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Abstract. The rich interaction of multiple bubbles with multiple vortical structures makes the study of bubbly
turbulent flows quite challenging. An idealisation of this problem would be the interaction between a single
bubble and an elliptic vortex ring, the latter of which can be considered a representative vortical structure. The
elliptic vortex ring is characterised by its initial aspect ratio AR, defined as the ratio of the semi-minor to semi-
major axes of the ellipse, with ARy = 1 corresponding to a circular vortex ring. In the first part, we focus on the
interaction between the elliptic vortex ring (ARy = 0.6) and a bubble, where we explore the effects of the capture
angle (0¢) on the different quantities relevant to the ring as well as the bubble, using simultaneous side and top-
view high-speed visualisations; 0¢ is defined as the angle subtended by the bubble with the instantaneous major
axis of the elliptic vortex ring at bubble capture. We study the effect of Oc on the reduction in the ring’s
convection speed AU* and the number of daughter bubbles N, computed at a later stage of the interaction. For
this part of the study, the Weber number We = pUZD,/a, defined as the ratio of the ring’s inertial effects to
surface tension effects, is fixed at We = 11. We find that bubble capture at lower capture angles (6¢ =~ 0°)
corresponding to the high-curvature part of the elliptic vortex ring is found to be more probable compared to that
at higher capture angles (0¢ ~ 90°). Further, a lower capture angle (¢ ~ 0°) leads to a larger number of
daughter bubbles N, and a slightly higher reduction in ring speed AU*. In the second part, we study the effect of
ARy by contrasting the elliptic ring (ARy = 0.6) with a circular ring (ARy = 1) over a range of Weber numbers,
in which the parameters of interest are the ring’s speed and the number of daughter bubbles. We observe that the
elliptic vortex ring produces fewer daughter bubbles than the circular ring, with the difference increasing at
larger ring strengths corresponding to higher Weber numbers. At higher We, the elliptic ring deviates from the
N,, o< We#? scaling, which holds for the circular ring. The current study thus helps to gain a better insight into

the complex problem of bubbly turbulent flows.

Keywords.

1. Introduction

Bubbly turbulent flows are found in many situations like
ship hydrodynamics, oil transportation, and chemical/nu-
clear reactors, in addition to natural flow settings like air
bubbles in the upper ocean or vapour bubbles in geysers
[1]. In these flows, the bubbles exhibit motion and defor-
mation when they interact with the turbulent boundary
layer and lead to the modulation of the turbulence. The
dispersed phase can influence the transport of mass,
momentum and energy transport across the carrier and the
dispersed phases [2, 3]. However, as discussed in the
review article [4], the mechanisms through which the dis-
persed phase modifies the turbulence and the parametric
dependence are poorly understood, making the topic wide
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open for fundamental investigation. Turbulent boundary
layers are characterised by hairpin-shaped vortical struc-
tures [5] (also called eddies) that play a fundamental role in
governing the flow dynamics. Therefore, bubbly turbulent
flow can be interpreted as the interaction between multiple
bubbles and multiple eddies. However, due to the high
number density, multi-scale nature, and unsteadiness of the
hairpin vortices, measurements on individual vortices are
challenging, and the dispersed phase makes them more
formidable. Therefore, a simplification of the complex
problem would be the interaction between an elliptic vortex
ring and a bubble, where the elliptic vortex ring is an ide-
alistic representation of a vortical structure. The elliptic
ring serves as a more general representation of the hairpin
structures owing to its dynamic nature compared to the
circular ring. The circular ring is a subset of the more
general class of elliptic rings.
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Figure 1. Schematic of the interaction between an elliptic vortex
ring and a bubble. The elliptic vortex ring is characterized by the
aspect ratio ARy = R, /R,, where R;, and R, are, respectively, the
semi-minor and semi-major axes of the ellipse defining the vortex
ring. ARy = 1 refers to the circular vortex ring.

