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Abstract: In order to understand the breakup characteristics of a transverse liquid jet flow in an actual
combustion chamber, a numerical study was conducted using the Volume of Fluid (VOF) method
combined with grid adaptation technology. The study focused on the primary breakup characteristics
of liquid jets under the conditions of a steady and oscillating air crossflow. The simulated mediums
were set to water and air. The research findings revealed that fluctuations in the incoming gas velocity
can influence the development speed of surface waves and the mode of jet breakup during the initial
stage of jet development as compared to the steady condition. In both conditions, the surface waves
were initially observed to appear within 1/4 T-2/4 T. The surface wave of the jet develops faster
under steady conditions because the average velocity of the steady flow is higher than that of the
oscillation flow during this stage. As a result, the fragmentation of the jet is primarily influenced by
the surface wave. Under an oscillating flow, the rear of the jet begins to break up earlier due to the
slower development of surface waves. The velocity of the oscillating air inflow increases over time,
and the speed of surface wave development also increases, gradually leading to the dominance of
surface-wave-induced jet breakup. In the second stage of air inflow oscillation, an “up and down
slapping” phenomenon occurs at the tail of the jet. Additionally, increasing the air inflow velocity
leads to a longer jet breakup length and a higher number of droplets near the jet column. Surface
waves are observed on both the windward and leeward sides of the jet. The penetration depth of the
jet fluctuates with changes in the crossflow velocity, and the response of the jet penetration depth to
the velocity fluctuations in the transverse air is delayed by half a period.

Keywords: liquid jet; oscillating air crossflow; primary breakup; numerical simulation

1. Introduction

Atomization, evaporation, and mixing processes play crucial roles in controlling the
combustion efficiency and stability of fuel engines. Liquid jets in a crossflow configuration
are particularly important as they are commonly used in various equipment such as burners,
afterburners, and ramjets. The primary breakup of the jet directly affects the jet atomization.
Therefore, in order to optimize fuel atomization, it is important to understand the jet
breakup process [1-4].

A large number of numerical and experimental studies have been published on the
process of jet breakup under a steady air crossflow. Lubarsky et al. [5] utilized the high-
speed photography method to study the primary breakup of a liquid jet in a low-speed
transverse airflow. They analyzed the characteristics of the jet surface wave fluctuations
and obtained a relationship between the location of the jet primary breakup and the velocity
of the liquid droplets after the breakup. Xiao et al. [6] conducted numerical investigations
on the primary breakup processes of a liquid jet in both subsonic and supersonic crossflows,
predicting different breakup morphologies at different Mach numbers. Zhao [7] discovered
that the spray process could be divided into three stages: surface waves dominated the

Aerospace 2023, 10, 991. https:/ /doi.org/10.3390/aerospace10120991

https://www.mdpi.com/journal/aerospace


https://doi.org/10.3390/aerospace10120991
https://doi.org/10.3390/aerospace10120991
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com
https://orcid.org/0000-0001-7412-7539
https://doi.org/10.3390/aerospace10120991
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com/article/10.3390/aerospace10120991?type=check_update&version=1

Aerospace 2023, 10, 991

20f16

breakup of the liquid column, expansion waves promoted the acceleration of the jet spray,
and compressed and reflected waves disrupted the gas—droplet mixing. Sinha [8] researched
the surface waves on a liquid jet in a crossflow through the effect of injector geometry.

The studies mentioned above were conducted on steady-state continuous jets. Addi-
tionally, Lee et al. [9] conducted experiments to investigate the breakup and spray formation
of swirl liquid jets. They demonstrated that the crossflow promoted the jet breakup and
resulted in a finer spray across a wide range of injection velocities. Im et al. [10] performed
simulations on the liquid properties of aerated-liquid jets in a crossflow and demonstrated
the effects of the aeration degree, breakup, and mixing of the liquid spray. Lee et al. [11]
concluded that a pulsed jet could enhance the spray mixing process. Nygard et al. [12].
simulated the physics of the breakup process of intermittent jets and found that a longer
pulsation duration increased the global vorticity transfer rate.

