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Abstract. This research investigates the conditions precipitating the surface instability of spherical bubbles and devel-
ops a novel thermal criterion for their terminal collapse during hydrodynamic cavitation. A new mathematical model
of vapour bubble dynamics was formulated and implemented in numerical simulations, accounting for heat and mass
transfer processes at the bubble interface under various flow conditions. The central hypothesis of the model posits
that bubble collapse is triggered when the surface temperature exceeds a critical threshold. Theoretical findings were
validated through comparison with experimental data acquired via Venturi tube measurements.
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1. Introduction

Historically, cavitation has been predominantly exam-
ined within the framework of hydrodynamics, focusing
on the identification and mitigation of the deleterious
effects of erosion on propeller surfaces, hydraulic turbine
blades, and various civil engineering structures (Stringer
et al., 2023; Kumar et al., 2019; Alcantara Avila et al,,
2021; Gawande et al., 2026). Such surface degradation is
driven by shock waves and micro-jets generated during
the collapse of bubbles, which are traditionally concep-
tualised as hollow cavities. However, these purely hy-
drodynamic mechanisms prove insufficient to elucidate
the fragmentation of molecular and colloidal structures,
the initiation of chemical synthesis, or other micro-scale
cavitational phenomena.

A purely hydrodynamic treatment of cavitation
precludes the influence of thermal factors on both the
development and the distinct manifestations of cavita-
tional effects. To a certain extent, this paradigm persists
to the present day; however, it is well-established that
during the stage of peak compression, the temperature
of the vapour-gas medium within the cavitation bubble
exceeds 5.000 K, with pressures escalating to 1.000 MPa
(Pavlenko, 2024). It is further postulated (Pavlenko &
Koshlak, 2024) that the thermal energy liberated within
the bubble volume is sufficient to induce the excitation,
ionisation, and dissociation of water vapour molecules

and resident gases. This facilitates the formation of free
radicals, enhances gas-phase chemical reaction kinetics
by five to six orders of magnitude (Wang et al., 2021;
Zhang et al.,, 2024; Tian et al., 2022), and may even pro-
vide the conditions requisite for initiating nuclear fusion
within the collapsing cavities (Pan et al., 2024).

Nevertheless, high-temperature processes occurring
within the gas phase do not sufficiently elucidate the im-
pact of cavitation on molecular and cellular structures
situated in the liquid phase of biological systems. This
discrepancy suggests the presence of alternative mecha-
nisms. A rigorous theoretical analysis of cavitational
mechanisms is currently constrained by the absence of
comprehensive mathematical models that integrate all
primary physical factors. Modelling efforts are typically
confined to specific experimental scenarios, often ne-
glecting interfacial heat exchange and phase transition
kinetics, while frequently assuming adiabatic bubble
compression. Autors (Pavlenko & Koshlak, 2021) delin-
eated the thermodynamic principles for a mathematical
model of bubble and ensemble dynamics in boiling and
cavitation, incorporating key governing factors. The vali-
dation of this model against a diverse range of experi-
mental data has demonstrated the efficacy and robust-
ness of this approach.

The objective of the present study is to investigate the
mechanisms of cavitational impact on aqueous suspen-
sions containing micro-dispersions, alongside molecular
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and colloidal structures. This investigation is conducted
with a view to enhancing the design of cavitating appa-
ratus and establishing optimal operational parameters.

2. A modified cavitation model

Notwithstanding the diverse and often conflicting defi-
nitions of cavitation, this study adheres to the following
general formulation. Cavitation is defined as the complex
of phenomena occurring within a liquid when the ambi-
ent pressure p,,, drops below the saturation vapour pres-
sure p, at a given temperature, subsequently followed by
a rapid escalation above this threshold. If p; < ps,. the
nucleation and growth of vapour bubbles are initiated.
Conversely, when p_ >p.. the compression and sub-
sequent terminal collapse of the formed bubbles occur.
In both instances, non-equilibrium relaxation processes
take place as the bubble system transitions towards a
state of thermodynamic equilibrium. This perspective al-
lows both nucleate boiling and cavitation to be described
within a unified mathematical framework, utilising the
same governing equations albeit under different initial
conditions. This conceptual foundation underpins the
mathematical model of bubble dynamics presented in
(Pavlenko, 2020).

