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Abstract Innovative food processing technologies, such
as high-pressure (low and high temperature), pulsed elec-
tric field and ultrasound processing, can be applied to
manufacture safe foods with better sensory and nutrition
properties. These technologies can play an important role
towards satisfying consumer demand for safe and innova-
tive products, while reducing the carbon and water foot-
print, to promote more sustainable food manufacturing.
The design, application and optimisation of suitable
equipment and the selection of process conditions for these
technologies require further knowledge development.
Computational fluid dynamics has been established as a
tool for characterising, improving and optimising tradi-
tional food processing technologies. Innovative technolo-
gies, however, provide additional complexity and
challenges because of the interacting Multiphysics phe-
nomena. This review will highlight a number of Multi-
physics modelling case studies for the characterisation of
various processing aspects and optimisation of selected
innovative technologies. The underlying inactivation
mechanisms, efficiencies and design limitations of these
technologies are currently still under investigation and will
be discussed.
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Introduction

The food industry is an increasingly dynamic arena with
consumers being more aware of what they eat and, more
importantly, what they want to eat. Important food quality
attributes such as taste, texture, appearance and nutritional
content are strongly dependent on the way foods are
processed.

In recent years, a number of new and innovative food
processing technologies, also referred to as “emerging” or
“novel” technologies, have been proposed, investigated,
developed and to some extent implemented with the aim to
improve or replace conventional processing technologies.
These technologies take advantage of physical phenomena
other than heat, such as high hydrostatic pressure, dynamic
sound pressure waves, or electric and electromagnetic
fields, and provide the opportunity for the development of
new food products or established food products with better
acceptability and nutritional properties through gentle
processing. Furthermore, these innovative technologies can
potentially, through process intensification, lead to reduced
energy and water consumption and, therefore, can play an
important role towards economic and environmental sus-
tainability of food processing and global food security by,
for example, extending the shelf life of food products or
expanding the shelf stable product spectrum [29].

In addition to the underlying thermo- and fluid-
dynamic principles of conventional processing, these
innovative technologies incorporate additional Multi-
physics dimensions, for example, pressure waves and
electric and electromagnetic fields, among others. To
date, they still lack an adequate, complete understanding
of the underlying physical principles and their interac-
tions with the treated product [1]. The development and
optimisation of suitable equipment to provide the
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required process uniformity to achieve quality homoge-
neity among products remains a challenge. By improving
the equipment design, processing parameters can be
optimised to maximise product quality retention and
increasing product acceptability.

Computational fluid dynamics (CFD) is an established
tool for characterising, improving and optimising tradi-
tional food processing technologies; the partial differential
equations solved are the ones describing the conservation
of mass, momentum and energy (i.e. continuity, Navier—
Stokes and Fourier equations). Innovative technologies,
however, provide additional complexity and challenges for
modellers because of the concurrent interacting Multi-
physics phenomena; further, partial differential equations
need to be solved simultaneously, such as the Maxwell and
the constitutive equations for problems involving electro-
magnetics (e.g. microwave and radiofrequency process-
ing), the charge conservation (e.g. pulsed electric field
processing), and the wave equations (e.g. Helmholtz wave
equations) for ultrasonic and megasonic processing [29].
These equation systems can increase in complexity when
not only process variables, but also process targets or
outcomes such as microbial/enzyme inactivation or food
matrix modification are to be predicted. In such cases, the
numerical problem is coupled to (differential) equations
describing the dynamics of such phenomena, e.g. biologi-
cal or chemical reactions and the development of (acoustic)
forces leading to transport of concentrated species, among
others [29].

Simulating Innovative Food Processing Technologies

As described extensively by various experts in the
respective technologies in Knoerzer et al. [29], a common
problem of innovative food processing technologies is the
non-uniformity of the treatment, which can be caused by
gradients of process variables such as temperature, electric
field strength or sound pressure fields in the processing
chambers. A non-uniform distribution of a certain process
variable leads to non-uniformities in the resulting outcomes
of the process (e.g. microbial inactivation or quality
parameters).

While a trial-and-error approach is always an option to
improve equipment and process design, it is the least pre-
ferred way, as it is very cost intensive, labour intensive,
and time intensive and a good performance may be missed,
as not all possibilities can be tested. On the other hand,
numerical modelling using CFD can be used exactly for
this purpose at reduced costs and time of experimentation.
This way, advantages and disadvantages of the respective
technology can be identified and either utilised or
minimised.

Numerical modelling studies have been reported across
the range of innovative technologies, such as microwave
and radiofrequency, ultraviolet light, high-pressure, pulsed
electric field, and ultrasonic processing. This review will
focus on the latest advances in modelling high-pressure,
pulsed electric field, and ultrasonic processing.

High-Pressure Processing

High-pressure processing (HPP) enables food preserva-
tion without using heat. HPP usually involves subjecting
food to hydrostatic pressures of up to 700 MPa for a few
minutes. This treatment inactivates vegetative microor-
ganisms and some enzymes at room temperature, while
valuable low-molecular constituents, such as vitamins,
colours and flavours, remain largely unaffected. However,
only when applied at elevated temperatures (e.g. >60 °C),
high-pressure thermal processing (HPTP) can inactivate
bacterial spores to obtain microbiologically safe and sta-
ble low-acid food products [46]. Accelerated and homo-
geneous heating and cooling of food occurs during HPTP
due to the increase and decrease in temperature during the
physical compression and decompression of the product.
This facilitates uniform heating of all food packs and also
reduces the need for excessively long heating times.
HPTP products have improved food quality attributes,
such as flavour, texture, nutrient content and colour,
compared with thermal processing, due to reduced heat
damage [45].

