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In the present work, some aspects related to the ohmic heating (OH) technology are
investigated using the Ansys Fluent. The aims of this study are: (i) implementing a
mathematical and numerical model capable of reproducing the OH process, (ii) evaluating the
influence of the electrical voltage over the transient heating, (iii) investigating the importance
of the ohmic cell diameter and (iv) electrodes diameter regarding the heating generated. The
computational domain represents a cylindrical ohmic cell used to heat pieces of carrot, meat
and potato within an aqueous NaCl solution. Results about the role of the electrical voltage
show that the most intense heating was obtained with the highest voltage tested. While it is
needed about 2 min to the temperature of the carrot particle reach about 335 K using 50 V,
approximately 9 min (a time 450 % greater) are necessary to the particle reach the same
temperature using 20 V. Temperature differences for a same particle are also observed when
the importance of the electrodes diameter is analyzed. In this case, the highest difference occurs
for the meat particle (11.94 K at 138 s), thus it can be stated that the heating generated was

influenced by the electrode size.

1. INTRODUCTION

In the processing of food products, the unit operations
responsible for the thermal treatment of the product is
considered one of the most important of the process, since it
affects directly the quality of the food to be consumed. Among
the emerging technologies that can be used for the heat
treatment, the ohmic heating (OH) technology is noteworthy.
The OH, also known as Joule heating, is a thermal process in
which an electric current is conducted through a food in order
to heat it, by converting electrical energy into thermal energy.
In other words, the ohmic heating is a technology of internal
energy generation [1].

Due to the innovative character of the OH technology,
where the heating of the processed foods is given by the
internal energy generated, the OH possesses many advantages.
According to Ruan et al. [2], this technology, unlike to the
conventional heating methods, is suitable to promote the
thermal treatment of solid foods, especially those which are in
the form of particles dispersed in a liquid medium. During the
OH of such mixtures, when the electrical conductivity of the
particles is almost equal to the liquid, similar heating rates can
be obtained for both phases of the mixture, producing a
homogeneous heating. Furthermore, the ohmic heating is also
appropriate to promote the heating of highly viscous liquids,
once the heating produced by this technology is not dependent
of the convective heat transfer coefficients, which, in this case,
are extremely low [3]. For energy purposes, Sakr and Liu [4]
comment that the OH technology can be coupled to the
thermal energy storage (TES) systems based on latent heat,
such as the systems studied by Abdulmunem and Jalil [5],
Benlekkam et al. [6] and Buonomo et al. [7].

Although the industrial use of OH technology is not only
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restricted to the processes of the food industry, it cannot be
denied that its main application is related to this industrial
sector. For this reason, over the past three decades several
studies have investigated the use of this technology to promote
the thermal treatment of various food products, especially
those where there are solid particles immersed in a liquid
solution. De Alwis and Fryer [8] were pioneers in the
numerical solution of problems involving this technology. In
their study, they used the finite element method to analyze a
generic heating process conducted in a rectangular ohmic cell.
Despite the few computational resources available at the time,
the numerical results showed a good agreement with
experimental results previously obtained. Moreover, the
results also indicated that the heating rate observed in a generic
particle is dependent of three factors: particle size, particle
orientation and the ratio between particle and fluid medium
electrical conductivity. Similar observations about the
importance of the electrical conductivity in the OH process
was done by Sastry and Palaniappan [9] and Salengke and
Sastry [10]. In both studies, a greater heating rate were
observed at the cases where the electrical conductivity of the
particles was greater than the liquid. Interesting results about
the role of the relative volume fraction of the phases
influencing the heating rates are also presented by Sastry and
Palaniappan [9]. Their results suggest that a more pronounced
heating is achieved when the particles concentration is higher.
Consequently, the particles volume fraction should be
considered a key factor in the OH process.

Despite the ohmic heating technology has attracted an
increasing attention recently, many questions about the
parameters that governs the ohmic heating remain unanswered.
Therefore, in order to obtain a better understanding concerning
this technology, the aims of this study are: (i) implementing a



mathematical and numerical model capable of reproducing the
OH process applied to food particles, (ii) evaluating the
influence of the electrical voltage over the transient heating
process, (iii) investigating the importance of the ohmic cell
diameter and (iv) electrodes diameter regarding the heating
generated.