Cyclic fluctuations in the transverse gas flow velocity and fuel injection velocity can
occur in an engine combustion chamber because of unstable combustion. These fluctuations
may have an impact on the mixing of fuel and air as well as the combustion efficiency in the
combustion chamber [13]. Recently, the atomization process and spray characteristics of a jet
in a velocity oscillation crossflow have been conducted in the last few years. Bunce et al. [14]
and Song et al. [15] observed that the average penetration depth of the jet did not change
obviously in the presence of crossflow oscillations. However, Anderson et al. [16] observed
significant variations in the jet penetration depth during crossflow oscillation experiments
at 200 Hz, contradicting the conclusions drawn by the aforementioned researchers. Sharma
and Lee [13] found that when a crossflow oscillation was present, both the width and
height of the jet exhibited fluctuations, and the degree of the jet response was mainly
influenced by the frequency of the crossflow oscillations. In addition, Song and Lee [15]
investigated the behavior of a spray under a transverse inflow velocity oscillation at a
frequency of 800 Hz. They observed that there was a periodic variation in the droplet size
distribution. Wen et al. [17] observed that the variation frequency of the breakup behavior,
liquid jet trajectory, droplet size, and fuel vapor distribution were consistent with that of
an oscillating crossflow, and the first three characteristics responded quickly to the inflow
velocity, while the fuel vapor distribution was delayed by half a period. Moreover, the
atomization and evaporation performance were better than under the steady-state working
condition. Lee et al. [18] also reported that an oscillating crossflow promoted fuel-air
mixing. Bodoc [19] found the periodic movement and breakup of a liquid column and the
cyclic impact of a liquid jet on the upper wall of a channel and thus measured the time
delays associated with each behavior. Desclaux et al. [20] experimentally and numerically
studied atomization in an oscillating gaseous crossflow. Their findings indicated that
spray dynamics were influenced by both the oscillations of the liquid column and the
crossflow, and the periodic flapping motion of the liquid column was induced by the
acoustic fluctuating velocity. The above researchers have verified that it is necessary to
study the effect of an oscillating crossflow on jet sprays.

However, there is limited research on the breakup process of jets under oscillating
transverse flow conditions, and the mechanism of jet breakup under transverse inflow
velocity oscillation conditions is not well understood. Therefore, this research conducted
a simulation investigation on the primary breakup of jets under a 500 Hz oscillating
transverse flow and steady state conditions, aiming to obtain the similarities and differences
in jet breakup processes and atomization characteristics between the two conditions and to
gain a deeper understanding of how perturbations affect the primary breakup of jets. The
obtained results will provide essential data for the development of combustion chamber.

2. Mathematical Physical Model
2.1. Numerical Methods
The numerical simulations were based on the Fluent2022R1 platform, computed on the

Beijing Supercomputer, and the simulation data were post-processed by Tecplot software.
The UDF program was compiled by C programs and then loaded into Fluent. The numerical
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solution of a jet breakup in a transverse flow was obtained using a pressure-based approach.
The VOF model is employed as the multiphase flow model.

Near-surface interpolation was performed using the Geometric Reconstruction Scheme,
which accurately depicts the interface between the fluids on generalized unstructured
meshes in Fluent. In the VOF simulation, the interface compression algorithm played
a crucial role in identifying the interface compression phenomenon. Commonly used
interface compression algorithms in academic research include the CSF (Continuum Sur-
face Force) [21], the CICSAM (Coupled Interface Compression and Sharpness Algorithm
Method) [22], and others. The CSF model is utilized in this study. The CSF method converts
the interfacial surface force into a corresponding volume force, which is then incorporated
into the Navier-Stokes equations. The SST k—-w SBES model was employed to simulate the
turbulence in this study. The SST k—w model considers the transport of turbulent shear, as
defined in the turbulent viscosity, applied to wall-bound and free-shear flows. The SBES
model is capable of dynamically switching methods within the computational domain
based on the computational requirements, thereby providing a more accurate calculation
of the flow field that closely resembles real conditions. The discrete phase of the time
term in the calculations was used with first-order accuracy, and the diffuse phase of the
momentum equation is in a second-order windward format [23]. The unsteady time step
was 1 x 1077 s, and 30 steps were iterated in each time step, and the unsteady time t = 4 ms
was calculated.

