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A B S T R A C T

Emulsions find applications in varied industries like food and beverage, cosmetics and pharmaceuticals. Droplet 
size distribution (DSD) determines many critical quality attributes of an emulsion. An ability to simulate DSD is 
therefore pivotal to design devices for obtaining emulsions of desired DSD and properties. In this work, we 
present an ensemble approach for modelling the DSD of emulsions produced continuously using a vortex-based 
hydrodynamic cavitation (VD) device. The developed approach and computational models are evaluated by 
comparing the simulated results with the experimental data. Experiments on the continuous production of 
rapeseed oil in water emulsions (with Tween 20 as surfactant) were carried out at different operating parameters. 
The turbulent, three phase (gas-liquid-liquid) cavitating flow in a vortex-based cavitation device was simulated 
using the Eulerian approach. A population balance model with appropriate breakage kernels was developed and 
included with the computational fluid dynamics (CFD) model. The measured DSD was found to be bimodal, 
indicating two different breakage mechanisms (one based on turbulent shear and the other based on collapsing 
cavities). A novel methodology was developed to account for highly localised intense energy dissipation rates 
generated by collapsing cavities for simulating DSDs. The localised intense energy dissipation rates due to 
cavities were estimated using a previously developed artificial neural network (ANN). The predictions of DSD 
obtained with the developed methodology based on CFD, PBM and ANN showed good agreement with the 
experimental data. The presented approach and results will be useful for designing vortex-based cavitation de
vices for producing emulsions. The work will also provide a useful basis for developing multi-scale computational 
models for simulating the DSD of emulsions generated by hydrodynamic cavitation devices.

1. Introduction

Emulsions, where fine drops of an immiscible liquid are dispersed in 
a continuous phase, play crucial roles across various industries, 
including food processing, pharmaceuticals, cosmetics, and chemical 
(Thaker and Ranade, 2023a). The different equipment used for pro
ducing emulsions can be operated in either a batch or continuous mode. 
The continuous mode of operation offers several advantages in terms of 
reliable product quality, quick response to market demands or changes 
in product formulation and reduced costs (O’Sullivan et al., 2015; 
Håkansson, 2018). In this work, we focus on the continuous mode of 
generating emulsions.

Various devices, such as colloid mills, rotor-stators, high-pressure 
homogenizers, ultrasonicator, and membranes, have been used for 

generating emulsions (Perrier-Cornet et al., 2005). In recent years, hy
drodynamic cavitation (HC) based emulsification devices are being 
increasingly used and have shown to produce stable emulsions with 
finer droplet sizes and at lower energy consumption (Carpenter et al., 
2022, 2017; Panda et al., 2020). HC is a process that involves the for
mation and collapse of vapour bubbles in a liquid flow. The collapsing 
bubbles or cavities generate intense shear forces, very high localised 
energy dissipation rates and shock waves (Pandit et al., 2021). 
Encounter of droplets of dispersed phase with these collapsing cavities 
leads to droplet breakage and thereby producing fine emulsion at lower 
energy consumption (Zhang et al., 2016). Recent works on hydrody
namic cavitation for emulsification include the use of devices like ori
fices (Carpenter et al., 2017; Ramisetty et al., 2014; Schlender et al., 
2015), liquid whistle orifice (Parthasarathy et al., 2013), circular and 
slit venturi (Carpenter et al., 2017; Patil and Gogate, 2018), valve type 
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(Pang and Ngaile, 2021), vortex-based devices (Gode et al., 2024), 
swirling jet devices (Gode et al., 2024), swirling cavitation chamber 
device (Yang et al., 2018) and so on.

Vortex-based hydrodynamic cavitation devices (VD) exhibit early 
inception of cavitation and maintain a cavitating core that shields the 
device from erosion - leading to consistent performance over a long time 
(Sarvothaman et al., 2024; Thaker and Ranade, 2022; Gode et al., 2023). 
In such a device, a strong swirling flow is established in the vortex 
chamber of the device, which leads to low pressure zone and the gen
eration of cavities. When these cavities experience turbulent pressure 
fluctuations and travel downstream, they collapse and realise highly 
localised intense shear and energy dissipation rates. The interaction of 
oil droplets with highly localised, very high energy dissipation rates 
generates fine droplets. Recently, our group has demonstrated that VD 
are quite effective in producing liquid-liquid emulsions (Thaker and 
Ranade, 2023a; Upadhyay et al., 2024). HC and in particular, VD has a 
significant potential for producing emulsions at low operating pressure 
drops and costs. The cavitation device used in this work has been used 
for emulsification of various oil and aqueous phase systems (for 
example, dense emulsions of rapeseed oil-in-water (Upadhyay et al., 
2024), coconut oil-in-water by Upadhyay and Rande (Upadhyay and 
Ranade, 2025)) as well as for high viscosity single phase flows (Thaker 
et al., 2023) and thick biomass slurries (Islam and Ranade, 2025). In this 
work, we have used VD for continuously generating rapeseed 
oil-in-water emulsions and characterised droplet size distributions 
(DSDs) of generated emulsions.

DSD is one of the key attributes defining the quality of emulsions 
(Maindarkar et al., 2015; Lebaz et al., 2022) and therefore significant 
research efforts have been devoted to developing models capable of 
simulating the DSD of emulsions. Population balance models (PBM) 
coupled with computational fluid dynamics (CFD) models are widely 
used to simulate the DSD of emulsions (Maindarkar et al., 2015; Lebaz 
et al., 2022; Janssen and Mayer, 2016; Calvo et al., 2024; Michael et al., 
2017; Raikar et al., 2009; Dubbelboer et al., 2014). These models ac
count for the dynamics of droplet breakage and if relevant, coalescence 
during emulsification processes. Most of the literature about the use of 

the CFD+PBM approach for estimating DSD of emulsions is directed 
towards emulsification in devices like high-pressure homogenizers 
(Becker et al., 2014) and rotor-stator type (Michael et al., 2017; Qin 
et al., 2016)operated in a batch mode. The prediction of DSD of emul
sions produced in a continuous mode without loop configuration using 
static mixers has been reported by Lebaz et al. (2022). In our group, 
earlier attempts to use coupled CFD and PBM models for simulating drop 
breakage by hydrodynamic cavitation did not account for breakage 
caused by collapsing cavities and therefore were not able to simulate the 
generation of finer droplets observed in the experiments (Thaker and 
Ranade, 2023a). Recently, Pandey and Ranade (Pandey et al., 2024) 
have presented simplified models for simulating droplet breakage 
caused by collapsing cavities generated in VD. However, coupled CFD 
and PBM model accounting for droplet breakage by collapsing cavities 
in a continuous mode of operation is not yet available. In this work, we 
have bridged this gap.

We present a novel methodology and an ensemble CFD+PBM+ANN 
approach for simulating the continuous production of emulsions. The 
methodology was applied for simulating drop breakage and the emul
sification process using VD. For validation of the proposed methodology, 
the required experimental data was obtained by operating the VD in a 
loop at varying operating conditions of pressure drop and emulsion flow 
rates. An integral component of this new approach is the development of 
CFD methodology for simulating flow in a continuous loop-based set-up. 
For simulating droplet breakage using PBM, the basic framework 
developed by Alopaeus et al (Alopaeus et al., 2002). was used. The 
proposed novel approach captures the experimentally observed bimodal 
droplet size distribution by combining the CFD+PBM model with the 
previously developed ANN model (Ranade and Ranade, 2023) and 
incorporating localised intense dissipation zones generated by 
collapsing cavities in the breakage rate formulation. The presented data, 
approach and models will be useful for simulating the production of 
emulsions using VD in a continuous mode. The validated models will 
pave the way towards realising optimum design and operating param
eters for producing emulsions of desired DSD on an industrially relevant 
scale. The approach is generic and can be used for simulating emulsions 

Nomenclature

QD Volumetric flow rate through the emulsification device, 
m3/s

QC Volumetric flow rate in the circulation loop, m3/s
qnet net volumetric flow rate, m3/s
g(Vʹ) breakage frequency, 1/s
C2,C3, C4 model parameters in Alopaeus et al. breakage model
d droplet diameter, µm
γi bin fraction, -
vi velocity of mixture in cell i, m/s
Ai area of cell i, m2

Δxi width of bin or diameter group
εcav turbulent energy dissipation rate due to cavitation, m2/s3

αvc critical vapour fraction, -
αvu upper limit of vapour fraction, -
Pcz average pressure in the effective cavitation zone, Pa
Pa

cz amplitude of pressure fluctuations, Pa
fcz frequency of pressure fluctuations, kHz
ε mean energy dissipation rate, m2/s3

R0 initial cavity radius, μm
d32 Sauter mean diameter, µm
dT throat diameter, mm
ΔP inlet pressure drop, kPa
Q volumetric flow rate, m3/s
t time, s

VT throat velocity, m/s
VD Volume of the emulsification device, m3

Greek Letters
α volume fraction, -
ρ density, kg/m3

µ viscosity, kg/m s
σ interfacial tension, N/m
η energy efficiency for droplet breakage, %
ε average energy dissipation rate per unit mass in the device, 

m2/s3

Subscript
O organic phase
A aqueous phase
m mixture phase

Acronyms
CFD Computational fluid dynamics
DSD Drop size distribution
VD Vortex-based hydrodynamic cavitation device
HC Hydrodynamic cavitation
PBM Population Balance Model
ANN Artificial Neural Network
PDF Probability density function
RO Rapeseed oil
DI Deionized
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generated using other HC devices.

