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ABSTRACT
A cavitation model using the population balance approach
is presented. The cavitation-population-balance model
(CPBM) considers the number-densities of the discretized
spectrum of bubble sizes. During evaporation and conden-
sation bubbles move from one interval to another, changing
the number-density associated within each interval. A set
number of transport equations, coupled through a stochas-
tic matrix, provide direct access to sub-grid-scale cavitation
dynamics.

First, the CPBM is applied to solve cavitation on a 0D con-
trol volume, then a full FVM-implementation is demon-
strated on a 2D hydrofoil. Results demonstrate the model’s
ability to accurately resolve unsteady cavitating flow, while
resolving the micro-bubble size distribution. Comparisons
to experimental studies validate its accuracy.

The CPBM addresses the need for higher fidelity simula-
tion methods by laying a basis for scale-resolved model-
ing of bubble-dynamics and prospective improved acoustic
modeling.
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1 INTRODUCTION
Reducing underwater radiated noise, URN, has recently be-
come of great interest (Frisk 2012, International Maritime
Organization 2024). As propeller induced cavitation is a
significant contributor to this noise, it is of great interest to
more accurately model noise from simulated cavitation.

Cavitation models for computational fluid dynamics have
been used in industry with great success to predict cav-
itation inception as well as extent of cavitation. Incom-
pressible, Eulerian multiphase models have seen the most
widespread adoption in cavitating computational fluid dy-
namics (Folden & Aschmoneit 2023), seeing wide native
adoption in commercial and open-source software such as
Simcenter StarCCM+, OpenFOAM and Ansys Fluent. La-
grangian cavitation models have seen limited use, in spite
of a bubble representation that could more closely match

the Rayleigh-Plesset equation. The reason for this is likely
the computational cost of such models (ibid.).

Simulating hydro-acoustics with the finite-volume-method
generally only follow one of two methodologies (Portillo-
Juan et al. 2024a): Either permeable or solid application
of the Ffowcs-Williams-Hawkings acoustic analogy, FWH.
With solid FWH a surface tightly encompassing the cavity
volume is treated as the source of noise. While in perme-
able FWH any surface surrounding the noise source can
be utilized, with the assumption that the mechanism re-
sponsible for the noise will manifest on the bounding sur-
face. When comparing the accuracy of these methods to
available experimental data, a noticeable deviation from
the experimental observations can be noticed. (Bensow &
Liefvendahl 2016, Portillo-Juan et al. 2024b, Dlamini et al.
2023). The FWH model takes the velocity and pressure on
the surface. From these, the rate of volume change can be
determined, and is treated as a monopole source, i.e. the
thickness-term. Additionally, the pressures on the surface
are determined and treated as a dipole source, the loading-
term (Ffowcs Williams & Hawkings 1969). The viscous
quad-pole contribution is often neglected due to high rate
of decay in the sound pressure level, at a distance from the
source. The FWH model only accounts for the flow pre-
dicted by the solver. Hence, any limitation in the solvers
prediction of the flow will affect the final accuracy of the
acoustic prediction.

It seems, however, that there is a discrepancy between the
phenomena that are known to affect underwater acoustics
and the current capabilities in general purpose CFD. Sub-
merged bubbles exhibit a resonance frequency (Minnaert
1933), which has been shown to significantly affect acous-
tic wave propagation in water (Commander & Prosperetti
1989, Rustemeier et al. 2012). It is known that URN is to a
large extent the result of microscopic bubble dynamics such
as collapse and oscillations (Franc & Michel 2005, Tomy
2024). These two phenomena, hydro-acoustic attenuation
from micro-bubbles and bubble-oscillation induced acous-
tic emissions, are not accounted for generally in FVM-
based methods. Since these phenomena are highly scale
sensitive, the feasibility of their inclusion into computa-

*Corresponding author: fynnja@math.aau.dk



tional codes is dependent on the micro-bubble representa-
tion in the cavitation model itself. This raises the question,
is it possible to extract the population of bubble-sizes from
current cavitation models?