2.2. Multiphase Flow Model

The VOF method was first proposed by Hirt and Nichols [24]. The VOF method was
used to track two or more immiscible fluids in a level trapping problem and a volumetric
rate function. Both gas and liquid in this study were considered as incompressible fluids,
and their mass conservation equation is

oo J
ngafxi(Pvz)—O @

The momentum conservation equation is
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where p and 7 denote the density and viscosity of the gas-liquid phase in the grid cell. #;
denotes the velocity vector, and F is the source term, which includes both the volume force
and the surface tension. Here, the volume force is ignored, so F of only the surface tension
at the gas-liquid interface is expressed as
~ oxVa
F=0——-—7— (©)]
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where o denotes the surface tension coefficient between the gas and liquid; & denotes
the volume fraction of the gas-liquid phase in the grid cell; p, and p; denote the gas-
phase density and liquid-phase density, ¥ denotes the curvature of the gas-liquid interface,
defined as the rate of change of the normal-phase vector, which is linked to the surface
tension and thus coupled to the equation with the expression:

x=Vn 4)
where 7 denotes the direction vector at the interface:
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a(x) was used to describe the volumetric rate occupied by a particular fluid in a
cell grid. In this paper, « means the expression form of the volume rate function. When
the cell grid is completely filled with a certain fluid, &« = 1; when the cell grid does not
have fluid, « = 0; when the cell grid has both a fluid and another fluid, 0 < « < 1. The
material properties in the governing equations are determined by the volume fraction of
each component in the control volume. The transport equation for the volume fraction was
described as follows.

2 @) + @pm) = 0 ©
t

where p and 7 denote the density and viscosity of the gas-liquid phase in the grid cell.
In the gas-liquid mixing zone, the fluid density and viscosity can be expressed as

p=(1—a)og +ap @)

= (1—-a)ug +ap 8

where 1o and y; denote the gas-phase viscosity and liquid-phase viscosity, respectively.

2.3. Computational Mesh

The VOF method can capture the motion and deformation of the gas-liquid interface,
allowing for a meticulous investigation of the atomization process of jets by analyzing the
distribution of the two-phase flow field. However, there is a large number of small droplets
in the flow field, requiring the grid to be sufficiently fine and computationally intensive.
Grid adaptation technology can automatically adjust the grid based on solution variations
and requirements, thereby improving both computational accuracy and efficiency. In this
study, in order to reduce computational costs and enhance computational accuracy, the
VOF method was combined with grid adaptation technology to simulate the spray process
of jets. The accuracy of the numerical results was validated with experimental results [25].
The structured grid was generated by ICEM, with refinement near the jet region. The
initial grid consisted of 990,000 cells, and during the later stages of adaptive refinement, it
increased to 11,600,000 cells. The maximum refinement level is three, and it is dynamically
adaptive, and the minimum grid size is 0.011 mm (about 0.018 D), which enabled the details
of the jet breakup to be captured [26]. The adapted grid is shown in Figure 1.

(b)

Figure 1. Mesh after adaptive encryption. (a) Mesh after encryption of the symmetric plane at the
center of the jet. (b) Three-level encrypted grid.

2.4. Physical Model and Boundary Conditions

This study investigates the fuel atomization process inside the primary blade passage
of a certain swirl injector [27]. This process is simplified as the direct injection atomization
process of a single-point fuel in a three-dimensional rectangular cuboid under a transverse
airflow. Figures 2 and 3 show a schematic diagram and dimension diagram of the compu-
tational domain, respectively. The left side represents the air inlet, the right side represents



Aerospace 2023, 10, 991

50f16

the outlet, and the circular hole on the bottom surface represents the jet inlet, while the rest
are the wall surfaces. The computational ranges in the X, y, and z directions are [-12 d,
48 d], [0, 30 d], and [—4 d, 4 d], respectively. Here, d represents the nozzle diameter, which
is 0.6 mm. In numerical calculations, boundary conditions need to be specified for the air
inlet, jet inlet, outlet, and wall surfaces. The boundary condition type for both the air and
jet inlets is a velocity inlet, and the outlet is a pressure outlet, assuming that the physical
quantities at the outlet remain constant. The wall surface type is set as a no-slip wall. In
this study, the operating parameters of the gas and jet under steady-state conditions are
shown in Table 1. In order to investigate the impact of transverse velocity fluctuations on
jet fragmentation, an oscillation is added at the gas inlet, and Figure 4 shows the velocity
profile at the gas inlet. Its mathematical expression is expressed as

vg = 80 + 24 x cos(10007rt) 9)

>7

Pressure outlet

Gas inlet

G Jet inlet

Figure 2. Schematic diagram of the computational domain.