Over the last decade, a number of studies have reported
on the utilisation of Multiphysics modelling for equipment
and process characterisation in terms of process tempera-
ture and flow field distributions [11, 13, 22, 27, 28, 53],
prediction of microbial spore and enzyme inactivation [17,
48] and equipment optimisation [24]. The work published
on this topic before 2007 was summarised by Delgado et al.

[8].
Process Characterisation

Knoerzer et al. [28] reported on the development and use of
a numerical model to describe temperature and flow dis-
tribution in a 35-L pilot-scale high-pressure sterilisation
system (Avure Technologies Inc., Kent, WA, USA) and
evaluated the differences of the process variables for a
number of different product carriers made of metal and
insulating plastic material. The model was set up in
COMSOL Multiphysics™ (COMSOL AB, Stockholm,
Sweden) as a 2D axis-symmetric model, as the system only
comprised of rotation-symmetric features, including grav-
itational forces due to the vertical arrangement. Figure 1
shows the temperature distributions in three investigated
scenarios at the end of pressurisation to 600 MPa: namely,
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Fig. 1 Temperature distribution in an axis-symmetric section of the
cylindrical high-pressure vessel; a no carrier in the vessel, b inclusion
of cylindrical metal carrier and ¢ inclusion of cylindrical PTFE
carrier; at the end of pressurisation at 600 MPa (adapted from
Knoerzer et al. [28]; for colour representation, the reader is referred to
the online version of this article)

a cylindrical steel high-pressure vessel without carrier
(Fig. 1a); one with a metal carrier (Fig. 1b); and one sce-
nario where a carrier made from insulating polytetrafluo-
roethylene (PTFE) was placed into the vessel (Fig. 1c).

As shown in Fig. 1, the temperature distribution
achieved in scenario (a) shows non-uniformities and rela-
tively low temperatures compared to the scenarios where
carriers are included, which avoid pronounced cooling
down caused by the incoming pressurisation fluid. Tem-
peratures in scenario (b) are more uniform, but still lower
than in scenario (c). Furthermore, during pressure hold
time, scenarios (a) and (b) exhibit pronounced heat losses,
whereas the PTFE carrier in scenario (c) was able to retain
the heat inside the carrier.

Knoerzer and Chapman [27] investigated the impact
of process conditions and material properties on the
accuracy of modelled predictions. They developed an
axis-symmetric model approximating a Stansted 3.6 L
Isolab HPTS system (Stansted Fluid Power Ltd, Stansted,
UK) in COMSOL Multiphysics and studied the effect of
utilising simplified pressure profiles (i.e. linear increase
in pressure during pressurisation, constant pressure dur-
ing pressure hold time and linear decrease in pressure
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during decompression) in the model versus pressure
profiles measured in the system. Furthermore, they
evaluated the impact of using simplified compression
heating properties (e.g. those well known for water)
versus experimentally determined compression heating
properties for the actual compression fluid (water—glycol
mixture), as determined by Knoerzer et al. [25], on the
prediction accuracy. They found that inaccurate
approximation of both input conditions for the pressure
profiles and the material properties resulted in highly
inaccurate predictions (Fig. 2) and highlighted the
importance of attention to detail with respect to input
data for CFD models of HPTP to ensure that models
delivered accurate predictions.

Khurana and Karwe [22] described a 2D axis-sym-
metric model of an experimental pilot-scale (10 L) HPP
system (Elmhurst Research Inc., Albany, NY, USA) in
Fluent® (Fluent Inc., Lebanon, NH, USA). They reported,
similar to Knoerzer et al. [28], that heat losses occur when
the vessel walls are cooler than the temperature of com-
pression fluid and product after compression. Possible
improvements of thermal performance through the
inclusion of insulated product baskets were not reported
in their work.

As opposed to the 2D axis-symmetric approximations
of high-pressure systems, Ghani and Farid [11] have
developed a full 3D model in Phoenics 3.5 (Concentra-
tion, Heat and Momentum Ltd, London, UK) of a sig-
nificantly smaller (approximately 330 mL), vertically
oriented, labscale system (Foodlab S-FL-850-9-W, Stan-
sted Fluid Power Ltd, Stansted, UK) capable of predicting
flow and temperature patterns in liquid and solid food
products (Fig. 3). The authors suggested that this study
was the first to report on the effect of forced convective
heat transfer on the temperature distribution in liquid
foods undergoing high-pressure treatment caused by the
pressure transmitting fluid entering the treatment cylinder,
as well as the distribution of temperatures in liquid and
solid food products at different time steps during high-
pressure processing. However, as described in Delgado
et al. [8], CFD studies of this kind, i.e. prediction of
temperature and flow distributions during HPP at low
temperatures (i.e. in the order of 10-50 °C), have been
published as far back as 2000.

The trend in commercial application of high-pressure
technology is towards using horizontal systems rather than
vertical ones, due to easier loading and unloading of the
product baskets [44]. However, most modelling studies
available in the public domain report on models describing
vertically oriented high-pressure systems. Very few, e.g.
Grauwet et al. [13] and Smith et al. [53], evaluated models
in horizontal vessel orientation. The model reported in
Grauwet et al. [13] will be discussed in the next section, as
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Fig. 2 a Parity plots of simulated versus measured temperature
profiles, when using compression heating properties of water (red)
and actual compression fluid (water—propylene—glycol (PG)) (blue);
b parity plots of simulated versus measured temperature profiles,

Fig. 3 a 3D computational grid of the modelled high-pressure system
including the solid food pieces, b predicted velocity distribution after
24 s of compression and ¢ predicted temperature distribution just

it comprises coupling of the CFD model predictions to
enzyme inactivation models.