2. Experimental

An experimental set-up for producing oil in water emulsions in a 
continuous mode was designed and established. The schematic of the 
experimental set-up is shown in Fig. 1. A photograph of the experimental 
set-up is shown in Figure S1 of the supplementary information.

The experimental set-up consisted of two feed tanks containing DI 
water (with surfactant) and rapeseed oil. The flow rates of the two feed 
streams were regulated by means of two separate peristaltic pumps 
(Longer Intelligent Peristaltic Pump L300–1F) calibrated for water and 
rapeseed oil, respectively. A T-junction connector was used to connect 
the two inlet streams to the loop circuit. A peristaltic pump (Masterflex 
Easyload pump with single head) was used to circulate the mixture of 
emulsion and incoming feed streams in the loop arrangement. A gas 
disengagement section was included in the experimental setup after the 
emulsification device to allow for trapped gases to be removed from the 
flow stream. An external circulation loop with the emulsification device 
was used to increase the residence time and increase the probability of 
oil droplets encountering the cavitation zone in the device. The mean 
energy dissipation rate per unit mass in the emulsification device is 
given by: 

ε =
ΔPQ
ρmVD

(1) 

where ΔP is the pressure drop across the emulsification device, Q is the 
flow rate through the device, ρm is the mixture density and VD is the 
volume of the emulsification device. The circulation loop flow rate was 
varied to change the mean energy dissipation of the emulsification de
vice. The digital pressure gauge (Digitron 2000 P) and a flow meter 
(Krohne Magnetic Flowmeter – AF-E 400) were placed before and after 
the emulsification device, respectively, for measuring the pressure drop 
and flow rate through the vortex-based HC device (Gode et al., 2024).

The experiments were performed using a vortex-based hydrody
namic cavitation device, VD (based on the design of Vivira Process 
Technologies and the patent of Ranade et al (Vivek Ranade and Bhan
dari, 2013).). VD with a nominal capacity of 1 LPM (throat diameter, 
dT= 3 mm) was used in the present work. The detailed dimensions of the 
VD used in this work, with reference to the throat diameter, were the 
same as reported by Simpson and Ranade (Simpson and Ranade, 2019a). 
The oil-in-water emulsion were produced using rapeseed oil (ρO=

915 kg/m3, μO = 6.2 × 10–2 Pa.s, sourced from Newgrange Gold, Tesco, 
Ireland) and deionised (DI) water (ρA= 1000 kg/m3, μA = 0.001 Pa.s, 
sourced from Elga ultrapure water system). Tween 20 (sourced from MP 
Biomedicals, LLC, France) was used as a surfactant to stabilise the 
emulsion. Based on previous studies (Gode et al., 2024), 2 wt% of Tween 
20 was used for all experiments. The interfacial tension of the rapeseed 

oil/water system was obtained from literature as 0.035 N/m (Thaker 
and Ranade, 2023a; Nakamoto et al., 2017). The net emulsion flow rate 
out from the device and pressure drop across the device were varied to 
obtain emulsions with varying characteristic diameters. Since the focus 
of this work is on developing an approach and model for simulating DSD 
of emulsions generated continuously using VD, experiments were 
restricted to only one volume fraction of oil (0.05). It was shown in one 
of our earlier studies that DSD does not depend on oil volume fraction up 
to 35 % (Upadhyay et al., 2024). The operating parameters used for 
carrying out experiments are listed in Table 1.

The emulsion samples were collected from the outlet port after 
establishing that steady state is achieved. The steady state was ascer
tained by performing specific experiments and collecting samples at 
every residence time (ratio of overall system volume and net flow rate of 
emulsion). It was established that the change in DSD is marginal after 
three residence times, and the change in the Sauter mean diameter 
beyond three residence times was less than 2 %. The experimental data 
reported in this work was based on samples collected after at least five 
residence times. The experimental data verifying the steady state are 
included in Section S3 of the supplementary information. The collected 
samples were analysed using Malvern MasterSizer 3000. The refractive 
index for rapeseed oil was set to 1.466 for the lasers [red laser 
(632.8 nm) and blue laser (470 nm)]. Water was used as a dispersant 
medium (water) at room temperature (20 ◦C). The experiments were 
performed three times to quantify error bars. The error bars on measured 
DSD and Sauter mean diameter values are included wherever possible.

3. Computational model

The droplet breakage in a vortex-based HC device is predominantly a 
result of cavitating flow generated due to a strong swirl established in 
the vortex chamber. The flow characteristics and cavitation inception in 
VD were numerically investigated by Thaker et al. (2023) using the 
Eulerian mixture model approach for simulating gas-liquid flow at 
varying viscosity values, and the simulation results showed good 
agreement with experimental values of pressure drop and cavitation 
inception. The collapse of cavities generated due to swirling flow results 
in localised intense shear and energy dissipation rates, leading to fine 
emulsions. Thaker and Ranade (2023a) attempted to simulate the DSD of 
emulsions produced using VD operated in a batch mode using the PBM 

Fig. 1. Schematic of experimental setup used for continuous emulsion production.

Table 1 
Operating parameters of the continuous experiments.

Parameter Values / Range

Pressure drop (ΔP), kPa 150, 200, 250
Flow rate ratio (QD/qnet), - 5, 10, 50
Flow rate through device (QD), LPM 1.0, 1.2, 1.35
Oil volume fraction (αoil), - 0.05

A. Gode and V.V. Ranade                                                                                                                                                                                                                    Chemical Engineering Research and Design 224 (2025) 319–333 

321 



approach. However, their model was not able to simulate fine droplets 
generated by VD primarily because of a lack of appropriate accounting 
of breakage caused by localised intense energy dissipation zones created 
by collapsing cavities.

In this work, we developed a novel approach to simulate droplet 
breakage caused by collapsing cavities generated in VD. The details of 
the CFD+PBM model equations and solution methodology used in the 
present work is same as that of Thaker and Ranade (2023a) and for the 
sake of brevity, these details are discussed in brief here. Specific details 
of CFD+PBM model used in the present work along with the breakage 
kernels are discussed in Section 3.1. The novel approach and modifi
cations to the breakage kernel for accounting the influence of highly 
localised intense energy dissipation rates caused by collapsing cavities 
are discussed in Section 3.2. The approach for simulating continuous 
production of emulsions using VD operated in a loop configuration is 
presented in Section 3.3. The modified domain and boundary conditions 
needed for this are discussed. In Section 3.4, an overview of the 
ensemble approach incorporating CFD, ANN and PBM models is 
presented.

3.1. CFD-PBM model for DSD prediction

The application of various multiphase modelling approaches like 
Eulerian -Eulerian, Eulerian – Lagrangian as well as Eulerian – 
Lagrangian – VOF models for simulating cavitating flows in vortex de
vices is available (Simpson and Ranade, 2019a; Wang et al., 2025; Li 
et al., 2023). Each of these approaches have distinct pros and cons 
(discussed in books by Ranade (Ranade and Utikar, 2022; Ranade, 
2002)). In this work, the focus is on understanding cavitation induced 
droplet breakage. The breakage induced by collapsing cavities occurs 
mainly outside of the vortex core and therefore the Eulerian approach 
was considered adequate. This choice was also supported by previous 
studies of simulations of emulsions in vortex based (Thaker and Ranade, 
2022, 2023a, 2023b) and other devices (Fathi Roudsari et al., 2012; Sun 
et al., 2021; Liu and Yu, 2025). Following Thaker and Ranade (2023a), 
the numerical approach adopted in this study uses the mixture multi
phase model for simulating cavitating flow and PBM for modelling 
droplet breakage and evolution of DSD in the continuous emulsification 
setup. The multiphase flow was considered to include three phases, i.e., 
water (primary), water vapour (secondary phase through cavitation) 
and oil (secondary). The material properties stated in Section 2 were 
used to define the density and viscosity values of the different phases in 
the simulation model. Following the experimental conditions, the vol
ume fraction of secondary phase oil was set to 0.05.