The Schnerr-Sauer (SS) model assumes a constant num-
ber density of bubbles within the liquid phase (Schnerr &
Sauer 2001). All bubbles within each computational cell
are assumed to be the same size and grow or shrink uni-
formly according to the rate of phase change. An alter-
native formulation is found in the Zwart-Gerber-Belamri
(ZGB) model. In the ZGB model bubble radius is provided
to the model as an input parameter. As phase change occurs
more or fewer bubbles are assumed to appear (Zwart et al.
2004). The full cavitation model by Singhal et al. finds a
maximum bubble size from a force balance between shear
forces and surface tension (Singhal et al. 2002). All bub-
bles, in each cell, are assumed to posses the same radius.
Bubble radius is assumed to approach zero as vapor volume
fraction approaches zero.

Effectively, for these existing models, the treatment of the
bubbles follows the same pattern; assumptions regarding
the collective bubble-geometry remove degrees of freedom
in order to fit the simplified Rayleigh-Plesset equation into
a singular source term. This source term directly dictates
the rate of phase change in the vapor fraction transport
equation. It is clear that the supposed bubble radius in
these models are subject to simplifications that make it dif-
ficult to derive meaningful insights in the context of acous-
tic modeling. While substantial effort has been devoted
to interactions with turbulence, grid resolution, and acous-
tic post-processing strategies, comparatively little attention
has been given to the physical representation of cavitation
dynamics in computational hydro-acoustics.

The cavitation model presented here is based on a popula-
tion balance equation, hereafter referred to as the Cavita-
tion Population Balance Model (CPBM). The CPBM was
first introduced in (Aschmoneit 2026), the present work
constitutes its first implementation in a Finite Volume dis-
cretization.

Using the population balance equation as a multiscale
framework, the resolution in the subgrid of bubble disper-
sions are linked to a traditional multiphase mixture model.
Resolving the bubble size distribution enables modeling
of scale-dependent bubble growth, oscillation and collapse
dynamics. Since acoustic emissions are governed by these
collective bubble dynamics, this formulation enables mod-
eling of these phenomena that are neglected in traditional
models.

This is done wholly inside the traditional multiphase
mixture-model, thus preserving the beneficial computa-
tional properties over Lagrangian bubble representations.
In contrast to traditional cavitation models, a prescribed
number of transport equations are utilized to represent dis-
tinct bubble sizes. This way, per-scale vaporisation and
condensation can be modeled, thus setting a framework
for tighter future coupling to URN. In the following sec-
tion, the CPBM is briefly introduced, along with its imple-

mentation in OpenFOAM. Section 3 illustrates the multi-
scale, sub-grid character of the CPBM on a 0D-problem.
Section 4 demonstrates the model’s capabilities through a
FVM-implementation, simulating unsteady cavitation on
a NACA-66 airfoil. Finally, in Section 5, this article’s
findings are summarized and potential follow-ups are pro-
posed.

2 A CAVITATION POPULATION BALANCE MODEL
The CPBM models the evolution of cavitation bubbles as a
stochastic distribution of number densities n over M size-
intervals in the subgrid. The dynamics of n is governed by
M coupled transport equations, in which the transition ma-
trix Γ depicts the phase transition, effectively redistribut-
ing cavitation bubbles across size intervals, in response to
changes in ambient pressure:

d

dt
n = ∂

∂t
n + ∇(U ⊗ n) = lim

δt→0

(
Γ(δt) − I

δt

)
n (1)

Here, U is the fluid velocity field, ⊗ indicates the outer
product and I is the identity matrix. The CPBM interacts
with the macroscopic flow through the vapor volume frac-
tion α in equation (2), and the velocity divergence in equa-
tion (3). As opposed to other homogeneous-mixture mod-
els, α is a derived quantity.