The objective in the work reported by Smith et al. [53]
was to evaluate the differences in thermal performance, i.e.
temperature distribution, during HPTP when comparing the
same high-pressure system in vertical and horizontal ori-
entation. Given the fact that gravitational (buoyancy) for-
ces are not rotation-symmetric in horizontal orientation, 3D
models were developed in COMSOL Multiphysics for both
orientations (Fig. 4a). Significant differences in tempera-
ture profiles were reported when comparing both orienta-
tions (Fig. 4b), and more temperature uniformity in the
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and Chapman [27]; for colour representation, the reader is referred to
the online version of this article) (Color figure online)
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horizontal orientation (Fig. 5). While the first finding was
expected, the latter finding is of particular relevance, as it
confirms that horizontal HPTP vessels have, in addition to
other benefits, the advantage of providing greater temper-
ature uniformity.

Prediction of Bacterial Spore and Enzyme Inactivation
The model developed by Knoerzer et al. [28] showed that
only an insulated carrier provides process conditions fea-

sible for sufficient and relatively uniform product sterili-
sation. Juliano et al. [17] applied more detailed CFD
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Fig. 4 a Computational approximation of the high-pressure system in vertical (leff) and horizontal orientation (right); b differences in
temperature profile averaged over a matrix of the vessel content at a resolution of 1 mm? (adapted from Smith et al. [53])
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Fig. 5 Differences of temperature profiles averaged over five equidistantly spaced radial slices in the vertically (a) and horizontally (b) oriented

high-pressure system (adapted from Smith et al. [53])

models of the high-pressure system with food packs filled
with water (Fig. 6a), describing the process variables (i.e.
pressure, temperature and flow) and evaluated the differ-
ences in the extent of predicted inactivation of C. botu-
linum spores in food packages. In the first step, the CFD
models were able to show better heat retention inside the
food packs than in the surrounding liquid during pressure
hold time (Fig. 6b, c).

The predicted transient temperature distributions were
then coupled to selected predictive spore inactivation
models, namely the commonly known log-linear model, an
nth order model and a Weibull distribution model. The
different inactivation models predicted very different levels
of spore inactivation for the same process. For example, the
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log-linear model predicted inactivation of C. botulinum
spores in the food packs in the order of 16 log;g after 3 min
processing at 600 MPa and 121 °C (Fig. 6d), whereas the
Weibull model indicated spore inactivation of only 9 log;g
for the same process (Fig. 6e).

Rauh et al. [48] investigated the impact of different
thermal boundary and initial conditions on the uniformity
of enzyme inactivation during HPP with a maximum
pressure of 700 MPa. They developed a 3D model in An-
sys ICEM CFD and CFX (Ansys Inc., Canonsburg, PA,
USA), extended by self-developed codes in FORTRAN of
a vertically oriented HP vessel and predicted fluid
streaming profiles, temperature and enzyme activity fields
in the treatment chamber. Depending on the parameter
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Fig. 6 a Model geometry,
b predicted temperature

distributions at the end of
pressurisation and ¢ pressure
hold time; d indication of
inactivation of C. botulinum
spores as predicted by a log-
linear model and e a Weibull
distribution model (adapted
from Juliano et al. [17]; for
colour representation, the reader
is referred to the online version
of this article)

settings, process non-uniformities were seen in residual
activities of a [-glucanase, o-amylase, lipoxygenase,
polyphenoloxidase enzyme (each possessing a specific
pressure sensitivity and temperature sensitivity) during the
process, caused by temperature non-uniformities; however,
they also reported that the viscosity of the pressurised
material contributes to the occurrence and extent of tem-
perature non-uniformities during the process. Therefore,
uniform temperature distributions do not necessarily lead
to more effective processing results. This work was
extended by Grauwet et al. [13], where the previously
described model was modified to also allow for predictions
in horizontal orientation and for different vessel volumes.
Based on the models and temperature indicators, temper-
ature distribution and subsequently enzyme inactivation are
strongly dependent on vessel dimension, orientation,
boundary/process conditions, pressure generating system
(piston system versus external high-pressure pump), pres-
sure medium and treated product. The authors also report a
number of different implementation strategies to improve
temperature uniformity and that many of these insights
have been gained through modelling. These strategies
include, for example, selecting components in the vessel
content with similar compression heating properties
(including packaging materials and food products), equil-
ibration of vessel contents to the same initial temperature,
using direct compression (piston system) rather than indi-
rect compression through injection of water/compression
fluid, and selecting (insulating) product carriers with sim-
ilar compression heating properties as those of the vessel
content and compression fluid (as also reported by
Knoerzer et al. [26] ). The list goes on, but in a commercial
environment, it is our opinion that only indirect
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compression systems with appropriately insulated product
carriers undergoing compression heating enabling utilisa-
tion of non-heated, horizontally oriented high-pressure
systems will lead to commercial success of HPTP.

