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CAVITATION UNDER MAGNETIC FIELD:

STUDY OF AN OSCILLATING BUBBLE
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This study investigates the influence of a non-uniform static magnetic field on bubble dynamics
during cavitation, focusing specifically on bubble oscillation. Using a numerical simulation
approach, we applied a magnetic field to a low pressure bubble inside a large volume of fluid to
follow oscillation of the bubble’s radius neglecting liquid–gas mass exchange. Our simulations
showed impacts of the magnetic field on the bubble dynamics slightly affecting the minimum
bubble radius and implosion dynamics. This modification might be related to the shock wave
modification.

Introduction.

Cavitation involves the formation and growth of vapor pockets. This phenomenon
arises due to phase changes in the liquid, triggered by a drop in pressure below the
fluid’s vaporization point. When the low-pressure condition is relieved, the vapor pocket
is fractured into multiple bubbles, then the bubbles collapse, i.e. shrink to an extremely
small size, but they can rebound, i.e. expand again. Thus, the disappearance of a bubble
is preceded by its oscillation between implosion (extremal shrinking) and expansion. The
implosion results in a significant increase in temperature and pressure of the internal
gas, along with an increase of velocity of the bubble’s surface. The high velocity of the
bubble’s surface generates shock waves, whose interaction with the surrounding materials
causes erosion of the latter. Additionally, the increase in pressure and temperature can
ionise the gas, i.e. form plasma and produce hydroxyl radicals [1, 2]. The ionization of
the gas inside the bubble results in luminescence, therefore, luminescence can be used
to detect the bubble’s implosion. The light emitted from the bubble provides a means
to obtain information about the bubble around its minimum radius. In single-bubble
sonoluminescence experiments with water, Young et al. [3] observed that applying a
strong magnetic field (between 1 and 10T) shifted the acoustic pressure range, within
which the bubble implodes with luminescence toward higher values. They hypothesized
that the magnetic field generates non-uniform forces along the bubble interface, thereby
perturbing successive rebounds and breaking the symmetry, which in turn may affect the
maximum temperature and pressure reached.

Most studies on the application of magnetic fields to two-phase flows, particularly
cavitation, have focused on electrically conductnge fluids, where inductive effects presum-
ably play a significant role in the observed phenomena [4, 5]. However, for paramagnetic
and diamagnetic non-conducting fluids, effects of a non-uniform magnetic field B due to
a volume force known as the Kelvin force given by Eq. (1) can be expected:

fvol mag =
χ

2µ0

∇
(

B2
)

. (1)

Here, χ is the magnetic susceptibility of the medium [6]. The effect of the Kelvin force is
analogous to that of the hydrostatic pressure variation and may induce convective flow
in media with the spatially varying χ. The deformation of the interface between two
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phases [7] or the magnetophoretic separation in particle-laden flows [8] are examples of
the effect of the Kelvin force.

One can find only a few studies regarding the effect of the magnetic field on the
cavitating flow of paramagnetic fluids. The study by Shalobasov and Shal’nev [9] demon-
strated that applying a magnetic field transverse to the flow direction in a cavitating
water around a cylinder resulted in an increase in both the mass loss due to erosion and
the affected surface area. They attributed these effects to the interaction between the
magnetic field and an ionic layer at the bubbles’ interface. Later, Shal’nev et al. [10]
observed an increase in spark-generated bubble growth rates in the presence of a mag-
netic field, resulting in bubbles with a larger maximum radius, but the implosion phase
was not addressed. Hammitt [11] has shown that erosion could increase or decrease de-
pending on the magnetic field’s direction and the specifics of the experimental system.
Then, Kamiyama et al. [12] noted that a 0.6T magnetic field in acoustic cavitation
caused damage over a larger area, though it was less severe. Yet, nor the direction of
the magnetic field neither its gradient were specified. Recently, in the field of biology,
Yang et al. [13] explored the relationship between acoustic cavitation and blood-brain
barrier opening (BBBO). This technique uses cavitation to open the brain barrier near its
surface by focusing acoustic waves. Preliminary studies showed a reduction in cavitation
level under a 9.4T magnetic field compared to conditions without the field, which was
corroborated by further studies with magnetic fields intensity of 1.5T, 3T, and 4.7T [14].

In the present work, we study numerically whether a magnetic field affects bubble
implosion or rebound, focusing only on bubble dynamics and excluding chemical effects
and possible interactions of the magnetic field with ionized gas.