2. MATERIALS AND METHODS

For the sake of clarity, the numerical methodology
employed is presented separately in five items: computational
domain, mathematical and numerical model, initial and
boundary conditions, simulations parameters and model
validation.

2.1 Computational domain

In the present study, four different cylindrical ohmic cells
were numerically investigated using CFD (Computational
Fluid Dynamics) techniques. The diameters of the cells studied
are 16.5, 20.5, 24.5 and 28.5 mm. All the ohmic cells have 77
mm in total length (), while the computational domain has
only 76 mm in length (L); this difference is associated to the
thickness of the electrodes, which is not considered in the
computational domain. The computational domain adopted is
axisymmetric and comprises four different foods: carrot, meat,
potato and an aqueous sodium chloride solution. In order to
represent the food particles, three 10 mm squares, with a
distance of 10 mm between them, were used. Further details
about the ohmic cell analyzed can be seen in Figure 1, where
the dashed lines indicate the computational domain adopted:

L

Potato
3% Agqueous Solution of NaCl

Carrot Meat

Figure 1. Schematic representation of the ohmic cell studied

Similar to other studies carried out using the CFD
techniques, in this work an extensive literature search was
conducted in order to obtain the physical properties of the
materials that make up the computational domain. Thus,
values of density for all materials heated were taken from
Pitzer and Peiper [11], Murakami [12] and Cengel and Ghajar
[13]; values of thermal conductivity were obtained from
Ozbek and Phillips [14], Slabani and Rahman [15] and mainly
Cengel and Ghajar [13]; values of specific heat were gotten
from Chen [16], Rao and Rizvi [17] and [13] again, while
values of dynamic viscosity for the fluid medium were given
by Kestin et al. [18]. Regarding the electric conductivity, the
mathematical functions used by Shim et al. [19] to represent
the behavior of this property with the temperature were
adapted and used here as polynomial equations of 5th order,
such procedure was adopted simply to facilitate the numerical
implementation of the wvariation of this property with
temperature. Therefore, only the electrical conductivity was
modeled considering the variations caused by the temperature.
Further details about the physical properties adopted are
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presented in the Table 1.

Table 1. Physical properties of the materials/food modeled

Carrot Values
Density (kg.m™) 1029
Specific Heat (kJ.kgt.K™?) 3.90
Thermal Conductivity (W.m*.K1) 0.570
Electrical Conductivity (S.m™) 3.247389x107°T> —

5.560101x10°6T* +
3.796416x107°T? — 1.292028T?
+219.1637T - 1.48239x10*

Meat Values
Density (kg.m™) 1090
Specific Heat (kJ.kgt.K™?) 3.54
Thermal Conductivity (W.m1.K1) 0.498
Electrical Conductivity (S.m™) 0.031T - 6.77012
Potato Values
Density (kg.m) 1055
Specific Heat (kJ.kgt.K?) 3.64
Thermal Conductivity (W.m1.K1) 0.471
Electrical Conductivity (S.m™) 9.4082x10°T> —
1.596173x10°5T* +

1.080201x102T® - 3.644712T2
+613.1243T - 4.113914x10*

Aqueous Solution of NaCl Values
Density (kg.m3) 1021
Specific Heat (kJ.kgt.K1) 4.02
Thermal Conductivity (W.m1.K1) 0.600
Dynamic Viscosity (JLPa.s) 1043.2

Electrical Conductivity (S.m™) 0.1018T — 24.977°
2 Valid only when 293 K < T <370 K

b Valid only when 290 K < T <380 K

2.2 Mathematical and numerical model

The governing equations of the problem investigated are the
conservative equations of continuity, energy and momentum,
Eqns. (1), (2) and (3), respectively [20]:

L 4v.(p0) =0 M
AN | v (pGh) = v.(kvT) + § @)

where p is the density (kg.m™), ¢ is the time (s), V is the nabla

operator, U is the velocity vector (m.s™), 4 is the specific
enthalpy (J.kg"), k is the thermal conductivity (W.m'.K!), T
is the temperature (K), S is the energy source term (W.m?), p
is the pressure (Pa), u is the dynamic viscosity (Pa.s), g is

gravity acceleration (m.s?) and F is the momentum source
term (N.m>).