Equipment Optimisation

Knoerzer et al. [24] used a modified version of the model
described by Juliano et al. [17] to optimise the wall
thickness of the insulating carrier while increasing product
load capacity. The carrier supplied by the manufacturer
was designed with a wall thickness such that sufficient heat
retention was ensured during processing. The authors
derived a dimensionless parameter, referred to as integrated
temperature distributor (ITD) value (Eq. 1) to evaluate
temperature uniformity, and the temperature magnitude
expressed relative to a target temperature and heat retention
during processing.

t

f T(r)dr

Fmax Zmax Of— Trarget

J 107 = drdz
’min  Zmin (1)

(rmax - rmin) N (Zmax - Zmin)

ITD =

where 7nin, "max Zmin @Nd Zmax (in m) cover the region of
interest (the carrier volume), ¢ (in s) is the process time of
interest (in this case, the pressure holding time where most
of the heat loss is expected), Tiuge; (in °C) is the targeted
holding temperature of the process under pressure, 7(t) is
the transient temperature profile, and z7 (in °C) is the
thermal sensitivity.

An iterative strategy was applied, which consisted of a
model that automatically changed the carrier wall thickness
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Fig. 7 Depiction of the model Variable carrier wall thickness

geometry (a) and the predicted
temperature distributions using
a carrier with a wall thickness of
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over a range of 0—70 mm and evaluated the temperature
performances and load capacities for the respective sce-
narios. Figure 7 shows the modified model geometry with
variable carrier wall thickness and the predicted tempera-
ture distributions at the end of pressure hold time for a wall
thickness of 0, 5 and 70 mm.

The study showed that the wall thickness could be
reduced from 28 mm to approximately 4 mm without
compromising temperature retention, leading to an increase
in carrier load capacity of more than 100 %.

Pulsed Electric Field Processing

Pulsed electric field (PEF) processing is a technology that
can be applied for food preservation at room or sub-pas-
teurisation temperatures and, therefore, can improve the
quality attributes of foods compared to conventional ther-
mal processing. It involves the application of very short,
high voltage pulses to a food which is placed between or
pumped through two electrodes. PEF disturbs and perfo-
rates biological cell membranes leading to cell death.
Microbial inactivation efficiency of PEF is dependent on
cell characteristics (i.e. structure and size) and extrinsic
factors such as product pH, water activity, soluble solids
and electrical conductivity. PEF often requires application
of pulses with a duration of microseconds and field strength
between 20-50 kV per centimetre [4]. This technology can
also be used to enhance extraction processes or soften of
fruit and vegetable tissue, for example for improving cut-
ting performance and reducing cutting losses. Being a
continuous process, high throughputs are possible.
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Numerical modelling of PEF processing has been used
for process characterisation of batch PEF systems with
respect to temperature and pH gradients [42, 51] and
electric field, temperature and flow distributions in con-
tinuous PEF systems [3, 5, 10]. Recently, numerical sim-
ulations of the PEF processes have been coupled with
predictive inactivation models for microorganisms and
enzymes [6, 30]. This approach can significantly contribute
to the development and design of effective PEF equipment
and processes [31].

Early simulation studies of PEF processing described
distributions of temperature and electric field strength in
the treatment zones of laboratory-scale, co-linear treatment
chambers and reported local temperature hot spots due to
limited flow velocity and mixing of the liquid [9, 39].
These process parameters are only detectable using math-
ematical simulations as measurement in the confined space
(typically only a few microlitres) of the treatment chamber
is not possible without major interference of the flow and
electric fields by measuring devices. Fiala et al. [9] and
Lindgren et al. [39] also applied numerical methods to
evaluate different geometry of electrodes and insulators in
a co-linear PEF chambers and their effect on distributions
of the electrical field strength. Both studies concluded that
the shape and dimensions of electrodes and insulators
highly affected distributions of the electric field strength
and electrodes and insulators should be positioned in a 90°
angle to each other to avoid major peaks of the electrical
field strengths in this area.

Gerlach et al. [10] reviewed the literature on numerical
simulations of PEF before 2007 and concluded that the
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Fig. 8 Representation of the
pilot-scale PEF treatment
chamber including
magnification of the treatment
zones (a), electric field strength | |
(b) and temperature

(¢) distribution in a salt solution
at specific processing conditions
(adapted from Buckow et al.
[5]; for colour representation,
the reader is referred to the
online version of this article)
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numerical approach should be used to enhance treatment
uniformity in PEF treatment chambers by systematic
optimisation algorithms that automatically adjust the
insulator geometry until a uniformity maximum of the
electric field is found. However, the review also high-
lighted the need to couple simulations of the fluid flow,
electric field and thermal convection and conduction to
obtain more accurate results.

Jaeger et al. [14] used numerical simulations to improve
PEF treatment uniformity and, thus, the effectiveness of the
treatment to inactivate microorganisms and enzymes.
Metal and polypropylene grids were inserted into the
treatment chamber to improve the field strength distribu-
tion, mixing effects and, as a result, temperature uniformity
during the treatment. The authors demonstrated that the
suggested chamber modification resulted in more effective
inactivation of microorganisms while (largely thermal)
inactivation of enzyme systems can be avoided. Similarly,
the authors showed in other studies that the shape (rect-
angular vs convex) of the insulator in a co-linear PEF
treatment chamber affects the effectiveness of the treat-
ment to inactivate microorganisms and retention of enzyme
activity [41, 43]. A convex shaped insulator yielded
slightly higher inactivation of Escherichia coli in Ringer
solution than an insulator with a rectangular shape under
similar process conditions. Furthermore, cooling of the
electrodes limited the temperature rise of the fluid during
PEF processing at low flow rates (i.e. 4 L/h) resulting in
larger retention of enzymes.
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Kang et al. [21] compared the process uniformity of a
co-linear and a co-axial PEF treatment chamber. Numerical
simulations indicated that a co-axial arrangement of elec-
trodes improves the overall uniformity of the electric field
and results in a more uniform temperature increase than the
co-linear arrangement. As a result, microbial reduction in
water melon juice was larger in the co-axial equipment
than in the co-linear equipment under similar PEF process
conditions.