The selection of turbulence model is based on some earlier studies 
which employed various turbulence models including two-equation 
models (Simpson and Ranade, 2019a, 2019a, 2019b), Reynolds stress 
models (Simpson and Ranade, 2019a) and LES models (Pandare and 
Ranade, 2015; Shamami and Birouk, 2008; Hoekstra et al., 1999) for 
simulating flow in VD. A detailed analysis of these previous studies 
indicated that the unsteady RANS SST k-ω turbulence model captures 
adequate details of the cavitating flows such as inception pressure drop, 
pressure drop versus flow relationship as well as radial profiles of 
tangential velocity very well without excessive demands on computing 
resources (Gode et al., 2023; Thaker et al., 2023; Simpson and Ranade, 
2019a). The results with SST k-ω turbulence model were comparable to 
the more resource-intensive RSM (Simpson and Ranade, 2019a; Pandare 
and Ranade, 2015) and LES (as discussed in (Pandare and Ranade, 
2015). There are several other published studies which support the 
choice of SST k-ω model for simulating turbulence swirling flows (see for 
example, (Michael et al., 2017; Sun et al., 2021; Nie et al., 2024; Chen 
et al., 2024; Bagkeris et al., 2019). Based on these considerations and 
prior studies, the URANS SST k-ω model was used in the present work.

The cavitating flow in VD was simulated by the model proposed by 
Singhal et al. (2002) which is based on the Rayleigh-Plesset equation for 
vapor bubble dynamics, accounting for non-condensable gases. Its 

suitability and validation for use within this specific vortex-based 
cavitation device has been previously established in the work by 
(Simpson and Ranade, 2019a; Thaker and Ranade, 2023a). There are 
several other studies using the Singhal cavitation model for similar flows 
(see for example, (Athavale et al., 2002; Ye et al., 2022). The effect of 
non-condensable gas or air ( ρ = 1.225 kg/m3 and μ = 1.78 ×10− 5 kg/m. 
s) was included in the cavitation model with the mass fraction of 
non-condensable gas fixed at 15 ppm as suggested in the works of Sin
ghal et al. (2002). Additional details on the equations of the CFD model 
used here are provided in supplementary information Section S1.

The drop breakage and drop size distribution evolution in the 
domain is simulated using the population balance model (PBM). The 
PBM methodology adopted was similar to that discussed by Thaker and 
Ranade (2023a). In an earlier work, Thaker and Ranade (2023b) studied 
the influence of surfactant concentration on the DSD of emulsions pro
duced using a vortex-based hydrodynamic cavitation device and varied 
the surfactant concentration from 1 % to 8 %. Their results indicated 
that with a surfactant concentration of 2 %, the emulsion was stable for 
at least 74 days without significant change in the DSD at quiescent 
conditions. Under the dynamic conditions, it is important to consider 
following key characteristic time scales while understanding influence 
of coalescence on evolution of DSD: surfactant adsorption time scale, 
droplet contact time scale during collisions and film drainage or coa
lescence time scales. Surfactant molecules adsorb on droplet surface and 
prevent coalescence. When a droplet breaks, new surface area is 
generated. In such cases, it is important to consider and compare 
adsorption time scales and coalescence time scales. If adsorption time 
scales are much smaller than coalescence time scales, coalescence need 
not be considered since surfactant molecules will quickly cover newly 
created surface and prevent coalescence. Coalescence occurs when 
droplets collide, are in contact with each other and the film between 
these droplets drains. If the droplet contact time is much smaller than 
the film drainage time, coalescence will not occur and therefore coa
lescence need not be considered in the PBM. In absence of data on dy
namic interfacial tension which is needed for estimating adsorption time 
scales, the droplets contact, and film drainage time scales were exam
ined. For the VD considered in this work, mean energy dissipation rates 
in the device (ε) are in the range of 10²–10⁴ m2/s3. The characteristic 
collision or contact times (τc) estimated as τc ∼ d2/3/ε1/3 (Ni (2024)) for 
droplet diameters (d) in the 1–100 µm range were found to be extremely 
short, in the range of microseconds to sub-millisecond. By contrast, 
film-drainage or coalescence times for oil droplets in the presence of 
Tween-20 are typically measured or estimated in the range of 0.1–30 s 
(Bachnak et al., 2024; Kamp et al., 2017; Politova et al., 2017). The 
contact time in the intense hydrodynamic environment of the vortex 
device is therefore significantly smaller than the drainage time, 
rendering coalescence kinetically improbable. Considering this and the 
concentrations of surfactant used (2 % w/v Tween 20, well above the 
critical micelle concentration), coalescence was not included in the PBM 
(Thaker and Ranade, 2023a; Lebaz et al., 2022; Maaß and Kraume, 
2012).

The PBM requires specification of appropriate functions for 
describing the breakage processes. Binary breakage is assumed 
following the general practice. The binary breakage assumption avoids 
complexity arising from considering multiple daughter droplets from 
parent droplets, which can also be considered as a series of binary 
breakage events (Håkansson, 2020). In this work, we used the breakage 
model of Alopaeus et al. (2002) (later modified by Laakkonen et al. 
(2006)) for the liquid-liquid emulsion as this model uses the dispersed 
phase viscosity (μO) in the breakage frequency kernel, consistent with 
the mechanism of droplet deformation and breakup. The breakage fre
quency of droplets of volume Vʹto smaller droplets is given by: 

g(Vʹ) = C2ε1/3erfc

⎛

⎝

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
C3σ

ρAε2/3d5/3 +
C4 μO

̅̅̅̅̅̅̅̅̅̅ρAρO
√ ε1/3d4/3

√ ⎞

⎠ (2) 
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Where C2, C3 and C4 are model parameters, d is the droplet diameter, 
ρAis the density of the aqueous phase, μO is the viscosity of the oil phase, 
σ is the surface tension and ε is the energy dissipation rate. This equation 
represents terms corresponding to drop breakage due to eddy-drop 
interaction and includes both surface and viscous forces. The term 
containing the parameter C2 represents the frequency of droplet 
breakage and influences the broadness of the DSD without significantly 
impacting the location of the peak. The parameter C3 is related to the 
breakage probability and influences the location of the peak as well as 
the broadness of the DSD. The values of the parameter appearing in Eq. 
(2) were used from the previous work of Thaker and Ranade (2023a)
since the model was able to capture larger droplets generated via tur
bulent shear. It can be seen from Eq. (2) that the breakage frequency 
depends on the product of C3 and σ and therefore the product (C3σ) can 
be treated as one parameter. As long as the value of (C3σ) is the same, 
simulated DSD will be the same (see Figure S6 of the supplementary 
information). In this work, we have used the same oil, water and sur
factant system as used in (Thaker and Ranade, 2023a) and therefore the 
parameters C2, (C3σ) and C4 as reported, were used in the present 
work. Considering the treatment of (C3σ) as one parameter, accurate 
measurement of interfacial tension in the presence of surfactants was not 
needed.

The CFD+PBM model presented by Thaker and Ranade (2023a) does 
not explicitly account for breakage due to collapsing cavities and 
therefore was unable to capture fine droplets generated via collapsing 
cavities. They suggested the inclusion of two different ranges of turbu
lent energy dissipation rate values: one that is generated via convective 
flow in the VD chamber and the other that is generated via collapsing 
cavities. Incorporation of such two levels of energy dissipation rates 
could lead to the prediction of bi-modal DSD observed in experiments. 
The present approach was developed by (a) including the influence of 
collapsing cavities by incorporating localised high energy dissipation 
rates in the PBM breakage model (Section 3.2) and (b) modifying the 
model to extend the applicability to continuous emulsion production 
(Section 3.3).