In hydraulic turbines, pumps, and various flow-con-
trol devices where the aforementioned pressure gradi-
ent conditions are met, the emergence of a pulsating
cavitation cluster is inevitable. The periodicity of bub-
ble collapse, the magnitude of pressure and temperature
impulses, and the intensity of the spherical shock waves
radiated by the cluster are intrinsically dependent upon
the flow velocity and the channel geometry within the
cavitating zone. These phenomena provide the funda-
mental principles for the design of diverse cavitating
apparatus; notably, in such instances, the initiation of
cavitational effects does not necessitate supplementary
energy expenditure.

Consider the compression of a vapour bubble in wa-
ter under the condition p > pgy At the onset of com-
pression, the vapour pressure within the bubble is p, =
Psap While the pressure in the liquid at the bubble wall,
D.» 18 governed by the relation p,, = p, — 26/R — pv,,/R.
Here, R denotes the bubble radius, v,, represents the ra-
dial velocity of the liquid at the interface, and ¢ and p
are the coeflicients of surface tension and viscosity, re-
spectively. Driven by the pressure differential p, —p,» the
liquid accelerates towards the bubble centre, resulting in
a precipitous increase in both vapour pressure and tem-
perature within the contracting cavity.

The compression rate is governed by interfacial heat
transfer and vapour condensation at the cool bubble
wall, a process accompanied by the release of latent heat
of condensation. Once the internal vapour pressure p,
exceeds the ambient pressure p, ., the liquid begins to
decelerate, and its kinetic energy is converted into the
potential energy of the compressed vapour and the

surrounding liquid. Upon the total transformation of
this kinetic energy, the compression phase terminates,
and the liquid pressure at the bubble interface reaches
its peak value. This culminates in a water hammer ef-
fect within the vicinity of the bubble, triggering a com-
pression wave that propagates into the bulk liquid at the
speed of sound, with its magnitude attenuating as a func-
tion of distance.

Conventionally, in the modelling of cavitational pro-
cesses, the liquid is assumed to be incompressible, there-
by neglecting the water hammer effect. To evaluate the
significance of this phenomenon, the model previously
developed by (Pavlenko & Szwaba, 2025) has been modi-
fied to account for liquid compressibility. As part of this
enhancement, two new parameters are incorporated into
the framework: the liquid compressibility coefficient ¢ =
A(T,p) and the adiabatic compression thermal coefficient
Q(T,p) = 0T/0p. By accounting for compressibility, the
equation of motion within the model’s core system of
equations is reformulated as follows:

2
dv, Ap+1.6(Ap) c-1.6pv2
dt PR

, (1)

where Ap = p,, — p,.. and p denotes the liquid density. In
contrast to the classical Rayleigh-Plesset equation, which
is conventionally employed to describe cavitational pro-
cesses in incompressible fluids, Equation (1) is distin-

guished by the presence 1.6(Ap)2 ¢ in the numerator.
This term accounts for the contribution of the potential
energy of the compressed liquid, which is subsequently
manifested as an acoustic pulse. The speed of sound
within the liquid is determined by the relation ¢* =
(ps)~L. Following the transition of the vapour parame-
ters into the supercritical regime within the compressed
bubble, the liquid-vapour interface vanishes. In place of
the bubble, a quasi-spherical high-temperature “thermal”
is formed, within which water undergoes a continuous
transition from a supercritical state to a condensed phase
(Pavlenko, 2020). The radius of the region, characterised
by a central pressure p,,,, and a peripheral pressure p,,
at its external boundary, is estimated using the relation

R.=R /M , while its duration is determined by the
pcr

formula 1., = 2R /c. The values of R and p,,,, are de-
rived within the model during the computational proce-
dure, contingent upon the respective initial conditions.
Contained within this supercritical pressure region is a
spherical zone, where the temperature reaches T, > T,
at its centre and declines to T, at its outer boundary. The
existence of this high-temperature zone is attributed to
heat transfer from the vapour to the liquid phase, the
release of latent heat of condensation, and the heating of
the liquid during shock compression. Within this region,
water exists in a supercritical fluid state. Computational
results indicate that while the residence time of water in
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the supercritical fluid state does not exceed 10 ns, this
represents an exceedingly significant duration, given that
the characteristic timescales for most chemical reactions
and the formation of molecular structures are measured
on a picosecond scale.