Buckow et al. [5] developed a 3D model for a pilot-scale
PEF system (Diversified Technologies Inc., Bedford, MA,
USA) to predict electric field strength, flow and tempera-
ture distributions (Fig. 8) and extensively validated the
model predictions through temperature measurements
within the constrained space of the treatment chamber’s
active zone. The authors were able to utilise this model to
characterise and evaluate the performance of the system as
supplied by the manufacturer with respect to electric field
strength, temperature and flow distribution.

Buckow et al. [3] applied this model further to derive
simplified equations to estimate accurate electric field
strengths and specific energy inputs from treatment vari-
ables such as voltage, pulse frequency and duration among
others. The effects of changing treatment chamber geom-
etry and configuration on these process variables were also
evaluated. A common approach for estimating the electric
field strength is relating the applied voltage to the electrode
gap. While this will give accurate predictions for parallel
plate systems, it was found that for configurations used in
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Fig. 10 a Representation of the modelled geometry of the laboratory-
scale PEF system, b predicted electric field distribution and
¢ predicted temperature distribution (c¢) at specific processing

continuously operating systems, such as co-field or co-
linear designs, this approach always over-predicts the
actual electric fields. This is similar for specific energy
input, commonly estimated by multiplying voltage, current,
pulse width, pulse repetition rate and mass flow. Figure 9
shows (a) the correlation of relative electric field strength
(i.e. actual electric field strength divided by estimated
electric field strength for parallel plate configuration) and
(b) the correlation of the relative specific energy input (i.e.
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conditions (adapted from Buckow et al. [6]; for colour representation,
the reader is referred to the online version of this article)

the actual specific energy input divided by estimated spe-
cific energy input for parallel plate configuration) with the
ratio of electrode radius and electrode gap for different
chamber configurations. These configurations were as fol-
lows: “no inset” (where the insulator bore diameter is
equal to the inner electrode diameter), “rectangular inset”
(where the insulator bore diameter is smaller than the inner
electrode radius), “chamfer edge inset” (which is identical
to the rectangular inset with rounded edges of the insulator
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Fig. 11 Investigated chamber configurations indicating the geomet-
rical parameters varied in the model; a rectangular inset, b rectangular
chamfered edge inset and c elliptical inset scenario (from Knoerzer
et al. [31])

bore) and “elliptical inset” (where the insulator bore has an
inward concave shape), see also Fig. 11.

Buckow et al. [6] then developed and validated a model
for a laboratory-scale PEF system (Fig. 10a) and evaluated
the effect of the electric field on lactoperoxidase (LPO)
inactivation (an indicator for thermal pasteurisation of
milk) by coupling the predicted temperature distributions
(e.g. Figure 10c) to thermal inactivation kinetics of LPO.

The study indicated that the major effect of PEF pro-
cessing on LPO inactivation comes from the elevated
process temperatures as the predictions (thermal-only
inactivation) were close to the measured inactivation
(combined thermal and PEF) for a number of process
conditions. However, they found that there was also some
additional inactivation caused by the electric field of up to
12 % possibly caused by induced electrochemical
reactions.

Knoerzer et al. [31] developed an iterative algorithm
that was capable of automatically changing the treatment
chamber configuration and dimensions in the Multiphysics
models. The algorithm also identified, out of more than
100,000 scenarios, the treatment chamber design that
showed the highest degree of electric field uniformity,
together with sufficient throughput, lowest pressure drop,
among other evaluation characteristics. The evaluation of
the performance of the models was based on a parameter,
referred to as dimensionless performance parameter (DPP),
calculated by an equation derived by the authors,
accounting for the treatment volume, pressure drop esti-
mations, electric field magnitude related to that achievable
in parallel plate systems, electric field uniformity and peaks
of the electric field strength.

Three different chamber configurations (Fig. 11) were
studied and for each of these, four different geometry
parameters were varied: the internal diameter d of the

electrodes ranging from 2 to 20 mm, the height 4 of the
electrode gap ranging from 1 to 30 mm, a total inset ins
(i.e. the internal diameter of the insulator) in a range of
0-90 % of the electrode diameter d, and for the “rectan-
gular rounded edge inset” models also the chamfer radii
rad ranging from 0 to 40 % of the diameter reduction ins
(Fig. 11).

The algorithm first generated the models, then solved
them, applied the performance evaluation by utilising the
DPP equation and then identified the scenario which yiel-
ded the highest DPP value, which was found for configu-
ration (b). The authors then set up a full 3D model of this
configuration, built the new chamber and performed vali-
dation studies of the model for a salt solution and apple
juice and for various process conditions. They found that
the new design could be predicted well with respect to the
temperatures generated in the treatment chamber.

Ultrasonics and Megasonics Processing

Ultrasound processing spans over a wide range of acoustic
frequencies, starting as low as 18 kHz, up to several MHz.
Applications are as diverse as the frequency spectrum is
wide. At the lower frequency end (18 kHz to approxi-
mately 200 kHz, also referred to power ultrasonics), the
effects are caused mainly by instable cavitation. Tradi-
tional applications such as emulsification, cleaning, and
extraction [12], and more novel applications used for
improved drying [2, 50] and beverage defoaming [49] in
airborne ultrasound systems can be listed. When using
higher frequencies (>400 kHz, also known as Megason-
ics), the effects can be either mechanical through standing
pressure waves and microstreaming, and/or sonochemical
(radical driven) or biochemical (stress response in living
tissue). Novel high-frequency applications include the
separation of particles in standing wave systems [18-20],
and texture improvement of processed fruits and vegeta-
bles, through produced internal stress responses [7].