3.2. Representing localised energy dissipation rates generated by 
collapsing cavities

The fine droplets are generated in a hydrodynamic cavitation device 
because of the intense localised energy dissipation zones generated by 
collapsing cavities. The extent of breakage caused by cavitation in any 
specific HC device therefore depends on (a) the zone in which collapsing 
cavities are present and (b) the intensity of collapse, which determines 
the value of localised energy dissipation rate. The device scale CFD 
models can be used to identify the region in which cavitation occurs 
(see, for example, the works of (Thaker and Ranade, 2023a; Gode et al., 
2023; Simpson and Ranade, 2019a; Ranade, 2022). The device-scale 
CFD model, however, is not capable of estimating the intensity of cav
ity collapse. Typically, the intensity of collapse is estimated by simu
lating micro-scale dynamics of a single or a group of cavities (for 
example (Pandit et al., 2021; Pawar et al., 2017). Machine-learning 
based surrogate models have also been developed, which mimic the 
results of the full cavity dynamics model (Ranade and Ranade, 2023). In 
this work, we developed a novel methodology to combine a device-scale 
CFD model with a machine learning based cavity dynamics model to 
estimate the cavitation zone and energy dissipation rates generated by 
collapsing cavities. This approach, together with PBM, was applied to 
simulate drop breakage in a vortex-based HC device.

The CFD model provides the distribution of vapour volume fraction 
within the device. The region having a non-zero vapour fraction may be 
termed as a cavitating region. Cavities are generated in this region, 
experience pressure fluctuations as they travel (typical lifetime of cav
ities is less than 1 ms) and collapse, which leads to localised high energy 
dissipation rates. Not all the cavitation region is effective for droplet 

breakage. There will be upper and lower limits of vapour volume frac
tion within which effective droplet breakage may occur. If the vapour 
volume fraction is beyond a certain value (αvu), cavities may be very 
close to each other and may not collapse. If the vapour fraction is lower 
than a certain value (αvc), the probability of encounter between a 
collapsing cavity and a droplet becomes small, and breakage may not 
occur. A sample of the simulated distribution of vapour volume fraction 
is shown in Fig. 2.

The cavitating region in the vortex-based device was identified based 
on the region with non-zero vapour fraction. The cavities are generated 
in the vortex core. These cavities collapse as they travel to high pressure 
region and experience pressure fluctuations. The time scales of cavity 
collapse are very small (~ 10− 4 s) and therefore the distance travelled by 
cavities is quite small (~ 10− 3 m). In the vortex core, where the gas 
volume fraction is close to unity, cavity collapse does not occur. In 
Eulerian multiphase flow simulations, the limiting vapour fraction value 
for distinguishing the gas and liquid interface typically falls between 0.5 
and 0.66 (Ranade, 2002, 2022). Following this, in this study, the upper 
limit of vapour fraction (αvu) was set at 0.6. This means that if the vol
ume fraction is more than 0.6, cavity collapse will not occur, which is a 
reasonable approximation considering the physics of cavity collapse. As 
the vapour volume fraction decreases, there is a lower chance of an 
encounter between the collapsing cavity and the droplet. For repre
senting this, it was decided to use a lower limit of volume fraction (αvc) 
for identifying the effective region for droplet breakage induced by 
cavity collapse. The value of the lower limit (αvc) was determined 
through a sensitivity study (discussed in Section 4.2) and comparison 
with experimental DSD.

The localised intense energy dissipation value due to cavity collapse 
(εcav) can be applied in the effective cavitation region identified by αvc. 
The value of εcav depends on five parameters, namely initial cavity 
radius, ambient pressure and temperature, and frequency and amplitude 
of pressure fluctuations (Pandit et al., 2021; Ranade and Ranade, 2023). 
For the hydrodynamic cavitation devices, the values of εcav were found 
to be in the range of 107-109 m2/s3 (Thaker and Ranade, 2023a). In this 
work, instead of solving full cavity dynamics, we have used the previ
ously developed ANN-based surrogate model of cavity dynamics 
(Ranade and Ranade, 2023) for estimating the value of εcav. For 
obtaining the input parameters required for the ANN model, the first 
step was to identify the cavitation zone using the simulated flow field by 
the CFD model. The region of the HC device having a vapour volume 
fraction between αvc and 0.6 was defined as an effective cavitation re
gion. For identifying this zone, iso-volumes of vapour volume fraction 
equal to 0.6 and αvc were generated. Once the cavitation zone was 
identified, the volume-averaged values of pressure (Pcz), turbulence ki
netic energy (kcz) and specific dissipation rate (ωcz) in the cavitation 
zone were obtained as: 

Fig. 2. Effective cavitation region for specifying localised intense energy 
dissipation rate.
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Pcz =

∫

cz Pdv
∫

cz dv
, kcz =

∫

cz kdv
∫

cz dv
, ωcz =

∫

cz ω dv
∫

cz dv
(3) 

The volume-averaged turbulent kinetic energy over the cavitation 
zone can be used for estimating the amplitude of pressure fluctuations 
(Pa

cz). Using simple dimensional arguments, one may write (Ansys® 
Academic Research Mechanical and CFD, 2020; Sarvothaman et al., 
2019): 

Pa
cz = ∅ρk (4) 

Where ∅ is a proportionality factor. In this work, we have used ∅ as 
unity (Pawar et al., 2017; Moholkar and Pandit, 2001). The 
volume-averaged specific dissipation rate (ωcz) over the cavitation zone 
was used for estimating the frequency of pressure fluctuations in the 
cavitation zone (fcz) as: 

fcz =
ωcz

2π (5) 

The ambient temperature was set to the temperature at which ex
periments were conducted (300 K). These local values of mean pressure, 
amplitude and frequency of pressure fluctuations and vapor fraction in 
the cavitation zone obtained from the CFD simulation were used in the 
ANN-based surrogate model to predict εcav. In order to estimate εcav, we 
need one more quantity, the initial cavity radius, R0, in addition to the 
operating temperature and the three parameters obtained from the 
device-scale CFD models (Pcz, Pa

cz and fcz). The initial radius of the cavity 
depends on a variety of parameters like the extent and nature of dis
solved gases, the presence of impurities or small dust particles, and so on 
(Ranade, 2022; Ranade et al., 2022). The prediction of initial cavity 
radius values for hydrodynamic cavitation is further complicated due to 
the small time and length scales of cavitation phenomena prevalent in 
such devices. The initial cavity radius is reported in literature to be of the 
order of 101 µm (Pandit et al., 2021; Liu and Brenner, 1995). In the 
present study, considering the uncertainty in estimating the initial 
radius of cavity, this was treated as a model parameter. Sensitivity of the 
predicted results with the values of initial cavity radius (R0) was 
examined (discussed in Section 4.2) and an appropriate value of R0 

selected. The ANN based surrogate model (Ranade and Ranade, 2023) 
was then used to estimate εcav for different operating conditions using 
the five parameters estimated as discussed here.

The use of ANN based surrogate model for predicting the localised 
high energy dissipation rates reduces the adjustable parameters required 
and provides a physical significance for the approach adopted instead of 
relying on multitude of adjustable parameters. As discussed by Ranade 
and Ranade (Ranade and Ranade, 2023), the ANN model was trained 
from a recently developed cavity dynamics model by Pandit et al. (2021)
which included aspects relevant to both acoustic and hydrodynamic 
cavitation. The ANN architecture with three hidden layers and different 
number of neurons (5− 4− 2) was found to be most effective. The transfer 
function ’Tansig’ was used for the hidden layers and ’Purelin’ for the 
output layer. The training of ANN was performed using MATLAB’s 
’trainbr’ function for Bayesian regularization. The trained ANN based 
surrogate model was able to predict unseen data beyond the training 
data range. This is further shown in a recent work by Håkansson et al. 
(2025). This approach directly addresses the challenge of capturing 
highly localized turbulent energy dissipation rate due to cavity collapse 
that are critical for breakage, making it relevant to local flow conditions, 
not just bulk equipment parameters.

