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Abstract: The dynamics of a quiescent finite-size air filament in a static liquid is investigated through axisymmetric
numerical simulations. Due to surface tension, the two ends of the air filament retract and form bulges. We
categorize the observed breakup behavior into four distinct regimes on a phase diagram, labeled I, II, I1I, and IV,
each with its appropriate scaling. For Ohnesorge number, Oh < Ohy;,, = 0.1, the mass of the detached bubble is
approximately more than 2.1 times the size of the initial radius of the filament. Using this assumption, a first-order
approximate mathematical model is reported for Oh < Ohy;,, that shows if the aspect ratio (I') of the filament
is greater than 11, the filament will always breakup. In the neck-reopening regime, the jump distance from the
neck to the center of the filament exhibits an increasing trend with an increase in I and decreases when Ok is
increased. For the same regime, a recirculating flow generated around the stagnation point at the center of the

filament induces the reopening of the neck, ultimately resulting in a breakup at the center of the filament.

Keywords: stagnation point; quiescent air filament

1. Introduction

The formation of a fluid filament often accompanies the breakup of fluid masses into disconnected
pieces. In both industry and nature, the vital importance of the formation, dynamic behavior, and
disintegration /retraction of fluid filaments extends to a wide range of liquid—gas interface-related
processes. An important applications of this phenomenon include ensuring proper drop formation in
ink-jet printing [1-3] and controlling the dissolved oxygen (DO) concentration in municipal wastewater
treatment plants [4-7]. Bubble dynamics play a key role in the exchange of gases between the ocean and
atmosphere [8-16]. Controlled aeration emerges as a significant method for safeguarding substantial
spillways against cavitation damage [17]. However, in certain industrial processes, aeration is of
vital importance, such as when it is employed to enhance maximal contact in liquid-gas reactors [18],
while proving detrimental in other cases, like in the casting of glass or polymers [19]. The dynamics
of bubbles play a crucial role in studying a rising bubble ring [20] and in the interaction of bubbles
with turbulence [21]. Also, in electrochemical processes, proper understanding and control of bubble
formation are required [22].

While extensive research has been conducted on the contraction of a liquid film, limited attention
has been given to the contraction of an air film. Taylor [23] and Culick [24] independently conducted
investigations on the contraction of a thin liquid film, proposing a constant Taylor-Culick contraction
velocity, Urc = /20/pje, with p; the liquid density, o the surface tension, and e the thickness of the
sheet. They demonstrated that this formula can be elucidated through a balance between surface
tension force and the inertia of a growing rim that accumulates all the displaced liquid [25]. Analogous
to a liquid film, a similar contraction mechanism is observed for an air film contracting in a liquid,
where the displaced air accumulates into a rim. However, in this case, the surface tension force pulling
on the rim is balanced by the resistance of the surrounding liquid, rather than the inertia of the rim.
Recently, Ma et al. presented both physical and numerical models for a contracting gas filament [26].
They analyzed the dynamics of the gas filament and proposed a phase diagram correlating aspect ratio
(I') and OF to predict the fate of the air filaments over limited parametric space. In a separate study, a
detailed phase diagram illustrating the outcomes of air filament was presented [27]. It was shown that
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the air filament recoils into a single bubble when its aspect ratio is small and ruptures at both ends for
large aspect ratios. In the transition regime, between recoiling and end-pinching, the neck connecting
the bulge to the filament can reopen and escape pinch-off, or the filament can rupture in its middle
region. However, the transitional regime and the dynamic behavior of the filament within the regime
received scant attention.

This paper investigates the fate of an axisymmetric air filament embedded in an external liquid
with varying viscosity within the transitional regime. The phase diagram is segmented into different
breakup regimes, each with its appropriate scaling. Through a comprehensive numerical investigation,
we explore the trends and reasons behind the distinct behavior exhibited by the filament in this regime.

