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Abstract: Innovations and technology developments in the field of food pasteurization and sterilization are
continuously evolving. These include innovations in thermal processing technologies such as aseptic processing,
ohmic technology, and microwave technology, as well as non-thermal processing technologies which include
pulsed electric field technology and high pressure processing technology. This paper discussed the results of a
study on mathematical modeling of electric field and temperature distributions in a pulsed electric field (PEF)
treatment chamber. A commercially available CFD software package (Fluent, Inc., Lebanon, NH, USA) was
used to solve the continuity, momentum, energy and electric field equations in the PEF treatment chamber of
different geometries. Results of the simulations indicated that chamber design affects fluid velocity profile,
electric field distribution, and temperature distribution within the PEF treatment chamber. This result suggests
that chamber design can significantly affect the effectiveness of PEF treatment on microbial inactivation during
pasteurization or sterilization of liquid foods.
Keywords: Pulsed electric field, modeling, pasteurization and sterilization

Introduction
Recent developments in non-thermal food
sterilization technologies have shown that pulsed
electric field (PEF) of high intensities is a viable
alternative for sterilization of liquid foods such
as fruit juices, milk, liquid egg and many others.
Previous studies (Sale and Hamilton, 1967; Hamilton
and Sale, 1967; Hülsheger and Niemann, 1980;
Hülsheger et al., 1981, 1983; Jacob et al., 1981;
Mizuno and Hori, 1988; Matsumoto et al., 1991;
Yoichi et al., 1991; Jayaram et al., 1992; Castro et al.,
1993; Zhang et al., 1994a; Grahl and Märkl, 1996)
have demonstrated the ability of high intensity pulsed
electric fields to inactivate yeast, molds, and bacteria.
The mechanism of microbial inactivation by PEF is
related to the occurrence of electropermeabilization
by pore formation (dielectric breakdown) in the cell
membrane (Sale and Hamilton, 1968; Zimmermann,
1986; Mizuno and Hori, 1988; Jayaram et al., 1992).
The extent of the pore formation or membrane damage,
and thus the lethal effect of PEF on microorganisms,
depends on the intensity of the electric field and the
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duration (as represented by the number of pulses and
pulse width) of treatment (Sale and Hamilton, 1967,
1968; Hamilton and Sale, 1967; Zimmermann et al.,
1980; Hülsheger et al., 1980, 1981; Mizuno and Hori,
1988). In various publications, it has been indicated
that for the lethal effect of the PEF to effectively take
place, the applied field intensities must be above a
critical value that is specific to each microorganism
(Knorr et al., 1994; Zhang et al., 1994b; Ho et al.,
1995). Many researchers (Sale and Hamilton, 1967,
1968; Zimmermann et al., 1976; Kinosita and Tsong,
1977, 1979; Hülsheger et al., 1983) reported that
transmembrane potential of about 1 Volt would cause
a dielectric breakdown in the cell membrane of many
microorganisms and cellular systems. This critical
membrane potential corresponds to field strength of
about 10 kV/cm for E. coli (Sale and Hamilton, 1968;
Zimmermann et al., 1974). Knorr et al. (1994) and
Ho et al. (1995) reported comparable field strengths
required to inactivate P. fluorescens. Mertens and
Knorr (1992) reported critical field strength of about 16
kV/cm for inactivation of E. coli. In contrast, several
researchers reported that the lethal effect of PEF on
© All Rights Reserved
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E. coli could be observed at field intensities of about
6 kV/cm (Hülsheger and Niemann, 1980; Hülsheger
et al., 1981, 1983; Liu et al., 1996). However, for
processes requiring a three or more log reduction of
microbial count, their results indicated that at least 20
kV/cm of field intensity is required. More recently,
Jin and Zhang (1999) reported that at least 40 kV/
cm field strength is required to effectively inactivate
molds, yeast, and bacteria inoculated in fruit juice.
The PEF technology is an attractive alternative
to thermal processing due to its potential to provide
microbiologically safe and fresh-like food products
(Zhang et al., 1995; Barbosa-Canovas et al., 1999).
This is supported by experimental results which
suggested that the PEF processing is capable of
inactivating yeast, molds, and bacteria in liquid
foods without any significant effect on sensory or
nutritional attributes of the processed food products
(Grahl and Märkl, 1996; Jia et al., 1999; Jin and
Zhang, 1999; Evrendilek et al., 2000). Results of the
study reported by Jia et al. (1999) also indicated that
flavor losses in orange juice during PEF processing
were significantly lower than the losses that occurred
during a conventional heat treatment.
Although PEF technology is considered as a
non-thermal processing (Mertens and Knorr, 1992;
Castro et al., 1993; Zhang et al., 1995; Grahl and
Märkl, 1996), the use of high voltage electric fields
as in PEF processing can bring about an increase
in temperature in the processed food product due
to the Joule (ohmic) heating effect. The rate of the
volumetric heat generation (ü) within the food during
pulses is dependent on the electrical conductivity
(σ) of the food material and the applied electric field
intensity ( ∇V ) and is given by Eq. (1).
(1)