The CFD+PBM model was extended to include the turbulent energy 
dissipation rate due to cavitation (εcav) estimated using the ANN model. 
The values of two parameters R0 and αvc were obtained based on a 
sensitivity analysis. The Alopaeus et al. model (Eq. (2)) for breakage 
frequency g(Vʹ) was modified to include droplet breakage due to two 
distinct phenomena of cavitation and turbulent shear by including the 
εcav for modelling breakage due to cavitation in the effective cavitation 
region defined by αvc and ε in the rest of the domain as:

For, αv < αvc 

g(Vʹ) = C2ε1/3erfc

⎛

⎝

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(C3σ)

ρAε2/3d5/3 +
(C4μO)

̅̅̅̅̅̅̅̅̅̅ρAρO
√ ε1/3d4/3

√ ⎞

⎠

For, αvc ≤ αv < 0.6 

g(Vʹ) = C2ε1/3
cav erfc

⎛

⎝

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(C3σ)

ρAε2/3
cav d5/3

+
(C4μO)

̅̅̅̅̅̅̅̅̅̅ρAρO
√ ε1/3

cav d4/3

√ ⎞

⎠ (6) 

The relevant experimental data on cavitation induced droplet 
breakage is not available for formulating breakage kernels for the 
cavitation induced breakage. The previous work of Thaker and Ranade 
(2023a) was able to simulate breakage of droplets induced by shear in 
cavitation devices. The breakage due to cavitation may be considered 
similar to the breakage by shear with the value of energy dissipation rate 
substantially higher than that of turbulent shear. In order to minimise 
model parameters, we used the same breakage kernels found useful for 
simulating the shear induced breakage except by using εcav in the cavi
tation zone (see Eq. (6)). This model, which accounts for the localised, 
intense turbulent energy dissipation rates induced by cavitation (εcav) 
was used to simulate DSD of emulsions produced in a continuous model 
(see Section 4). The CFD approach used for modelling continuous gen
eration of emulsions is discussed in the following section (Section 3.3).

3.3. CFD model for simulating continuous mode of operation

The experimental setup for the continuous production of emulsions 
incorporates a circulation loop and is shown in Fig. 1. The circulation 
loop comprises the emulsification device, a pump for circulating flow in 
the loop, a gas disengagement arrangement, pressure and flow sensors 
and tubing and fittings for connecting the different parts. The use of a 
circulation loop decouples the net flow rate of emulsion, and the oper
ating conditions needed for achieving the desired DSD. The ratio of flow 
in the circulation loop (or device) to net inlet flow rate may be consid
ered approximately equivalent to the number of passes through VD 
operated in a batch mode. The inclusion of the entire circulation loop in 
the simulation model would introduce not only added complexity with 
regards to modelling the different parts of the loop but also makes the 
overall mesh count and therefore demands on computational resources 
rather excessive. In the developed approach, we avoided this by 
considering a small section of the circulation loop as the solution 
domain, as shown in Fig. 3. This approximation will represent the real- 
world set-up reasonably well when the extent of drop breakage in the 
circulation loop is negligible compared to the droplet breakage occur
ring in VD. The turbulent energy dissipation in the vortex device (~ 
2 ×104 m2/s3) is orders of magnitude higher than any other part of the 
loop (~ 100 m2/s3). This implies that the extent of droplet breakage 
occurring in VD is likely to be much higher than that occurring in the 
circulation loop. Recently, Pandey et al. (2024) have measured and re
ported that the droplet breakage in the recirculation loop and pump was 
less than 10 % of the overall breakage caused by the cavitation device. 
This lends support to the approximation used in the present work.

The curtailed section of the circulation loop in the solution domain 
demands representing the loop by using appropriate boundary condi
tions. It is in principle possible to define periodic boundary conditions at 
the circulation inlet and outlet – that is, whatever comes out of the so
lution domain from the circulation outlet re-enters the domain via the 
circulation inlet. However, the conventional way of defining periodic 
boundary conditions was not directly applicable in the present case 
because of the presence of multiple phases and a pump between the 
circulation inlet and outlet. Therefore, the suitably defined velocity inlet 
and outlet boundary conditions were used to mimic the circulation loop 
without considering the entire loop. The net flow rate (qnet) of emulsion 
produced was used to obtain the inlet velocity of the oil + water mixture 
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entering the domain. The volume fraction of oil (αo) was set to 0.05 as 
per the experimental conditions. The flow rate (QD) through the device 
corresponding to the experimentally observed pressure drop across the 
device was used for specifying the boundary conditions on circulation 
boundaries. The flow rate ratio (QD/qnet) value was used to obtain the 
net emulsion flow rate (qnet) entering or leaving the domain.

As shown in Fig. 3, the simulation domain consisted of two inlet 
boundaries, one for the circulation inlet and the other for the inlet of the 
oil and water mixture entering the domain. Similarly, there are two 
outlet boundaries. For the circulation inlet and outlet, uniform velocities 
and volume fractions are specified as: 

Vinlet_circ = −
QD − qnet

Ain_circ
,αinlet_circ = αo (7) 

Voutlet_circ = −
QD − qnet

Aoutletcirc
, αoutlet_circ = αo (8) 

Where QD is the flow rate through the device, which is the sum of the net 
emulsion flow rate, qnet and circulation flow rate, Qc: QD = qnet + Qc. 
The flow rate ratio is defined by: QD/qnet. At the emulsion inlet, the 
following boundary conditions were used: 

Vinlet_qnet =
QD

/
Ainlet_qnet

QD/qnet
, αinlet_qnet = αo (9) 

At the emulsion outlet boundary, constant pressure outlet boundary 
condition was used: 

Poutlet_qnet = Pref (10) 

Where Pref is reference pressure used in the simulations. For the walls 
of the simulation domain, the standard no-slip boundary condition was 
imposed. The net flow rate of water and oil entering the domain was 
obtained by setting the desired flow rate ratio (for example, QD/qnet =

10).
The DSD at the inlet boundary for PBM simulations was obtained 

from the experimental data for the flow of oil and water through the 
circulation loop without the cavitation device and is included in Section 
S2 of the supplementary information. While solving the PBM, the vol
ume fraction of each of the groups of drop sizes at the circulation inlet 
was specified by calculating the mass-averaged volume fraction of the 
corresponding group at the outlet as: 

γk_in =

[
∑

i

viAiρi γki

viAiρi

]

at outlet_circ (11) 

where ρi is mixture density, vi and Ai are velocity of the mixture in the 
cell i and the area of the cell i, respectively, and γki is the bin fraction of 
kth size group in the cell i at the outlet. The summation sign indicates 
summing over all the computational cells at the outlet. After achieving a 

steady state solution of the PBEs, the outlet DSDs were analysed and 
compared with the experimental data. The probability density function 
(PDF) was calculated by dividing γO,i with the width of the group i (Δxi) 
as (PDF = γO,i/Δxi). The simulated DSD results are discussed in Section 
4.

3.4. Solution of model equations

The cavitating flow simulations were performed using the multi
phase mixture model in Ansys Fluent 2024R1 by solving the mixture 
phase continuity and momentum equations, along with volume fraction 
transport equations for the secondary phases. The meshing was per
formed using the Ansys Mosaic meshing technique, which resulted in 
hexahedral elements in the region of interest (central region of the 
vortex chamber). The first cell height was maintained at 0.02 mm, 
which resulted in a y+ value of less than 5. Region-specific refinement 
areas were defined by using a body of influence (BOI) approach to 
capture the dynamics in relevant areas of the domain. Additional details 
of meshing and images of the mesh generated are included in Section S2 
of the supplementary information. The grid sizes used were based on the 
grid independence study performed by Gode et al (Gode et al., 2023). 
The SIMPLE algorithm was used to couple the pressure and velocity. The 
momentum, turbulent kinetic energy, specific dissipation rate and 
density were spatially discretized using the second order upwind 
scheme. The pressure was discretized using a PRESTO! Scheme. A 
transient formulation was used to account for the unsteady nature of the 
flow. The default under-relaxation factors 0.3, 0.7, 0.8 and 0.5 for 
pressure, momentum, energy, turbulence quantities, and density, 
respectively, were used. The convergence at a particular time step was 
achieved by performing 30 iterations per time step.

The approach for simulating a circulation loop setup was validated 
using pressure drop versus flow rate data for water as the working fluid. 
The setup used for obtaining the experimental data of pressure drop 
versus flow rate was the same as shown in Fig. 1, with both the inlet 
pumps being used for water. Fig. 4 shows the comparison of simulation 
results with experimental data, and it is observed that the maximum 
difference between simulation and experimental data does not exceed 
5 %, indicating the validity of the applied simulation methodology for 
the circulation loop.

