
Computer Modeling in
Engineering & Sciences

echT PressScience

https://doi.org/10.32604/cmes.2026.087824

ARTICLE

Numerical Investigation of the Interaction between Cavitation and Air Bubbles
in a Tube

Shiyu Liu1, Bingqi Wang1, Jiangshan Jin2,*, Jia Liu2, Deyu Wang2 and Pu Cui1,3,*

1Sanya Nanhai Innovation and Development Base of Harbin Engineering University, Sanya, China
2National Key Laboratory of Marine Engine Science and Technology, Shanghai, China
3College of Shipbuilding Engineering, Harbin Engineering University, Harbin, China
*Corresponding Authors: Jiangshan Jin. Email: jinjiangshan@smderi.cn; Pu Cui. Email: cuipu@hrbeu.edu.cn
Received: 23 June 2026; Accepted: 07 August 2026; Published: 28 August 2026

ABSTRACT: The interaction between a cavitation bubble and an air bubble inside a rigid tube is numerically
investigated using a compressible volume-of-fluid (VoF) method. Two dimensionless parameters are introduced: the
spacing ratio γ and the size ratio η. The simulation results show that the spherical pressure wave generated by the
expansion of the cavitation bubble propagates outward and reflects at both the tube wall and the air-liquid interface,
creating a complex local pressure field. Based on the jet morphology, three typical regimes are identified, namely reverse
jets, opposed jets, and co-directional jets; a phase diagram is constructed to delineate the transition patterns among
these regimes in the (γ, η) parameter space. The jet direction is primarily influenced by two driving effects, i.e., the
pressure impulse and the fluid-flow driving effect. This study contributes to a deeper understanding of cavitation-air
bubble interaction under wall confinement and may offer useful insights for flow control in microfluidic and other
confined liquid systems.
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1 Introduction
Cavitation bubble dynamics have been extensively studied in both mechanism analysis and engineering

applications. When a cavitation bubble oscillates near a boundary, including rigid [1,2], elastic [3,4], free-
surfaces [5–7], and composite boundaries [8–10], complex phenomena such as jet formation and material
erosion emerge [11,12]. However, in many practical scenarios, cavitation bubbles do not exist in isolation. The
coupling among multiple bubbles is common. The air-liquid interface can reflect and absorb pressure waves,
thereby modifying the evolution of adjacent cavitation bubbles and their directional jet behavior [13,14].
In studies of cavitation bubble pair interaction, the coupling between cavitation bubbles is mainly affected
by geometric parameters and phase difference. These factors determine bubble deformation, jet direction,
and pressure distribution. When two bubbles oscillate in phase, they attract each other during collapse.
When two bubbles oscillate in opposite phase, they generate directional jets (pointing toward neighboring
bubbles or boundaries), asymmetric collapse, and ring jets, which together become an efficient means of
fluid transport [15,16]. In contrast, the interaction between a cavitation bubble and an air bubble is not
affected by phase difference [17,18]. The air bubble has a compressible air-liquid interface that can reflect and
absorb shock waves [19]. This property influences the oscillation and jet direction of the cavitation bubble.
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By adjusting the geometric confinement and flow conditions between bubbles, the jet shape and velocity can
be effectively controlled, providing a new idea for flow regulation in confined spaces.

Compared with cavitation in the free field, bubble dynamics in a confined geometry exhibit more
complex shape evolution and jets in different directions. In practice, the coexistence of cavitation bubbles
with pre-existing air bubbles is common in confined geometries such as tubes and microchannels. In circular
tubes, the wall imposes strong constraints on radial expansion, leading to elongated bubble shapes, annular
jets, and reflected pressure waves [20]. Such confined bubble interactions are of interest in fields such as
hydraulic engineering [21], microfluidics [22], and biomedical processes [23]. Previous studies have focused
primarily on single cavitation bubbles inside tubes, or on the interaction between two cavitation bubbles in
free fields. Only a few investigations have considered the combined effects of an air bubble and a tube wall
on cavitation bubble dynamics [24,25]. Recent studies have begun to explore this interaction in unbounded
domains [14,26], but the effect of wall confinement remains largely unexplored, particularly within a tube.
Consequently, the underlying mechanisms governing pressure attenuation, jet direction, and bubble-bubble
energy transfer in such confined tubes remain elusive.