N 60d |

30d

12d

4d

b e

Figure 3. Dimensioned diagram of the computational domain.

Table 1. Steady-state air working condition parameters.

Gas Inlet Jet Inlet
Medium Air Water
Density, p (kg/m?) 1.225 998.2
Kinematic viscosity, p (Pa-s) 1.7894 x 10—° 0.001003

Liquid—gas momentum flux ratio (g) 4.58
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Figure 4. Gas flow velocity contour lines under oscillating incoming flow conditions.

According to previous research on combustion instability [28], the selected frequency
of oscillations is 500 Hz, with an amplitude of 30% of the average velocity of the steady
air crossflow at the inlet. The dimensionless parameters involved in this study are the
liquid-gas momentum flux ratio (), the gas Weber number (Weg), and the liquid Reynolds
number (Re;), which are defined as follows.

2
7= 100 (10)

2
PgUs

2
_ Pgvele
o

We, (11)
_ p1v,d
Hi

where v; is the velocity of the liquid, v is the velocity of the gas, I; is the equivalent
diameter at the gas inlet, and d is the jet inlet diameter.

Re (12)

2.5. Verification of Calculation Results

To validate the accuracy of the jet simulation, the simulated penetration depth of the
jet can be compared with the calculated value from the empirical formulas. Most studies
often choose the empirical formulas derived by Stenzler et al. [29], which have wider
applicability conditions. The specific form of the formula is as follows:

E )0.39 W670A088 U —0.027

h = 2.63q0~442( : o
2

: (13)

Figure 5 presents a comparison between the simulated penetration depth of the jet
under steady crossflow conditions and the aforementioned empirical formula. It can be
observed that the jet penetration depth agrees well with the results calculated from the
empirical formula, but the second half of the jet is slightly lower than what the formula
predicts. This is because factors such as the momentum flux ratio and jet diameter have an
influence on the penetration depth of the jet. Additionally, small droplets at the periphery
of the jet may not have been captured because of the limited computational conditions.
Nevertheless, the simulation results still provide an accurate representation of the spatial
distribution and mixing characteristics of the jet to a certain extent.
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Prediction using Eq. (13)

0.015
0.010
y/m
0.005 -
0.000 - + e — -
0.000 0.005 0.010 0.015 0.020
x/m

Figure 5. Penetration depth of the jet under steady-air-velocity crossflow conditions vs. empirical
equations.

In addition, Wu et al. [3] concluded that the liquid jet always breaks up about eight
times the nozzle diameter downstream of the nozzle outlet, independent of the injection
conditions, and obtained the empirical equation x; = 8.06d, with x; as shown in Figure 6.
Figure 7 shows the initial breakup of the jet under steady-air-velocity crossflow conditions,
and the simulation result of x;* is 7.25d. There is an error of 10.05% between the empirical
and simulated values.

Liquid column  Breakup point Liquid masses

| 3

Crossflow

i L

I Jet inlet

Figure 6. Schematic diagram of the jet liquid column breakup.

0 5 10 15 20

Figure 7. The initial breakup of the jet under steady-air-velocity crossflow conditions.
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3. Conclusions and Discussion
3.1. Jet Morphology

Figures 8 and 9 illustrate the pressure contour and velocity vector of the jet at the root
and tail under the conditions of a steady/oscillation inflow velocity at t = 0.5 ms, respec-
tively. Regardless of whether the air inflow is steady or oscillating, the root morphology of
the jet remains the same. This is because the presence of the boundary layer results in a
lower gas velocity at the root of the jet, and the aerodynamic force is not sufficient to cause
jet deformation. As the jet penetration depth increases, the contact area between the airflow
and the jet increases, and the interaction between the gas and liquid phases also increases,
leading to the deflection and deformation of the jet. The transverse inflow stagnates in front
of the jet due to its obstruction, creating a small high-pressure zone, and then experiences
flow separation. While the remainder of the airflow runs over the surface of the jet, part
of the gas flow produces a recirculation close to the wall. Under the pressure difference
before and after the jet, the transverse airflow passes through the continuous jet, causing
the jet to break up.

Velocity
magnitude[m/s]

Figure 8. Coupled pressure and velocity vectors at the root and tail of the jet under steady-air-velocity
crossflow conditions.