The PBM simulations were decoupled from the flow simulations and 
solved using a steady state approach. The decoupling was used based on 
published data (Thaker and Ranade, 2022) which showed that the dif
ferences between the coupled and decoupled approaches were insig
nificant. The population balance equation was solved by representing 
the droplet population by a finite number of bins over the range of 
0.1–750 µm. The in-built solver available within ANSYS Fluent was used 
for this purpose. For the PBM simulations, the influence of number of 
bins considered for representing the droplet population was examined 
by Thaker and Ranade (2023a) for 20, 40 and 80 bins. Based on their 

Fig. 3. Simulation domain for continuous process.
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results, 20 bins were finalised for all subsequent simulations. The first 
order convective numerical scheme was used for solving the bin frac
tion. The PBM equations were solved till convergence, which was 
determined by residual criteria (10− 6) as well as monitoring the change 
in outlet Sauter mean diameter (% change < 1 %). The DSD of the 
emulsion was obtained by recording the bin fraction values for different 
bin sizes at the outlet boundary.

3.5. Overall strategy of CFD+PBM+ANN ensemble approach

An overview of the ensemble approach used in this work is shown in 
Fig. 5 and described here. This ensemble approach integrates device- 
scale CFD, micro-scale cavity dynamics (via the ANN based surrogate 
model), and the population balance model (PBM) for predicting DSD 
and characteristic diameters of emulsions produced continuously using 
VD. The device-scale CFD simulations are performed to predict the 
cavitation zone inside a vortex-based HC device operated in continuous 
mode. The inputs to the CFD model were emulsion flow rate, oil volume 
fraction, and flow rate ratio (or total flow rate through the device). The 
resulting flow field from CFD simulation served as an input to the PBM 
simulations, while the distribution of vapour volume fraction in the 
domain was used to identify the effective cavitation zone, defined using 
αvc ≤ αv < 0.6. The ability of ANN to estimate the localised, high en
ergy dissipation rates resulting from cavity collapse is harnessed to 
simulate device scale droplet breakage. The inputs to the ANN-based 
surrogate model for cavity dynamics were obtained from the charac
teristic flow features in the effective cavitation zone. The local volume- 
averaged values of pressure (Pcz), turbulence kinetic energy (kcz) and 
specific dissipation rate (ωcz) in the cavitation zone were used to obtain 
the corresponding ANN model inputs, pressure (Pcz), amplitude of 

pressure fluctuations (Pa
cz), frequency of pressure fluctuations in the 

cavitation zone (fcz), respectively (using Eqs. 3–5). Using the initial 
cavity radius as a model parameter, the combined CFD+ANN model was 
used to estimate energy dissipation rates generated by collapsing cav
ities (εcav). The turbulent energy dissipation rate due to cavitation (εcav) 
was incorporated in the breakage model by Alopaeus et al. (2002) and 
used for solving breakage due to cavitation phenomena in the effective 
cavitation region whereas the distribution of ε obtained from the flow 
simulations was used in the rest of the domain for modelling breakage 
due to turbulent shear (Eq. (6)). Finally, the PBM outputs the DSD at the 
outlet, which is processed for characteristic diameters. This ensemble 
approach based on CFD+ANN+PBM realises a robust and systematic 
framework for simulating droplet breakage while minimising 
non-physical adjustable parameters.

4. Results and discussion

4.1. Experimental data for continuous emulsion production

The continuous oil-in-water emulsion production experiments were 
carried out for different pressure drop and flow rate ratio (QD/qnet) 
values at a constant oil fraction of 0.05. The DSD and characteristic 
diameter values obtained from continuous experiments were compared 
with batch experiments to check the performance of the continuous 
process as compared to its batch counterpart. Fig. 6 provides a com
parison of batch and continuous modes for emulsion production for a 
pressure drop value of 250 kPa. The data for batch experiments are 
obtained from the recent works of Thaker and Ranade (2023a). The flow 
rate ratio (QD/qnet) in a continuous experiment can be considered 
equivalent to the number of passes through the device in a batch 
experiment (Gode et al., 2024). From Fig. 6, it can be inferred that the 
DSD obtained is independent of the mode of operation. The two peaks in 
DSD indicate the presence of a cavitation mechanism for droplet 
breakage as discussed by Thaker and Ranade (2023a) and Gode et al. 
(2024) and discussed above in Section 3.1.

For continuous emulsion production, the influence of the flow rate 
ratio (QD/qnet) on resulting DSD was investigated for different pressure 
drop values. Fig. 7 shows the influence of pressure drop on DSD and d32 
values. With increase in pressure drop value the intensity of cavitation 
increases leading to increased height of first peak indicating prominence 
of cavitation induced breakage over droplet breakage due to turbulent 
shear. This is also observed in the Sauter mean diameter (d32) values 
plotted as function of qnet for varying pressure drop values. The first peak 
(with smaller mean droplet size) is due to droplet breakage in the 
cavitation zone, and the second peak represents droplets that bypass the 
effective cavitation zone and experience relatively low shear forces in 
the bulk flow. The prevalence of second peak at steady state indicates 
that the larger droplets do not encounter sufficiently high energy 
dissipation rate to break them further. This phenomenon is a direct 
result of the non-uniform turbulent flow inside the vortex-based device. 

Fig. 4. Comparison of experimental and simulation pressure drop data.

Fig. 5. Flowchart showing the ensemble approach.
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If all large droplets encounter the high turbulent dissipation rate cavi
tation zone, the system will tend towards a monomodal distribution. As 
the flow rate ratio increases – that is effectively droplets pass through 
the device multiple times, the size of the second peak representing larger 
droplets decreases and eventually DSD becomes mono-modal (Thaker 
and Ranade, 2023a). The variation in DSD with flow rate ratio for 
different values of pressure drop is shown in Figure S10 of the supple
mentary information. This further exemplifies the possibility of 
approach to mono-modal distribution with increase in flow rate ratio.

The experimental data of d32 may be represented as a function of 
QD/qnet as: 

d32 = dmin +(d0 − dmin)e
−

(
QD
qnet

)

φ
(12) 

Where dmin is the minimum Sauter mean diameter at very high value of 
QD/qnet which is equivalent to a low emulsion flow rate value for a 
particular value of pressure drop (or QD). The maximum Sauter mean 
diameter, d0, is the value of Sauter mean diameter at very small value of 
(QD
qnet

). The value of d0 was found to 4.5 μm. φ may be regarded as a per- 
pass breakage parameter which is a characteristic of a device design and 
operating conditions.

This minimum Sauter mean diameter may be expressed as a function 
of mean energy dissipation rate as: 

dmin = 33 (ε)− 1/3μm (13) 

Where ε is the mean energy dissipation rate for the vortex-based emul
sification device, which is given by the relation: 

ε =
ΔP QD

ρmVD

m2

s3 (14) 

where ΔP is pressure drop across the device and QDis the flow rate 
through the device.

The per-pass breakage parameter, φ was found to be related to the 
mean energy dissipation rate as: 

φ = φm(1 − e− βε) (15) 

Where φm is maximum value of φ and β is a fitted parameter. The values 
of φm and β were found to be 0.3 and 2.75 × 10− 4 (s3/m2) respectively. 
For the limiting case, QD/qnet = 1, the d32 value approaches the limiting 
Sauter mean diameter value, d0 = 4.5 μm. It can be seen from Fig. 7b 
that the fit based on Eqs. (12) to (15) represent the experimental data 
quite well. The relation between d32 and emulsion flow rate (qnet) pro
vides a basis for determining the specific operating conditions (ΔP or QD 
value) for obtaining an emulsion with desired d32 and at the flow rate 
qnet. This experimental data was further used for evaluating the 
computational models. The CFD+PBM+ANN simulations for predicting 
DSD of emulsions were carried out at five operating conditions for 

Fig. 6. Comparison of (a) DSD (at np = 50) and (b) Sauter mean diameter (d32) for continuous and batch modes of operation at ΔP = 250 kPa.

Fig. 7. Droplet size distribution and the Sauter mean diameter (a) Influence of pressure drop across the device at constant flow rate ratio (at QD/qnet = 10) and (b) 
Influence of flow rate of emulsion (qnet) at different pressure drops across the device. The dashed lines represent the d32 values obtained from Eqs. (12) to (15).
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comparing the results with experimental data: first, for a constant 
emulsion flow rate of 120 mLPM, the flow through the device (QD) was 
selected such that the pressure drop values were 150, 200 and 250 kPa 
and secondly for a constant pressure drop value of ΔP= 200 kPa, the 
emulsion flow rate was varied as 24, 120 and 240 mLPM. The com
parison of the simulated results with the experimental data is preceded 
by the results of the sensitivity study considering two key model pa
rameters, namely critical vapour volume fraction (αvc) and initial cavity 
radius (R0) as discussed in the following Section 4.2.

