also observed flowing back into the
liquid nozzle near the wall. The rupture of thin liquid sheets between different bubbles
or between a bubble and the jet surface contributes to the formation of droplets. Since
van der Waals forces are not considered in the present simulations, the minimum cell size
acts as the numerical cutoff length scale to artificially pinch the two interfaces of a liquid
sheet when its thickness becomes comparable to the cell size. The rupture of a stationary
liquid sheet due to the interaction between capillary and van der Waals forces does not
occur until the sheet thickness decreases to about 102 nm (Oron et al., 1997), whereas
the rupture thickness for a dynamic liquid sheet has been observed to be significantly
larger, around O(1) µm (Jackiw and Ashgriz, 2022; Neel and Villermaux, 2018; Opfer
et al., 2014). The breakup of bulk liquid in this regime is similar to, but not identical to,
the flow-blurring mode because even though bubbles are entrained in the bulk liquid, an
unbroken jet still exists outside of the nozzle.
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• Flow-blurring regime: Finally, when M exceeds a certain threshold, see Fig. 2(d), the full
flow-blurring mode is attained. This regime is characterized by the presence of a bubbly
two-phase mixing zone inside the liquid nozzle. The flow-blurring mode is accurately
reproduced with the gas inflow normal to the liquid jet, without requiring adjustments
to the gas inflow direction as seen in other numerical studies (Ates et al., 2021). As the
bubbly mixture interacts with the gas jets, the bubbles become distorted, and thin liquid
sheets between them rupture, resulting in the formation of fine droplets, similar to the
bubbly-jet regime. The key distinction is that there is no unbroken liquid jet present out-
side the injector exit. Furthermore, from the liquid velocity fields (the central column of
Fig. 2), it can be seen that, in the other three regimes, unbroken bulk liquids exist outside
the liquid nozzle. These bulk liquids are accelerated by the fast gas flows and thus display
high velocity magnitudes. However, the bulk liquid breakup is complete at the nozzle
exit in the flow-blurring mode; as a result, structures with high liquid velocity are not
observed. The highly unsteady and chaotic two-phase flows near the liquid nozzle exit
can be clearly seen from the vorticity field, which are responsible for the phenomenon of
flow “blurring” observed from outside the nozzle in experimental observations.

4.2 Effect of Dynamic Pressure Ratio on the Transition to Flow-Blurring Regime

The results shown in Figs. 2(b)–2(d) correspond to different M , while We = 320 and r = 80
remain fixed. These results clearly demonstrate the significant influence of the parameter M on
the transition of the breakup mode from the airblast-jet regime to the flow-blurring regime. To
gain a better understanding of the flow characteristics within the two-phase mixing zone, the
temporal evolution of the VOF function C and the y-component of velocity v at three different
locations (x/H = 0, −1, and −2) along the x-axis (y = 0) inside the liquid nozzle are presented
in Fig. 3. It can be observed that C = 1 throughout the entire duration at all three locations
for M = 80, indicating that no gas penetrates back into the liquid nozzle along the x-axis.
Consequently, the velocity v at these locations solely represents the liquid velocity. The value of
v oscillates over time about zero, as the mean flow is symmetric with respect to the x-axis. The
dominant oscillation mode exhibits a period of approximately 50H/Ug, which is determined by
the dominant mode of the shear instability outside the nozzle. Similar to airblast atomization
for parallel gas and liquid streams, for high M the shear instability is absolute, allowing the
perturbations to propagate back into the liquid inside the nozzle (Fuster et al., 2013; Jiang and
Ling, 2021; Ling et al., 2019; Matas et al., 2011).