In this paper, we investigate the cavitation–air bubble interaction inside a rigid circular tube using a
compressible volume-of-fluid (VoF) method. Two dimensionless parameters are considered: the spacing
ratio γ = L/Rm and the size ratio η = Rm/Ra , where L is the distance from the center of the cavitation bubble
to the wall surface of the air bubble, Rm is the equivalent maximum radius of the cavitation bubble, and Ra
is the initial radius of the air bubble. The simulations reveal that the air bubble reduces the wall pressure
amplitude and redirects the cavitation bubble jet. Based on the parametric study, three distinct jetting
regimes are identified, and a phase diagram is constructed to map the transitions. The paper is organized
as follows. Section 2 describes the numerical methodology and validation. Section 3 presents the results on
wall pressure dynamics and bubble–bubble interaction. Section 4 concludes the study.

2 Numerical Methods

2.1 Numerical Methodology
Numerical simulations in this study are performed within the OpenFOAM framework [27], employing a

compressible Volume-of-Fluid (VoF) solver that has been validated against experiments for cavitation bubble
dynamics [28].

The gas and liquid phases are both treated as compressible and immiscible, with no heat or mass transfer
assumed across their interface [29]. The adiabatic assumption is justified by the thermal Péclet number
∼ O(104), indicating that convection dominates over diffusion during the short first collapse [30]. Interfacial
heat and mass transfer are therefore omitted, though they could play a role over longer timescales. Under
these conditions, the flow field is governed by the compressible Navier-Stokes equations, comprising the
continuity and momentum conservation laws:

∂ρ
∂t
+∇ ⋅ (ρu) = 0, (1)

∂ρu
∂t
+∇ ⋅ (ρuu) = −∇p +∇ ⋅ τ + fδ , (2)

where ρ, u, t, and p denote the density, velocity, time, and pressure, respectively. The viscous stress tensor
is expressed as τ = μ[∇u +∇uT − 2

3(∇ ⋅ u)I], where μ is the dynamic viscosity and I is the identity tensor.
The term fδ represents the surface tension modeled using the continuous surface force (CSF) [31] method.
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A two-phase interface capturing approach is adopted, in which the evolution of the gas-liquid boundary
is tracked by solving a transport equation for the volume fraction α:

∂α
∂t
+∇ ⋅ (αU) + ∇ ⋅ [α(1 − α)Ur] = α(1 − α)(

ψg

ρg
− ψl

ρl
) Dp

Dt
+ α∇ ⋅U , (3)

where ψ = Dρ/Dp represents the fluid compressibility derived from the respective equation of state (EOS).
The subscripts l and g correspond to the liquid and gas phases, respectively. Relative velocity Ur serves as an
artificial compression term that preserves a sharp interface between the two phases.

The cavitation bubble is initialised as a spherical volume of gas at high pressure. This modeling approach
has been widely validated for reproducing the first oscillation cycle of a cavitation bubble [32]. Initially,
the air bubble was built as a steady spherical bubble given by p∞ + 2σ/Ra , where σ is the surface tension
coefficient. A polytropic equation of state is employed for the gas phase, while the liquid phase is modelled
as a compressible Tait fluid. The surrounding flow field was solved simultaneously using the compressible
Navier-Stokes equations and the volume-fraction transport equation implemented [27,33] in OpenFOAM.

Time integration was performed using adaptive time-step control based on the Courant number
(Co < 0.1) to ensure numerical stability. The pressure–velocity coupling was solved using the PIMPLE
algorithm with iterative correction. Further details of the numerical implementation can be found in our
earlier work [34].