The hypotheses suggested by Zhang and Fryer [21], where
the velocity field is not considered and the heat transfer by
conduction is the main thermal mechanism, are adopted here.
With these hypotheses, both regions (particles and liquid) of
the computational domain can be treated as solid. Therefore,
the convective term in Eq. (2) can be omitted, so that the Eq.
(2) takes the following form [21]:

o(ph)

=+V.(kVT) +S
ot

(4)



According to Shim et al. [19], the energy source term (S) is
the responsible for the conversion of the electrical energy into
heat. In a conductive material, this source is given by a simple
equation involving the electrical conductivity of the medium
and the voltage applied. Thus, using the User Defined
Functions (UDFs), the energy source term (S) implemented in
the ANSYS FLUENT has the following form:

S=o0n|VV| 5)

where ¢ is the electrical conductivity (S.m™) as a function of
temperature and ¥ is the voltage (V).

Regarding the electrical field distribution, the Laplace’s
equation presented by De Alwis and Fryer [8] provides this
variable at any location of the ohmic cell. In other words, the
electrical field distribution at any point of the computational
domain is obtained solving the Eq. (6).

V(e.VV)=0 ©)

2.3 Initial and boundary conditions

In a numerical simulation performed by CFD, initial and
boundary conditions are necessary to solve the governing
equations of the problem studied. The correct choice of these
conditions is a critical step in the numerical studies, once the
physical consistency of the results obtained is dependent of the
adopted conditions. In the present work, only one initial
condition was adopted (temperature when ¢#=0), while two
types of boundary conditions were used to solve the governing
equations: electrical boundary conditions and thermal
boundary conditions.

2.3.1 Initial condition

T(Vx vy, t=0)=T, (N
where 7, is equal to 293 K.
2.3.2 Electrical boundary conditions

V(x=0,vy,Vt)=0V ®)

[valid for the left electrode]

V (x=0,Vy,Vt)=20,30,400r50V ©

[valid for the right electrode]

VV(vx, Wy, vt).A[ =0 (10)
[valid for the particles surfaces]
where 71 is the normal vector.
2.3.3 Thermal boundary conditions

kVT(vx, vy, vt).A| =0 (11

[valid for the electrodes and walls of the ohmic cell]
2.4 Simulation parameters

In the present study, the Finite Volume Method is employed
to solve the governing equations. All numerical simulations
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necessary to achieve the objectives proposed were carried out
using the commercial software ANSYS FLUENT 16.1. In this
software, a rectangular grid was used to represent the
computational domain modeled. The most appropriate grid
was chosen after a grid independence test, where three grids
with different number of elements were tested for each ohmic
cell analyzed, totaling 12 grids tested. All grids tested are
rectangular, two-dimensional and refined near the food
particles. The results of the test performed did not show
significant differences between the grids tested. Therefore, in
order to reduce the computational workload, the grids less
refined were used in all simulations performed. Thus, the
results presented here were obtained using four different
computational grids: a computational grid with 7.000 elements
used to represent the smallest ohmic cell (diameter of 16.5
mm); a computational grid with 8.100 elements used to
represent the ohmic cell with diameter of 20.5 mm; a
computational grid with 10.200 elements used to represent the
ohmic cell with diameter of 24.5 mm and a computational grid
with 11.580 elements used to represent the biggest ohmic cell
(diameter of 28.5 mm). Figure 2 shows the computational grid
used in the ohmic cell with 24.5 mm in diameter.

