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ABSTRACT

The interaction between turbulent flows and bubbles is a complex phenomenon ubiquitous in both natural and indus-
trial settings. In this work, we experimentally investigate, from a fundamental perspective, the interaction between
a rising bubble and a vortex ring in counterflow. Using time-resolved three-dimensional Lagrangian Particle Track-
ing (4D-LPT) coupled with tomographic shadowgraphy, we obtain simultaneous measurements of the bubble motion
and the surrounding liquid flow. This approach enables detailed observation of the bubble dynamics, deformation,
and eventual breakup, as well as the associated fluid motion. We examine several flow configurations by varying the
vortex circulation and the Weber number while maintaining a comparable vortex-to-bubble size ratio. Based on these
measurements, we classify the interaction events into three categories according to their impact on bubble dynam-
ics and vortex stability over time. Our experiments provide the first investigation of the three-dimensional effects of
these interactions, which were overlooked in previous studies. The analysed experiments are divided into three cases:
Case I corresponds to a weak interaction in which neither the bubble nor the vortex is significantly affected; Case II
describes a regime in which the bubble is captured and advected by the vortex, leading to strong vortex distortion due
to the presence of the bubble within its core; and Case III involves a stronger vortex capable of capturing the bubble
and breaking it into two fragments without significant loss of energy in the vortex core. The analysis of these results
provides insight into the bubble breakup process and the mechanisms responsible for the destabilization of the vortex

ring.

1. Introduction

The interaction between bubbles and turbulent vortical structures is fundamental in many engi-
neering and environmental flows, including chemical reactors, ocean mixing, and drag reduction
applications (Berkman & Calabrese, 1988; Prince & Blanch, 1990; Melville, 1996). Bubble deforma-
tion and breakup strongly affect the transport of mass, momentum, and energy, while turbulence
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simultaneously controls bubble dynamics and fragmentation (Balachandar & Eaton, 2010; Span-
dan et al., 2017).

Bubble breakup in turbulence has traditionally been explained through the Kolmogorov-Hinze
framework (Kolmogorov, 1949; Hinze, 1955), which states that breakup occurs when turbulent
stresses overcome surface tension forces. This balance is governed by the turbulent Weber num-
ber, with the bubbles expected to break primarily through interactions with eddies of comparable
size (Chan et al., 2021; Masuk et al., 2021). However, directly investigating this mechanism in
turbulent flows remains challenging because of the coexistence of multiple interacting scales.

To simplify the problem, many studies have investigated the interaction between a single bubble
and a vortex ring, which serves as an idealized model of a turbulent eddy (Jha & Govardhan,
2015; Martinez-Bazén, 2015). Experimental studies have identified several stages of the interaction,
including bubble capture, elongation, breakup, and release (Jha & Govardhan, 2015). These works
also demonstrated that deformable bubbles can strongly modify vortex dynamics, reducing both
vortex enstrophy and convection speed, particularly at low Weber numbers (Biswas & Govardhan,
2023). Comparisons with rigid particles further highlighted the crucial role of bubble deformability
in determining the interaction dynamics (Biswas & Govardhan, 2022).

Numerical simulations have complemented experiments by providing fully three-dimensional in-
formation on flow structures and interface evolution (Higuera, 2004; Foronda-Trillo et al., 2021).
These simulations revealed mechanisms such as bubble elongation, vortex-core deformation, re-
distribution of enstrophy among vorticity components, and probabilistic breakup behavior arising
from the sensitivity to initial conditions (Foronda-Trillo et al., 2021).

The present work aims to address these unresolved questions through an experimental investi-
gation of bubble—vortex interactions using three-dimensional Lagrangian Particle Tracking (4D-
LPT) combined with tomographic reconstruction of the bubble interface. Building upon our recent
study of the three-dimensional evolution of vortex-ring structure and bubble deformation during
the interaction process (Estepa-Cantero et al., 2026), we examine three representative interaction
regimes: weak interaction, capture-transport-release, and bubble breakup (Estepa-Cantero et al.,
2026). This approach enables the simultaneous characterization of the three-dimensional flow field
and bubble shape, providing detailed insight into the coupling between vortex dynamics and bub-
ble deformation. In the present study, the analysis is further extended through the reconstruction
of the instantaneous pressure field from the measured velocity data, yielding direct information
on the pressure gradients responsible for bubble deformation and fragmentation. The resulting
dataset provides new physical insight into the mechanisms governing bubble—vortex interactions,
helps reconcile discrepancies reported in previous studies, and offers valuable benchmark data for
the validation of future numerical simulations.
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2. Problem description and Experimental details

Figure 1. (a) Three-dimensional sketch of the problem, showing the main variables involved and the reference
frames. (b) Image of the experimental setup and the distribution of the six cameras used. (¢) Bubble detection and
reconstruction process.