2.2 Numerical Model
As shown in Fig. 1, the domain is simplified. The tube has a radius of Rt , and No-slip conditions are

applied at the tube wall. The length of the tube is greater than 80 times its radius. A zero-gradient condition
is imposed on pressure and velocity at the remaining boundaries to allow inflow and outflow.

Axis

RtRa
L

Air bubbleCavitation bubble

R0 , P0

Figure 1: Diagram showing the numerical settings for the cavitation bubble and the air bubble within the tube. The
coordinate origin is set at the center of the air bubble.

In the simulations, the initial bubble is assumed to be spherical, with an internal pressure of
P0 = 2500 bar and an initial radius of R0 = 40 μm. The bubble center is placed on the tube axis. The initial
liquid pressure inside the tube is set to P∞ = 1.013 bar.

We define two dimensionless parameters that characterize the bubble dynamics. Dimensionless distance
γ and relative size ratio η,

γ = L
Rm

, (4)

η = Rm

Ra
(5)
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here, L represents the distance from the center of the cavitation bubble to the wall of the air bubble, and Ra
is the initial radius of the air bubble; Rm is the equivalent maximum radius of cavitation bubbles.

2.3 Grid Independence Study
In the simulation, to reduce computational cost, the domain is modelled as a wedge with an angle of

2 degrees. Five different meshes were used to carry out a grid independence study. Uniform grids were used
in the regions containing the two bubbles, with a gradual transition between them. The size of the grid
Δx was successively refined to 7.81, 3.91, 3.13, 1.95 and 1.56 μm. The temporal evolution of the equivalent
radius R of the cavitation bubble is shown in Fig. 2. The bubble radius is calculated as R = ( 3V

4π )
1/3 , where

V denotes the bubble volume. When the grid size Δx is reduced below 1.95 μm, further refinement exerts a
negligible influence on the calculated bubble radius. Thus, a grid spacing of Δx = 1.95 μm was adopted for
all subsequent simulations.

Figure 2: Grid independence study of cavitation bubble radius evolution with varying mesh resolution. Here,
γ = 1.25, η = 0.80.

2.4 Experimental Verification
We conducted experiments on a single cavitation bubble confined within a rigid circular tube to bench-

mark the numerical method under the same geometric and initial conditions used in the simulations. Fig. 3
compares the simulated bubble shapes with the experimental images at several representative time instants.
As shown in Fig. 3, the simulation results agree well with the experiments in terms of bubble morphology,
demonstrating the capability of the compressible VoF method to reproduce the essential physics of cavitation
bubble dynamics under wall confinement.

3 Results and Discussion

3.1 Wall Pressure Dynamics
3.1.1 Spatiotemporal Evolution of the Pressure Field

The characteristics of the flow field during the initial bubble growth are first described. Fig. 4 illustrates
the pressure distribution and numerical Schlieren visualization for the case of γ = 0.75, η = 2.00 and
Rt = 500 μm. The rapid evolution is captured in Fig. 4 inside the circular tube during the initial phase of
cavitation bubble expansion. The schlieren value was calculated as exp(−k∣∇p∣/max∣∇p∣), where k is a free
parameter. As shown in Fig. 4a, a spherical pressure wave is generated during the early stage of cavitation
bubble expansion and propagates outward. As the pressure wave approaches the tube wall, the wall pressure
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reaches its maximum of approximately 230 bar at t = 0.33 μs, see Fig. 4b. Subsequently, the pressure wave
is reflected by the wall, and the peak pressure begins to decay, as two symmetric pressure peaks are formed
along the wall, as illustrated in Fig. 4c. As the pressure wave continues to propagate (see Fig. 4d), the
reflected pressure waves meet each other near the cavitation bubble, producing two localized high-pressure
regions. This asymmetric pressure distribution has distinct consequences. On the left side of the cavitation
bubble, the pressure wave continues to propagate outward along the tube axis. However, the localized high
pressure on the side facing the cavitation bubble suppresses its radial expansion on that side, leading to an
asymmetric bubble deformation during expansion and initiating a non-spherical collapse toward the high-
pressure region. This asymmetry subsequently leads to a non-spherical bubble collapse. Fig. 4d shows that
the wall pressure on the right side of the cavitation bubble is lower than that on the left side during outward
pressure wave propagation. This indicates that the presence of the air bubble causes a non-uniform pressure
distribution along the wall.