Bubble injection in turbulent flows has many applica-
tions, like drag reduction in marine vehicles. One mecha-
nism for the reduction of skin-friction drag by bubbles is
the disruption of these vortical structures in the turbulent
boundary layers [6]. Given the complexity of such inter-
actions, we are interested in studying how a single bubble
disrupts the vortex ring as an idealised case. However, few
studies can be found on the interaction between a bubble
and a circular vortex ring. Sridhar and Katz [7] experi-
mentally studied how small bubbles affect the structure of a
vortex ring. They observed vortex core distortion by the
bubbles for a small volume ratio, defined as the ratio of the
total bubble volume to the vortex ring core volume
(Vg = 107°). Jha and Govardhan [8], in their experimental
work, investigated the effects of the Weber number in ring-
bubble interactions and observed ring core fragmentation
followed by a reduction in the ring’s enstrophy at large
volume ratio (Vg = 0.1). Biswas and Govardhan [9] have
observed similar trends in the case of two bubbles and
many bubbles interacting with a vortex ring. In another
recent study [10], the authors have studied the effect of
bubble-to-vortex size ratio on the bubble and ring dynamics
during the interaction of a single bubble with a single
vortex ring, where they find that increasing the bubble size
leads to an increase in the ring disruption, with these effects
being significant at low Weber numbers. However, not
many studies have been done on the influence of the vortex
ring curvature on the interaction between a vortex ring and
a bubble. One way to explore this is to consider an elliptic
vortex ring, where the local vortex curvature varies [11], as
in the case of hairpin structures in the turbulent boundary
layer. This motivates us to consider the interaction between
an elliptic vortex ring and a bubble.

The variation in the local curvature of the elliptic vortex
ring leads to a variation in the local induced velocity, which
causes an oscillatory, 3D spatial deformation of the ring
leading to the well-known axis-switching phenomenon
[12]. The dynamics of the elliptic ring is a function of the
ring’s initial aspect ratio ARy = R,/R,, where R, and R,
are, respectively, the semi-minor and semi-major axis
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lengths of the ellipse defining the ring’s elliptical toroidal
axis. While the elliptic ring exhibits axis-switching for
moderate departures of AR from unity, at higher departures,
it undergoes a partial or complete bifurcation due to cross-
linking of vorticity to yield two or three sub-rings [13]. The
oscillatory deformation of the elliptic ring plays a vital role
in the mass entrainment and mixing enhancement [14]. The
elliptic vortex ring thus offers rich dynamics which could
be related to the behaviour of the hairpin-shaped vortical
structures in the turbulent boundary layer. It could therefore
be employed in studying the simplified problem of the
interaction between a vortex ring and a bubble. However, to
the authors’ knowledge, not many studies are trying to
understand the role of vortex curvature in the interaction of
vortex rings with bubble(s). We thus explore the influence
of the vortex ring curvature, which we quantify by the
ring’s initial aspect ratio ARy, on the interaction between a
vortex ring and a bubble, as shown in the schematic in
figure 1. We are interested here in both the effect of the ring
on the bubble in terms of the bubble dynamics and the
effect of the bubble on the ring in terms of the ring
dynamics.

2. Methodology

The experiments are carried out in a glass tank of capacity
0.6 x 0.6 x 1 m?, with transparent side walls for optical
access, as shown in figure 2. Using a piston-cylinder
arrangement, a vortex ring is generated by imparting an
impulse to a fluid mass out of a circular/elliptic nozzle of
diameter D,.. For the elliptic nozzle, D, is the diameter of
the area-equivalent circle. The vortex ring has a radius R
(the area-equivalent radius for the elliptic ring) and a core
radius r¢ and travels upwards (along the z-direction)
against gravity. The piston is given an impulsive velocity
profile using a known impulse /. By varying I, we achieve a
wide range of the ring’s initial convection speed Up. The
core of the vortex ring is identified by introducing micron-
sized bubbles generated by electrolysis at the tip of the
circular/elliptic nozzle, which are entrained into the core
owing to the core’s low pressure. These microbubbles are
much smaller (average diameter 400 pm) compared to the
main bubble (diameter D, = 5 mm) and hence are expected
to have a negligible impact on the broad characteristics of
the ring [15]. The ratio of piston stroke length to generator
diameter is kept at less than 4 to inhibit the trailing jet
behind the vortex ring [12]. As the bubble is released closer
to the ring’s core, it is captured by the low-pressure core,
and the interaction between the ring and the bubble begins.

