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Ultrasound induced changes of certain physical and chemical properties of molecules are nowadays
exploited at industrial level for food processing and preservation purposes. Deeper knowledge on the
mechanisms influencing these changes would contribute to extend implementations of ultrasound to
steer structure and functionality of food molecules.

In this study the laws of transfer phenomena were applied in order to investigate on the viscosity
changes of a pectin-containing fluid flow, i.e. tomato puree in a cylindrical reactor, induced by low fre-
quency, high intensity ultrasound treatments. In particular, the model for fluid motion was associated
to a validating rheological investigation.

Results showed a good agreement between experimental and computational data for temperature and
viscosity progresses with time. A new power law for viscosity has been proposed based on reactor aspect
ratio and Rayleigh numbers for natural convection.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Food viscosity is an important processing and formulation
parameter, as it may affect some unit operations, such as piping
and mixing, as well as the rheological properties of the final prod-
uct. As well known, viscosity is influenced by physical and chemi-
cal properties of polymers naturally contained in the food matrix
(e.g. molecular weight, nature and number of functional groups,
their position in the molecule).

Preliminary results have shown that ultrasounds (US), that are
already applied for food processing and preservation (e.g. emulsifi-
cation, homogenization, extraction, freezing, etc.), can induce
changes in the physical properties (e.g. viscosity, water binding
capacity, etc.) of biopolymers such as pectin, starch and proteins
(McClements, 1995), to obtain ingredients or semi-manufactured
products with tailored functional characteristics. Such effects are
due to the cavitation phenomenon, which is the spontaneous for-
mation and collapse of bubbles, that leads to the generation of local
extreme temperatures and pressures, that in turn produce intense
shear energy waves and turbulence in the vicinity of the material
(Mason, 1998; Barbosa-Canóvas and Rodríguez, 2002).

The structural modifications of biopolymers are reported to
highly depend on the US intensity and material nature (Vercet
et al., 2002a; Tiwari et al., 2010). In particular, power US may cause
opposite effects on macromolecules. For instance, pectin, starch or
protein containing systems that were exposed to high values of
power showed a viscosity decrease due to depolymerization (Sesh-
adri et al., 2003; Jambrak et al., 2009; Zuo et al., 2009). On the con-
trary, a viscosity increase (fluid thickening) was observed in food
matrices such as tomato puree and yoghurt (Vercet et al.,
2002a,b; Wu et al., 2008; Anese et al., 2013). It has been speculated
that reducing the polymer size would liberate macromolecules and
subsequently more polymer chain would be available for bonding
(Seshadri et al., 2003). As a consequence US treatment can give rise
to a different type of network, which is accompanied by an
enhancement of the rheological properties.

The aim of the present paper was to study the interdependence
of low frequency, high power US induced viscosity changes and
flow field during treatment of a pectin-based fluid food, such as to-
mato puree. Most of the world’s tomato crop is processed into to-
mato derivatives, such as tomato juice, paste, concentrate and
powder (Gould, 1991). Tomato products are sold as convenient
food in pre-packed packages or used as ingredients for the manu-
facture of a wide range of formulated foods.

In exploring the erratic nature of pool US or sonication, it is
important to know the active bubbles generation and stronger cav-
itation patterns (Gogate et al., 2002), but the application of transfer
phenomena laws is the key to macromolecular physical properties
determination. In particular, process modeling by the Computa-
tional Fluid Dynamics (CFD) of the subject Non-Newtonian fluid
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Nomenclature

cp specific heat (J/kg K)
g gravitational acceleration (m/s2)
H vessel height (mm)
k thermal conductivity (W/m K)
m consistency index (Pa sn)
n power law index
p pressure (Pa)
_Q nominal acoustic power (W)
_q power density (kW/m3)
R universal gas constant (kJ/mol K)
Ra Rayleigh number
t time (s)
T temperature (�C)
u velocity vector (m/s)

Greek
a thermal diffusivity (m2/s)
b thermal expansion coefficient (1/K)
_c shear rate (1/s)
g dynamic viscosity (Pa s)
q density (kg/m3)
s shear stress (Pa)

Subscripts
0 initial, apparent
d deep geometry
s shallow geometry
1 operating parameter
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may be useful in assessing the process efficiency and helping
establish the optimal configuration parameters.