500 m

Figure 3: Comparison of experimental images with simulated bubble contours (red). The times are 20, 60, 100, and
120 μs, respectively. The experimental images were captured by a high-speed camera with 50 kfps and an exposure time
of 1 μs. The scale bar represents 500 μm.

Figure 4: (Continued)
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Figure 4: The pressure distribution and numerical Schlieren visualization at different time instants (a)–(d) for the case
of γ = 0.75, η = 2.00 and Rt = 500 μm. Purple and grey contours indicate the gas-liquid interfaces. The lower half of
each panel presents the pressure field, and the upper half shows the numerical Schlieren image. At the bottom of the
flow field, the wall pressure was plotted along the axial direction y. The coordinate origin is set at the center of the air
bubble. The positive y-axis points towards the bubble.

3.1.2 Effect of Dimensionless Parameters (γ, η) under Fixed Tube Radius
The effects of the non-dimensional distance γ and the relative size ratio η on the wall pressure are

explored within a fixed radius of the tube with Rt = 500 μm. Fig. 5a illustrates the spatiotemporal evolution
of the wall pressure in a circular tube at γ = 1.25 and η = 0.80, as well as Fig. 5b, the peak pressure curves of
the wall under different non-dimensional distances γ and various relative size ratios η.

(a) (b)

Figure 5: (a) The spatiotemporal evolution of wall pressure in a circular tube at γ = 1.25 and η = 0.80 with Rt = 500 μm.
The black dotted line represents the moment when the wall pressure reaches its maximum value. (b) The wall peak
pressure curves at t ≈ 0.33 μs under different non-dimensional distances γ and various relative size ratios η. The solid
line represents the same non-dimensional distance γ, while the dotted line represents the same relative size ratios η.
The coordinate origin is set at the center of the air bubble. The positive y-axis points towards the bubble.
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As shown in Fig. 4a, a clear pressure front appears around t ≈ 0.30 μs, the pressure wave propagates
nearly spherically. When the pressure wave reaches the tube wall, the wall pressure reaches its maximum at
t ≈ 0.33 μs, approximately 230 bar (see Fig. 4b). The black dotted line represents the moment when the wall
pressure reaches its maximum value. In this stage, the pressure wave propagates rapidly with a large gradient.
The pressure pulse load applied to the tube wall can cause deformation of the tube wall or even material
damage. Fig. 5b shows the maximum pressure of the tube wall distributions under different dimensionless
parameters (Rt = 500 μm). Different colors and line styles denote the non-dimensional distance γ and the
relative size ratio η. For the same tube radius, the variations in γ and η exert little influence on the pressure
amplitude, with the peak pressure remaining around 230 bar. The results show that the influence of the non-
dimensional distance γ and the relative size ratio η on the wall pressure amplitude is very small, within the
same tube radius.

3.1.3 Effect of Tube Radius Rt on Peak Wall Pressure
Fig. 6 illustrates the spatiotemporal evolution of wall pressure and the corresponding peak pressure

profiles under different tube radii for γ = 0.75 and η = 2.00. As shown in Fig. 6a, the spatiotemporal evolution
of wall pressure is presented for Rt = 300 μm. The pressure wave propagates as a spherical wave, with a clear
pressure front appearing at t ≈ 0.16 μs. Compared with the case of Rt = 500 μm (see Fig. 4), a smaller tube
radius results in the pressure wave reaching the tube wall earlier and producing a higher peak wall pressure.
At t ≈ 0.19 μs (marked by the black dashed line), the wall pressure reaches its maximum of approximately
430 bar, revealing a strong pressure effect in the narrow tube. Fig. 6b shows the profiles of the wall pressure
peak under identical parameters γ = 0.75 and η = 2.00 but with varying tube radii Rt . Different colors
represent different radii. In a narrower tube, the pressure wave reaches the tube wall in a shorter time, and the
peak pressure amplitude is significantly enhanced. As Rt increases, the pressure peak decreases and occurs
later in time. These results indicate that reducing the radius of the tube amplifies the impulsive loading on
the wall, which is exacerbated by the risk of cavitation-induced damage to the tube.