2. Numerical Method and Simulations

2.1. Numerical Method

We examine a finite-size axisymmetric air filament embedded in a static liquid with constant
densities p, and p; and dynamic viscosities i and y;. The system is solved by using the incompressible
Navier-Stokes equations, employing the one-fluid approach as depicted below :

p(dru+u-Vu) = —-Vp+ V.- (2uD) + oxdsn,
V-u=0,

where u is the velocity of the fluid, u = pu(x, t) is the viscosity , p = p(x, ) is the density and D is
the deformation tensor. The surface tension term is acting only at the interface by using the Dirac
distribution function Js and the surface tension coefficient is denoted by ¢. x and n denote the local
curvature and the normal unit vector to the interface, respectively. We use the Basilisk open-source
solver [28], an improved version of the Gerris solver, widely used for various multi-phase flow
problems. [27,29,30]. Basilisk makes use of the Volume-Of-Fluid (VOF) method to track the liquid-gas
interface on an octree-structured grid, enabling adaptive mesh refinement. Physical properties such as
# and p are defined using the volume fraction of the liquid phase f. Linear interpolation is used for
cells containing the interface of the filament.

u(f)=fm+ Q- fug
o(f) = for+ (1 —f)pg

The transport equation of f is given by:
atf + V- (uf) =0.

The calculation of surface tension employs a balanced-force technique, and the curvature of the
interface is precisely determined using the height function. The adaptive mesh refinement is based on
a criterion of wavelet-estimated discretization error [31]. Further details of numerical methods used in
Basilisk are provided in [32].

2.2. Numerical Simulations and Results

We numerically investigate a two-dimensional axisymmetric air filament embedded in a denser
environment. The initial length and diameter of the air filament are 2Ly and D = 2Ry, see Figure 1
(a). The length of filament at any arbitrary time is given by 2L = 2L(t), depicted in Figure 1 (b). A
fixed value of the diameter D = 1 mm is considered. The computational domain has dimensions of
50D x 50D, with the bottom boundary corresponding to the symmetrical axis of the filament. Free-slip
boundary conditions are applied to the other boundaries, and the filament is centered in the middle
of the computational domain (z/D = 25). The dynamics of the air filament are characterized by the
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associated Ohnesorge number Oh = y;/+/p;0 Dy and its initial aspect ratioI' = Lo/ Ry. The liquid/gas
physical parameters used are summarized in Table 1

Table 1. Simulation parameters.

Phase o (kg m~3) u (Pas) c(Nm™T) T
Liquid 1000 103 0.069 -
Gas 1.2 1.7 x 1072 - 6-15
g
S il o —
L7 —— R\
14 16 18 20 22 24 26 28 30 32 34 36
z/D
Y o
2 2L(1)
e 0i Ruo :
0.3 r R(""”‘i

20 21 22 23 24 25 26 27 28 29 30
z/D

Figure 1. a) Axisymmetric air filament showing the intial length 2L, and the initial radius of filament Ry.
b) Sketch showing the minimum and maximum radius along the filament R,,;;, and R4y, respectively
after some time t. The length of the filament is denoted by 2L(t). The filament is centered in the middle
of the computational domain (z/D = 25).

A mesh independence study is first performed using an adaptive mesh up to a maximum number
of 2! x 2! with the level I = 8,9, 10,11, 12, for simulations with Oh = 0.001 and I’ = 10. The simulations
are run up to the first bubble separation and its radius is compared using the result at/ = 12 as a
reference value. As shown in Figure 2, less than 0.1% of error is obtained at I = 11. For the sake of
computational resources, the adaptive mesh refinement with a maximum number of 2!1 x 2! will be
used for the following computations. This corresponds to a minimum mesh size A = D /41. The air
filament contracts due to surface tension effects. As the filament’s tails retract, two bulges form at its
end, gathering the displaced inner gas.
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Figure 2. Mesh independence study for Oh = 0.001 and I' = 10. Five different mesh refinements
are used 2! x 2!, with I = 8,9,10,11,12. The results at I = 12 are considered as reference values. The
relative error is calculated using the radius of the first bubble separation and plotted on a log-log scale.
The dashed line corresponds to a power-law fit that yields ~ 1/x!3.
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The radius of the bulge increases over time and is denoted by R4y, as illustrated Figure 1 (b). In
the case of long air filaments, a neck connecting the bulges to the filament forms, corresponding to the
minimum radius along the filament, denoted as R,,;,. It is important to note that the location of R,
along the filament can change with time and does not necessarily correspond to the neck, as we will
observe later.