As M increases to 320 and 1280, it is shown that the value of C at the liquid nozzle exit
(x/H = 0) oscillates between 0 and 1. These oscillations are due to the intense breakup of
liquid sheets near the nozzle exit and the resulting highly unsteady flows. It can be observed
from Fig. 3(a) that C at x/H = −2 is predominantly 0 for the M = 1280 case, indicating
that this location (x/H = −2, y = 0) is situated within the large primary bubble inside the
liquid nozzle (as also shown in Fig. 5). Although there is gas flow inside the large bubble, the
velocity magnitude is relatively small compared to the gas velocity near the liquid nozzle exit, as
depicted in Figs. 3(d) and 3(f). For the M = 320 case, it can be observed that C remains equal to
1 at x/H = −2, whereas for M = 1280, C mostly takes on a value of 0. This suggests that the
penetration depth of the gas bubbles Lb into the liquid nozzle generally increases with increasing
M , and a sufficiently large penetration depth is required to place the flow in the flow-blurring
regime. A quantitative measurement of the penetration depth will be provided in the subsequent
section.
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FIG. 3: Temporal evolutions of (a)–(c) the VOF function C and (d)–(f) v-velocity at different locations
inside the liquid nozzle: (a), (d) x/H = −2, (b), (e) x/H = −1, and (c), (f) x/H = 0 on the central axis
(y = 0).

The spatial variations in the y direction of the time-averaged VOF function and velocity
components, C, u, and v, where ( ) denotes time-averaged quantities at different x locations, are
shown in Fig. 4. At the liquid nozzle exit x/H = 0, C = 1 near the central axis of the nozzle
for M = 80, which corresponds to the unbroken liquid jet. In contrast, C is generally lower than
1 for the other two cases with large M due to the existence of the bubbly mixture at the nozzle
exit. At locations inside the liquid nozzle, namely x/H < 0, C = 1 for M = 80, confirming
that no gas penetrates back into the liquid nozzle. However, for M = 1280, C = 0 is observed
in certain ranges of y; see for example −2 < y/H < 0 in Fig. 4(a). This observation indicates
that this region is always occupied by the primary gas bubble formed in the flow-blurring mode,
as seen in Fig. 2(d). For the intermediate M = 320, C lies between 0 and 1, suggesting that
while bubbles appear inside the liquid nozzle, they don’t consistently occupy specific regions as
does the primary bubble in the flow-blurring mode. Instead, these bubbles move outward with
the liquid and eventually burst, as shown in Fig. 2(c).

The gas backflow and its interaction with the bulk liquid are also depicted by the time-
averaged fluid velocities u and v. For M = 80, u and v are smooth inside the nozzle. It is
seen that u is generally positive except in the near-wall regions at x/H = 0, where the gas
interacts with the liquid jet, while v is approximately zero as shown in Fig. 2(b). In contrast,
for M = 1280, the velocities exhibit large-amplitude low-wavenumber variations, which are
induced by the gas’s rotational motion inside the primary bubble in the flow-blurring mode, as
illustrated in Fig. 2(d). Velocity fluctuations are also observed for M = 320 (see Fig. 4) due
to the distribution of small bubbles in the bulk liquid. Yet u generally remains positive, which
differs from the flow-blurring case M = 1280. For both M = 320 and 1280, high wavenumber
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FIG. 4: Spatial variation in y directions for time-averaged properties: (a)–(c) the VOF function C, (d)–
(f) u, and (g)–(i) v at different x locations inside the liquid nozzle (a), (d), (g) x/H = −2, (b), (e), (h)
x/H = −1, and (c), (f), (i) x/H = 0.

fluctuations appear in all variables at x/H = 0, highlighting the intense breakup of the bubbly
mixture.