(b)(a)

Figure 6: (a) The spatiotemporal evolution of wall pressure in a circular tube at γ = 0.75 and η = 2.00 with Rt = 300 μm.
The black dotted line represents the moment when the wall pressure reaches its maximum value. (b) The wall peak
pressure curves at γ = 0.75 and η = 2.00 under different the radius of the circular tube Rt , ranging from 300 to 1200 μm.
The color of the solid line becomes darker as the radius of the circular tube increases. The coordinate origin is set at the
center of the air bubble. The positive y-axis points towards the bubble.

3.2 Bubble–Bubble Interaction and Jet Regimes
Having characterized the wall pressure dynamics, we now turn to the interaction between the cavitation

bubble and the air bubble, focusing on jet formation regimes.
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3.2.1 Effect of Size Ratio η at a Fixed Spacing γ = 3.00
To elucidate the effects of the interplay between a cavitation bubble and an air bubble on the internal

flow dynamics, we first consider the case of fixed bubble spacing while varying the size ratio. Fig. 7 illustrates
the temporal morphological evolution of a cavitation bubble and an adjacent air bubble inside a rigid
circular tube at a fixed non-dimensional distance γ = 3.00 with varying size ratios (η = 2.00, 1.14 and 0.80).
The cavitation bubble is initially positioned on the left side. At t = 1.4 μs, the primary pressure wave
induced by the explosive expansion of the cavitation bubble impinges upon the proximal interface of the
air bubble. Subsequently, the rapid expansion of the cavitation bubble vigorously squeezes the inter-bubble
liquid. Restricted by the rigid tube wall boundary condition, the fluid momentum is restricted from radial
expansion. It is channeled predominantly along the axial direction, leading to the development of a forward-
directed liquid jet inside the air bubble. For η = 2.00, the cavitation bubble generates a reverse jet. As η
decreases, the volume of the air bubble expands, causing its interface to become significantly flattened.
At η = 1.14, the proximal and distal surfaces of the cavitation bubble contract simultaneously toward its
geometric center, exhibiting distinct features of opposed jetting. For a smaller size ratio of η = 0.80, the
collapse of cavitation bubbles generates obvious co-directional jets.

Figure 7: The evolution of bubble shapes as well as pressure and velocity distributions. Purple lines denote bubble
interfaces, the pressure (lower halves), and flow fields (upper halves). Magnitudes are color-coded, and arrows indicate
flow directions. Color bars indicate pressure (in bar) or velocity magnitude (in ms−1), as labelled. The coordinate origin
is set at the center of the air bubble. The positive y-axis points towards the bubble. Each frame is 3 mm wide. (a) γ = 3.00
and η = 2.00; (b) γ = 3.00 and η = 1.14; (c) γ = 3.00 and η = 0.80.
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These dynamic trends can be quantitatively evaluated through analysis of bubble trajectories and jet
velocities. Fig. 8 further illustrates the influence of the relative size ratio η on bubble morphology and jet
velocity at the dimensionless distance γ = 3.00. Specifically, Fig. 8a,b plot the moving trajectories of two
representative monitoring points on the air bubble and the cavitation bubble, respectively, along the axis of
symmetry (y-axis). At γ = 3.00, the y-direction trajectories of the air bubble exhibit significant variations
across different η values. As shown in Fig. 8a, when η = 2.00, the air bubble radius is relatively small. This
allows a portion of the pressure wave to bypass it, driving the right side of the air bubble toward its center.
The intersection of the two trajectories occurs inside the bubble, indicating severe deformation of the air
bubble wall. Conversely, at η = 1.14 and η = 0.80, the left wall of the air bubble moves rapidly toward the
right upon the arrival of the pressure wave from the expanding cavitation bubble. As η gradually decreases,
the air bubble radius increases, and the position of the air bubble’s right wall remains largely unchanged.
The two trajectories intersect at the right wall. Turning to the cavitation bubble in Fig. 8b, when η = 2.00,
the intersection of its two trajectories appears below the center of the cavitation bubble, indicating that the
cavitation bubble is moving away from the air bubble. At η = 1.14, the intersection shifts to near the center
of the cavitation bubble, suggesting that both the left and right sides of the cavitation bubble are moving
inward toward its center. Finally, at η = 0.80, the intersection occurs above the center of the cavitation bubble,
demonstrating that the cavitation bubble is migrating toward the air bubble.