Table 1 shows the parameters used in the current study.
The elliptic vortex ring is characterised by its initial con-
vection speed Uy, and the initial aspect ratio ARy = R;/R,,
where R;, and R, are respectively the semi-minor and semi-
major axes of the elliptic vortex ring. The non-dimensional
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Figure 2. Schematic of the experimental setup used. The vortex
ring, which is generated by giving an impulse to a fluid mass out
of the circular/elliptic nozzle (ring generator) of diameter D,,
travels upwards (along the z-direction) with a convection speed U
due to the upward direction of the impulse. For the elliptic nozzle,
D,, is the diameter of the area-equivalent circle. The ring has a
radius R and a core radius rc. The bubble, released close to the
vortex ring, has a diameter of D, and rises upwards due to
buoyancy. Side and top visualisations are done using high-speed
cameras to capture the interaction.

core radius (e = r¢/R) is maintained at about 0.2 such that
the vortex ring is thin [16]. Further, two parameters are
obtained from the experiments — capture angle O¢, defined
in figure 4(d), as the angle subtended by the bubble with the
instantaneous major axis of the elliptic vortex ring at
bubble capture, and AR, the instantaneous aspect ratio of
the ring at bubble capture. It is to be recalled that the
elliptic ring undergoes axis switching so that the instanta-
neous aspect ratio varies periodically with time between the
values AR and unity [11]. Therefore, AR is found to vary
across different experimental runs, depending upon the
time instant at which the bubble is captured. For the current
study, ARy = 0.6,1 are chosen, where the case ARy =1
represents the circular vortex ring as a special case of the
elliptic ring. The vortex ring’s effective radius R = /R,R)
is defined based on the area-equivalent circle for the ellipse
and is maintained the same for both the AR cases studied.
In a bubbly turbulent flow, hairpin vortices of various
aspect ratios could be present. However, we note that for
ARy < 1, the base (non-interacting) elliptic vortex ring
exhibits numerous phenomena like partial bifurcation,
vorticity cancellation due to touching of cores, or complete
bifurcation [13], due to which the probability of the bubble-
ring interaction is very less. On the other hand, an elliptic
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Figure 3. Side-view high-speed shadowgraphy images of the
stages in the interaction between an elliptic vortex ring and a
bubble: (a)—(c) before capture; the ring’s axis switch is evident,
(d)—(e) capture, (f)—(g) bubble elongation, (h) breakup into
daughter bubbles. The ring’s toroidal axis is marked by tiny
microbubbles generated by electrolysis. Time stamps:
t/t, = 0,0.5,1,1.25,1.5,1.75,2,6, where t, is the axis switch
time period of the base (non-interacting) elliptic vortex ring. In
this case, We = 11. The length scale of the images is mentioned in

(a).

Table 1. List of non-dimensional parameters relevant to the
problem.

Parameters Range
ARy = R, /R, 0.6, 1
e=rc/R 0.2
We = pU2Dy/a 3-166
Vi = (7D} /6)/(2n°rR) 0.08
Dy /2r¢ 1.0
ARc 0.6-1
Oc 0°-90°

vortex ring with AR closer to unity is not expected to show
significant differences as compared to the circular ring.
Hence, the value chosen for the elliptic vortex ring in this
study ARy = 0.6 is a reasonable one. The Weber number,
defined as We = pUéDb /o, is around 11 for the first part of
the study and takes values from about 3 to 166 in the second
part. Here, p and ¢ are the density of water and surface
tension at the air-water interface, and D, is the bubble
diameter. The volume ratio Vg = (nD;/6)/(27*r2R) is the
ratio of bubble volume to vortex ring volume and is kept to
nearly 0.08. This corresponds to Dj/2rc =~ 1, which is
representative of the ratio of length scales of the bubble and
the ring. We note in passing that all the parameters in
Table 1 except O¢ and AR are control parameters; ¢ and
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AR are capture-related parameters that cannot be directly
controlled.

We obtain information on the vortex ring’s vertical
position (z) with time (f) using side-view high-speed
shadowgraphy. Additionally, we capture the bubble
dynamics and measure the capture angle (6¢) from top-
view high-speed visualisation. The slope of the z-f curve
gives the ring’s convection speed Upye and Ulnseractions
respectively, for the base (no bubble) and interaction (with
bubble) cases. Two Phantom Miro M110 high-speed cam-
eras were used for this purpose and were triggered simul-
taneously using a function generator. Simultaneous side and
top-view measurements enable us to correlate the parame-
ters AR and Oc¢ to the output parameters, namely, the ring
speed reduction AU*(%) = 100 x (1 — Uineraction/ Upase )
computed at a later time after bubble capture.
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Figure 4. Top-view high-speed images of the stages in the
interaction between an elliptic vortex ring and a bubble: (a)—(c)
before capture; the ring’s axis switch is evident, (d)—(e) capture,
(f)—(g) bubble elongation, (h) breakup into daughter bubbles. The
ring’s toroidal axis is marked by tiny microbubbles generated by
electrolysis. The time stamps are kept broadly the same as in
figure 3. In (d), the capture angle ¢ is defined as the angle
subtended by the bubble with the instantaneous major axis
(marked by a small black arrow) of the elliptic vortex ring during
capture. In this case, We = 11.
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3. Results and discussion