To provide further insight into the breakup of the bubbly mixture near the nozzle exit, se-
quential closeup snapshots are presented in Fig. 5. These close-ups, focusing on a region near the
liquid nozzle exit as highlighted in Fig. 5(a), illustrate the interaction between the bubbly mix-
ture and the two gas jets from the top and bottom. For the centrally positioned bubble depicted
in Figs. 5(b) and 5(c), the liquid sheet on the bottom right undergoes distortion as the bubble
interacts with the vortex induced by the bottom gas jet. Consequently, the liquid sheet deforms
and curves toward the left, eventually impinging on the bubble’s left surface, causing the bub-
ble to split into two smaller child bubbles. Shortly thereafter, the child bubbles burst, resulting
in the fragmentation of the surrounding liquid sheets into multiple droplets. The sizes of these
droplets are comparable to the thickness of the ruptured liquid sheet. Following the rupture of the
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FIG. 5: Time snapshots of (a) the VOF function (C) near the liquid nozzle exit, and closeups of (b) C and
(c) vorticity (ω) to depict the droplet formation due to bubble bursting. The color scale for the vorticity is
the same as Fig. 2.

liquid sheet, the bubble transforms into a gas cavity. Notably, the high-speed gas enters the cavity
and further distorts the unbroken liquid sheets, leading them to undergo complete fragmentation
into droplets. Though the results shown here are obtained by 2-D simulations, the breakup mech-
anisms in 3-D will be similar.

4.3 Effect of Weber Number on the Transition to Flow-Blurring Regime

Though M is the dominant factor, the influence of We is also significant, especially for low
We cases. Figure 6 shows the results for M = 320 and 5120 while maintaining a low Weber
number of We = 20. As previously shown in Fig. 2(c), for a high We = 320, the case with
M = 320 corresponds to the bubbly-jet regime. However, in this case, with the same M but a
significantly lower We, it falls into the flapping-jet regime. Furthermore, even when M is further
increased to a large value of M = 5120, it can be observed that the case with We = 20 remains
in the flapping-jet regime. Conversely, for We = 320, such a high M will place the case in the
flow-blurring regime, similar to Fig. 2(d).

As the Ohnesorge number is relatively low for the considered cases, surface tension becomes
the dominant mechanism in resisting interface deformation and liquid breakup. A low We indi-
cates a stronger suppression of shear-induced interfacial waves. Consequently, the interfacial
waves do not develop rapidly enough to roll and entrain bubbles into the liquid. Therefore, even
with high gas dynamic pressure, the high-speed gas does not flow back into the liquid nozzle.
Even in the case of a very high M = 5120, the interfacial waves may occasionally entrain a
single bubble in the liquid jet, as shown in the sequential snapshots in Fig. 6(c). However, the
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FIG. 6: (a)–(b) Representative snapshots of the VOF function C, liquid velocity magnitude c|u|, and
vorticity ω for different We, while r = 80 and M = 320 are fixed. The color scales for the liquid
velocity and the vorticity are the same as Fig. 2. (c) Time evolution of vorticity and interfaces to show the
entrainment and the eventual burst of a bubble in the liquid jet.

bubble remains within the liquid jet outside the liquid nozzle exit. The bursting of this bub-
ble generates small droplets, but their contribution to the overall droplet formation is minimal.
The majority of droplets are formed due to the flapping liquid jet, similar to other cases in the
flapping-jet regime.

For cases with high We, the effect of We is generally less profound. Nevertheless, the present
simulation results seem to indicate that the effect of We is also important for the bubbly-jet
regime with moderate M . Because the bubbly-jet regime is a transition regime between the
more stable airblast-jet and flow-blurring modes, the regime is more sensitive to the change in
We. The results for the same M but different We are shown in Fig. 7. It can be clearly seen that
the case with We = 320 is in the bubbly-jet regime. For a lower We, i.e., We = 80, the two-phase
flow transitions to the airblast-jet or even flapping-jet regimes. As explained above, the stronger
surface tension effect hinders the development of shear-induced interfacial waves, preventing the
waves from entraining bubbles into the liquid and forming a bubbly jet. In contrast, when We is
increased to 1280, it is observed that the two-phase flow transitions to the flow-blurring regime.
The reduced surface tension effect enhances the breakup of interfacial waves and liquid sheets
separating bubbles, making it easier for the gas flow to flow back into the liquid nozzle.