3. Numerical modelling of cavitation dynamics

Figure 1 illustrates the experimental distribution
(Koshlak & Pavlenko, 2025; Soyama et al., 2023) of static
pressure along the channel, p = f(x), alongside the vari-
ation in the surface temperature, T = f(x) of a cavitation
bubble traversing the nozzle with the flow. The tempera-
ture exceeds the critical threshold T, within the diver-
gent section of the nozzle; according to experimental
data, this leads to the disintegration of the bubble spe-
cifically within this region. The dissipated power is ex-
pended on the localised evaporation of the liquid and the
subsequent formation of a vapour cavity. Due to inertia,
the resulting vapour bubbles expand to a maximum ra-
dius R,,,,. At this peak dimension, the internal vapour
pressure is significantly lower than the ambient liquid
pressure, thereby facilitating rapid bubble contraction.
As previously highlighted, the modelling of such bubble
dynamics is hindered by significant challenges, primar-
ily due to the fact that the internal vapour pressure and
temperature at the maximum radius R = R, ,, are beyond
the reach of direct experimental measurement. Conse-
quently, the precise initial conditions required to charac-
terise the onset of bubble collapse remain indeterminate.
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Figure 1. Analysis of experimental data (Koshlak & Pavlenko,
2025) regarding cavitation bubble collapse within a water flow
inside a Venturi nozzle, induced by static pressure variations
along the channel length

Figure 2 illustrates the evolution of internal vapour
pressure within an oscillating bubble according to the
proposed modified model.

The bubble disintegrates after three to four oscilla-
tions, once the temperature exceeds the critical thresh-
old, T.. As illustrated in Figure 2, the peak vapour
temperatures within the bubble during the maximum

compression phase increase with each successive oscilla-
tion cycle. In the present case, the temperature surpasses
the critical value only during the fourth period of oscil-
lation, leading to the irreversible disintegration of the
bubble. These findings are in qualitative agreement with
the results observed in steam cavitation experiments
(Koshlak & Pavlenko, 2025; Soyama et al., 2023).
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Figure 2. Temperature evolution within a vapour bubble
during collapse. Calculations are based on the experimental
conditions (Koshlak & Pavlenko, 2025): T = 293 K, p = lbar;

R =10 um

As the degree of liquid subcooling AT increases, the
peak temperatures rise accordingly. Under conditions of
high subcooling (AT > 48 K), the temperature during
the maximum compression phase exceeds T, as early as
the second to fourth oscillation cycle. This triggers bub-
ble disintegration due to the thermal instability of the
interface. Conversely, at lower values of AT, the condi-
tion T > T, is never satisfied in any oscillation period;
consequently, the bubble undergoes damped oscillations
until the vapour is fully condensed. Calculations indicate
that the thermal boundary between these two collapse
regimes corresponds to a water temperature of 325 K
(a subcooling degree of AT = 48 °C). The existence of
sustained bubble oscillations without disintegration in
slightly subcooled liquids is corroborated by experi-
mental data (Koshlak & Pavlenko, 2025). This analysis
provides a basis for asserting that the mechanism of in-
terfacial thermal instability may explain the spontaneous
disintegration of relatively large bubbles in steam cavita-
tion processes.

4. Influence of operating parameters on bubble
dynamics

Using a modified numerical model, the influence of liq-
uid temperature and pressure on cluster dynamics was
evaluated under the experimental conditions (Koshlak &
Pavlenko, 2025; Soyama et al., 2023). Furthermore, the
kinetics of energy and mass transfer across the phase
interface during bubble oscillation were analysed. The
results of the computational experiment are presented
below. Among all operational parameters, liquid temper-
ature was found to exert the most significant influence
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on bubble dynamics during vapour cavitation. Variations
in temperature qualitatively alter the nature of bubble
oscillations during the collapse phase. A sharp reduction
in the amplitudes of kinematic and dynamic parameters,
including velocity (v,,), acceleration (dv,,/dt), and inter-
nal vapour temperature and pressure, is observed with
increasing T. Additionally, the amplitude of radial size
pulsations is substantially diminished. Figure 3 illustrates
the dependence of the bubble radius on liquid tempera-
ture within the range of 20 to 80 °C. The dashed por-
tion of the plot characterises a bubble state that is likely
physically unattainable, as the cavitation bubble would
typically fragment prior to reaching this point. Whilst
bubble collapse is accompanied by intense radial oscilla-
tions at relatively low temperatures, the bubble collapses
almost monotonically, exhibiting only weak pulsations,
in more heated liquids.
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Figure 3. Temporal evolution of the vapour bubble radius
during the collapse phase in a subcooled liquid as a function
of liquid temperature. Numerical results correspond to the
experimental conditions reported by Koshlak and Pavlenko
(2025); water temperature: a — 300 K; b - 340 K; ¢ - 360 K

The extent to which temperature variations influence
the kinematic and dynamic parameters of the liquid in
the vicinity of the bubble is demonstrated in Figure 4.
This figure illustrates the dependence of the peak radial
velocity and specific power at the bubble interface on
the degree of liquid subcooling. As the liquid tempera-
ture increases from 20 to 90 °C, the peak velocity values
decrease by three to four orders of magnitude, while the
specific power diminishes by nine to ten orders of mag-
nitude.