Figure 2. Grid used to represent numerically the ohmic cell
with diameter of 24.5mm

Regarding the time step, a value of 0.01 s with a maximum
of 1000 iterations per time step was used here. This value was
chosen after a careful examination of the preliminary results
obtained with other values (0.001, 0.002 and 0.005 s).
Although the adopted value is relatively higher than the others,
the results obtained using this value did not differ strongly
from the other results. Thus, the value adopted (0.01s) proved
to be most appropriate for this study, since through its use a
considerable reduction in the total time of simulation is
reached without compromising the results quality. Another
important factor that interferes directly in the quality of the
results obtained, as well as in the total processing time, is the
convergence criteria adopted. In the present work, different
convergence criteria were prescribed for the governing
equations; a convergence criterion of 10" was used for the
energy equation and a criterion of 10-° was adopted for the
continuity and velocity components equations (which are
solved by the software even with the hypothesis of null
velocity field).

2.5 Model validation

In order to verify whether the mathematical and numerical
model implemented is appropriate for the study carried out, the
study performed by Shim et al. [19] was reproduced for
validation purposes. The problem studied by Shim et al. [19]
is very similar to the investigated in the present study using the
ohmic cell with diameter of 24.5 mm. The numerical
validation was performed by means two different approaches:
one qualitative and other quantitative. While the qualitative
validation comprises a simple visual comparison of the



temperature fields obtained in both numerical studies (Shim et
al. [19] and the present study), the quantitative validation
involves the comparison between the temperature obtained
numerically in the geometrical center of each food and the
values found experimentally by Shim et al. [19].

Figure 3 presents the temperature fields obtained by Shim
et al. [19] and the temperature fields obtained in the present
work. As can be seen, the results are very similar, with a
pronounced heating region around the particles, especially
above and below of them. This behavior is also observed by
De Alwis and Fryer [8], which simulated two different
problems: a generic food particle immersed in a liquid with a
higher electrical conductivity (i) and a liquid with a lesser
electrical conductivity (ii). In the problems where the electrical
conductivity of the particles was lower than those of liquids,
De Alwis and Fryer [8] reported the appearance of hot spots
adjacent to the top and bottom of the particles, which is related
to the high electric current density in these regions. As the
liquid medium is more conductive than the particles, a smaller
resistance to electron passage may be associated to the liquid
regions, so that a higher current density is produced and a more
pronounced heating is generated in the regions located around
the particles. Therefore, the temperature distribution obtained
in the present work is consistent with the theoretical
background and other results available in the literature.

Numcrical - Shim et al. [19] Numerical - Present Work
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Figure 3. Temperature fields of the ohmic cell studied by
Shim et al. [19] and the present work

Results of the quantitative validation is illustrated on the
side (Figure 4), where the graph A shows the temperature in
the geometric center of the carrot particle, the graph B the
temperature in the meat particle and the graph C the
temperature in the potato particle. As can be seen, there are a
great similarity between both numerical results. Moreover, the
results obtained in the present work show good agreement with
the experimental results presented by Shim et al. [19],
especially in the first 200 seconds. After this instant, in the
meat particle, a considerable divergence between the
numerical results and the experimental results is detected. The
divergence observed only for this particle may be associated
with a main reason: the difficulty faced by Shim et al. [19] in
maintain the thermocouple correctly positioned in the meat
particle. According to the authors, the meat tissues lost
firmness during the heating, which done it impossible to
position correctly the thermocouple in the meat particle,
consequently, errors of unknown magnitude are associated
with the experimental results of the meat particle. Although
identified the main reason for the divergence observed, it
should be noted that other empirical factors may also affect the
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experimental and numerical analyzes of ohmic heating process
applied to meat particles. According to Zell et al. [22], the
orientation of the muscle fibers, for example, plays a
fundamental role in the ohmic heating process, since this
factor affects the electrical conductivity of the meat and its
heating. Thus, considering the results obtained here for the
particles studied (carrot, meat and potato), as well as all the
difficulties related in the literature in promoting a study about
the ohmic heating of a meat particle, it can be stated that the
mathematical and numerical model implemented is suitable
for the numerical study of the ohmic heating process applied
to food particles.
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Figure 4. Temperature vs. time for experimental and
numerical results of Shim et al. [19] and present work