Velocity
magnitude[m/s]
129

Pressure[Pa]

3000
2100
1200
300
=600
= 1500
- 2400
—3300
—4200
—5100
= 6000

108

Figure 9. Coupled pressure and velocity vectors at the root and tail of the jet under oscillating
conditions.

Because of the tangential velocity gradient between the air and the jet, Kelvin-Helmholtz
(K-H) instability waves are produced and emerge after the high-velocity air flow with
centerline symmetry in the jet deviates along the surface of the jet [26]. Eventually, the
jet forms a filament and further breaks up into droplets, as shown in Figure 10. Figure 11
presents the deformation of the liquid column at y = 0.5 mm and 1 mm, as well as the veloc-
ity cloud map on the x—z plane perpendicular to the jet direction under steady/oscillating
inflow conditions at t = 0.5 ms. From Figure 11, it can be observed that compared with the
steady-air inflow conditions, the deformation of the liquid column is more conspicuous
under oscillating inflow conditions, and a larger number of droplets are detached from the
liquid column surface. This is because the fluctuation of the airflow under oscillating inflow
conditions causes aerodynamic fluctuations that make the airflow on the leeward side of the
jet more turbulent, resulting in more droplets being detached from the jet column surface.
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K-H instability waves

Figure 10. Jet stretching phenomenon.

Jet profile Droplets

Velocity
magnitude[m/s]
113

(a) y=0.5mm (b) y=1mm

Velocity
magnitudelm/s]

127

(c) y=0.5mm (d) y=1mm

Figure 11. (a,b) liquid-phase and velocity maps superimposed on the steady air inflow conditions;
(c,d) liquid-phase and velocity maps superimposed on the oscillating air inflow conditions.

Figures 12 and 13 show the development of the jet flow under steady/oscillating air
inflow conditions within t = 0.5~1.5 ms, respectively. In the case of a steady air inflow,
surface waves emerge on the jet surface due to the interaction between the gas and liquid, as
well as the turbulence generated by the jet itself. These surface waves then propagate along
the jet, characterized by an increase in their wavelength and amplitude. Eventually, the jet
breaks up at the trough of the surface wave, forming large liquid fragments. Under the
influence of aerodynamic forces, these liquid fragments continue to break up into smaller
droplets, accompanied by the development of the next surface wave.
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t=0.65 ms t=0.75 ms t=0.85 ms

t=0.95 ms t=1.05 ms t=1.15ms

Figure 12. Breakup process of the jet under steady-state incoming flow conditions. (The surface wave
regions are highlighted in red circles).

t=0.5ms t=0.6 ms t=10.7 ms

t=0.9 ms t=1ms t=1.1ms

Figure 13. Breakup process of the jet under oscillating incoming flow conditions. (The breakup
regions are highlighted in red circles).

At the same time, under oscillating inflow conditions, the jet fragmentation morphol-
ogy differs from that of steady state. During the initial period, surface waves occur on
the jet surface, but they develop slowly without a significant increase in wavelength or
amplitude. The breakup point of the liquid film remains at the tail of the jet, where it is
stretched and thinned by aerodynamic forces, forming ligament filaments that eventually
break up. As the jet develops over time, the surface waves increase until the jet disintegrates.
However, since the tail of the continuous jet has already broken up, there are no large liquid
fragments present, only small liquid clusters that further break up into droplets.

Figure 14 depicts a vector graph of the jet surface velocity under steady conditions at
t = 0.75 ms. The presence of surface wave structures on the jet’s surface can be attributed
to the pressure difference before and after the jet, resulting in the occurrence of Rayleigh—
Taylor instability and the formation of Rayleigh-Taylor unstable waves [24]. The incoming
gas stagnates and separates at the surface wave, giving rise to vortices at the trough of the
wave. This enhances the interaction between the gas and the liquid. While a portion of the
gas continues to propagate along the jet surface, the vortices at the trough of the wave exert
a dominant influence on the jet, leading to its breakup at the trough of the surface wave.
Subsequently, under aerodynamic forces, the jet further disintegrates into smaller droplets.
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Figure 14. Vector plot of jet surface velocity and its regional enlargement under velocity steady air
crossflow conditions.