The few studies on numerical modelling of ultrasonics
and megasonics relevant to food processing that can be
found in the public domain include the utilisation of
Multiphysics models for equipment characterisation with
respect to acoustic pressure, temperature, flow, cavitation
distribution and equipment optimisation [15, 16, 23, 52,
56] for low-frequency ultrasound and for predicting parti-
cle separation [54] and micromixing characteristics [47] for
high-frequency ultrasound.

In spite of several potentially promising applications of
low-frequency ultrasound, there have been problems in
scaling up to industrial scale. This is due to the fact that
acoustic pressure in sonoreactors is generally not uniformly
distributed, resulting in sonochemically active and passive
zones [34]. The major problem for scaling up strategies is
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Horn

Reactor——

Fig. 12 a 3D model of the utilised ultrasound reactor; b qualitative
validation of the model predictions by comparing the sound intensity
distribution with photographs of the cavitation zones of the same set-

that cavitational activity is often concentrated in close
vicinity to the transducer tip, while the bulk of the pro-
cessed material may not be subjected to sufficiently high
ultrasound intensity [32]. In addition to poor product
treatment, the high acoustic intensity near the horn tip can
also lead to pronounced erosion of the sonotrode material
through violent cavitation bubble collapse in close prox-
imity [40]. For that reason, computational models have
been sought to help characterising and optimising the
performance of such reactors and to facilitate scaling up.

Klima et al. [23] developed a 3D model of a cylindrical
low-frequency ultrasound reactor with an ultrasound horn
(also referred to transducer or sonotrode) inserted from the
top (Fig. 12a) in COMSOL Multiphysics and used this to
predict the acoustic intensity distribution by solving the
linear wave equation. Their model did not include gener-
ation of flow or increase in temperature through sound
dissipation, or the formation of cavitation bubbles that
strongly attenuate the sound transmission due to scattering,
all of which affect the acoustic pressure/intensity distri-
bution. However, they were able to qualitatively validate
the model predictions by comparing the intensity distri-
bution to photographs of induced -cavitation clouds
(Fig. 12b). They showed that the intensity distribution is
strongly dependent on the location of the sonotrode in the
reactor and that appropriate insertion depth shifted the
acoustic intensity from the sonotrode tip into the bulk of
the sonoreactor (Fig. 13). They have explained this by the
occurrence of multiple reflections and the behaviour of the
reactor as a resonator; therefore, the optimum location of
the ultrasound horn is strongly dependent on the size of the
reactor, its geometrical configuration, as well as the prod-
uct treated.
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Cavitating
zones

up (adapted from Klima et al. [23]; for colour representation, the
reader is referred to the online version of this article)

Other groups have focused on modelling the hydro- and
thermodynamic behaviour of low-frequency sonoreactors,
still neglecting the cavitational effects. For instance,
Trujillo and Knoerzer [56] reported on the development of
a Multiphysics model capable of simulating the formation
of a jet-like acoustic streaming generated by a sonotrode
placed in water in a low-frequency (20 kHz) high-power
ultrasound reactor. The acoustic power was assumed to be
dissipated within close proximity to the horn, and the
acoustic energy was completely converted into kinetic and
thermal energy leading to a jet being formed and directed
away from the sonotrode, while the temperature was
increasing in the bulk of the treated fluid. The model was
validated by utilising published data from Kumar et al. [33]
where fluid movement was measured by laser Doppler
anemometry.

Figure 14 shows the computational representation of
the system investigated by Kumar et al. [33] and Trujillo
and Knoerzer [56] in 3D and 2D. Full 3D and axis-
symmetric 2D models predicted almost identical values;
therefore, the fact that the computational demand of the
3D model was very high, all further models for compar-
ison with the LDA data were solved in 2D only. Fig-
ure 15 shows a qualitative comparison of the velocity
profile predicted by the model and the one measured by
LDA for a specific power input. Both prediction and
measurement show the jet being formed just underneath
the horn tip with much lower velocities throughout the
rest of the reactor.

Apart from visual comparisons, the authors also per-
formed a quantitative validation of the model by comparing
the predicted values of the axial velocity at a number of
heights and radii (Fig. 16) and found good agreement.
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Fig. 13 a Sonotrode inserted by half the height of the reactor
showing highest acoustic intensity at the horn tip; b sonotrode
inserted by approximately 66 % of the reactor height showing
improvement of acoustic intensity distribution; ¢ sonotrode inserted

3D representation

2D representation
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Fig. 14 Depiction of the geometry of the investigated system; a 3D
representation and b 2D axis-symmetric representation, including the
boundary conditions of the model (from Trujillo and Knoerzer [56]

Similar modelling approaches were recently published
by Schenker et al. [52] and Parvizian et al. [47] for low-
and high-frequency applications, respectively.

Schenker et al. [52] utilised particle imaging veloci-
metry (PIV) for experimental validation of the jet forma-
tion in a low-frequency ultrasound reactor. While from a
numerical modelling perspective, the findings were similar
to those of Trujillo and Knoerzer [56] and their postpro-
cessing evaluations include estimations on the treatment
time required for the entire volume (in their case, 200
particles suspended in the liquid) to pass through the zone
of high acoustic intensity (cavitation zone). This is a
helpful tool in designing the process in terms of required
residence time for any given product, reactor geometry and
other process conditions.