4.2. Sensitivity study of αvc and R0 for DSD estimation

The CFD+PBM+ANN methodology presented in Section 3.2 for 
including the effect of collapsing cavities on droplet breakage was used 
to examine the influence of R0 and αvc on the simulated DSD. In the first 
step, a steady state flow field was simulated using the CFD model. These 
flow results were used to obtain the input parameters for the ANN 
model. The influence of variation in αvc on the ANN model input pa
rameters for different operating conditions were studied. Fig. 8 shows 
the influence of αvc on the values of key input parameters (Pcz, Pa

cz and 
fcz) of the ANN model for estimating εcav for different pressure drops 
across the HC device (ΔP = 150, 200 and 250 kPa). It can be seen from 
Fig. 8 that, decreasing the size of the effective cavitation zone (that is, 
increasing the value of αvc), the Pcz value decreases with the value 
moving closer to the vapour pressure. Similar behaviour was observed 
for different pressure drop values. The change in cavitation zone pres
sure (Pcz) was observed to be less for αvc greater than or equal to 0.1 
indicating that beyond this value the pressure value becomes almost 

independent of the cavitation zone. The value of Pcz corresponding to αvc 
≥ 0.1 is of the order of vapour pressure. This is the pressure experienced 
by the cavity after it travels a very short distance before collapsing. The 
amplitude of pressure fluctuations (Pa

cz) was observed to decrease with 
an increase in αvc value or reduction in the effective cavitation zone, 
whereas the frequency of pressure fluctuations (fcz) showed an increase 
when the effective cavitation zone was reduced.

It can be seen that some of the ANN input parameters are very sen
sitive to the value of αvc when αvc < 0.1. Fortunately, the probability of 
encounter between a droplet and a collapsing cavity may reduce 
significantly when αvc < 0.1. Considering this and to avoid undue 
sensitivity to the parameter αvc the values of αvc = 0.1 and 0.2 were 
considered for further investigation.

The ANN simulations were performed to obtain the value of εcav for 
two values of αvc = 0.1 and 0.2 at varying values of initial cavity radius. 
As discussed in Section 3.2, the value of αvc defines the effective cavi
tation region where the probability of cavities encountering oil droplets 
is high. The droplet breakage in the effective cavitation zone is pre
dominantly due to high localised energy dissipation rates generated by 
collapsing cavities. The initial cavity radius impacts the cavitation in
tensity and hence the value of εcav. The εcav values obtained for different 
pressure drop values are shown in Fig. 9 at two values of αvc (0.1 and 0.2) 
over a range of initial cavity radius. The trends observed for αvc= 0.1 and 
0.2 are similar. Considering the monotonous behaviour of εcav with 
respect to the initial cavity radius exhibited by the case of αvc= 0.1, 
possibility of using a larger range of R0 and a lower possibility of 
encounter between droplets and collapsing cavities, the lower limit of 
vapour volume fraction used for identifying the effective cavitation 

Fig. 8. Influence of αvc on (a) Pcz (b) Pa
cz and (c) fcz for operating conditions ΔP = 150, 200 and 250 kPa and QD/qnet= 10.
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region, αvc, was set to 0.1 for subsequent simulations.
With the value of αvc fixed, the sensitivity of initial cavity radius on 

DSD prediction for varying operating conditions was investigated. PBM 
simulations were performed with the modified approach discussed in 
Section 3.4 for different values of R0 and predicted DSD and charac
teristic diameters compared with experimental (Fig. 10) for different 
pressure drop values. The Alopaeus et al. model parameters, C2, C3 and 
C4 (Eq. 6) were maintained the same as reported by Thaker and Ranade 
(2023a). The sensitivity study results obtained for ΔP= 200 kPa and 
QD/qnet= 10 are shown in Fig. 10 (results for ΔP= 150 and 250 kPa are 
included in Section S3 of supplementary information). A lower value of 
R0 resulted in higher concentration of cavities for the same pressure 
fluctuations leading to higher values of localised energy dissipation rates 
εcav. This is evident from Fig. 10a which indicates that decreasing the R0 
value leads to the DSD shifting towards finer droplet sizes with an in
crease in the height of the first peak. The location of the second peak 
with larger mean droplet diameter is unaltered and the height of the 
second peak increases with an increase in R0 value. The initial cavity 
radius is the most important physical parameter that defines the con
ditions for subsequent cavity collapse and thus the energy dissipation 
rate due to cavitation. A smaller initial cavity could be considered as 
being more rigid and as it travels from low pressure region into a higher 
pressure region in the bulk, it has less inertia to overcome leading to a 

more violent implosion. Comparing this with a larger initial cavity, that 
has higher volume of vapour and non-condensable gas, the collapse of 
the cavity leads to lower values of energy dissipation rates as the 
collapse is cushioned by the gas/vapour present inside the cavity. The 
comparison of simulated and experimental DSD indicates that for ΔP 
= 200 kPa, the R0value is between 10 and 20 μm. The influence of R0 on 
predicted characteristic diameters for ΔP= 200 kPa and QD/qnet= 10 is 
shown in Fig. 10b. The D10 and d32 values increase with an increase in 
R0 and cross the experimental values for R0 between 10 and 20 μm. 
Additional results from the sensitivity study for pressure drop values, ΔP 
= 150 and 250 kPa, are included in Section S3 of the supplementary 
information.

Based on the sensitivity study, the initial cavity radius R0 was fixed at 
17 μm. This initial cavity radius value was used for predicting DSD for 
cases with varying ΔP and qnet and the DSD and characteristic diameter 
values obtained were compared with experimental data.

The influence of daughter size distribution functions on simulated 
DSDs was studied to affirm the selection of parabolic distribution. The 
results from this study are now included in the supplementary infor
mation Section S4. This study indicated that the widely used parabolic 
daughter size distribution can reasonably simulate the DSDs generated 
by the combined action of shear and cavitation. Considering the diffi
culties in capturing an ultra-fast dynamic of collapsing cavities and their 
interaction with suspended oil droplets, adequate data required for 
formulating the daughter size distribution generated by cavitation is not 
available. Based on the sensitivity study and in the absence of relevant 
data for formulating the daughter size distribution, in this work, we used 
the most commonly used symmetric parabolic daughter size 
distribution.

4.3. Comparison of simulated and experimental DSD for continuous 
emulsification

The results obtained using the CFD+PBM model for the continuous 
set-up operated at the pressure drop values of 150, 200 and 250 kPa 
were used to calculate key quantities needed for estimating εcav using 
ANN as discussed earlier. The effective cavitating region was seen to 
increase with an increase in pressure drop values, as shown in Figure S5
of the supplementary information. The change in flow rate ratio value 
led to an insignificant change in the flow and effective cavitating region 
(see Figure S6 of supplementary information). This is largely due to the 
pressure drop value remaining same in the device.

CFD simulation results of effective cavitation zone, mean pressure, 
turbulent kinetic energy and specific energy dissipation rates averaged 
over the effective cavitating zone are listed in Table S1. These values 

Fig. 9. Influence of R0 on predicted εcav at pressure drop values of ΔP = 150, 
200 and 250 kPa at αvc= 0.1 shown by solid lines and αvc= 0.2 shown by 
dashed lines.

Fig. 10. Influence of R0 on predicted (a) DSD and (b) Characteristic diameters (D90, d32 and D10) for ΔP= 200 kPa and QD/qnet= 10. Experimental DSD is shown as 
symbols and simulated results as solid lines, and dashed lines represent experimental characteristic diameter values.
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were used to calculate the parameters needed for the ANN model. These 
parameters are listed in Table S2. In addition to the parameters derived 
from the CFD simulations, it is essential to set the initial cavity radius, 
R0. Based on the sensitivity results discussed in Section 4.2, the initial 
cavity radius for all three pressure drop values was set to 17 μm. The 
comparison of predicted DSD and characteristic diameters with experi
mental for pressure drop values of 150, 200 and 250 kPa using the 
modified Alopaeus et al. breakage model and initial cavity radius R0 as 
17 μm are shown in Fig. 11. The predicted DSD was observed to be 
bimodal, as seen in experiments where the first peak corresponds to 
breakage due to cavitation, and the location and height of the second 
peak indicate droplet breakage from turbulent shear. The simulated DSD 
for ΔP = 150 kPa shows a qualitatively good match with the experi
mental DSD, however, exhibits a deviation in the comparison of the 
characteristic diameters. The predicted values of characteristic di
ameters are higher as compared to the experimental ones for ΔP = 150 
kPa. The height of the first peak corresponding to the cavitation induced 
droplet breakage was observed to increase with an increase in pressure 
drop value, and the height of the second peak decreased with an increase 
in pressure drop for both predicted and experimental DSD. The second 
peak height and location indicative of breakage due to turbulent shear 
predicted by simulations were seen to deviate from the experimental 
one, with the spread of the predicted DSD being more as compared to the 
experimental results. This was also observed in the predicted D90 
values. The predicted DSD and characteristic diameters agree reasonably 
well with the experimental data for pressure drop values of 200 and 250 
kPa.