Lei et al. (2006) introduced an acoustic streaming formulation
in determining fluid motion by numerical techniques, including
the buoyancy force due to horn heating. Their results focussed on
flow fields and heat transfer, but no effects on rheology are re-
ported. This limitation is also found in Laborde et al. (2000), where
fluid dynamics phenomena and cavitation induced by power US
have been studied, only. A wave equation formulation was then
exploited by Klíma et al. (2007), but the flow patterns and their ef-
fects on fluid behavior were left unexplored. A similar approach
was tried by Kumaresan et al. (2007), who complemented the com-
putational aeroacoustics method with a number of turbulence par-
adigms. Their work confirmed the highly non-uniform nature of
the situation at stake, but did not dig into the fluid alterations. In
Xu et al. (2013), the flow field generated by a transducer at fre-
quency of 490 kHz is simulated, by using a finite elements com-
mercial solver. The model solves the harmonic wave field,
following the inhomogeneous Helmholtz equation, to describe
the acoustic pressure distribution. This is a complete approach to
describe the flow field induced by the acoustic pressure, but the
structural change of the liquid sample is neglected.

In this work, the physico-chemical thread leading from power
US-induced kinetics changes and structure degradation to tomato
puree thickening (structure and functionality) is substituted with
a fluid dynamics, classical approach. A momentum and heat trans-
fer model is proposed and solved by a commercial finite elements
code, incorporating custom notations for rheology. Upon the inher-
ent volumetric heating, a free convection pattern is established
which alters the Non-Newtonian shear rate. Through experimental
validation and model optimization, the model is able to simulate
the local and mean histories of viscosity, velocity and temperature;
a modified power law notation for apparent viscosity is then pro-
posed, depending on US intensity and vessel geometry, shedding
light on potential use of CFD to simulate complex rheological US-
dependent configurations.
Fig. 1. Schematic representation of the ultrasonic reactor.
2. Experimental set-up and measurements

2.1. Sample preparation and treatment

Commercial tomato puree rates of 450 g (7.3 ± 0.8% dry matter),
previously sieved to remove seeds and coarse particles, were
poured into two different glass vessels. A schematic representation
of the US reactor is shown in Fig. 1. In particular, one geometry had
R = 75 mm and H = 70 mm (hereafter called shallow geometry, s),
another had R = 50 mm and H = 120 mm (deep geometry, d).

An ultrasonic processor (Hieschler Ultrasonics GmbH, mod.
UP400S, Teltow, Germany) with a titanium horn tip with diameter
of 22 mm was used (Fig. 1). Treatments were performed for 15 min
at US amplitude and frequency of 100 lm and 24 kHz, respectively.
The horn was placed in the centre of the vessel, with an immersion
depth in the fluid varying between 10 and 20 mm. In order to min-
imize water evaporation and promote thermal insulation during
sonication, the vessel was closed with a Plexiglas lid fitted with
holes allowing horn and thermocouple probes to be placed at the
desired positions in the tomato puree. The nominal acoustic power
was _Q ¼ 400 W, bringing forth two different power densities:
_qd ¼ 425 kW=m3 or _qs ¼ 324 kW=m3.

Sample temperature was kept at 60 �C during the treatment, by
means of a thermostatic bath. The temperature history was re-
corded using copper-constantan thermocouple probes (Ellab, Den-
mark) connected to a data logger (CHY 502A1, Tersid, Milano,
Italy). In particular, the temperature was measured in three fixed
points of the sample mass, sufficiently far one another.

Upon treatment, at fixed times the samples were cooled down
to 20 �C in an ice bath. After gentle mixing for thermal homogene-
ity, 50 g of tomato puree were sampled, immediately assayed for
rheological measurements, and disposed of after assessment.