We present the results in two parts. Firstly, we look at the
interaction of an elliptic vortex ring with a single bubble,
where we explore the effect of capture angle on the ring and
bubble dynamics. Here, the Weber number denoting the
ratio of the ring’s inertial effects to surface tension effects
is kept at We = 11. In the second part, we discuss the effect
of the vortex ring’s initial aspect ratio on the interaction by
contrasting an elliptic vortex ring with a circular vortex ring
for a range of Weber numbers.

3.1 Elliptic ring-bubble interaction

We begin by looking at the different stages of the inter-
action between the elliptic vortex ring and the bubble. The
visualisation and results presented in this subsection cor-
respond to We = 11. As in the shadowgraphy images of
figure 3(a) and top-view images of figure 4(a), the ring is
marked by micron-sized electrolysis bubbles before the
capture of the main bubble. In figures 3(a—c) and 4(a—c), the
axis switching of the ring is evident. Due to the low pres-
sure in the vortex core, the buoyant air bubble is entrained
into the ring as it approaches the latter, as in figures 3(d)
and 4(d). At this stage, we define the capture angle 0, in
figure 4(d), as the angle subtended by the bubble with the
instantaneous major axis of the elliptic ring at capture. Note
that the instantaneous ring aspect ratio at capture AR also
varies across experimental runs. The entrained bubble is
then elongated due to the azimuthal pressure differences
along the vortex core [8], as shown in figures 3(e—g) and
4(e—g). After a sufficiently long time, the elongated bubble
undergoes a Rayleigh-Plateau type of instability [8] to
finally break into many daughter bubbles. The time stamps
shown in the figures give us a broad perspective on the time
scale of the events relative to the axis-switching time per-
iod. These stages of the interaction of the elliptic ring with
the bubble are broadly similar to those of the circular ring
[9, 10, 15], in which the axis-switching is absent. The main
qualitative differences between ARy = 0.6 and ARy = 1 are
the importance of ¢ and AR and the ring’s continued axis
switching during the interaction. ARc can take values
between ARy and unity. We now explore in detail the
interaction between the elliptic vortex ring and the bubble.

As we see in figure 4(h), the bubble breaks into a number
of daughter bubbles during the interaction. We are thus
interested in examining the effect of capture angle (6¢) on
the final number of daughter bubbles (V,). To begin with,
in figure 6, we plot the histogram of the capture angle using
55 independent experimental runs, in which only 6 and
AR are allowed to vary. It may be observed that there is a
higher probability near 0 ~ 0° as compared to 0¢ = 90°.
One should note that Oc = 0° corresponds to the high-
curvature region of the elliptic vortex ring, while 0¢ = 90°
corresponds to the low-curvature region of the vortex ring.



Sadhana (2024)49:109

0.,~=0° 6.~=90°
____ Bubble ==
P ,
SR ®
\\\ _ \
Ring )

(1.2) (2.2)
/“» 0
\

(1.b) (2.b)

/ <
Time § Time
(1.¢) 2.¢)

(1.d) 2.d)

< \ -

o/ o J
(1.e) 2.¢)

Figure 5. Top-view high-speed images of the stages in the
capture process of the bubble into the elliptic vortex ring for
different capture angles: (1.a)-(1.e) correspond to O¢ ~ 0°, while
(2.a)—(2.e) correspond to O ~ 90°. (1.a), (2.a): before capture.
(1.b), (2.b): bubble capture completed. (1.c), (2.c): AR(r) =~ 1 due
to axis switching. (1.d): elongated bubble first breaks at its ends.
(2.d): elongated bubble first breaks at its middle portion. (1.e): the
slender bubble in the middle further breaks, producing 5 to 6
daughter bubbles. (2.e): the two relatively shorter bubbles undergo
no further breakup, leading to 2 or 3 daughter bubbles. Time
stamps are respectively #/1, ~ 0,0.5,0.8,1.0, 1.6, where 1, is the
axis switch time period of the base (non-interacting) elliptic vortex
ring.