We conduct simulations for Oh ranging from [0.001:10], and I' [6:15], covering the transitional
regime. Four distinct breakup behaviors: No-Breakup, Neck-Reopening-Middle-Pinching, Middle-
Pinching, and End-Pinching can be observed. These different outcomes of the air filament dynamics
are shown on the phase diagram, see Figure 3. We categorize this phase diagram into different regimes,
namely I, II, IlI, and IV, based on distinct breakup behaviors. Regime I shows the neck-reopening-
middle-pinching, Regime II depicts no-breakup, Regime III shows the middle-pinching, and Regime
IV represents end-pinching. At Oh = 0.1, a critical limit Ohy;,, is observed for the transition from the
neck-reopening regime to the middle-pinching regime. For Oh < Ohy;,,, the transition aspect ratio
I't increases with Oh, but is constant for Ok > Oby;,,. Regime (I) is bound by a power law of I'y~
Oh%% above which the filament always undergoes end-pinching. At the lower limit, below I';~ Oh%'7,
the filament will successfully recoil. In between, the filament always undergoes a neck-reopening-
middle-pinching regime. On the contrary, when Oh > Oly;,,, a constant transition aspect ratio of
I't = 11 separates the recoiling and middle pinching, while I't = 15 segregates middle pinching from
end-pinching.
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Figure 3. Phase diagram of the transition regime of the air filament dynamics, in log-log scale. Four
different regimes can be seen. Regime I shows the neck-reopening-middle-pinching (black x), Regime
II depicts no-breakup (orange [J), Regime III shows the middle-pinching (green x), and Regime IV
represents end-pinching (blue filled (). The red dashed line around regime I correspond to the
power-law fit with the exponent of 0.09 (upper line) and brown dashed line correspond to the exponent
of 0.17 (lower line).
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The time evolution of the bulge radius Ry;ax is depicted in Figure 4 for the breakup (including
the middle breakup) and no-breakup regimes respectively for Oh < Ohy;,,. It’s important to note that
the last point on the curves in Figure 4 (a) and (b) corresponds to the bulge separation time and the
bulge collision time, respectively. In the no-breakup regime, notably, the radius of the bulge does not
exceed a fixed value of approximately ~ 2.1R( before the two bulges collide, as shown in Figure 4 (b)
(observed for all the orange square dots in Figure 3). On the contrary, in the breakup regime, the bulge
radius monotonically increases, reaching or even exceeding this value before the separation occurs, as
depicted in Figure 4 (a).

a) 2.2 T IV T 7 T T /I b) 2.2 T T T T T T 7 T
2 b g 2+ |
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e 7 ,
5 16 /7 1 3 16t -
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Figure 4. Radius of the bulge as a function of non-dimensional time in the breakup regimes (a) and
no-breakup regime (b). The endpoints of the curves correspond to the breakup time in (a) and the
recoiling time in (b). For (a), I' = 10 and, Oh = 0.001 (brown line), Oh = 0.0055 (black line), Oh = 0.01
(red line), Oh = 0.03 (green line) and Oh = 0.04 (blue line). For (b), Oh = 0.1 and, I' = 6 (brown line),
I' = 7 (black line), I' = 8 (red line), I' = 9 (green line) and ' = 10 (orange line).The purple dashed line
represents Ryax /Ry = 2.1.