αv =
M∑
i

4
3 π R3

i ni = v · n (2)

∇ · U = dn
dt

· v (3)

The characteristic bubble volume is collectively denoted
by v. A centerpiece in this model is the transition matrix
Γ, which couples the transport equations of the individual
number densities. In the following, it is briefly introduced,
how it is constructed:

The intervals are each associated with a characteristic bub-
ble radius Ri, i ∈ {1 . . . M}. Interval boundaries are de-
noted with rj , j ∈ {0 . . . M}. Representative bubble radii
are the volumetric average of the interval boundaries:

Ri = 3
√

(r3
i−1 + r3

i )/2, i ∈ {1 . . . M} (4)

Bubble fragmentation and coalescence are not included in
the current version of this model; however, such effects my
readily be incorporated through the transition matrix. For
this reason, the sum of number-densities across all intervals
is constant. The ambient number of nucleation sites is de-
noted by n0. Since the volume vapor fraction must equal
exactly one when all bubbles occupy the largest interval,
n0 and the largest characteristic bubble radius Rmax are
mutually constrained:

n0 = 1
(4/3)πR3

max

(5)

The rate of phase change is derived from the Rayleigh-
Plesset equation, with non-condensable gas content in the



bubbles:

ρl

(
RR̈ + 3

2 Ṙ2
)

= psat−pl+pg0

(
R0

R

)3κ

− 2s

R
−4µl

Ṙ

R
(6)

Here R is the bubble radius, pl is the liquid pressure, psat

is the saturation pressure, µl is viscosity of the liquid, ρl is
density of the liquid, s is the surface tension coefficient, pg0
is the partial pressure of non-condensable gasses at ambient
conditions, R0 is the bubble radius at ambient conditions
and κ is the polytropic index. Newton-notation is used for
derivatives of time. The non-condensable gas is typically
assumed to undergo a isothermal process, κ = 1 (Franc &
Michel 2005). As the bubble starts to grow, the contribu-
tions of non-condensable gasses and surface tension dimin-
ish. For this reason these terms are excluded. Furthermore,
neglecting the second time derivative and viscous effects
the rate of growth for a single bubble can be found as:

Ṙ = ±

√
2
3

|psat − pl|
ρl

(7)

Equation 7 is a simplified version of the elaborate growth-
rate in (Aschmoneit 2026). The growth rate can be seen as
moving the interval boundaries. From this perspective the
interval boundaries in the next timestep are r̂i = ri + Ṙ∆t.
The probability that a bubble moves from one interval to
another is determined from the fraction of the new inter-
val boundaries that overlaps with said interval, visualized
in Figure 1. Interval boundaries are constant and globally
defined, the moving boundary perspective is only used to
derive the transition-fraction.
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Figure 1: Illustration of moving interval boundaries causing
bubble redistribution, during partial condensation.

Each transition-fraction γji is evaluated through:

γji = max (min (r̂i+1, rj+1) − max (r̂i, rj) , 0)
r̂i+1 − r̂i

(8)

Note, the r̂ are all clamped, to ensure consistent number of
bubbles.

r̂i+1 ∈ [rmin + ε, rmax]
r̂i ∈ [rmin, rmax − ε]

(9)

Where ε is a small number. The transition fractions link all
intervals in a Markov chain, forming a stochastic matrix Γ:

Γ =


γ11 γ12 ... γ1M

γ21 γ22
...

. . .
γM1 γMM

 (10)

Transition fractions along the diagonal of Γ indicate the
non-changing fraction of the number density. Below the
diagonal implies transitions to larger bubble bins, i.e. evap-
oration, while transitions above the diagonal implies tran-
sition to smaller radius, i.e. condensation.

A comprehensive derivation of the model can be found in
(ibid.). CPBM is implemented into OpenFOAM-v2506,
this is outlined in the following section.

2.1 CPBM FVM implementation
The implementation is based on a multiphase solver utiliz-
ing the PIMPLE algorithm. First, details concerning the
implementation of equation (1) are covered, then coupling
to momentum- and pressure equation is detailed.

The number-densities change locally as a result of both
convection and phase-change. In this implementation these
contributions are treated as independent operations, as seen
in (11), here |c indicates the change due to convection, and
|p indicates the change due to phase-change. In this imple-
mentation Godunov operator splitting is utilized, i.e. con-
tributions are solved sequentially.