3. RESULTS AND DISCUSSIONS

After validated the model implemented, the numerical
simulations used to analyze the effect of voltage in the heating
process were conducted using the cell diameter of 24.5 mm.
Temperature measurements, at different instants, were
performed in the geometric center of the food particles, which
were heated to a temperature limit (370 K). Since there is no
information about the physical properties of the food particles



after this temperature, this limit had to be considered. The
results obtained for different voltages are shown in the Figure
5 (a-c), which presents the temperature plotted over the time
for the carrot particle [Figure 5 (a)], meat particle [Figure 5(b)]
and potato particle [Figure 5 (c)].
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Figure 5. Temperature vs. time considering the voltage, for:
(a) carrot, (b) meat and (c) potato particle

As can be seen, the use of higher values of voltage provided
higher heating rates. Comparing the temperature profile in the
carrot particle [Figure 5 (a)], it can be seen that to reach about
335 K it is needed 2 min of heating using 50 V and 9 min (a
time 450% greater) using 20 V. Thus, the most intense heating
was obtained with the highest voltage tested (50 V). Although
high heating rates were obtained with the highest value of
voltage tested (50V), it should be noted that this voltage is
inappropriate for industrial processing purposes. As high
production yields are targeted by the food industrial sector,
even higher voltage values are required so that a solid-liquid
mixture can be quickly sterilized, which does not occur when
a voltage of 50 V is used. Similar results regarding the effect
of the voltage in the ohmic heating process can be found in the
literature, as in the studies conducted by Piette et al. [23]
(cooking of meat sausages by OH) and Sarkis et al. [24]
(heating of blueberry pulp by OH). Although both studies did
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not aim to analyze the effect of voltage under the heating rates
generated, an attentive analysis of the results presented allows
to verify that the highest heating were obtained when the
highest voltage were adopted, exactly the same behavior
observed here. Therefore, the voltage applied plays a key role
in the ohmic heating process.

In order to analyze the uniformity of the OH, the
temperature profiles obtained in the different food particles,
for a fixed voltage, are presented in Figure 6 (a-b).
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Figure 6. Temperature profiles in the different food particles
for: (a) 20 V and (b) 50 V

For 20 V [Figure 6 (a)] it can be seen a very homogenous
heating, with tiny differences in the temperatures. However,
using 50 V [Figure 6 (b)], the temperature profiles are similar,
but it can be seen a difference in the meat particle temperature
which is related to its higher electrical conductivity when
compared to the other particles (at 330 K, the electrical
conductivity of meat, potato and carrot are 3.46, 0.55 and 0.45
S.m’!, respectively). As the electrical conductivity is an
increasing function of temperature, a more pronounced
heating affects more intensively its variation, especially when
the function that governs its growth has a more intense
character, like the meat particle. Since the higher voltage
applied (50V) provided a more intense heating, the electrical
conductivity of the particles varied with greater intensity in
this case, which caused the meat particle to present values of
electrical conductivity substantially higher than those
associated with the other foods. In addition to the applied
voltage, higher values of electrical conductivity also allow the
generation of higher heating rates, as reported in the literature
[8-10]. Thus, due to it is the most conductive particle in the
medium, the meat particle underwent a more intense heating
than the other particles, which gave rise to an undesirable
temperature gradient in the solid-liquid mixture.

Two different numerical simulations are conducted to
investigate the role of the ohmic cell diameter (D) in the



heating process. In the first study, the electrode has the same
size of the ohmic cell diameter, as presented in the shaded
areas of the Figure 1. Four different diameter values are used
(16.5, 20.5, 24.5 and 28.5 mm) in the simulations, being the
voltage applied fixed in 50 V. Since the temperature profiles
were not strongly influenced by the diameters, only the two
extremes diameters are chosen to be plotted in Figure 7 (a-c).
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Figure 7. Temperature profiles in the different food particles
for the smallest (16.5 mm) and the biggest (28.5 mm)
diameters tested, for: (a) carrot, (b) meat and (c) potato