Figure 15 shows a vector graph of the jet surface velocity under oscillating inflow
conditions at the same moment. The growth rate of the surface waves is influenced by
aerodynamic forces. At this time, the air velocity of the oscillating inflow is slower than
that of the steady inflow, and the velocity of the incoming flow decreases during this time
period. Therefore, the surface wave growth of the jet is slow, and the depression on the
jet surface is minimal. The transverse airflow cannot form vortices at the surface wave.
The majority of the air inflow develops along the jet surface, exerting force on the rear
of the jet and causing it to break up. During 1 ms~1.5 ms, the velocity of the transverse
inflow continues to increase, leading to an escalation in the growth rate of the surface wave.
Eventually, the surface wave becomes unable to withstand the aerodynamic force, resulting
in the breakup of the jet at the trough of the surface wave. At this point, the development
of the surface wave and the fragmentation of the tail occur simultaneously.

Velacity
‘magnitude[m/s]

Figure 15. Vector plot of jet surface velocity under velocity oscillating air crossflow conditions and its
regional magnification.

Figures 16 and 17 illustrate the morphology of liquid atomization under steady/
oscillating air crossflow conditions from 1.5 ms to 2 ms, respectively. Under steady-state air
crossflow conditions, the jet experiences continuous breakup following its initial pattern.
This process involves successive increases and breakups of surface waves on the jet surface,
leading to the presence of liquid fragments in the spray field. However, under oscillating
air crossflow conditions, the air velocity gradually increases, and the effect of gas on the
jet surface is enhanced during this period. The growth rate of the surface waves increases,
gradually becoming the dominant factor in affecting the jet.
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t=2ms

Figure 16. Jet morphology under steady-state crossflow conditions.

*‘.é‘

T

t=1.7 ms t=1.8 ms t=19ms

Figure 17. Jet morphology under oscillating crossflow conditions. (The surface wave regions are
highlighted in red circles).

Throughout the entire spray process, the jet breakup model varies with the fluctuation
of air velocity under oscillating air crossflow conditions. Zandian et al. [30] identified
three mechanisms and defined their dominant domains on the We;—Re; diagram. The first
mechanism involves liquid thinning and perforation, forming holes and liquid bridges.
As the perforation expands, the liquid bridges break, and the liquid threads stretch and
rupture into droplets due to capillary action. The second mechanism involves the formation
of multiple ripples and the extension of liquid threads at the tail of the jet, which directly
break into ligaments and droplets. The third mechanism is similar to the second one, but it
does not involve the formation of ripples during the breakup process.

This study focuses on the first and second mechanisms mentioned above. Under
steady-state air crossflow conditions, the jet breakup process corresponds to the first mech-
anism, while under oscillating crossflow conditions, the jet breakup at the tail corresponds
to the second mechanism. Under the same Re; conditions, the first mechanism corresponds
to a larger We, value, while the second mechanism is associated with a smaller We, value.
Within 0.5 ms~1 ms, the oscillating crossflow velocity decreases continuously. Compared
to in steady-state conditions, the jet transitions to the second breakup mode at relatively
lower We, values. From 1 ms to 1.5 ms, the crossflow velocity increases, resulting in the
coexistence of both mechanisms due to the relatively small average velocity during this
time period. From 1.5 ms to 2 ms, the average velocity of the crossflow gas reaches its peak,
and the jet transitions to the first breakup mode at relatively higher We, values, which is
consistent with the findings of Zandian et al. [30].

3.2. The Development of Oscillating Air Crossflow

Figure 18 shows the development process of a jet under oscillating air crossflow
conditions during the second cycle. During the 0-1/4 T period, the jet continues to
progress from the previous cycle. The jet breaks at the trough of the surface wave, forming
larger liquid masses. Then, these liquid masses break up into smaller droplets due to the
aerodynamic forces.
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(b)

(c)

(d)

Figure 18. The development process of a jet under oscillating crossflow. (a) (0-1/4) T. (b) (1/4-2/4) T.
(c) (2/4-3/4)T.(d) (3/4-4/4) T.

During the period from 1/4 to 2/4 T, the crossflow velocity gradually decreases and
reaches its minimum. Consequently, the aerodynamic forces exerted by the crossflow on
the jet are also minimal during this stage. As a result, the detachment of liquid masses
from the continuous jet occurs at a slower rate. It is worth noting that there is no significant
separation of large liquid fragments from the jet column during this stage. Instead, the
primary phenomenon observed is the development of surface waves on the jet.