An adequate number of samples were taken as controls, by
heating them at 60 �C in the same configuration, with no exposure
to US. Both heat and US treatments were carried out in duplicate.
By comparing the different treatments it was concluded that



Fig. 3. Schematic representation of the 2D axial-symmetry geometry.
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simple preheating in the bath gives reversible and negligible vis-
cosity increments, while sonication results in an irreversible fluid
thickening.

2.2. Rheological and total solids content measurements and analysis

Rheological determinations were performed at 20 �C constant
temperature according to the method described by Vercet et al.
(2002a). In particular, a Stresstech Rheometer (ReoLogica Instru-
ments AB, Lund, Sweden) equipped with a concentric cylinder
geometry (C25) was used. Viscosity was measured at a set shear
rate, _c, of 48.2 1/s, and both delay time and integration time at
5 s. _c was attained from the rheograms previously obtained for _c
between 0.12 and 136 1/s. The rheogram of untreated tomato
puree at ambient condition, showing a pseudoplastic behavior
with yield stress, in provided in Fig. 2. Similar curves were ob-
tained for the samples subjected to ultrasound treatments.

Total solids content was determined gravimetrically by drying
the samples in a vacuum oven (1.32 kPa) at 75 �C at constant
weight.

Chemical as well as rheological analyses were carried out at
least five times on two replicated runs. One-way analysis of vari-
ance was carried out and differences among means were assessed
by using the Tukey test (Statistica, Statsoft Inc., Cary, NC). Means
were considered significantly different at P < 0.05.

3. Model formulation

3.1. Process description

In order to study the effect of power US on tomato puree viscos-
ity a transient, 2D axial-symmetric model is implemented, corre-
sponding to experimental capacities and sizes, to describe the
inherent distributions of fluid motion (yielding strong local shear
rate) and thickening as well as temperature (Fig. 3).

A number of assumptions are considered, to come up with a
pseudo-kinetics effect to structural fluid changes.

3.2. Assumptions

1. Exposure to power US corresponds to an all-inclusive heat
source term, _q in the energy equation.

2. Due to this volumetric heating, a free convection flow pattern is
determined, which alters the shear rate.

3. The fluid is incompressible, in laminar flow, with constant prop-
erties except for the Non-Newtonian viscosity, g. The viscous
heat dissipation is neglected.
Fig. 2. Rheogram of an untreated tomato puree sample.
3.3. Governing equations

The governing conservation equations in vector form are en-
forced to yield for interdependent momentum and heat transfer
(Bird et al., 2002):

Continuity:

@q
@t
þ $ � ðquÞ ¼ 0 ð1Þ

Momentum:

q
@u
@t
þ u � ru

� �
¼ �rpþ gð _cÞr2uþ qgbðT � T1Þ ð2Þ

The Non-Newtonian viscosity included here, gð _cÞ (Bird et al., 2002),
though function of shear rate (or local derivative of velocity vector,
u), will be the subject of special scrutiny later in the paper.

Energy:

qcp
@T
@t
þr � ð�krTÞ ¼ �qcpu � rT þ _q ð3Þ
3.4. Initial and boundary conditions

The fluid is initially at a uniform temperature T1 = 60 �C, with a
initial viscosity at g0 = 0.18 Pa s. Cooling through the free surface is
negligible (it was evaluated as 5 order of magnitude smaller than
the operating heat generation). With reference to Fig. 3, the follow-
ing boundary conditions are adopted:

� slip condition with thermal insulation at the free surface, and
symmetric conditions at centre line:
n � u ¼ 0; n � rT ¼ 0 ð4Þ
� no-slip condition with imposed operating temperature, at bot-
tom and lateral surfaces:
u ¼ 0; T ¼ T1 ð5Þ
3.5. Discretization of domains and run durations

A given computational grid for every geometry is adopted, by
using Lagrange-quadratic elements. Several grids were tried, from
a total of 300 triangular elements up to more than 1000. The final
grid, yielding for grid-independency results, had some 500 triangu-
lar elements, and more than 6000 degrees of freedom.