∂n
∂t

= ∂n
∂t

∣∣∣∣
c

+ ∂n
∂t

∣∣∣∣
p

(11)

The bubble convection is described with a transport-
equation. In order to preserve the local concentration of
bubbles regardless of volume fraction, ∇ · U = 0 is in-
serted into the advective term:

∇ · (U ⊗ n) ∇·U=0−−−−−→ (U · ∇)n (12)

The number density transport equation can be seen in equa-
tion in (13).

∂n
∂t

∣∣∣∣
c

+ (U · ∇)n = 0 (13)

The operator splitting permits solving the number density
in the next timestep due to phase change with matrix mul-
tiplication of the transition matrix

n′ = Γ · n (14)

Where ′ indicates the value in the following timestep. As
the transition fractions are dependent upon the local fluid
pressure, the transition-matrix is reconstructed individually
for each cell in each timestep inside the solver.

After solving the transport equations for the number-
densities in equation (13), the vapor fraction can be found
with equation (2), before finally updating the density and
viscosity with:

ρmix = αvρv + (1 − αv)ρl (15)

νmix = αvνv + (1 − αv)νl (16)

The second way CPBM interfaces with the solver is
through the pressure equation. In this implementa-
tion both phases are treated as incompressible. The



usual incompressible segregated pressure equation as-
sumes divergence-free flow: ∇ · U = 0. When phase-
change occurs this no longer holds. Instead, the divergence
is the rate of volume change V̇ , found from equation 3:

∇ · U = V̇ = ∂n
∂t

∣∣∣∣
p

· v ≈ (Γ − I)n
∆t

· v (17)

Only phase-change contributes to the local rate of volume
change. Equation (17) can now be used as a source term in
the pressure equation to couple the cavitation model to the
pressure field. This source term is added as a coefficient of
the pressure, for added numerical stability (Patankar 1980).
This way, in the linear system: Ap = b, the rate of volume
change is accounted for in the A-matrix as opposed to in
the b-vector, when solving for p. Figure 2 illustrates how
CPBM interfaces with the OpenFOAM PIMPLE-solver.

                           Pressure equation

Population balance
equation

PIMPLE

Momentum equation
Prediction
Correction

1

2

3
4

5

Figure 2: Illustration of the interdependencies of CPBM in re-
lation to the FVM-solver. Arrows indicate where the result of
one equation directly influences another equation. Momen-
tum and pressure are coupled via the PIMPLE algorithm.
Circled numbers indicate order of execution in the outer-
correction loop

3 MODEL CHARACTERISTICS
To illustrate the behavior of the CPBM, it is first demon-
strated on a 0D case, simulating only a single control-
volume. The model is initialized with a vapor volume frac-
tion of 0. The pressure is kept at a constant p = psat −2Pa
for the intial 15 ms, until a significant portion of the wa-
ter has evaporated. The pressure is then changed to p =
psat +2Pa for the remaining time, to demonstrate conden-
sation too. While the pressure is controlled, the fluid is free
to expand and contract. The Schnerr-Sauer model is solved
under these same conditions as a point of comparison.

Case M n0
CPBM-A 3 1.0 · 1010

CPBM-B 6 1.0 · 1010

CPBM-C 11 1.0 · 1010

CPBM-D 6 5.0 · 109

CPBM-E 6 2.0 · 1010

SchS - 1.0 · 1010

Table 1: Model parameters used 0D model characterization.
SchS indicates the Schnerr-Sauer model.

CPBM parameters are swept in terms of M and n0, to re-

veal the model-sensitivity to these parameters. Parameters
are listed in table 1. Cases A through C share the same n0,
but with varied M , while Cases B, D and E share the same
M but with varied n0.
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Figure 3: Comparison of the vapor volume fraction for CPBM
and Schnerr-Sauer cavitation models, on a 0D single control-
volume.