The use of a constant initial cavity radius captures the nature of the 
DSD reasonably well over the range of pressure drop values considered. 
The quantitative differences observed at a lower pressure drop value of 
150 kPa indicate that a lower value of initial cavity radius could be 
applied for this case to obtain a quantitative match with experimental 
data.

The comparison of DSD and characteristic diameters ( d32,D10 and 
D90) obtained for ΔP= 200 kPa and varying qnet= 240, 120 and 24 
mLPM (QD/qnet = 5, 10 and 50) using the initial cavity radius value (R0 
= 17 μm) is shown in Fig. 12. The predicted DSDs for all qnet values show 
reasonably good agreement with the experimental data. The location 
and height of the first peak were predicted correctly, while some de
viations were observed with respect to the location and height of the 
second peak (see Table S3 and Table S4 of supplementary information). 
The first peak corresponding to breakage due to cavitation phenomena 
was observed to be well predicted with the approach presented in this 
work. The d32 and D10 values show a reasonable agreement with the 
experimental results obtained with varying emulsion flow rate over one 
order of magnitude (for qnet = 240, 120 and 24 mLPM). The predicted 
D90 was higher for all the three cases simulated as the spread of the 
predicted DSD was more compared to experimental results and the 
predicted drop diameter corresponding to the second peak of the DSD 
was higher than experimental data.

The difference between the predicted and experimental character
istic diameters may be reduced by considering variation of R0 with 
pressure drop and flow rate ratio (QD/qnet). Fig. 13 shows the results 
obtained by using different values of R0. For 150 kPa pressure drop case, 

Fig. 11. Comparison of simulation and experimental DSD at pressure drop value (a) ΔP = 150 kPa, (b) ΔP = 200 kPa and (c) ΔP = 250 kPa and (d) Characteristic 
diameters (D90, d32 and D10) for varying pressure drop values and QD/qnet= 10. Experimental data are shown as symbols, and simulation results are shown as solid 
lines for DSD and dashed lines for characteristic diameter.
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the R0 value was reduced to 12 μm and the R0 value used for varying 
flow rate ratio were R0 = 12 for QD/qnet= 5 and R0 = 15 for QD/qnet 
= 50.

The presented approach of using CFD+PBM coupled with ANN based 
surrogate model for cavity dynamics can predict the DSD and charac
teristic diameters of emulsions produced continuously. This study shows 

that for emulsions produced using hydrodynamic cavitation devices, it is 
imperative to include droplet breakage due to cavitation to obtain a 
bimodal DSD as observed in experiments. This was achieved by incor
porating a localised high value of turbulent dissipation rate in the 
cavitating region. The use of ANN based cavity dynamics model to 
obtain representative values of localised turbulent dissipation rate 

Fig. 12. Comparison of simulation and experimental DSD at (a) qnet = 240 mLPM, (b) qnet = 120 mLPM and (c) qnet = 24 mLPM and (d) Characteristic diameters 
(D90, d32 and D10) for ΔP= 200 kPa and varying qnet values. Experimental data are shown as symbols, and simulation results are shown as solid lines for DSD and 
dashed lines for characteristic diameter.

Fig. 13. Comparison of simulation and experimental characteristic diameters (D90, d32 and D10) at (a) Varying pressure drop values and (b) Varying qnet values. 
Experimental data are shown as symbols and simulation results are shown as solid lines.
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builds confidence in the approach adopted. The key ANN model input 
parameters used for obtaining εcav values for different simulations per
formed to validate the approach are tabulated in Tables S1 and S2 of 
supplementary information. These input parameters are indicative of 
the flow characteristics in the device at different operating conditions. 
Some key observations are outlined here: The effective cavitation vol
ume increased (almost exponentially) with pressure drop across the HC 
device. Mean pressure and turbulent kinetic energy (amplitude of 
pressure fluctuations) also increase with increase in pressure drop. The 
frequency of pressure fluctuations in the cavitation zone was found to be 
inversely proportional to the pressure drop value. For a constant pres
sure drop, the net flow rate does not influence the effective cavitation 
zone volume, mean pressure and turbulent kinetic energy since the flow 
is dominated by the value of circulatory flow through the device (QD) 
than the relatively small value of net flow rate (qnet). For obtaining good 
agreement with the observed DSD and characteristic diameters, the 
initial cavity radius, R0 is almost linearly proportional to the pressure 
drop across the device. These observations provide useful guidance for 
understanding influence of operating conditions on resulting DSD.

The current work presents a novel ensemble approach that integrates 
device-scale CFD, micro-scale cavity dynamics (via the ANN based sur
rogate model), and the Population Balance Model (PBM) for predicting 
droplet size distribution (DSD) and characteristic diameters of emulsions 
produced continuously using a vortex based hydrodynamic cavitation 
device. This approach is developed to harness the ability of the ANN 
model to estimate the localised, high energy dissipation rates resulting 
from cavity collapse for simulating device scale processes. This approach 
is implemented to provide a systematic and robust framework that 
minimises the reliance on non-physical adjustable parameter. The pre
sented characteristics of the cavitation zone and the ensemble approach 
would be useful for simulating other processes beyond droplet breakage.

5. Conclusions

The continuous production of rapeseed oil-in-water emulsions was 
studied experimentally to obtain the influence of flow rate ratio 
(QD/qnet) and pressure drop (ΔP) on DSD and characteristic diameters. 
The CFD simulation methodology used for mimicking a continuous set- 
up for emulsion production is developed and validated by comparing 
simulation results with experimental data of pressure drop versus flow 
rate. An ensemble approach based on CFD, PBM and ANN was devel
oped and used for predicting DSD of emulsions produced in a continuous 
mode of operation using VD. The device-scale CFD simulations are used 
to predict the cavitation zone and relevant input parameters needed for 
the ANN model, namely, mean pressure, pressure fluctuation amplitude 
and frequency and temperature. Using the initial cavity radius as a 
model parameter, the combined CFD+ANN model is used to estimate 
energy dissipation rates generated by collapsing cavities. This estimated 
energy dissipation rates are then used in the breakage kernel of PBM to 
simulate droplet breakage. The following are the key findings from this 
study: 

• The DSD of oil-in-water emulsions produced using vortex-based HC 
device showed a bimodal nature. The DSD moved towards mono- 
modal with increase in flow rate ratio QD/qnet.

• A unified correlation is developed to estimate the Sauter mean 
diameter d32 as a function of pressure drop across VD and the flow 
rate ratio QD/qnet (Eq. (12)). The predictions from the developed 
correlation agree with the experimental data very well (Fig. 7b).

• An approach to model continuous production of emulsions by 
considering a small section of the circulation loop as solution domain 
was presented and validated.

• An ensemble approach based on CFD, PBM and ANN which accounts 
for the influence of cavitation on droplet breakage was developed. 
The effective cavitation region was found to be a region having 
vapour volume fraction between 0.1 and 0.6 (0.1 ≤ αvc < 0.6). A 

typical range of initial cavity radius needed for estimating localised 
energy dissipation rates caused by collapsing cavities was found to be 
in the range of 10–20 μm.

• Assumption of a constant initial cavity radius over the range of 
considered pressure drops (ΔP = 150 to 250kPa) and emulsion flow 
rates (qnet = 24 to 240) lead to reasonable agreement between the 
predicted and experimental results. If the initial cavity radius is 
varied as a function of pressure drop or flow rate ratio, the agreement 
between the predicted and experimental results was improved.

The presented ensemble approach based on CFD, PBM and ANN will 
be useful simulating influence of design and operating parameters on 
DSD of emulsions produced using HC devices.
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