It is known that the induced velocity is directly proportional
to the vortex curvature [11] and is thus higher at 0c = 0°.
Although the complete reason for the higher probability of
capture at O¢ = 0° is not known, we speculate that it could
be because of the pressure being lower at the high-curvature
region in the vortex core than at the low-curvature region,
so that the pressure difference between the ambient and
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vortex core would be higher at 6 = 0° than at 6. = 90°.
This higher pressure difference could lead to the higher
probability of the bubble entrained at ¢ ~ 0° than at
Oc =~ 90°. In a bubbly turbulent flow configuration, this
could imply that the bubbles most probably interact with
highly curved portions of the vortical structures, such as in
the hairpin structures present in the boundary layer.

We now look at the effect of 0¢ on the final number of
daughter bubbles (N), plotted in figure 7. Although one
could plot the variation of N, over different experimental
runs for different intervals of O¢, we choose to plot the
variation in 0. for each value of N, since N, is better
understood as a whole number. The number of daughter
bubbles (N,) monotonically increases with decreasing Oc.
This means that bubble capture at the high-curvature
regions (O¢c =~ 0°) leads to a larger number of daughter
bubbles compared to bubble capture at the low-curvature
regions (0¢ ~ 90°). To understand the processes that lead
to this result, in figure 5, we look at the top-view images of
the capture process in detail. We contrast the extreme cases
of Oc =~ 0° in the left column (labelled (1.a)—(1.e)) with
0c = 90° in the right column (labelled (2.a)—(2.e)). The
time (7) is normalised by the axis switching time period (z,)
of the base (non-interacting) elliptic vortex ring. The cap-
ture time is defined as the time taken by the bubble to reach
the core centre (figures 5(1.b) and 5(2.b)) from a distance
~ 3r¢ (figures 5(1.a) and 5(2.a)), on the lines of [15]. The
capture time is thus about 0.5 times the axis switch time
period as seen from the time stamps. With time, the bubble
undergoes elongation, while the elliptic vortex ring con-
tinues to switch its axis and its instantaneous aspect ratio
reaches nearly unity at #/f, ~ 0.8 (figures 5(l.c) and
5(2.c)). After this stage, we begin to see a difference in the
bubble-ring configurations for ¢ =~ 0° and 6 =~ 90°. At
t/ 1, = 1, in the case of O¢c ~ 0°, the ends of the elongated
bubble are exposed to the high-curvature ends of the ring,
which give rise to small daughter bubbles and a long
slender bubble, as in figure 5(1.d). On the other hand, in the
case of O¢ ~ 90°, we observe that the middle portion of the
elongated bubble is exposed to the high-curvature region of
the ring, due to which it breaks at the middle, producing
two daughter bubbles of shorter but nearly equal length, as
shown in figure 5(2.d). The long slender bubble in fig-
ure 5(1.d) further undergoes instability and breaks up pro-
ducing 5 to 6 bubbles, as also seen in [15, 17]. On the other
hand, the breakup of the relatively shorter bubbles in fig-
ure 5(2.d) is discouraged to finally produce 2 or 3 bubbles,
similar to binary or tertiary breakup observed in [18].
Another interesting observation is the effect of bubble
capture and elongation on the ring’s axis switching, quan-
tified by the axis switching period #,, defined as the time
taken by the base (non-interacting) elliptic vortex ring to
start from AR(t) = AR, pass through AR(7) = 1, and reach
back AR(7) = ARy. During the interaction, however, it can
be seen from the visualisation and time stamps in
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figures 5(1.e) and 5(2.e), that the time taken to complete one
axis switchis#/#, ~ 1.6, whichis nearly 60% higher than that
of the base (non-interacting) ring. Therefore, it is evident that
the processes of bubble capture and elongation delay the axis
switching time period of the elliptic vortex ring.