During the 2/4-3/4 T period, the crossflow velocity begins to increase. The jet begins
to disintegrate and then forms liquid fragments, which tend to move towards the wall. At
the same time, the velocity at which the liquid fragments break into droplets decreases
significantly. Surface waves only appear upwind of the jet during this stage. This is because
the average air crossflow velocity is still relatively low, leading to insufficient aerodynamic
forces. Additionally, the crossflow, impeded by the jet, applies a reduced force on the liquid
fragments, resulting in the movement of the liquid masses towards the wall due to gravity.
Furthermore, the breakup length gradually increases during this stage. The breakup length
is that when the core jet maintains a continuous liquid column, the jet distance from the
outlet of the nozzle to the rupture of the continuous liquid column [31]. Sallam et al. [32]
have summarized an empirical formula for the jet breakup length, which shows that the
breakup length is proportional to the gas Weber number under a constant jet velocity. The
results obtained in this study are consistent with the conclusion drawn by Sallam et al. [32].

During the 3/4—4/4 T period, compared to the previous stage, the tail of the liquid
jet is elevated, and there is a notable rise in the number of droplets on the leeward side
of the continuous jet. Droplets are observed upwind of the jet during this time period.
Additionally, the number of droplets near the jet column is the highest during this stage.
Simultaneously, the deviation of the jet column increases, and both the windward and
leeward sides of the jet exhibit surface waves. This phenomenon facilitates increased
air entrainment, thereby aiding in the disintegration of the jet. This can be attributed
to the maximum average crossflow velocity, which leads to the exertion of the strongest
aerodynamic forces on the jet at this particular time.
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3.3. Penetration Depth

Figure 19 shows the variation trend of the penetration depth of the jet during the
second cycle under oscillation crossflow conditions. The average penetration depth of the
jet during each 1/4 cycle at the same time interval is considered the average penetration
depth of the flow during that period. The average liquid-to-gas momentum flux ratio, g,
is calculated by averaging the air velocity over the same time interval. From 0 T-1/4 T to
2/4-3/4 T, the average jet penetration depth decreases, and g increases. From 2/4 T-3/4 T
to 3/4T-4/4 T, the average penetration depth increases, while g decreases. Previous re-
search has shown that the jet penetration depth increases with g [13,14], and it can be
concluded that the response of the jet penetration depth to crossflow oscillations lags by
half a cycle, as observed in Figure 19. This behavior is most probably due to the inertia of
the liquid jet. Based on this trend, the average penetration depth of the jet should increase
in the next 1/4 T, aligning with the maximum average jet penetration depth during the
0-1/4 T time period within this cycle, forming an upward and downward flapping model.
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Figure 19. Trends in jet penetration depth.

4. Conclusions

In this study, numerical investigations were conducted on the primary breakup of
liquid transverse jets under steady/oscillating inflow conditions using the Volume of Fluid
(VOF) method combined with the grid adaptation technique. The breakup processes of the
jets under these two conditions were described, and the behavior and penetration depth of
the jets under oscillating air crossflow conditions during the second cycle were observed.
The conclusions are as follows.

In this study, surface waves occur on the surface of the jet under two conditions during
the development stage of the jet. The difference in transverse flow velocities results in
varying speeds of surface wave development. In a steady transverse flow, the jet breaks up
as the surface waves develop continuously, eventually breaking at the trough of the surface
waves. While the jet first breaks up at the tail of the jet under oscillating transverse flow
conditions, the jet breaks simultaneously at the trough of the surface waves and at the tail
of the jet as time progresses. Finally, the jet breakup is dominated by surface waves.

During the second cycle of air oscillations, the transverse flow velocity initially de-
creases, followed by an increase. The jet fragmentation pattern produces reasonable
changes as the transverse velocity oscillates. As the transverse flow velocity decreases, the
detachment speed of the liquid fragments from the continuous liquid column decreases,
accompanied by a tendency for the liquid fragments to move towards the wall. When the
transverse flow velocity increases, the liquid fragments detach from the liquid column and
move closer to the wall. Then, the tail of the liquid jet is elevated, forming an up-and-down
flapping mode. At the same time, the breakup length of the jet increases, and the number
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of droplets near the jet column increases. Surface waves form on both the windward and
leeward sides of the jet, promoting jet fragmentation.

Under oscillating crossflow conditions, the jet penetration depth fluctuates in response
to the crossflow air velocity oscillating, and there is a half-cycle delay in the response of the
jet penetration depth to the transverse velocity fluctuations.
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