Parvizian et al. [47] modelled the flow characteristics
and micromixing efficiency in a tubular, continuously

by approximately 25 % of the reactor height showing a shift of high-
intensity zones away from the sonotrode tip (adapted from Klima
et al. [23]; for colour representation, the reader is referred to the
online version of this article)

operating high-frequency (1.7 MHz) reactor (Fig. 17a).
The reported chemical application is not directly related to
food processing; however, applications in the food space of
such reactors could include modulations of enzymatic
reaction, enhanced mass transfer in extraction and separa-
tion processes, inducing stress responses in living tissues
for texture modification among others.

They report on the development of a 3D model (Fig. 17b)
in FLUENT 6.2 (Ansys Inc., Canonsburg, PA, USA), in
which generic fluid dynamics was coupled with further
induced micromixing by including the vibrations of the high-
frequency piezoceramic transducers and the high-frequency
wave propagation, as well as the kinetics for the Villermaux/
Dushman reaction, widely used for evaluating micromixing
efficiency. They found that the flow patterns changed sig-
nificantly after switching on two and four transducers,
compared to the flow that is observed without the presence of
ultrasound, leading to a more efficient reaction, i.e. more
efficient micromixing (Fig. 18). The authors conclude that
this model enables the determination of optimum number
and locations of ultrasound transducers to achieve maximum
micromixing in any given reactor geometry.

Although not specifically used for food processing, the
studies published by Jamshidi et al. [16] are still relevant
within the scope of this review as they describe the mod-
elling of sound intensity and the interactions of acoustic
field and cavitation.

Jamshidi et al. [16] reported on numerical modelling
approaches to investigate the impact of different chamber
(reactor) configurations and process parameters on the
sound intensity in the reactor. The 3D models (Fig. 19a) of
two different configurations were developed in COMSOL
Multiphysics and different frequencies and power levels
evaluated.

The models were useful in predicting cavitation zones,
and the authors concluded that optimisation of both
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Fig. 15 Visual comparison of

the predicted (a) and measured
by LDA (b) flow profiles in the
investigated system at a specific

i Ultrasonic Hom

power input of 35 kW/m?® (from 001 3 \ & \
Trujillo and Knoerzer [56]; for 0.02 1 N - - |
colour representation, the reader
is referred to the online version 003 E & = i I
of this article) — V \ - . - \
- 41, 0.05 4 \ I - - \.
0.06 1 7 - -2 \
Seh \
£ 007 4 ] 2 ¥ = D .
ks 0.08 4 \' ] ’ - \ \
0.09 1 , ' - - e
0.1 1
0.11 4 / ’ 7/ - » \
012 4 l Ly 3 & ' '
5t 013 3 Pl S o ///
0 002 004 006
nLm
(b)
(a) (b) 10
1.8 4
1.6 1 A\ 0.5 1 N
- \A * Wo/N = 15 kW/m3 v A
D14 N 4 E
E -\ \ = WON =25 KW/m3 £ 001 — - a -—n
T 121 T a WO =35 KW/m3 2 /
" & =
= o 7
[%] 14 o 0547/
S N\ ° /'y
2 o084 . > J
S 06 i Vi S £ 104/ o WON = 15 KW/m3
= — P i W < ¥/ = WOV =25 kwim3
0.4 1 ¢ T Nt ¢ sy 154 a WO/ = 35 KW/m3
V—“...’\‘
0.2 4 )
0 T T T T \ -2.0 T T T T
0 0.2 0.4 0.6 0.8 1 0.0 0.2 0.4 0.6 0.8

2/H (Dimensionless)

r/R (Dimensionless radius)

Fig. 16 Quantitative comparison of model predictions and experimentally determined values of a the axial velocity at different height levels
under the horn tip and b different radii at height level of 13 % of the total reactor height (from Trujillo and Knoerzer [56])

frequency and power level is possible with respect to
location, distribution and intensity of cavitation (Fig. 19b—
d). While the reactor presented in this study is used for the
production of nanoparticles, this modelling approach is
very useful also in food processing, e.g. in emulsification or
extraction processes, where high-intensity ultrasound can
be used for breakage of droplets or cells. However, the
study was based on a number of assumptions with respect
to the cavitation formation, which can lead to inaccurate
predictions in some cases. Therefore, Jamshidi and Brenner
[15] have reported on a more fundamental study, where the
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motion of individual bubbles in the bubble cloud under the
action of acoustic pressure is investigated numerically
including bubble radial dynamics. These 2D models
(Fig. 20a) were developed in OpenFOAM, and the results
clearly show that the motion of the bubbles and the
structure of the cavitation cloud are predicted accurately, as
can be seen in Fig. 20b, which shows the conical structure
of the cavitation bubbles in the vicinity of an ultrasound
horn.

Apart from low-frequency ultrasound applications, high-
frequency ultrasound has been studied mainly with respect



Food Eng Rev (2015) 7:64-81

71

Fig. 17 a Experimental set-up
of the tubular, continuous flow
ultrasound reactor (PZT
piezoelectric transducer);

b computational model of the
ultrasound reactor (adapted
from Parvizian et al. [47]

Piezoelectric Transducer

to separation techniques to trap or fractionate suspended
particles or droplets from a bulk-phase liquid [18-20,
36-38] by means of ultrasonic standing waves (USW). An
extensive review on the basics and applications of model-
ling megasonics for particle separation was recently done
by Trujillo et al. [55]. The only study on modelling
megasonics relevant to food processing at a scale greater
than a few millimetres was reported by Trujillo et al. [54].