Next, we ask the question as to how the ring’s dynamics,
characterised by its convection speed, change with Oc. As
mentioned in §2, we obtain the ring’s vertical position (z/R)
with time (tUp/R) from high-speed visualisations, as plot-
ted in figure 8 for the base and the interaction cases. Here,
the position (z) is normalised by the ring radius (R) and the
time (#) is normalised by the convective time scale of the
ring (R/Up). Here, R is the radius of the area-equivalent
circle for the ellipse. The interaction case shown corre-
sponds to ARc = 0.7 and 0¢ = 35°, where the bubble
capture has occurred at tUy/R ~ 13. As discussed in §2, the
slope of the curve gives the ring’s convection speed Upg,
and Ujpseracrion TESpectively for the base (no bubble) and
interaction (with bubble) cases. We define the reduction
in the speed of the ring as AU* (%)= 100x
(1 = Uinseraction/ Upase ), Where the speeds are computed at a
later time after bubble capture (:Uy/R = 29 for the case
shown in figure 8). As ARc and O¢ vary across experi-
mental runs, we first present a circle plot of AU* with the
two parameters in figure 9. The cases for which
ARc > 0.85 were not considered as the definition of the
capture angle (6¢) becomes void, given that the major axis
cannot be identified unambiguously for an ellipse whose
aspect ratio is close to unity. One observation that can be
made is that the number density of the circles in the plot is
higher at lower O¢ values, which is consistent with our
observation in figure 6 that the probability of bubble cap-
ture at lower O¢ is higher. The mechanism of reduction in
the ring speed is similar to that in the case of bubble-
circular vortex ring interactions as discussed in [10, 15].
The interacting bubble modulates the vorticity distribution
of the ring leading to a reduction in its enstrophy. As the
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Figure 6. Histogram of the capture angle (0c) computed using
55 independent experimental runs, in which only 6¢ and AR¢ are
allowed to vary, showing a higher probability of capture at higher
curvature regions (Oc =~ 0°) of the elliptic vortex ring. The
schematic below the plot shows the position of the bubble during
capture relative to the elliptic ring.
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convection speed is an integral measure of the vorticity, a
reduction in the enstrophy also implies a reduction in the
convection speed. The second observation we can make is
that the circles in the plot appear larger on average at lower
Oc. This leads us to ask if there is any correlation between
the final number of daughter bubbles (N}), ring speed
reduction (AU*), and the capture angle (0¢). To answer
this, we average a reasonably large number of independent
runs over different intervals of 0. to make sense of the
scatter observed in figure 9.

We thus plot the ring speed reduction (AU*) with O¢ in
figure 10. This plot shows a weak negative correlation
between the ring speed reduction (AU*) and the capture
angle (0c), which means that a lower capture angle
(Oc = 0°) causes a higher ring speed reduction AU*. At
different values of 0, the large variation is due to the lack
of precise direct control over AR¢, which arises from the
combined effect of the zigzag or helical trajectory of the
rising bubble [19], the elliptic ring’s axis switching and its
3D spatial deformation. This leads us to an immediate
question about a possible correlation between the ring
speed reduction (AU*) and the number of daughter bubbles
(Np), which we investigate in figure 11. Although one could
plot the variation of N, over different experimental runs for
different intervals of AU*, we choose to plot the variation
in AU* for each value of N,, since N, is better understood as
a whole number. Here, we observe an increasing trend in
the number of daughter bubbles (N,) with the ring speed
reduction (AU*). This indicates that a higher number of
daughter bubbles is produced when the ring undergoes a
higher reduction in its speed. To summarise, in figure 11,
we see a positive correlation between AU* and N, while in
figure 7, we observed a negative correlation between 0O¢
and Np, and in figure 10, we observe a weak negative
correlation between AU* and 0. These correlations indi-
cate that a lower capture angle (6¢ ~ 0°) leads to a larger
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Figure 7. Variation of the number of daughter bubbles (N;) with
the capture angle (0c). Lower capture angles lead to a larger
number of daughter bubbles. Although one could plot the variation
of N, over different experimental runs for different intervals of 0c,
we choose to plot the variation in ¢ for each value of N, since N,
is better understood as whole number values. In this case,
We = 11.
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Figure 8. The vortex ring’s vertical position (z/R) with time
(tUp/R) for the elliptic ring’s (ARy = 0.6) base (no bubble) and
interaction (with bubble) cases corresponding to We = 11. For the
elliptic ring, R = /R.Ry, is the radius of the area-equivalent circle.
The interaction case shown in this plot is for ARc = 0.7 and
0c = 35°. The slope of the curve gives the convection speed of the
ring Upgse and Ujpreraciion, respectively, for the base and interaction
cases. The reduction in the ring speed is computed as AU* (%) =
100 X (1 — Uingeraction/Ubase) at a later time after capture
(tUp/R = 29 in this case; the bubble capture has occurred at
tUp/R ~ 13, marked by the dashed line in the plot).
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Figure 9. Circle plot of the ring speed reduction (AU*) as a
function of AR¢ and O¢. The diameters of the circles represent the
magnitude of the ring speed reduction (AU*). The large variation
in the magnitude of AU* is due to the lack of precise direct control
over the parameters O¢ and AR¢ during the capture, which arises
from the combined effect of the zigzag or helical trajectory of the
rising bubble, the elliptic ring’s axis switching and its 3D spatial
deformation.

number of daughter bubbles N, and a higher reduction in
convection speed AU*.