1. Description of a two-dimensional numerical model.

The feasibility of modelling of bubble implosion using Volume-of-Fluid (VOF) imple-
mentation in ANSYS Fluent was demonstrated elsewhere [15] provided a very fine mesh
is used to avoid numerical artefacts, and the computation domain is large enough to avoid
the effect of boundaries. Following the aforementioned approach, a two-dimensional axi-
ally symmetric domain with a circular external boundary is considered, the size of the
domain is taken 100 times larger than the initial maximim size of the bubble which is
equal to 1 · 10−4m, the centre of the bubble coincides with the geometrical centre of the
domain, and the strategy with a block-structured mesh is adopted for the mesh construc-
tion (Fig. 1). A constant pressure of 1 atm equal to the initial pressure in the liquid is
imposed at the boundary of the computation domain that allows the liquid to freely leave
and enter the domain. The region, where the variation of the magnetic field is considered
in the calculations is bounded by the two red dotted lines shown in Fig. 1, outside that
region the magnetic field is assumed to be constant. It is supposed that the magnetic
field is generated by a magnet at the left of the figure. One may consider the left red line
be corresponding to the surface of a magnet that generates the magnetic field Ban(x, y)
decreasing along the symmetry axis of the domain that is presented with an analytical
function. The components of the volume force given by Eq. (1) are introduced into the
corresponding momentum equations given below via User Defined Functions. It should
be noted that the magnetic susceptibility of fluids are supposed to be linearly depend-
ent on the fluid density χ=χ0ρ/ρ0, with χ0 =–9.035·10−6 [16] being the base value for
water and ρ0 =998.8 kg/m3. This approximation is a way of accounting for the decrease
in the number of atoms in a given volume and, therefore, the decrease in the number of
electrons reacting with the magnetic field.
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Fig. 1. Illustration of the mesh and indication of boundary conditions.

In the model, both fluids are assumed to be viscous and compressible with a poly-
tropic equation of state for the gas and the following compressible liquid state equation
for the liquid (ρl/ρl,0)

n =K0 + n(p − p0)/K0, with p being the pressure, ρl the density
of the liquid phase, K0 =2.1·109, ρl,0 =998.2 kg/m3, n=7.12 and p0 =1 atm.

Further, with the VOF approach, for all fluids in the system a single set of momentum
and energy equations is used (as presented below), while the presence of a phase i in
each calculation cell is defined with use of a volume fraction αi. The properties in
hydrodynamic and energy equations are calculated using linear mixture laws as described
elsewhere [17]. The continuity equation with u for the velocity is

∂tρ+∇(ρu) = 0.

The momentum equation is

∂t(ρu) +∇(ρu⊗ u) = −∇P +∇ · τ + fvol mag,

with P standing for the pressure, and the stress τ is defined as

τ = µ[∇u+ (∇u)T ]− 2/3µ(∇ · u)I.

The volume fraction is calculated using the following equation for the secondary phase
which is represented in the model by gas, with the fraction αg and a partial velocity ug:

∂t(αgρg) +∇(αgρgug) = 0.

The energy E is calculated using the following equation, where k represents the thermal
conductivity:

∂tE +∇

(

ρu

(

E +
p

ρ

))

= ∇ (k∇T ) .

2. Results.

The VOF-based numerical model for the bubble implosion was verified by compar-
ing with the Keller–Miksis model presented in the next section. A spherically-symmetric
geometry does not allow the introduction of a non-uniform magnetic field which would
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correspond to a real physical situation, yet the Keller–Miksis model serves for the veri-
fication of a numerical case implemented in ANSYS Fluent using the VOF approach.
Then the VOF model was used to study the effect of the magnetic field introduced in
the problem.

2.1. Comparison with a Keller–Miksis problem. We have modelled a spherical
bubble oscillation using the Keller–Miksis framework [18, 19], which describes a bubble in
a viscous liquid collapsing or expanding due to the pressure difference inside and outside
the bubble, ∆P . The liquid follows the fluid-gas interface, where the surface tension is
taken into account, but the phase transformation is not considered, and both phases are
assumed to be homogeneous. The model neglects the appearance of shock waves, the
heat exchange between the two phases and neglects the density of the gas relative to that
of the liquid. With the outlined assumptions, the variation of the bubble radius R over
time is described by Eqs. (2)–(3) derived from the mass and momentum conservation
equation for the radial component of the velocity. Eq. (4) is the state equation for the
gas.