A similarly pronounced temperature dependence is
observed for the amplitudes of the pressure pulses emit-
ted by bubbles collapsing in the subcooled liquid. For all
three relationships depicted in the figure, a disruption of
monotonicity is observed within the temperature inter-
val of AT = 45-50 °C. Specifically, the specific power un-
dergoes a nearly step-wise change of one order of magni-
tude in this region. This non-monotonic behaviour was
also recorded for the peak values of other parameters,
including vapour pressure and temperature, mass flux,
and specific heat.
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Figure 4. Dependence of the peak radial expansion velocity
and specific power in the bubble vicinity at the instant of
maximum compression on the degree of water subcooling

The pronounced influence of liquid temperature on
bubble dynamics offers a potential pathway for regulating
the intensity of the dynamic impact exerted by cavitation
clusters induced by vapour cavitation. In this study, the
effect of ambient liquid pressure within the cavitator on
the behaviour of vapour bubbles in subcooled liquids
was investigated across a pressure range from 0.02 MPa
to 0.5 MPa. Calculations were performed at constant
temperature values. It was assumed that T} ; = f(p), and
the temperatures of the water and vapour were selected
to ensure that the liquid remained subcooled while the
vapour was superheated relative to the saturation tem-
perature Ty, = f(p) throughout the investigated pressure
range. Figure 5 illustrates the dependence of the peak
vapour pressure pulse p, and the specific power W at
the bubble interface on the ambient liquid pressure. A
pressure maximum is observed in the region of 0.1 MPa,
which may, at first glance, appear counter-intuitive. The
reduction in the dynamic characteristics of the bubble at
lower pressures is expected, as it stems from a decrease
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in the pressure differential, p,,,—ps((T), which governs
the intensity of the collapse.
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Figure 5. Dependence of the specific power in the bubble
vicinity and the internal vapour pressure on the ambient
liquid pressure p,

As the external static pressure increases (p > 0.1 MPa),
the initial pressure differential, p ,—p.. (1), rises. Theo-
retically, this should facilitate an increased rate of vapour
condensation and lead to a more intense collapse, ac-
companied by the emission of high-magnitude pressure
pulses. However, this factor appears to be counterbal-
anced by a reduction in the collapse velocity, which re-
sults from the higher initial vapour content within the
bubble. The existing literature lacks experimental data
regarding bubble cavitation in subcooled liquids across
varying static pressures. Nevertheless, an extensive body
of information exists regarding acoustic cavitation at var-
ious static pressures, confirming the presence of a maxi-
mum in the relationship between cavitation intensity
and pressure. This characteristic enables the selection of
optimal operational regimes when employing acoustic
cavitation to intensify processes such as dispersion and
emulsification. It is generally (Xu et al., 2024; Apte et al.,
2024) maintained that the collapse velocity of a single
bubble should increase monotonically with rising static
pressure. The attenuation of dynamic cavitation effects
at high pressures is typically attributed to the reduction
in the population of cavitation bubbles as external pres-
sure increases; in our view, this decrease in bubble count
compensates for the intensified dynamics of individual
bubbles.

5. Conclusions

The study of hydrodynamic cavitation, with a view to
its targeted and efficient application for the stimulation
and intensification of chemical engineering processes
in nano- and biotechnology, necessitates a unified ap-
proach that equally accounts for both the hydrodynamic
and heat-and-mass transfer aspects of the phenomenon.
Within this framework, a mathematical model is being
developed and refined to adequately describe the behav-
iour of individual bubbles and bubble ensembles in boil-
ing and cavitation processes, incorporating all governing

factors and precise thermophysical system parameters.
The findings of this research demonstrate that when
analysing cavitational effects on supramolecular and
microbiological entities, as well as on chemical reaction
kinetics, it is essential to consider the phase transition of
both the liquid surrounding the bubble and the vapour-
gas mixture within it into a supercritical fluid state. To
evaluate the spatio-temporal boundaries of the super-
critical region and to analyse spherical water hammer
effects within localised zones of the cavitation cloud, lig-
uid compressibility must be incorporated into the mod-
elling. This study should be regarded as a foundational
step towards establishing rational designs and optimal
operating regimes for cavitating devices across various
technological applications.
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