From a first look at figure 11, one might be tempted to
think that the reason for the larger number of daughter
bubbles (V) at higher ring speed reductions (AU*) is that
the ring loses its kinetic energy to break the bubbles leading
to an increase in the surface energy of the bubbles. How-
ever, the surface energy of the bubbles is an order of
magnitude lower than the vortex ring’s kinetic energy [8].
Therefore, the primary mechanism of the ring speed
reduction is not the consumption of the ring’s kinetic
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Figure 10. Variation of the ring speed reduction (AU*) with the
capture angle (0c). The large variation indicates the lack of
precise direct control over the parameters 0c and AR¢ during the
capture, which arises from the combined effect of the zigzag or
helical trajectory of the rising bubble, the elliptic ring’s axis
switching and its 3D spatial deformation. In this case, We = 11.
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Figure 11. Variation of the number of daughter bubbles (&,) with
the ring speed reduction (AU*). Although one could plot the variation
of N, over different experimental runs for different intervals of AU*,
we plot the variation in AU* for each value of N, since N, is better
understood as whole number values. In this case, We = 11.
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Figure 12. Variation of the ring’s initial convection speed (Up)
with impulse (/) for different ARy. At higher impulse values
(IZ0.2 N-s), the elliptic ring has a lower initial speed than the
circular ring for the same impulse.

energy to break the bubble by increasing the surface energy
but by a more complicated instability of the modified
vortex core after bubble capture.
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Figure 13. Variation of the number of daughter bubbles (V)
with the Weber number (We). At higher We values (WeZ100), the
elliptic ring (ARy = 0.6) gives rise to a smaller number of
daughter bubbles than the circular ring (ARy = 1) [10]. Red
dashed line represents Nj oc We%#?, as proposed in [10] for
ARy = 1. Blue dashed line represents N;, oc We%#? for the present
data (ARy = 0.6). The number of broken bubbles N, deviates from
We®4? scaling beyond about WeZ;100.

In this part of the study, the Weber number denoting the
ratio of the ring’s inertial effects to surface tension effects
is fixed at We = 11. In the next subsection, we study the
effect of the elliptic vortex ring’s initial aspect ratio ARg
over a range of Weber numbers and seek to compare the
elliptic ring with the circular ring in terms of its interaction
with the bubble.

3.2 Effect of the elliptic ring’s aspect ratio ARy

In §3.1, we examined the qualitative differences in the
interaction of the elliptic and circular rings with a bubble.
The ring’s initial aspect ratio (ARp) helps us characterise
the two cases better. We consider ARy = 0.6 for the elliptic
ring, and ARy = 1 denotes the circular ring. In these vortex
ring-bubble interactions, the Weber number, defined in §1,
is important [8]. In this part of the study, the capture angle
for the elliptic ring would be an average value close to
0c = 0°, with distributions similar to figure 6. For the cir-
cular ring (ARy = 1), O¢ is not applicable, as the major and
minor axes of a circle are identical. The ring’s initial
convection speed (Uj), computed just before the interaction
begins, is controlled by varying the impulse (/) as discussed
in §2. The ring’s initial convection speed (Uy) is plotted
with the impulse (/) in figure 12, where we observe that
beyond I =~ 0.2 N-s, there is a reduced Uy for the elliptic
ring for the same impulse than for the circular ring. This is
possibly due to the inherently unstable nature of the elliptic
ring at high ring strengths corresponding to high Uj.
Regarding the bubble, we are interested to know how the
relation of the number of daughter bubbles (N,) with the
Weber number (We) changes when ARy is changed. In the
plot of N, with We, shown in figure 13, we observe that the
elliptic ring produces a lesser number of daughter bubbles
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than the circular ring beyond We = 100. While for the
circular ring (ARy =1), N, scales as We%42, as was
observed by [10], for the elliptic ring (ARy = 0.6), N,
scales as We’#? only for low-to-moderate We. For Wez
100, the experimental data deviate from the N, oc We%#?
scaling. The reason for this can be understood in terms of
the ring’s initial speed (Up) shown in figure 12. For impulse
values 1Z0.2 N-s corresponding to Wez 100, the initial
speed of the elliptic ring is less than that of the circular ring.
Thus, the elliptic ring is not strong enough to produce as
many bubbles as a circular ring would produce. Therefore,
at higher We, the circular vortex ring (ARy = 1) produces a
greater number of daughter bubbles than the highly
dynamic elliptic vortex ring (ARy = 0.6). Note that the
Weber number in the reference [10] is defined using the
ring’s circulation instead of the initial convection speed
(Up). Therefore, in figure 13, the Weber number for their
cases (ARy = 1) are recalculated based on our definition
(§1) for consistency. The results in this section thus indicate
that the vortex ring’s aspect ratio AR influences the scaling
of the number of daughter bubbles N, with the Weber
number We.