(

1−
Ṙ

c

)

RR̈+
3

2
Ṙ2

(

1−
Ṙ

3c

)

=

(

1 +
Ṙ

c

)

1

ρl
(Pint(R)− P∞) +

R

cρl
Ṗint, (2)

Pint(R) = Pbubble(R)−
2σ

R
− 4µl

Ṙ

R
, (3)

Pbubble = P0 (R0/R)
3γ

. (4)

Here, the first and second time derivatives Ṙ, R̈ correspond to the velocity and
acceleration of the bubble surface motion, ρl, µl, c are, respectively, the liquid density,
dynamic viscosity and the speed of sound in the liquid, Pint is the pressure at the interface
of the bubble, Pbubble is the pressure inside the bubble, and σ is the surface tension.

For the comparison, the following parameters were used: pg0 =6900Pa is the initial
pressure inside the bubble, R0 =10−4m is the initial radius of the bubble, pbound = 1 atm
is the pressure at the domain’s boundary, with the gas properties in the simulation being
set to those of the air. The gas properties were chosen to match those of the air to satisfy
the condition ρg << ρl, where ρg is the gas density. The bubble radius in time obtained
from the solution of Eqs. (2)– (4) performed using a Matlab code is shown in Fig. 2
(black line).

A similar problem was solved with ANSYS Fluent with the time step adjusted to
have a Courant number equal to 0.05. The momentum, density and energy equation were
resolved with second-order schemes and the convergence criteria for continuity, energy,
volume fraction of fluid, the X and Y velocity is such that the relative normalised error is
below 10−3, 10−6, 10−4, 10−4 and 10−4, respectively. To extract the radius of a bubble
from the distribution of the volume fraction obtained with the VOF-based model, we
considered a set of points, whose liquid fraction satisfies the inequality 0.4< αl < 0.6.
Then the error between these points and the circle equation was minimized, allowing
determining the coordinates of the bubble center and the bubble radius. If the bubble
is deformed, the method gives an equivalent bubble radius, whose variation is shown in
Fig. 2 (brown line).

The difference in the bubble radius after rebound between the two models can be
attributed to the fact that in the VOF model the assumption of uniform gas temperature
is ignored, and the temperature distribution in the bubble is calculated. According to

80



Cavitation under magnetic field: Study of an oscillating bubble

Fig. 2. The bubble radius over time calculated for the Keller–Miksis model with Eqs. (2)–(4)
and with the ANSYS Fluent VOF model with the air properties for the gas inside the bubble.

the discussion in [20], the presence of a thermal layer between the two phases appears to
radically alter the bubble’s energy dissipation, making the rebound weaker and shorter.
Overall, a very good agreement was observed until the bubble implosion (maximum
shrinking). The minimum value of the radius which is ∼1.25·10−5m in the ANSYS
Fluent model and ∼1.28·10−5m in the solution for the Keller–Miksis equations has a
relatively small relative difference of 2.3%. The observed discrepancy can be assigned to
the absence of shock wave effects in the Keller–Miksis model and to the heat exchange
between the bubble and the liquid taken into account in the VOF model, but not in the
Keller–Miksis model. Nevertheless, the results obtained with the VOF-based model have
appeared physically plausible and describe rather well the bubble implosion. It is also
noted that the time associated with the minimum radius of the bubble exhibits a small
variation between the two simulations.

2.2. Magnetic field effect on bubble implosion.

The simulation was performed with the adopted VOF-based model using the following
parameters: pg0 =6900, R0 =10−4m, pbound=1atm, with the gas properties set to those
of water vapor. Three cases were considered: without a magnetic field, a magnetic field
|B|=4T with the gradient ∇(|B|) = 1000T/m and a magnetic field of |B|=8T with
the corresponding gradient ∇(|B|)= 2000 T/m. Fig. 3 shows the variation of the bubble
radius over time for different magnetic field intensities. Only the most intense magnetic
field used in the simulation has provided visible effects on the bubble dynamics.

These effects that appear with a slight delay of the bubble implosion and a higher
value of the minimum radius of the bubble seem minor. However, the maximum devi-
ation between the simulations with and without the magnetic field equivalent to 8T is
∆R/R0=7% and the decelerated dynamics result in a temporal shift of 3%. The tem-
poral shift is becoming increasingly significant during the cycle of growth and the second
collapse of the bubble, especially after t=2.5·10−5 s the gap is clearly visible. The effect
of the magnetic field on the eventual bubble deformation can be estimated by the Bond
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Fig. 3. Radius as the function of time for the simulation without a magnetic field and with a

magnetic field equivalent to B=4T and B=8T with R0 =10−4 m and water vapor properties
for the gas inside the simulation.

number [21]:

Bomag =
χR0B

2
eq

2µ0σ
,

that, for the initial value of the bubble radius and the maximum intensity of the magnetic
field gives Bomag ∼ 0.3. This means that the magnetic pressure on the bubble is low
compared with the surface tension, and, if an effect exist, it can be small and that is
actually confirmed by the numerical modeling.