A finite element commercial code has been employed to solve
the system of partial differential equations (Multiphysics User’s
Guide, 2008). The GMRES solver is used for the algebraic system,
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while the BDF method is adopted for time stepping. The run was
executed for a total period of 15 min, taking less than a minute
on a Supermicro PC carrying a Xeon CPU, under Windows XP.
4. Results and discussion

4.1. Measured viscosity progress

The effect of moisture changes on viscosity were almost negli-
gible, as water loss during US treatment was always less than 1%.
Control samples heated at 60 �C had viscosity very similar
(P > 0.005) to that of unprocessed puree.

Measured values for viscosity are reported in Fig. 4, for both d
and s geometries and two horn depths. The degree of fluid thicken-
ing depends first on the power density employed, as expected.
Then it is noted that the progress is affected by a some fluctuation
for the deep geometry, due to the inherent buoyancy on-set. An er-
ratic behavior is detected when a deeper horn position is em-
ployed, for the fluid thickening progress is inverted at 600 s. At
the end, it is evinced that the fluid thickening is unaffected by
the horn depth, probably due to this high power intensity
employed.

As anticipated earlier, the high US volumetric perturbation in-
duces strong buoyancy patterns. The local fluid motion and pattern
size depend on power density and reactor aspect ratio. It is specu-
lated here that 2 different process spans exist (Fig. 4):

1. An initial ramp, especially evident for the d geometry.
2. A later period, in which the fluid in the s geometry keeps on

thickening.

Therefore, fluid heating and shearing are strongly intertwined.
In this paper a special relationship is proposed to describe this
phenomenon.

4.2. A new viscosity correlation

Let us start with reporting on the inherent heat transfer. The
process at stake is a complex one in that an internal heat genera-
tion and a fixed temperature boundary condition are present, at
the same time. For free convection flows, buoyancy and viscous
forces interplay, together with momentum and thermal diffusivi-
ties. The Rayleigh number is the dimensionless group that is usu-
ally invoked in such situations; for Non-Newtonian fluid, an
Fig. 4. Apparent viscosities, with related error bars, for 3 experimental runs: d
geometry, with 10 mm horn depth (—–); s geometry, with 10 mm horn depth (- - -);
s geometry, with 20 mm horn depth (� � �).
analytical treatment based on the Rayleigh number has been re-
cently suggested by Vinogradov et al. (2011). In the present case,
two different Rayleigh number notations should be considered,
based on reactor height (Rohsenow et al., 1998):

Ra _q ¼
qgbH3

g0a
_qH2

2k
ð6Þ

RaT ¼
qgbH3ðT � T1Þ

g0a
ð7Þ

Note here the reference value of g employed. Now, while Ra _q is
fixed and uniform during the process, given the power density
and geometry, RaT changes with continuity and throughout the
reactor volume during the treatment, distorting the fluid motion
and, in turn, viscosity.

Based on these considerations, it is clear that a new viscosity
notation would account for both the traditional shear rate concept
( _c, as determined by the local derivative of u, as earlier already im-
plied), and the special inherent heat transfer described above.
Therefore, a generalized power law (after Herschel and Bulkley,
Holdsworth (1993)) is first invoked, to ensure wide fluid
applicability:

g ¼ g0 þm _cn ð8Þ

with m the consistency index (depending on the particular fluid at
stake), and n the power law index.

By returning our attention again on Fig. 4, it is recalled that dif-
ferent phases of thickening increment or steadiness depend on the
relative equilibrium between the two free convection mechanisms
expressed by Ra _q and RaT. Therefore Eq. (8) is appropriately modi-
fied as follows:

g ¼ g0 þ n1
RaT

Ra _q
þm _cn ð9Þ
4.3. Simulated mean viscosity and temperature progress

The model has been then preliminary run to evaluate its consis-
tency, with respect to the experimental measurements, and re-
ported in Fig. 5. All of thermophysical properties, other than
viscosity, have been taken from Rao et al. (1981).