Figure 8: Influence of the relative size ratio η on bubble morphology and jet velocity at the non-dimensional distance
γ = 3.00. (a) Temporal evolution of the left and right interfaces of the air bubble; (b) temporal evolution of the left
and right interfaces of the cavitation bubble; (c) velocity of the left interface of the air bubble; (d) velocity of the left
and right interfaces of the cavitation bubble. Different colors represent distinct values of η. The positive y-axis points
towards the bubble. Negative velocities indicate leftward motion. The black contours in (b) show three representative
cavitation-bubble shapes.
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Fig. 8c illustrates the velocity-time histories of the left wall of the air bubble under three different
conditions, while Fig. 8d plots the corresponding data for the left and right walls of the cavitation bubble,
with velocities directed along the positive y-axis defined as positive. For the air bubble at η = 2.00, the
high interfacial curvature strongly focuses the pressure wave toward the central axis, concentrating fluid
momentum within a highly localized region. Governed by the Euler equation, ρ Du

Dt = −∇p, this extreme
pressure gradient ∇p drives the initial velocity of the air bubble interface up to 58 m/s. Subsequently, the
confinement of the circular tube induces further flow focusing, accelerating the jet to a maximum velocity
of 120 m/s as it penetrates the right wall. Similarly, at η = 1.14 and η = 0.80, a remarkably brief pressure pulse
imparts an initial velocity to the wall, followed by flow focusing that accelerates the jet to its peak velocity
before piercing the right wall of the air bubble. Turning to the cavitation bubble dynamics shown in Fig. 8d,
the initial surface expansion rates are nearly identical across all three cases; however, their subsequent
behaviors diverge. At η = 2.00, once the cavitation bubble wall velocity drops to zero, the left wall ceases to
expand and remains stationary, whereas the right wall’s velocity reverses direction to form a leftward jet. At
η = 1.14, after the velocity curves for both sides cross the zero axis, the walls simultaneously contract inward
toward the bubble’s interior, generating counter-penetrating jets. Finally, at η = 0.80, the velocity on the left
wall of the cavitation bubble reaches zero first, after which the velocities of the left and right interfaces become
equal and positive, demonstrating that the right wall continues to expand while a rightward jet forms on the
left wall.

3.2.2 Effect of Spacing Ratio γ at a Fixed Size Ratio η = 0.80
Having examined the role of size ratio, we now turn to the effect of bubble spacing. Fig. 9 illustrates

the temporal shape evolution of the cavitation bubble and the air bubble, at a fixed size ratio η = 0.80 across
different dimensionless distances γ = 0.50, 1.25 and 3.50. Fig. 10 reveals the kinematic characteristics of the
interaction between a cavitation bubble and an air bubble in a circular tube.

At γ = 0.50, the cavitation bubble is near the air bubble, producing strong bubble–bubble coupling. At
t = 0.8 μs, the shock wave reaches the air bubble interface immediately after cavitation, producing a high
initial acceleration and a visible indentation on the air bubble surface. The velocity curve (Fig. 10c) shows that
the jet speed reaches a peak of approximately 80 m/s. At t = 13.2 μs, the jet penetrates the right boundary of
the air bubble, while at t ≈ 13.0 μs (Fig. 10d), the left side of the cavitation bubble develops a negative velocity,
forming an opposed jet directed leftward. The velocity of the jet increases rapidly; by t = 21.6 μs, the counter
jet penetrates the left wall of the cavitation bubble with a velocity of approximately 130 m/s.