The study investigates the interaction between a rising bubble and a downward-moving vortex
ring in a simplified and controlled configuration (Fig. 1a). The bubble is characterized by its equiv-
alent spherical radius R;, density p,, viscosity v,, and surface tension o, while the vortex ring is
described by its radius R(t), core radius a(t), and circulation I'(¢), with initial values Ry, ag, and
T, respectively. Dimensionless quantities are defined using Ry, R%/T, and Ty/ Ry as characteristic
length, time and velocity scales, respectively. Two coordinate systems are employed: a Cartesian
system (z,y,z) and a cylindrical system (r,6,y), allowing an accurate description of the bubble
displacement and vortex evolution during interaction.

The dynamics of the problem is governed by four main dimensionless parameters: the Weber
number, We = p(Ty/ 27rR0)2 /(c/ Ryp), the Reynolds number, Re = I'y/v, the vortex-to-bubble size
ratio Ry/ Ry, and the vortex-core-to-ring radius ratio ag/Ry. Prior to interaction, the bubble rise
regime is determined by the Bond and Galilei numbers, Bo = pgR; /o, Ga = \/ﬁ Ry /v, which
define the bubble terminal velocity and associated Reynolds and Weber numbers (Cano-Lozano et
al., 2016).

Experiments were conducted at the Institute of Fluid Mechanics of Toulouse (IMFT) using a water
tank seeded with fluorescent polyamide particles of 50 ;m diameter. The vortex ring was gener-
ated through a transient water jet injected from a pressurized reservoir (Gharib et al., 1998). By con-
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trolling the injection pressure and valve opening time, the vortex ring characteristics were changed,
namely 15 < Ry < 17mm, 4 < ag < 6 mm, and 94 < Tp < 146 cm? /5. In this way, Reynolds num-
ber was varied in the range 8 x 10° < Re < 15 x 10°, and core-to-ring ratios ap/ Ry = 0.3-0.4
were achieved (see Table 1). The bubble was released quasi-statically from the bottom of the tank
using a syringe and a conical nozzle, producing bubbles with radius R, = 3.65 + 0.05 mm and
approximately constant size ratio Ry/ R, ~ 4.5. This configuration yielded interaction conditions
of 0.4 < We < 1. The measurement volume was positioned at mid-height of the tank to en-
sure that the vortex ring was fully developed and that the bubble had reached a quasi-terminal
rise velocity before interaction. Overall, the experimental setup was specifically designed to si-
multaneously capture the three-dimensional flow field, vortex evolution, and bubble deformation
dynamics during the interaction process.

The interaction was recorded at up to 1496 Hz using six synchronized high-speed cameras ar-
ranged to provide multiple viewing angles and optimize tomographic reconstruction (see Fig. 1b).
Four frontal cameras and two side cameras were equipped with Scheimpflug mounts and opti-
cal filters to minimize distortion and isolate fluorescent particle scattering. Bubble deformation
and breakup were simultaneously captured using a tomographic shadowgraphy setup with two
LED backlight panels. Flow measurements were obtained using a double-pulsed laser expanded
into a volumetric illumination system covering a measurement region of 100 x 160 x 80 mm?. The
liquid velocity field was characterized using 4D Lagrangian Particle Tracking (4D-LPT) based on
the Shake-The-Box (STB) (Schanz et al., 2016) algorithm implemented in DaVis 11 from LaVision
GmbH software. The flow velocity field was obtained using the four frontal cameras, as the in-
clusion of two lateral cameras reduced tracking quality due to out-of-focus particles. After accu-
rate camera calibration and particle-based self-calibration (Wieneke, 2018), 80 000-100 000 particle
tracks were obtained. Particle velocities were calculated through third-order polynomial fitting
over a 15-step window, and the Lagrangian data were interpolated onto an Eulerian grid with a
spatial resolution of 0.7-1 mm using binning operation. Instantaneous pressure fields were subse-
quently reconstructed using the VIC# method (Jeon et al., 2022). This data-assimilation-based flow
reconstruction framework enforces the Navier-Stokes equations to obtain physically consistent ve-
locity and pressure fields from the experimental measurements, thereby enabling the analysis of
the pressure distribution associated with the interaction process.