Assuming a uniform velocity within the bulges (provided that the two bulges are not too close to
each other), its volume, Vj,, ¢, at any time can be estimated by following [33]:

2
thlge - nR%(LO - L(t)> + §7TR21

where L(t) represents half the filament length at the time ¢. For large aspect ratios, i.e. in the end-
pinching regime, the bulge will separate when R,z > 2.1Rg. At breakup, the bulge volume corre-

sponds to §7TR3mx. It can be easily shown that a sufficient condition for the air filament to break

up is Vpuige > %ﬂ(Z.lRo)?), which implies that Ly — L(t) ~ 11R,. Therefore, a phenomenological
estimate of the limit between breakup and no-breakup can be derived as I' = Lo/ Ry > 11. Based on
the observations above, one can conclude that no recoiling is observed above I' > 11 provided that
Oh < Ohlim-

For the neck-reopening-middle-pinching regime, the neck reopens followed by a jump of the R,
location from the neck position to the middle of the filament where the subsequent separation will
occur. The jump distance reveals an intriguing pattern when I' is fixed and the O# is varied, or vice
versa. At a constant Oh = 0.01, increasing I results in an increase in the jump distance until it reaches a
threshold, beyond which the filament shifts to end-pinching from neck-reopening-middle-pinching.
This increase in the magnitude of the jump distance is evident in Figure 5 (a) where the black line
represents I' = 7.5, the blue line represents I' = 8, the green line represents I' = 8.5, the red line represents
I' =9, and the orange line represents I' = 10. At a constant I' = 10, an increase in Oh leads to a
decreasing jump distance. This could be seen in Figure 5 (b) where the black line represents Oh = 0.01,
the blue line represents Oh = 0.015, the red line represents Oh = 0.02, the orange line represents Oh =
0.03, and the green line shows Oh = 0.04. Further increasing the Oh causes the filament to recoil.
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Figure 5. (a) Axial position of R,,;;, showing the jump from the neck position to the middle of the
filament in the neck-reopening-middle-pinching regime for (a) constant Oh=0.01 and, I'=7.5 (black),
I'=8 (blue), I'=8.5 (green), I'=9 (red), and I'=10 (orange). For (b) constant I'=10, and Oh=0.01 (black),
Oh=0.015 (blue), Oh=0.02 (red), Oh=0.03 (orange), and Oh=0.04 (green).

Figure 6 illustrates the axial velocity field within the air filament for Oh = 0.0l and I' = 9 at
two different time steps at t/7 = 1.69 (before the reopening of the neck) and t/7 = 1.93 (after neck
reopening). At both times, a stagnation point is formed in the middle of the filament, characterized by
a zero local velocity. Upon inspecting the velocity field, it becomes apparent how the fluid is expelled
from the neck to the bulge and toward the center of the filament. However, despite this, a recirculating
flow at the stagnation point counteracts the expelled fluid, causing the neck to reopen. The reopening
of the neck was previously observed in the recoiling of liquid filaments, allowing the filament to escape
from pinch-off through the formation and the shedding of a vortex ring [34]. The velocity vectors (not
scaled to magnitude) around the stagnation point and the neck region can be observed in Fig 6.

Figure 6. Axial velocity field, u,/+/c/p;Dy, within the air filament for Oh = 0.0l and I' = 9 at
t/T=1.69 (a) and t/7T = 1.93 (b). Zoom in on the stagnation point enclosed within a box showing the

velocity vectors (not scaled to their magnitude).

3. Conclusion

We numerically investigate the dynamics of a quiescent finite-size air filament in a static liquid,
focusing on the transitional regime. Surface tension causes the two ends of the air filament to retract,
forming bulges. The observed breakup behavior is categorized into four distinct regimes, labeled
L 1L, III, and 1V, each with its appropriate scaling. For Oh < Ohy;,, = 0.1, the mass of the detached
bubble is roughly more than 2.1 times the size of the initial radius of the filament. Utilizing this
assumption, a first-order approximate mathematical model is presented, demonstrating that if the I' of
the filament exceeds 11, the filament tends to always breakup. In the neck-reopening regime, there is
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an increasing trend in the jump size from the neck to the center of the filament with an increase in T',
and it decreases when Ok is increased. The reopening of the neck is induced by a recirculating flow
around the stagnation point at the center of the filament. This ultimately leads to the breakup at the
center of the filament.

Data Availability Statement: The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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