As it was mentioned above, during the implosion, the rapid movement of the bubble
surface initiates pressure waves and shock waves that propagate through the fluid and
reflect off the bubble interface. The Mach number Ma= |umax|/c, with c standing for
the local speed of sound, determines whether the shock wave can appear in the problem,
that is expected if Ma> 0.7. In the problem, the maximum speed of the bubble surface
just before or after the implosion, t=6.23·10−6 s and t=8.87·10−6 s, is 60m/s that gives
Ma up to 0.77, if c is taken for the gas–liquid mixture under 1 bar [22]. These shock
waves and pressure waves travel radially outward, gradually attenuating as they move
away from the bubble, as presented in Fig. 4 with the contour of the density gradient ∇ρ
near the bubble. This figure highlights the effect of the magnetic field on the pressure
variation which is initiated by the waves propagating throughout the domain during the
bubble’s oscillations. A minor effect of the magnetic field is observed when comparing
Figs. 4 (b) and (e), but a significant change in patterns is noticeable between (c) and (f).

Thorough examination of the bubble’s interface defined by the water vapor fraction
0.4< αvapor < 0.6 has revealed a weak deformation of the bubble because of the imposed
magnetic field that causes the shock waves generated at the interface to overlap in the
certain regions as they no longer retain spherical symmetry. This alteration in the shock
wave patterns appears to reduce the compression of the bubble at its minim radius
compared to cases, where only the magnetic field pressure effect is considered.
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Fig. 4. Logarithm of the density gradient in the near-bubble domain for three different times.
(a), (b) and (c) for the contour without a magnetic field, and (d), (e) and (f) for a magnetic
field equivalent to 8T.

3. Discussion.

Only minor effects of the magnetic field on the dynamics of the imploding bubble
was found. The results obtained in the current work cannot be immediately applied to
the single-bubble luminescence experiments mentioned in the Introduction, as additional
phenomena should be taken into account. However, the work should be considered as
a preliminary stage for further, more complex modeling. This stage allowed us to un-
derstand the constraints of the model which may entail discrepancies between numerical
results and experimental observations. Among these constraints, the most important
probabl is the fact that the plasma formation is not considered, therefore, the direct
effect of the magnetic field on the electrical charges is not taken into account. It should
be also noted that another effect of the magnetic field which modifies the pressure on
the bubble in the presence of the magnetic field is considered in the work of Yasui [23].
This pressure modification is derived from the energy conservation equation and is re-
lated to the work which the magnetic field performs by constantly orienting the polar
molecules along the magnetic lines against their disorientation due to thermal vibration.
The estimations performed in [23] provides a significantly stronger effect of the magnetic
pressure than the one obtained in the current work with Eq. (1) and accepted values for
the magnetic permeability. However, this estimation is determined by the value of a coef-
ficient related to the probability of molecular disorientation, which is not known. In fact,
this coefficient was estimated from the single cavitating bubble experiment. Moreover,
the cited work has not considered other phenomena related to cavitation, that are the
dissipation of energy due to viscosity of the fluid and the appearance of the shock waves.

Conclusions.

It should be emphasised that a careful consideration must be given to discretization
schemes and time-step selection to avoid errors due to insufficient convergence in numer-
ical modeling. The computational mesh should be as structured as possible, adapting to
different spatial scales according to the bubble’s evolution stage. This adaptive approach
is essential for achieving optimal resolution, from the initial bubble size to the bubble’s
implosion. Implementing an “O-grid” structure enhances this resolution capability and
helps avoiding the artificial deformation of the liquid–gas interface as it passes through
different meshes.

Introducing a magnetic field into a cavitation model reveals alterations in bubble
dynamics, particularly concerning the bubble implosion and shock wave behavior. Our
findings emphasize the influence of magnetic fields on the increase of the minimum bubble
radius and a delay of implosion. These effects can be attributed to the interactions

83



Y.Bouzehouane, F. Ayela, O.Budenkova

between the magnetic field and the shock wave. While our simulations yield physically
plausible results, some discrepancies between numerical simulations and experimental
observations are expected due to inherent model simplifications. The present study high-
lights the impact of magnetic fields on cavitation dynamics, laying the ground for further
research and experimental validation. Advanced numerical techniques and structured
meshing are essential for achieving reliable simulation outcomes, and ongoing refinement
of the models will improve our understanding of the cavitation phenomena under the in-
fluence of magnetic fields. Future research should consider incorporating polarized layer
effects and plasma dynamics into numerical simulations of cavitation under magnetic
fields, as these phenomena are particularly sensitive to magnetic influence.
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