To analyse the bubble deformation, the shadow projections of the bubble on each of the 6 cameras
were isolated by image segmentation from the greyscale images of the six cameras (see Fig. 1c).
The camera arrangement and the calibration were essential for the quality of the tomographic re-
construction. On the one hand, the small angles between each pair of front cameras allowed for
an accurate determination of the position of the bubble in a vertical plane. On the other hand,
the large angles between the front and lateral cameras provided a variety of points of view, which
helps to constrain the reconstruction, avoiding the distortion of the volume due to a lack of depth
perception (Todter et al., 2025). The Multiplicative Line-Of-Sight (MLOS) technique was used for
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(a) Casel

(b) Case IT

(c) Case III

Figure 2. Temporal evolution of the interaction between the bubble and the vortex ring. The pictures show the
reconstructed bubble along with the seeding particle trajectories colored by velocity magnitude (black - 0, red - 0.55
m/s). a) Case I, b) Case II and c) Case III.

the reconstruction of the bubble surface. The resulting objects were then corrected by eliminating
the potential ghost volumes in the areas covered by the bubble in the lines of sight of the cameras.
An additional camera (see Fig. 1b) was used to record the bubble during its formation and detach-
ment process, providing the exact size of the bubbles produced. Excellent agreement was obtained
between the reconstructed bubble volume and the axisymmetric volume inferred from the images
of that camera, even in the presence of bubble breakup events.

3. Results

The present study focuses on three representative bubble-vortex interaction regimes identified in
Jha & Govardhan (2015); Foronda-Trillo et al. (2021); Estepa-Cantero et al. (2026): weak interaction
(Case I), capture—transport-release (Case II), and bubble breakup (Case III). Case I corresponds
to a low-Weber-number configuration, shown in Fig. 2(a), where the vortex is unable to produce
sustained stretching strong enough to significantly deform, trap, or break the bubble. In Case II,
illustrated in Fig. 2(b), the Weber number was increased while attempting to keep ay/ Ry equal to
that of Case I, resulting in a stronger interaction in which the coherent vortex ring captures, trans-
ports, and deforms the bubble without breakup. The prolonged interaction also leads to substan-
tial vortex-ring attenuation. To investigate the effect of the vortex core ratio, ag/ Ry was reduced in
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Case III while maintaining We ~ 1. As shown in Fig. 2(c), the bubble becomes trapped within the
vortex core for a relatively long time, where vortex-induced elongation eventually causes breakup
into two daughter bubbles. Although the system is deterministic, the dynamics exhibits stochas-
tic behaviour. Together with the lower value of ag/ Ry in Case III, this may explain why breakup
occurs in Case III despite its Weber number being slightly smaller than that of Case II (see Table 1).

Table 1. Dimensionless parameters describing the different types of interactions studied.

Case Description Ro/ Ry ao/ Ro We Bo Ga
I Weak interaction 4.3 0.37 0.41 1.57 618.5
II Capture, drag and release 4.5 0.38 1.00 1.81 690.5
11 Bubble breakup 4.2 0.28 0.77 1.75 671.5