4.4 Regime Map on M -We Plane

The results of the parametric simulations for 5 < M < 5120 and 20 < We < 1280 are
summarized in Fig. 8, indicating the different regimes in the parameter space. Here, r = 80 is
fixed. When We is very low, the effect of M is negligible, and the two-phase flow near the nozzle
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FIG. 7: Representative snapshots of the VOF function C, liquid velocity magnitude c|u|, and vorticity ω

for different We, while r = 80 and M = 320 are fixed. The color scales for the liquid velocity and the
vorticity are the same as Fig. 2.

FIG. 8: Different two-phase flow and breakup regimes on the M -We map for r = 80

exit is always in the flapping regime. For high M and We = 20, single or a very small number of
bubbles can occasionally form in the liquid, as shown in Fig. 6(b). Nevertheless, the jet mainly
breaks up due to flapping instability, and we still consider those cases to be in the flapping-jet
regime.

When We is above 80, it can be seen that M is an important parameter in determining the
two-phase flow regimes. For a given We, the flow transitions from the airblast-jet regime to the
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bubbly-jet regime and finally to the flow-blurring regime. The region for the bubbly-jet regime
is generally narrow since it is a transition between the airblast-jet and flow-blurring regimes. To
achieve a fully flow-blurring breakup mode, both M and We need to be sufficiently large.

For both the bubbly-jet and flow-blurring regimes, the gas penetrates back into the liquid
nozzle. The maximum penetration depth of the gas bubbles Lb can be measured based on the
interfaces, as demonstrated in Fig. 9(a) for the case r = 80, M = 1280, We = 320. Figure 9(b)
then shows Lb as a function of M for different We. The different regimes can also be easily
recognized. For lower M and the airblast-jet regime, Lb is very small. When the two-phase flow
transitions to the bubbly-jet or flow-blurring regimes, Lb jumps up, from about 0.5 to 2. There is
no distinct change of Lb between the bubbly-jet and flow-blurring regimes. For both regimes, Lb

appears to increase approximately linearly with log(M), as shown in the figure. The transitional
dynamic pressure ratio from the airblast-jet regime to the bubbly-jet regime is Mtr = 1280
for We = 80, while Mtr = 320 for We = 320 and 1280. This indicates that although Mtr is
generally a function of We, it varies with We only when We is not too large. A similar trend is
observed for Lb. For a given M in the flow-blurring regime, Lb increases as We increases from
80 to 320, but it varies little when We further increases from 320 to 1280.

4.5 Effects of Density Ratio r and Gas-to-Liquid Ratio (GLR)

The previous results were all obtained for the same density ratio, i.e., r = 80; its effect is
examined in this section. Figure 10 shows the results for different r while M = 1280 and
We = 320 are fixed. It can be observed that all three cases belong to the flow-blurring regime,
and the gas bubble penetration lengths are also similar, indicating that the effect of r on the
breakup mode transition is less important, compared to M and We. The main difference lies in
the number of bubbles formed inside the liquid nozzle. For the case with r = 320, only a large
bubble is observed. In contrast, for r = 20, the large bubble near the center axis is significantly
smaller, but there are more small bubbles in the internal two-phase mixing zone.

It is also important to note that as r increases from 20 to 320, the gas-to-liquid mass flow
ratio (GLR) decreases from 2.67 to 0.667. It can be easily shown that GLR ∼ r−1/2 when M
and η are fixed. In previous studies (Murugan and Kolhe, 2021; Qavi et al., 2021), GLR is often

FIG. 9: (a) Gas–liquid interfaces at different times for the case r = 80, M = 1280, We = 320 to
demonstrate the maximum length of gas bubbles penetrating into the liquid nozzle Lb. (b) Lb as a function
of M and We for r = 80.
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FIG. 10: Representative snapshots of the VOF function C, liquid velocity magnitude c|u|, and vorticity ω

for different r and GLR, while M = 1280 and We = 320 are fixed. The color scales for the liquid velocity
and the vorticity are the same as Fig. 2.