While Figure 7 (a) presents the temperature profiles for
diameters of 16.5 and 28.5 mm for the carrot particle, Figure
7(b) presents the temperature profiles for meat particle and
Figure 7 (c) for the potato particle. As can be observed, the
profiles of the meat particle are practically the same, with a
slightly higher heating in the larger diameter problem (28.5
mm). Tiny differences are observed for carrot and potato,
which increase as time increases. Unlike to meat particle, these
foods (carrot and potato) obtained a more pronounced heating
with the smallest diameter tested; which indicates that the
heating rate obtained may be associated to several factors
besides the ohmic cell diameter. Thereby, it is possible to
conclude that the heating generated was not influenced only
by the ohmic cell diameter, but by multiple factors.
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In the second study, the ohmic cell diameter was maintained
fixed in 24.5 mm, while two different sizes of the electrodes
were tested: 10 and 24.5 mm. Figure 8 (a-c) shows the
temperature profiles of the different food particles, using
different electrodes sizes. As observed, the profiles are similar
with differences which increase as time passes. The highest
difference occurs for the meat particle (11.94 K at 138 s). Thus,
based on these results, it can be stated that the heating
generated was influenced by the electrode size, where the
larger electrodes provided the higher heating rates.
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Figure 8. Temperature profiles for the two electrodes size

Although it is a factor of possible relevance for the OH
technology, little is known about the importance of the spatial
position of the particles regarding the generated heating. In
this way, assuming the same spatial arrangement of Figure 1
for two different diameters (16.5 and 28.5 mm), the role of the
particles position was investigated using simulations where all
the particles were composed of a single food.

The results obtained are shown in Figure 9 (a-c), where
[Figure 9 (a)] presents the temperature profile of the carrot
particles, [Figure 9 (b)] the meat particles and [Figure 9 (c)]
the potato particles.
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Figure 9. Temperature profiles for the problems where all
the particles were composed of the same food, as: (a) carrot,
(b) meat and (c) potato

As can been seen, the lowest temperatures are associated
with the central particle of all the cases studied, especially
when the largest diameter is adopted, which is consistent with
the behavior observed in Figure 7 (b). While the largest
temperature difference observed for the problems involving
the smallest diameter tested (16.5 mm) was 1.1 K at 138s
(between particles 1 and 2 of carrot), the highest difference
associated with the problems involving the biggest diameter
used (28.5 mm) was 3.9 K at 138s (between particles 1 and 2
of meat). In other words, the ohmic cell diameter and the
spatial positioning of the particles may influence the
temperature distribution inside the equipment, but not
significantly using this value of voltage (50V).

4. CONCLUSIONS

In the present work, some aspects related to the ohmic
heating (OH) technology were investigated using the ANSYS
Fluent 16.1. The computational domain adopted is
axisymmetric and represents a cylindrical ohmic cell used to
heat pieces of carrot, meat and potato within an aqueous NaCl
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solution. From this geometry, the following conclusions can
be drawn:

o Results obtained for the model validation showed a good
agreement with experimental and numerical results avaible in
the literature, thus the mathematical and numerical model is
appropriate for the numerical study of the OH process.

e The most intense heating was obtained with the highest
voltage tested (50 V), then the voltage applied plays a key role
in the ohmic heating process.

o Although the highest heating rates were obtained when 50
V were used, it should be noted that this voltage still is
inappropriate (heating too slow) for industrial processing
purposes.

e The results obtained also suggest that the ohmic cell
diameters, electrode sizes and spatial positioning of the
particles, were able to influence the heating generated, but not
significantly for the last aspect mentioned.
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NOMENCLATURE

s<cT"Hworx-S@moy

ohmic cell diameter, m
momentum source term, N.m-3
gravitational acceleration, m.s?
specific enthalpy, J. kg
thermal conductivity, W.m™, K1
computational domain lenght, m
pressure, Pa

energy source term, W.m
temperature, K

time, s

velocity, m. st

voltage, V

ohmic cell total lenght, m

Greek symbols

Q ©

density, kg. m
electrical conductivity, S.m™
dynamic viscosity, kg. m™t.s?
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