Most of the models found in the literature are applied for
microfluidic devices. Those devices use continuous laminar
flow for separation of particles [35]. Microfluidic devices
usually utilise half-wavelength resonators with a pressure
node located at the centre of the flow channel while ant-
inodes are located at the channel walls. For larger multi-
modal applications, Trujillo et al. [54] published on the
development of a Multiphysics model for a high-frequency
ultrasound application for separation of particles out of a
continuous water phase. The simulated separation reactor is

Outlet

shown in Fig. 21a. The model included solving for the
mechanical displacement of the reactor walls, leading to
the formation of an acoustic pressure field (indicated in
Fig. 21a for a fixed frequency of 1.54 MHz as a thin band
in the reactor and a magnified view in Fig. 21b, p), fol-
lowed by predicting the acoustic radiation force acting on
suspended particles (Fig. 21b, FRr.q). Finally, this (tran-
sient) force was utilised to solve for the movement of the
particle phase to the nodes of the ultrasonic standing wave
(Fig. 21b, Xp) and frequency ramping, leading to active
separation of the particles away from the transducer plate
towards the reflector. The model accounts for changes in
the concentration of particles by modifying the mass
transport equation so that it includes the effect of the
acoustic field to alter the concentration of particles. The
authors report that the model is more suitable for larger
scale applications where more pronounced gradients on the
acoustic field and particle concentration profile are present.
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Fig. 18 a Flow patterns in the tubular reactor without ultrasound and
after switching on two and four transducers, respectively; b contour
plots of I3~ (end product of chemical reaction) mass fraction yields

Fig. 19 a Schematic representation of the reactor; d is the parameter
changed for the different configurations; solid cross section shows the
plane used in the 2D plots (b, ¢, d); predicted cavitation distribution at
a frequency of a 10, b 20 and ¢ 30 kHz. A frequency of 10 kHz

They then compared digitised images of the actual
process at discrete times of 0, 40 and 120 s (Fig. 22a) with
the predicted particle band formation and transient band
movement. As shown in Fig. 22b at a discrete time of
120 s, measurement and predictions agreed well. Fig-
ure 22c shows a parity plot of the measured and predicted
band locations for all three time steps; as can be seen, a
very good agreement was found.
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produced a preferable cavitation distribution for this particular
configuration (adapted from Jamshidi et al. [16]; for colour
representation, the reader is referred to the online version of this
article)

Outlook

It is widely established that innovative technologies are the
means to meet a need and capture an opportunity, partic-
ularly around the manufacture of attractive, new, high-
quality food products with fresh-like quality attributes,
ensured safety and shelf life, and more sustainable manu-
facturing. The main incentive for applying these new
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Fig. 20 a Geometry of 2D
model including relevant
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determined cavitation bubble 6cm
distribution (adapted from
Jamshidi and Brenner [15])
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Fig. 21 a Schematic representation of the investigated treatment
chamber with pressure distribution for a fixed frequency of
1.54 MHz, and magnification of one wavelength of the pressure
distribution (b; p), the resulting acoustic force (b; Fgr,q) and the
particles concentrated at the nodes of the pressure wave at the fixed
frequency (b; Xp) (adapted from Trujillo et al. [54]; for colour
representation, the reader is referred to the online version of this
article)

technologies should focus on inducing disruptive innova-
tion in the food manufacturing industry rather than solely
providing incremental improvements of existing processes.

Validated Multiphysics models have been used to
characterise, evaluate and optimise existing equipment
for innovative food processing technologies, and such
modelling strategies will be able to assist in further
developing these technologies for effective and efficient
implementation in the food manufacturing industry.

ditional approach of trial and error, the development will
be slow, and in some instances, a sufficient performance
justifying utilisation in industry may never happen.
Future trends may include, but are not limited to, more
extensive coupling of predictive models for microbial,
chemical and biochemical reactions with the predictions
of the CFD models for various technologies and pur-
poses and utilising these coupled models for process and
equipment improvement and optimisation; models at
various scales (multi-scale covering micro- to macro-
scale) may provide further insights and benefits, as well
as models that include, e.g. corrosion or erosion effects,
which will then be useful to predict wear and tear of the
equipment, give an estimation on when certain parts
need to be replaced, and allow for process modification
to reduce equipment deterioration.

To date, model validation was mainly done through
measurement of a limited number of process variables,
such as temperature or in some cases flow distribution, and
then comparison with the model prediction. When this
validation has proven successful, other process variables
that cannot be easily measured, for example, electric field
distribution in PEF processes, were then assumed to also
be accurately predicted. In future studies, it would be
beneficial to explore and eventually utilise measurement
techniques that allow for the quantification of other
important and technology-specific process variables, such
as electric or electromagnetic field distribution. Further-
more, more direct and quantitative validation of predicted
process outcomes (e.g. bacterial spore inactivation,
chemical reaction products, degradation of quality attri-
butes such as colour and/or texture) will help to improve
reliability of the models and utilisation of Multiphysics
modelling in the food industry.
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(b)

Fig. 22 a Digitised image of actual process at a discrete time of
120 s (false colour representation; the black line indicating the area
for comparison with the model prediction); b comparison of the mass
fraction of the separated particles measured and predicted; ¢ parity
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