Figure 3 shows the vapor volume fraction over time on the
0D test case. Comparing the vapor volume fraction for
cases A through C, it can be seen that for M > 6 the
discretization of the bubble-size space plays only a minor
role. Cases D, B and E utilize the same number of bins, but
increasing number of nucleation sites. The rate of phase
change, the gradient of αv , is increased as number of nu-
cleation sites increases. This behavior is expected from the
definition of the growth-rate, which is formulated in terms
of radial growth. Therefore, the rate of phase-change is ex-
pected to be proportional to the total bubble surface area.
The Schnerr-Sauer model also defines rate of phase change
in terms of the radial bubble growth. It shows a symmetric
evaporation-condensation rate, causing a condensation lag,
which is a direct consequence of its bubble-representation:
The Schnerr-Sauer model intentionally reduces the number
of vapor bubbles, and therefore also bubble surface area,
as volume vapor fraction approaches unity, causing rate of
phase-change, regardless of direction, to decrease as vol-
ume vapor fractions approaches unity. During condensa-
tion, it takes a little while before number of vapor bubbles
increases enough to allow rapid condensation, causing the
condensation lag.

It should be noted that the maximum bubble size boundary
(rmax) is adjusted slightly across these cases for equation
(5) to hold true.
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Figure 4: Evolution of the number densities and resulting va-
por volume fraction, for CPBM-B case on a 0D single control-
volume.

Figure 4 shows the Case B evolution of all bubble-size
distributions over time. Looking at the gradients of the
number-density curves it is clear that the initial vaporiza-
tion and condensation phase sees a growth in several in-
tervals at once. This confirms the expected model behav-
ior that bubbles may transition from any one interval to
any other, and not only the immediate neighbor. Reduc-
ing the timestep would increase the diagonal dominance of
the transition matrix, and cause bubbles to move primarily
to neighbors.

4 FVM SIMULATION RESULTS
The CPBM has been used to simulate the unsteady 2D
cavitation on a NACA-66 series foil at aoa = 6◦, Re =
0.8 · 106, cavitation number σ = 1.25, and a liquid-vapor
density ratio of 1000/0.023. This case was chosen to match
the experimental work of Leroux et al. 2004. The kωSST
turbulence model is used, along with low-Re wall treat-
ment. While RANS is used here, the model is compatible
with LES and LES-derivations. The simulation is run for
1 second, over this duration, several cavity collapses are
observed.

Parameter Case 1 Case 2 Case 3
M 5 5 5
n0 1.02 · 1011 1.28 · 1010 1.60 · 109

rmin 25µm 25µm 25µm
Rmax 132µm 265µm 530µm

Table 2: CPBM settings used in FVM-simulations. Rmax is
determined from n0, and is only shown for context.

The three different cases shown in Table 2 are considered.
These cases differ only in the settings supplied to the cav-
itation model. All the cases shown here use input parame-
ters that are within a similar range as experimental obser-
vations of said parameter. The number of nucleation sites
are similar to the ones reported by (Khoo et al. 2020). Ad-
ditionally, the largest bubble-size is similar to experimen-
tal observations bubble-size distributions (Kawanami et al.
2002). Available measurements on bubble size distribu-
tions are conducted on relatively small vapor fractions. It
is therefore difficult to find validation data on bubble size
distributions at high vapor volume fractions.

4.1 Cavity collapse frequency
The integral cavity volume is sampled with a frequency of
500 Hz. Since the simulation is run in 2D, only the cross
sectional area of the cavity-volume can be found. The cross
sectional area is normalized by the square of the chord-
length, to give the normalized cavity ”volume” seen in fig-
ure 5.
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Figure 5: Normalized cavity volume over time.

The period of the cavity collapse cycle is found from the
first non-zero lagtime peak in the autocorrelation function
of the cavity volume. Period as well as Strouhal number
(St = fc/||U∞||) for the collapse frequency are shown in
Table 3.

Method Period [ms] St [-]
Experiment - 0.102 - 0.121

Case 1 219 0.125
Case 2 226 0.121
Case 3 231 0.118

Table 3: Normalized cavity collapse frequency, St, for differ-
ent CPBM settings are compared with experimental values
Leroux et al. 2004.