Phases 1 and 2 speculated earlier can be recognized, together
with typical spikes due to abrupt distortion of fluid motion due
to buoyancy and confinement. The comparisons hold nicely en-
ough, when the following positions are adopted in Eq. (9):
m = 0.3, n = n1 = R/H. This way, the geometry aspect ratio is
Fig. 5. Comparison of simulated mean viscosity (—–) and experimental viscosity
(with related error bars), for both d (�) and s (O) geometries.
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adequately taken into account. A final notation for Non-Newtonian
viscosity is therefore adopted:

g ¼ g0 þ
R
H

RaT

Ra _q
þm _cR=H ð10Þ

which restricts the number of parameters to be used and is in ac-
cord with the envisaged physical mechanisms.

In Fig. 6 is then presented the progress of simulated ad experi-
mental mean temperatures. For case d, the computation slightly
overestimates the temperature by about 10% after 280 s, but at
the end the two histories compare nicely. The temperature reaches
90 �C and 87 �C with _qd or _qs, respectively.
4.4. Viscosity distributions

The tool offered by the CFD allows one to locally inspect the dis-
tributions of viscosity, velocity and temperature during the treat-
ment, evidencing the local distortion of the fluid, under the
volumetric heating. Local viscosity, with maps of velocity and tem-
perature are reported in Figs. 7 and 8, respectively. The fluid is
Fig. 6. Comparison of simulated (� � �) mean and experimental (—–)

Fig. 7. Maps of velocity for the d geometry, at 100, 500 and 1000 s times, in the 0–0.0
minimum and maximum loci.
readily affected by thickening, right after 100 s (Fig. 7, left), due
to the downdraft motion at the reactor wall (for its colder temper-
ature). As the boundary layer develops (after 500 s, in Fig. 7, cen-
ter), its relatively small thickness favors the fluid distortion and
consequent shear rate increment. The fluid pattern is already
established at mid process duration; at the end (after 1000 s, in
Fig. 7, right), a slight increase of minimum viscosity is detected
only, with its location still floating laterally to the wall, while no
increase of maximum viscosity is found, its location still identified
at mid-height, adjacent to the vertical wall. It is seen therefore that
the fluid thickening process is already completed after just 500 s, in
the considered reactor and for the power density employed, due to
the onset of the flow pattern at stake.

Finally, it is also useful to inspect the temperature maps in Fig. 8.
The indication of local viscosity are again reported. It is clear that
after 1000 s of treatment, under the intense volumetric heating, a
heated fluid build-up is found at the free top surface. This is due
to the natural convection regime which makes the warm fluid to
float upward, with a downward stream by the lateral wall (as ear-
lier speculated) which cannot achieve complete thermal homoge-
neity. This indication is useful to evaluate inherent consequences
mean temperatures, for both d (left) and s (right) geometries.

021 m/s range, with underlying distribution of viscosity (Pa s), with indication of



Fig. 8. Maps of temperature for the d geometry, at 100, 500 and 1000 s times, in the range 335–395 K range, with underlying distribution of viscosity (Pa s), with indication of
minimum and maximum loci.
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of thermal run-away, that may deteriorate some fluid functional
property of interest.

5. Conclusions

Computational fluid dynamics was used to predict viscosity dis-
tribution in a Non-Newtonian, macromolecule containing fluid,
such as tomato pulp, subjected to low frequency, high intensity
ultrasound treatments in vessels with different geometries. An
equation for viscosity changes based on Rayleigh numbers was for-
mulated, that takes into account the vessel geometry. Model vali-
dation was performed based on data from rheological
investigation. Results agree well with actual observations. Fluid
thickness mainly increased in the first steps of ultrasonic process-
ing due to the flow field induced by volumetric heating. The extent
of fluid thickening was dependant on vessel geometry, being more
pronounced in the deeper reactor. The general principle employed
here allows for implementations with different geometries and
power intensities, within the enforced assumptions. This would al-
low one to steer ultrasound process to obtain products with tai-
lored functional properties.
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