used to characterize the flow-blurring regime and the gas bubble penetration depth. However,
the results seem to indicate that the effect of GLR is actually secondary. In previous studies, the
flow regime and Lb mainly varied due to the increase in M with GLR, while r and η were fixed.
In the present simulation results shown in Fig. 10, GLR is varied by changing r while keeping
M fixed. Then it is clearly seen that Lb varies little with GLR. As long as M is sufficiently high,
even a small GLR can induce a flow-blurring breakup mode.

5. EFFECT OF CONTACT ANGLE ON NOZZLE WALL

As can be seen in Fig. 2, for cases with low M , the contact line where the gas, liquid, and
solid phases meet is pinned at the two corners between the liquid and top/bottom gas nozzles. In
contrast, when M is large, the gas can flow back into the nozzle, and the contact line will move
along the liquid nozzle surfaces. Similar contact line motion on the liquid nozzle wall has also
been observed in airblast atomization experiments with large M (Heindel, 2018). In the present
simulation, there are no explicit models for moving contact lines (Afkhami et al., 2018; Qian
et al., 2006); the movement of the contact line is simply due to the intrinsic numerical slip in the
VOF and finite-volume methods. Although a no-slip velocity boundary condition is applied on
the solid surface, the velocity at the finite-volume cell center is not zero. If a constant contact
angle θ is invoked on the solid surface boundary, then the reconstructed VOF interface will move
along the surface as the value of C in the cell adjacent to the solid surface varies over time.
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The mesh size required to accurately resolve the dynamics is significantly smaller than the
physical scale of interest in the present problem. Therefore, even for 2-D simulations, it is com-
putationally costly to investigate the detailed contact line dynamics near the solid wall, and it is
beyond the scope of the present study. However, a parametric study exploring different θ values
has been conducted to examine the leading-order effect of surface wettability on flow-blurring
atomization.

The time snapshots of vorticity and interfaces for θ = 30◦, 70◦, and 90◦ are shown in Fig. 11.
The parameters r = 80, M = 1280, and We = 320 are identical for all three cases. Despite the
wide variation in θ, all three cases are in the flow-blurring regime due to the high values of M
and We, resulting in the formation of the bubbly two-phase mixing zone inside the liquid nozzle.
However, the morphology of the bubbly two-phase flows differs significantly, except for the very
early stage of development at tUg/H = 50 [see Fig. 11(d)]. Notably, for the case of θ = 90◦, a
large bubble does not form near the central axis of the liquid nozzle, unlike the other two cases.
The two-phase flow patterns for θ = 70◦ and 30◦ are more similar, although the size of the
primary gas bubble increases as θ decreases. Additionally, the major bubble is more elongated
in the x direction for θ = 30◦, compared to θ = 70◦.

The different morphologies of the bubbly two-phase zone are a result of modulated interfacial
instability, which, in turn, is influenced by the dynamics or mobility of the contact line. When
the contact angle θ is small, the liquid tends to wet the surface of the liquid nozzle, causing the
contact line to remain near the corner between the liquid and gas nozzles. It can be observed that
the contact line for θ = 30◦ degrees moves within a much smaller spatial range compared to
the other two cases. In the case of θ = 90◦ degrees, the higher mobility of the contact line leads
to the formation of gas cavities near the solid surface. As a result, the size of the primary gas
bubble near the central axis of the nozzle becomes significantly small, and more smaller bubbles
are formed. It should be noted that the two-phase flow pattern observed for θ = 90◦ has not

FIG. 11: (a)–(c) Representative snapshots of vorticity ω for different contact angles θ on the liquid nozzle
walls, and (d)–(g) the interfaces at different times. The cases shown here are for r = 80, M = 1280, and
We = 320. The color scale for the vorticity is the same as Fig. 2.
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been reported in experiments, possibly because most nozzle materials are generally hydrophilic.
Nonetheless, the present results suggest that the wettability of the nozzle surfaces does have an
influence on the two-phase flow pattern and the liquid breakup dynamics. Therefore, a more
comprehensive investigation into the effects of nozzle surface features, such as the contact angle
and contact line hysteresis, on flow-blurring atomization is recommended in future studies.