The frequency of the cavity collapse is seen to be dependent
on the number of nuclei: Increased number of nucleation
sites leads to an increase in collapse frequency. This trend
has also been observed in cavitation tunnels, where water
with abundant nucleation sites exhibits an increased fre-
quency of cavity collapse stemming from the trailing edge
(Venning et al. 2022). Maximum cavity volume can be seen
to increase with more abundant nucleation sites.

In the following sections time is normalized by the period
given in Table 3. The collapse cycle is chosen to start at the
maximum cavity volume, t0. Normalized time is denoted
by t∗, and defined as:

t∗ = (t − t0)/Period (18)

Normalized time is shown in Figure 5. The following looks
more in depth at the Case 1 results, hence why only normal-
ized time for case 1 is shown in Figure 5.

4.2 Microbubble population
The presented cavitation model resolves the number den-
sities of bubbles within each size-interval. To show this,
number density is probed in four locations during cavity



collapse on the Case 1 simulation. Figure 6 shows the four
locations in relation to the hydrofoil, as well as the instan-
taneous local distribution of bubble sizes. The exact size
distribution of bubbles is governed by the pressure-time
history experienced by each individual parcel of bubbles
as it is convected through the flow.

Comparing size-distributions in Points 1 and 2 a striking
difference can be seen. Both points possess approximately
the same vapor volume fraction, 0.66 and 0.7 respectively.
The size distributions, however, show that this vapor vol-
ume fraction arises as the result of very different bubble
size distributions. In Point 1 there are approximately an
equal number of bubbles in intervals 1, 2 and 4, while in
Point 2 number-density within interval 2 is significantly
larger. It will be investigated in a future study, how the
difference in spectra cause variations in the noise emission.
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Figure 6: Top: volume liquid fraction, at t∗ = 0.135, four
probe locations are marked. Bottom: Normalized number
density in four points.

4.3 Number density fields
Since number densities are local properties, it is possible
to visualize these as field values. Figure 8 shows the wa-
ter volume fraction at two times, along with the number
density fields that make up the vapor volume fraction. Fig-
ure 8 clearly shows the spatial distribution of the number
densities. On the circumference of the cavity regions of

incomplete vaporization can be observed. In these regions
there are significant number-densities in the intermediate
intervals, as seen in frames A, B and C. Near the leading
edge this region is very thin suggesting fast vaporization.
While near the cavity closure the intermediate region is
wider, suggesting relatively slower condensation.

Since number-densities are expressed as transport-
equations. It is possible to simulate cases where, for in-
stance, the ambient flow is entirely free of nucleation sites,
but where surfaces in the domain posses a surface rough-
ness so as to act as a nucleation site.

4.4 Surface pressure fluctuations
Pressure is probed along the suction side of the airfoil, at
different x/c, as seen in Figure 7. Pressure spikes are ob-
served at cavity collapse when the cavity volume reaches
a local minimum. This phenomenon is being investigated,
as it is not visible in experiments (Leroux et al. 2004). In
the cited experimental work the pressure transducers are
located in ’pockets’ beneath the skin of the foil, with a
small channel connecting the transducer to the flow. One
hypotheses points towards the Helmholtz-resonance fre-
quency of these pockets as a possible source of damping
in the experimental work. Other explanations include nu-
merical artifacts, and possibly the need to formulate a com-
pressible material model to accurately resolve this phase of
the flow. Compressible CFD studies have found pressure to
spike in a similar manner, during the cavity collapse phase
(Schnerr et al. 2008).
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Figure 7: Case 1 surface pressure coefficient, Cp = (p −
p∞)/(||U∞||2ρl/2) over normalized time, showing 2 com-
plete collapse cycles. y-axis is limited to a maximum of 0.5
for visibility

As the sheet re-grows the pressure on the x/c = 0.5
probe pressure dips slightly then spikes as the cavity clo-
sure passes the probe around t∗ ≈ 0.5.