3.1. Bubble deformation

Figure 3 shows the temporal evolution of the bubble surface normalized with its initial value,
S/ Sy, during its interaction with the vortex ring, together with different views of the reconstructed
bubble shape at three selected instants. We define the beginning of the interaction, ¢ = 0, as the
moment when the bubble deviates from its rising path due to the presence of the vortex ring, and
its end, ¢, as the moment when the bubble resumes its stationary rise and leaves the ring’s influ-
ence. The interaction time is therefore ¢ = ¢; (marked in grey in Fig. 3). The first selected instant
(red) corresponds to the initial stage of the bubble rise, before any influence from the counter-
flowing vortex ring. The second instant (blue) is chosen during the interaction, and the last one
is taken after the interaction (Cases I and II) or after breakup (Case III). In Case I, the bubble un-
dergoes only moderate, reversible deformation and passes relatively quickly through the ring (see
Fig. 3a). In contrast, the stronger vortex in Case II (higher We) traps the bubble for a longer time,
promoting sustained interface stretching and deformation. Nevertheless, vortex-induced stresses
remain insufficient to trigger the extreme elongation and interfacial thinning processes required
for breakup. As a result, the bubble preserves its integrity and eventually relaxes towards a less
deformed configuration, ultimately escaping from the weakened vortex ring. This behavior high-
lights the strongly coupled nature of the interaction, in which the vortex ring deforms and trans-
ports the bubble, while the bubble simultaneously alters and progressively weakens the vortical
structure (Estepa-Cantero et al., 2026). Finally, in Case III the bubble experiences intense deforma-
tion, leading to substantial interface stretching and eventual breakup. In fact, before fragmentation
occurs, the bubble surface exceeds twice its initial value, indicating the strong elongation and in-
terfacial thinning generated by the vortex-ring-induced stresses. The bubble then splits into two
daughter bubbles of different sizes, which remain trapped inside the vortex core throughout the
recorded experiment (see Figs. 2, 3).
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Figure 3. Temporal evolution of the bubble surface ratio, S/ Sy, for the cases regarding (a) weak interaction, (b)
capture, drag and release, and (c) bubble breakup, respectively. Dotted and dashed lines in (¢) show daughter
bubbles’ velocities and surfaces, respectively. The interaction time is highlighted in grey. The reconstructed bubble at
two perpendicular views is also depicted for the selected instants highlighted with red, blue and green circles.

3.2. Flow effects

The canonical flow associated with the initial vortex ring is disrupted to different extents, depend-
ing on the case, during the interaction with the rising bubble. To highlight the effects of the bubble
on the vortex ring and the surrounding fluid, Fig. 4 presents the normalized probability density
functions (PDFs) of the cylindrical liquid velocity components over the entire measurement vol-
ume for the three cases and the three selected instants highlighted in Fig. 3. All PDFs exhibit a
narrow central peak around zero velocity, corresponding to quiescent seeding particles located far
from the bubble—vortex interaction region; this sharp peak arises because the vortex ring occu-
pies only a small fraction of the measurement volume, while most of the domain contains nearly
stagnant fluid. The PDFs at the first instant (red) exhibit similar shapes for all cases, since they
correspond to stages where the bubble has not yet significantly altered the vortex-ring dynamics,
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and thus they represent velocity distributions unaffected by the interaction. The main differences
arise from the different circulation and core sizes of the vortex rings in each case. Regarding the
interaction regimes, Case I shows nearly identical PDF shapes at the three selected instants, reflect-
ing the weak interaction between the bubble and the vortex ring. In Case II, the stronger vortex
captures and retains the bubble for a longer time, leading to a significant weakening of the vor-
tex after the interaction. This effect is reflected in the PDFs, whose velocity distributions become
narrower at tTy/R3 ~ 20 (green). These PDFs also display a larger proportion of small veloci-
ties after the interaction, which may indicate the breakdown of strong coherent vortices, such as
the vortex ring and the bubble wake, into smaller vortical structures. The broad tails observed
in the axial velocity before interaction are associated with the strong velocity gradients generated
by the coherent vortex ring. As the bubble remains trapped inside the vortex core, momentum
is progressively transferred from the ring to the surrounding fluid, leading to a reduction of the
extreme velocity events and therefore to narrower velocity distributions. However, despite the
occurrence of bubble breakup, the velocity PDFs in Case III exhibit smaller changes between the
initial and final stages than those observed in Case II. This behaviour suggests that the vortex ring
retains a substantial fraction of its initial momentum after the interaction. Numerical simulations
by Foronda-Trillo et al. (2021) also showed that bubble breakup does not necessarily lead to vortex
ring weakening. In fact, the vortices capable of producing bubble breakup in Foronda-Trillo et al.
(2021) remained almost unaffected after the interaction. Notice that, interestingly, the azimuthal
velocity PDFs remain comparatively unchanged during and after the interaction, particularly in
Case III. This observation suggests that bubble breakup does not significantly alter the rotational
motion within the vortex core, in agreement with the numerical findings of Foronda-Trillo et al.
(2021).