6. CONCLUSIONS

In the present study, 2-D interface-resolved simulations have been performed to investigate
two-phase flows inside a planar flow-blurring atomizer and near the atomizer exit. Parametric
simulations have been conducted to examine the effects of the dynamic pressure ratio M , the
Weber number We, and the liquid-to-gas density ratio on the two-phase flow pattern and liq-
uid breakup mode. Four different regimes, including the flapping-jet, airblast-jet, bubbly-jet,
and flow-blurring regimes, have been identified. When We is low, the breakup mode is in the
flapping-jet regime. For moderate and high We, the flow can transition from the airblast-jet
regime to the bubbly-jet regime and, finally, to the flow-blurring regime as M increases. The
present simulations successfully reproduce the flow-blurring atomization mode for sufficiently
high M and We, characterized by the formation of a bubbly two-phase mixing zone inside the
liquid nozzle. The high spatial and temporal resolution results reveal the detailed interaction be-
tween the bubbly two-phase mixture and the impinging gas jets, leading to the breakup of thin
liquid sheets around the bubbles into fine droplets. The gas bubbles penetrate back into the liquid
nozzle only in the bubbly-jet and flow-blurring regimes, yet the gas bubble penetration depth Lb

needs to be sufficiently long to achieve a flow-blurring mode. The effect of We on Lb is less
pronounced; in contrast for high We, Lb scales with log(M). The bubbly-jet regime acts as a
transition regime between the more stable airblast-jet and flow-blurring regimes, and thus it is
more sensitive to variations in We. With a decrease or increase in We, the two-phase flow for a
moderate M may transition to the airblast-jet or flow-blurring regimes. The effects of the density
ratio r and the gas-to-liquid mass ratio (GLR) have also been investigated. Although GLR was
widely used in previous studies to characterize the flow-blurring regime, the present results show
that its effect is actually secondary compared to M and We. The leading-order effect of liquid
nozzle surface wettability is investigated by varying the contact angle on the nozzle walls. While
the flow-blurring mode is observed for cases with different contact angles, the bubbly two-phase
mixing zone shows different morphologies, in particular for the high contact angle θ = 90◦.
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APPENDIX A. GRID REFINEMENT STUDIES

To examine the effect of mesh resolution on the simulation results, a grid refinement study is
conducted using the case with r = 80, M = 1280, and We = 320. The simulation is initially
run with a mesh size of H/∆ = 128 until approximately tUg/H = 110, as shown in Fig. A1(d).
Then, the same snapshot is used to restart the simulations with three different mesh resolutions:
H/∆ = 64, 128, and 256. The results of the gas–liquid interface and vorticity for the different
meshes at a significantly later time, tUg/H = 182, are presented in Figs. A1(a)–A1(c). The in-
terfaces at different times are shown in Figs. A1(d)–A1(g). It can be observed that the interfaces
for all three meshes are quite similar. Considering the chaotic nature of the two-phase flows,
the agreement between the two finer meshes is very good. The most refined simulations capture
small droplets that are missed by the other two meshes. Therefore, although the current mesh
size of H/∆ = 128 is sufficient to represent the breakup mode and two-phase flow regimes, a
finer mesh may be required for future 3-D simulations to accurately capture the droplet statistics.

FIG. A1: (a)–(c) Representative snapshots of vorticity ω for different mesh resolutions and (d)–(g) the
interfaces at different times. The case shown here is for r = 80, M = 1280, and We = 320. The color
scale for the vorticity is the same as Fig. 2.
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