The results of figure 13 could possibly have the follow-
ing implications for a bubbly turbulent flow, where a local
Weber number could represent the ratio of the strength of a
hairpin vortex interacting with a bubble relative to the
surface tension effects. We could think of the elliptic vortex
ring as a representative of a hairpin vortex with higher
spatial deformation, and the circular vortex ring as repre-
senting a hairpin vortex with lesser spatial deformation. In
an interaction with a bubble, amongst the stronger vortices
corresponding to a higher local We, the ones that exhibit
more spatial deformation like the elliptic ring could pro-
duce a lesser number of broken bubbles than the less-de-
forming vortices like the circular vortex ring. On the other
hand, weaker vortices interacting with the bubble might
yield a similar number of broken bubbles, irrespective of
the amount of their spatial deformation. However, one
should note that, in a bubbly turbulent flow, it is possible
that a single bubble interacts with multiple vortices and a
single vortex could interact with multiple bubbles. There-
fore, these results only give an insight into the physics in an
idealised situation like the current bubble-elliptic ring
configuration.

4. Conclusion

In this article, we have studied the effect of the vortex
ring’s aspect ratio (ARp) on the interaction between an
elliptic vortex ring and a bubble as an idealisation of the
more complex bubbly turbulent flows. In the first part, we
perform high-speed visualisations and detailed measure-
ments of the interaction of an elliptic ring (ARy = 0.6) with
the bubble. The capture angle (0¢) is important in these
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interactions. The bubble capture is more probable at lower
capture angles (6¢ = 0°), which implies that bubbles could
more probably interact with the high-curvature regions of
vortical structures in a bubbly turbulent boundary layer.
Lower capture angles (0c =~ 0°) lead to a larger number of
daughter bubbles (N,) and a higher reduction in the ring
convection speed (AU*). We also attempt to elucidate dis-
tinct bubble breakup mechanisms for the extreme values of
the capture angle. Additionally, the bubble capture and
elongation delay the ring’s axis switching time period. In the
second part of the study, we explore the effect of AR on the
parameters pertaining to the ring and bubble. At lower
impulse, the initial convection speed of an elliptic ring is
about the same as that of a circular ring. However, at higher
impulses, the elliptic ring has a lower initial speed than the
circular ring. The number of daughter bubbles is lower for
the elliptic ring (ARy = 0.6) at higher Weber numbers,
possibly due to the elliptic ring’s lower initial speed than the
circular ring. In a turbulent boundary layer, this could imply
that, amongst the relatively stronger hairpin vortices, the
less-deforming vortices (like the circular vortex ring) might
produce a greater number of broken bubbles than the highly
deformable ones (like the elliptic vortex ring). This work
thus helps in gaining a better understanding of the complex
bubbly turbulent boundary layer.

List of symbols

€ Non-dimensional core radius

0 Water density

v Water kinematic viscosity

Oc Capture angle

o Surface tension at water-air interface

AR(?) Instantaneous aspect ratio of the elliptic vortex
ring

ARy Vortex ring’s initial aspect ratio

ARc¢ Instantaneous aspect ratio of the elliptic vortex
ring at bubble capture

Dy, Bubble diameter

D, Ring generator diameter

1 Impulse given to the piston

Ny Final number of daughter bubbles

re Dimensional core radius

R Ring’s effective radius

R, Semi-major axis of the ellipse

Ry Semi-minor axis of the ellipse

t Time

ty Axis-switch time period of the elliptic vortex
ring

Uy Vortex ring’s initial convection speed

U Vortex ring’s convection speed

Upase Ring’s convection speed (base case)

Uinteraciion  Ring’s convection speed (interaction case)
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AU* Reduction in ring’s convection speed
Vr Volume ratio

We Weber number

Z Ring’s vertical position
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