From Figure 7 it is clear to see that this cavitation model
supports pressures below the vapor pressure, which one
would expect in areas of high velocity inside a vapor cavity.
Notably, the Schnerr-Sauer model does not support this.
The force coefficients on the hydrofoil are shown over time
in Figure 9.
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Figure 8: Simulation results during cavity collapse using CPBA, case 1. Left column: αl field at different times. The corre-
sponding 4 figures in the two rightmost columns show normalized number density of the 4 largest bubble sizes.(A) shows the
smallest of the four and (D) shows the largest. (A) and (D) are normalized by n0 while (B) and (C) are normalized by 0.5n0 to
highlight results. The field containing the very smallest bubbles has been excluded.
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Figure 9: Drag coefficient Cd = D/(A||U∞||2ρl/2) and lift
coefficient, Cl = L/(A||U∞||2ρl/2) on the hydrofoil for case
1. Where L and D are lift- and drag force respectively. A is
the planform area of the hydrofoil. y-axis is limited to a mini-
mum of -0.5.

The forces behave erratically over the first fifth of the col-
lapse cycle, coinciding with cavity shrinkage. As the cavity
regrows the vapor cavity increases the effective camber and
thickness of the hydrofoil, increasing lift significantly. The
force coefficients peak at t∗ = 0.85, before the maximum
cavity volume is reached at t∗ = 1.

5 CONCLUSION
Current industry standard cavitation models are based on
simplified bubble representations. These simplifications
make it possible to express phase change from cavitation
in a singular source term. The simplifications, however,
make it impossible to accurately recover the bubble-size
population. Consequently, these cavitation models cannot
accurately incorporate scale dependent acoustic phenom-

ena.

An implementation of the CPBM, based on the population
balance equation, is presented in this work. Here, a pre-
scribed number of transport equations are resolved each
representing the number-density of a bubble size-interval.
The model couples these transport-equations via a stochas-
tic matrix. The model considers evaporation and conden-
sation on a per-scale level. This way, not only can the
resulting vapor fraction be found, but also the underlying
bubble-size distribution.

The model has been implemented into the open-source
CFD package OpenFOAM. The implementation features
two-way coupling to the typical PIMPLE-algorithm. The
pressure affects the growth-rate of the bubbles, which in
turn affects the volumetric expansion term in the pres-
sure equation. Additionally the bubbles are convected by
the velocity-field, but affect the velocity-field through the
changing density and kinematic viscosity of the fluid.

The CPBM-OpenFOAM implementation has been used to
simulate unsteady cavitating flow on a NACA66 airfoil.
Simulation results prove that CPBM can predict sheet cav-
itation collapse, validated against collapse-frequencies ob-
served in experimental results. Additionally, the results
contain information as to the bubble-size distribution, a
level of detail unattainable in traditional cavitation models.

The CPBM provides a consistent framework for incor-
porating additional bubble dynamics, including bubble-
breakup and micro-bubble oscillations as a URN source.
The sub-grid resolution shown here to resolve the micro-
bubble population, provides a physical basis for such exten-



sions that is not possible in single-transport equation mod-
els.

5.1 Outlook
To present the core aspect of CPBM, only bubble
growth/shrinkage is considered in this version. Fragmen-
tation and coalescence models will be added next. These
phenomena are essential for accurately predicting the bub-
ble size distribution. A fragmentation and coalescence
model unties the number of bubbles from the size-space
discretization, as outlined in equation (5), allowing the
bubble-size population to evolve more naturally and reveal-
ing the local Hinze scale in the simulations.

Once the bubble-size population can be accurately pre-
dicted, results may be analyzed with acoustics analogies.
This raises interesting questions regarding the inclusion of
sub-scale bubble dynamics. Does modeling, and including
subgrid bubble oscillations increase predictive accuracy of
FWH? Can acoustic wave attenuation due to bubbly disper-
sions be resolved efficiently in CFD? Comparisons against
full-scale URN-measurements under a number of cavita-
tion regimes, serves as the ideal validation case. Here the
work of (Steden et al. 2026) is of particular interest, as well
as comparisons to the established methods as seen in (Tomy
et al. 2026).
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