With an intermediate spacing of γ = 1.25, the interaction between the two bubbles becomes less
pronounced. The air bubble jet reaches an initial velocity peak at t = 1.0 μs, and the subsequent motion
evolves more gradually. At t = 25.6 μs, the jet directed to the right penetrates the bubble wall with a velocity
of approximately 40 m/s (Fig. 10c). Later, at t = 50.6 μs, two opposed jet form within the cavitation bubble
and collide in the center, with velocities near 20 m/s.

When the spacing increases further to γ = 3.50, the bubble interaction weakens considerably. During the
early expansion stage, the cavitation bubble remains nearly spherical. At t = 1.4 μs, the air–bubble interface
reaches a peak velocity of 28 m/s (Fig. 10c). Subsequently, the air bubble jet gradually shifts to the right
and penetrates the interface around t = 35 μs. Meanwhile, at t = 24.2 μs, a jet appears on the left side of the
cavitation bubble directed toward the air bubble.
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In a circular tube, the collapse and jetting of the cavitation bubble are mainly caused by two driving
effects. One is the pressure impulse reflected from the tube wall, which pushes the bubble rightward and
promotes a rightward-directed jet. The other is the re-expansion of the air bubble after its right interface is
pierced by the jet, which drives the fluid between the bubbles leftward and produces a leftward jet.

Figure 9: The evolution of bubble shapes as well as pressure and velocity distributions. Purple lines denote bubble
interfaces, the pressure (lower halves), and flow fields (upper halves). Magnitudes are color-coded, and arrows indicate
flow directions. Color bars indicate pressure (in bar) or velocity magnitude (in ms−1), as labelled. The coordinate origin
is set at the center of the air bubble. The positive y-axis points towards the bubble. Each frame is 3 mm wide. (a) γ = 0.50
and η = 0.80; (b) γ = 1.25 and η = 0.80; (c) γ = 3.50 and η = 0.80.
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Figure 10: Influence of the non-dimensional distance γ on bubble morphology and jet velocity at the relative size ratio
η = 0.80. (a) Temporal evolution of the left and right interfaces of the air bubble; (b) temporal evolution of the left
and right interfaces of the cavitation bubble; (c) velocity of the left interface of the air bubble; (d) velocity of the left
and right interfaces of the cavitation bubble. Different colors represent distinct values of γ. The positive y-axis points
towards the bubble. Negative velocities indicate leftward motion. The black contours in (b) show three representative
cavitation-bubble shapes.

3.2.3 Phase Diagram of Jet Morphologies
Based on the observed flow fields, we classify the jet morphologies into three distinct types. Fig. 11

presents the classification of bubble jet morphologies under different combinations of non-dimensional
distance γ and relative size ratio η. Based on flow-field analysis, three representative jet types are identified:
(i) reverse jets (Type I), (ii) opposed jets (Type II), and (iii) co-directional jets (Type III). Here, reverse jets
refer to jets that penetrate the cavitation bubble wall on the side away from the air bubble (leftward). Opposed
jets are characterized by two counter-directed jets forming inside the cavitation bubble and colliding near its
center. Co-directional jets denote jets that are directed toward the air bubble (rightward).

Fig. 11a–c illustrates the evolution processes of three typical jet morphologies. The driving force of the
reverse jet (red contour line) mainly comes from the air bubble, which is manifested as a jet that penetrates the
bubble wall to the left when the cavitation bubble collapses. The opposed jet (green contour) is simultaneously
acted upon by the wall surface of the circular tube and the air bubble, driving the cavitation bubble to
collapse and causing two opposing jets to collide within the cavitation bubble. The driving force of the co-
directional jet (blue contour line) is dominated by the pressure wave reflected from the wall of the circular
tube. Therefore, when the bubble collapses, the jet evolves into a co-directional jet.
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Figure 11: (a) Reverse jets (red contours), plotted every 2 μs from 10 μs; (b) opposed jets (green contours), plotted every
5 μs from 25 μs; and (c) co-directional jets (blue contours), plotted every 5 μs from 30 μs. The contour colors become
darker over time.