3.3. Pressure evolution during the interaction process

The interaction between the bubble and the vortex ring is governed by the parameters listed in
Table 1. Since the size ratio remains approximately constant across all cases, the problem is mainly
controlled by We and ag/Ryg. The Weber number compares inertial effects, based on the radial
pressure gradient induced by the vortex, with the bubble surface tension. However, the interac-
tion outcome cannot be fully described by the Weber number alone, as it is also influenced by the
spatial distribution of the vortex-induced stresses within the vortex core. Recent three-dimensional
measurements have shown that thinner vortex cores can promote more localized interface stretch-
ing and deformation, thereby increasing the likelihood of breakup even for comparable Weber
numbers (Estepa-Cantero et al., 2026). In this regard, the reconstruction of the instantaneous pres-
sure field provides information not only on the stresses acting on the bubble interface, but also
on the evolution of the vortex-ring dynamics during the interaction. In particular, pressure gradi-
ents govern the deformation, trapping and eventual breakup of the bubble, while the progressive
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Figure 4. Normalized PDFs for the three velocity components at three selected instants. First row: Case I, second
row: Case II and third row: Case III.

attenuation of the low-pressure core reflects the weakening of the vortex ring as momentum and
kinetic energy are redistributed throughout the flow. To the best of our knowledge, this is the first
time that the pressure field has been experimentally obtained for this three-dimensional problem.
Figure 5 analyzes the interaction through the pressure distribution inside the vortex. The bubble is
attracted toward the vortex core due to the negative pressure within it. In Case I, the pressure gra-
dient is not strong enough to produce an intense or sustained interaction, and the bubble quickly
escapes after interacting with the vortex. In Case II, due to an initial lower pressure in the vortex
core, the bubble remains inside the vortex core for a longer time but does not undergo strong defor-
mation. Instead, it reduces the vortex ring inertia and weakens the pressure gradient (see Fig. 5).
Finally, in Case III, the vortex strongly elongates the bubble in the azimuthal direction, ultimately
leading to the bubble breakup. This elongation results from the azimuthal pressure distribution in-
side the vortex. As shown in Fig. 5, the bubble remains in regions of relatively higher pressure and
progressively migrates toward the minimum pressure zone. Notice that the maximum pressure
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Figure 5. Isocontours of pressure distribution and bubble position at three selected instants (top view). First
column: Case I, second column: Case II, and third column: Case III. Bubble surface is highlighted in magenta.

difference in Case III is approximately twice that observed in Case I. Finally, it can be observed
that the pressure distribution reveals a clear correlation between vortex-induced pressure gradi-
ents and the bubble surface evolution shown in Fig.3. Cases I and II exhibit moderate pressure
differences leading to reversible deformations, whereas the larger pressure gradients measured in
Case III are associated with the strong interface stretching that leads to the bubble breakup.

4. Conclusions

The interaction between a counter-flowing rising bubble and a transitional vortex ring has been
experimentally investigated using a time-resolved tomographic approach. Based on 4D-LPT mea-
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surements of the flow field (velocity distribution and pressure levels) and volumetric reconstruc-
tion of the bubble surface (deformation and breakup analysis), three representative interaction
regimes have been analyzed: weak interaction (Case I), capture, drag, and release (Case II), and
bubble breakup (Case III).

The main features of the interaction between the vortex structure and bubble deformation reveal
that, in Case I, the bubble only slows down during the interaction, leaving the vortex structure al-
most unaltered. In Case II, bubble dragging does not produce significant bubble deformation, but
weakens the vortex ring, modifying the three-dimensional velocity distribution, and substantially
reducing the radial pressure gradient. Finally, in Case III, the vortex induces a strong nonlinear
deformation of the bubble, eventually leading to breakup. However, this process does not signifi-
cantly alter the vortex velocity and pressure.
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