As shown in Fig. 12, the phase diagram divides the parameter space (γ, η) into three regions correspond-
ing to these jet morphologies. The map shows that the cavitation–air bubble interaction gradually weakens
with increasing γ, leading to clear transitions between jet types. For 0.8 < η < 1.2, as γ increases, the bubble
interaction changes from strong to weak coupling. At small γ, the cavitation bubble rapidly develops the
reverse jets pointing away from the air bubble (Type I). At intermediate γ, the opposing jets appear during
the collapse phase, with flows directed toward the interior of the bubble (Type II). At large γ, the cavitation
bubble produces co-directional jets oriented toward the air bubble (Type III). For 1.2 < η < 1.8, the air-bubble
radius decreases and its surface curvature increases, reducing the effect of the bubble spacing. In this range,
opposed jets occur across a wide span of γ values, while co-directional jets emerge at larger γ. When η >
2.0, the air bubble is much smaller, and the interaction typically generates reverse jets (Type I) within the
cavitation bubble. In summary, the distribution of jet types on the phase map reflects distinct morphological
transitions governed jointly by γ and η, illustrating that the jet direction is determined by both the distance
between bubbles and their relative size.

Figure 12: Distribution of jet types in a (γ, η) parametric map. The open symbols denote the computed cases. Circles,
squares, and triangles represent reverse jets, opposed jets, and co-directional jets, respectively.
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4 Conclusions
In this paper, the cavitation–air bubble interaction inside a rigid circular tube is numerically investigated

using a compressible volume-of-fluid method. Two dimensionless parameters are considered: the spacing
ratio γ and the size ratio η. The main conclusions are drawn as follows.

The expansion of the cavitation bubble generates a spherical pressure wave. When the wave reaches
the tube wall, a high-pressure peak is produced. The pressure waves are reflected at the air-liquid interface,
creating a complex localized pressure field. Within the present parameter range and for a fixed tube radius,
the peak wall pressure is insensitive to changes in both γ and η. Under different tube radii, a smaller tube
radius shortens the propagation distance of the pressure wave, leading to more concentrated energy and a
higher peak wall pressure. As the radius of the tube increases, spherical attenuation becomes dominant, and
the shock energy is distributed over a larger spatial volume, leading to a significant reduction in the wall
pressure amplitude.

Depending on the combination of γ and η, three distinct jetting regimes are identified: reverse jets (Type
I), opposed jets (Type II), and co-directional jets (Type III). The phase diagram divides the parameter space
(γ, η) into three distinct regions corresponding to these jet types. For 0.8 < η < 1.2, increasing γ weakens
bubble coupling, leading to sequential transitions from reverse to opposed and finally to co-directional jets.
For 1.2 < η < 1.8, the smaller air bubble suppresses co-directional jets, and opposed jets dominate over a wide
range of γ. When η > 2.0, the air bubble is sufficiently small that reverse jets are typically produced inside
the cavitation bubble. The jet direction is therefore governed jointly by the bubble spacing and the relative
bubble size.

In summary, the collapse and jetting behavior of a confined cavitation bubble are governed by two
competing mechanisms: (i) the wall-reflected pressure impulse that accelerates the liquid toward the air
bubble, and (ii) the localized liquid momentum induced by the re-expansion of the adjacent air bubble
interface that drives flow in the opposite direction. The interplay between these physical driving mechanisms
dictates the final jet regime. The present findings provide insights into cavitation-air bubble interaction
under wall confinement, which may be relevant to cavitation control in microfluidic and other confined
flow environments.
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