u = s ∇V

2

processing system to dissipate the heat generated
within the treatment chambers (Zhang et al., 1995).
In several studies, the increase in the average (bulk)
fluid temperature during PEF treatments had been
reported to be relatively small (Sale and Hamilton,
1967; Zimmermann et al., 1974; Jacob et al., 1981;
Hulsheger et al., 1981; Grahl and Märkl, 1996; Yeom
et al., 1999; Jin and Zhang, 1999). It is important to
note, however, that localized over heating may occur
at certain locations within treatment chamber due to
non-uniformity of electric field distributions which
may arise from poorly designed treatment chambers.
The non-uniformity of the electric field in the treatment
chamber will also lead to a more serious problem of
nonuniform treatment of food products. Therefore, in
order to achieve a better design of PEF processing
system, it is important to examine the electric field
and temperature distributions within PEF treatment
chambers of chosen geometry using numerical
simulation techniques. Accordingly, the objective
of this study is to perform numerical simulations of
temperature and electric field distributions within
continuous flow PEF treatment chambers using a
Computational Fluid Dynamic (CFD) software.
Materials and Methods
Numerical simulation
A commercially available CFD software
package, Fluent® version 5.4 (Fluent, Inc., Lebanon,
NH, USA), was used to solve the continuity,
momentum, energy, and electric field equations in
the PEF treatment chamber of chosen geometry. The
continuity, momentum, and energy equations solved
are given in Eqs. (3) – (5).

∇ ⋅u = 0

(3)

The average heating rate of the food per unit mass due
to the Joule heating effect can be expressed, using a
lumped analysis, as:

(4)

(2)

(5)

where dT, dt, ρ and Cp repectively represents
temperature increase, time elapsed during pulse,
density, and heat capacity of the food material.
In order to avoid an excessive increase in product
temperature during PEF processing, treatments
with short pulse duration and low repetition rate are
generally recommended. However, this may lead to
a less effective treatment. Another approach which
had been proposed to avoid an excessive heating is
by incorporating a cooling mechanism in the PEF

 ∂u

+ u ⋅ ∇u  = −
r
∇ p − ∇ ⋅t + r g
 ∂t


 ∂T
+ u ⋅ ∇T  = ∇ ⋅ k∇T + u
r Cp

 ∂t

In the above equation, ü is the volumetric heat
source (internal energy generation) due to the Joule
(ohmic) heating effect as given in Eq. (1). The energy
source term (ü) was obtained by solving Eq. (1) using
a user-defined subroutine.
The electric field distributions within the PEF
treatment chamber is calculated by solving Laplace
equation:
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∇ ⋅ (s ∇V ) = 0
(6)

with voltage boundary conditions during pulses and
interpulses are given in Eqs. (7) and (8) respectively.

Velectrode−1 = 0, Velectrode− 2 = 60000

(7)

Velectrode−1 = Velectrode− 2 = 0

(8)

For liquid foods such as juices, the electrical
conductivity (σ) has been found to depend on
temperature (Palaniappan and Sastry, 1991) and
follows a linear equation as shown in Eq. (9).

s = c1 + c 2T
(9)

In order to mimic the properties of real fluid foods, the
specific heat, thermal conductivity, and viscosity of
the fluid were assumed to be temperature dependent
according to the following polynomial equation:

Φ = c1 + c 2T + c3T 2 + c 4T 3 + c5T 4

(10)

where Φ represents the specific heat, thermal
conductivity, and viscosity of the fluid; and T
is absolute temperature in Kelvin. Values of the
constants in Eqs. (9) and (10) are given in Table 1.
The density of the fluid was also assumed to be a
function of temperature according to the Boussinesq
model incorporated in the Fluent codes.
The PEF treatment chambers evaluated were
characterized as “co-field” flow geometry (Yin et al.,
1997) and designed to process up to 1000 liters per
hour of liquid foods. Depending on viscosity of the
processed liquid foods, with other parameters such
as product flow rate, product density, and inlet
diameter remain unchanged, flow regime within
the treatment chamber can be laminar or turbulent.
Therefore, in the current study, the flow, temperature,
and voltage field within the treatment chamber are
simulated using both laminar and turbulent (standard
k-ε) models. The no-slip boundary condition was
assumed at the chamber wall. The flow within the
PEF treatment chamber was assumed fully developed.
Therefore, to avoid having to include a long entrance
region in the simulated domain, the inlet boundary
condition assumed that velocity profile, uz, at the
entrance was fully developed.
The velocity profile at the entrance for laminar
flow regime is given in Eq. (11),


r2 
U z = U z ,max 1 − 2 
 R 

(11)
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with r being the coordinate in the radial direction, R
being the inlet radius, and Uz, max is the centerline
(maximum) velocity whose value is given in Eq.
(12).

U z ,max = 2U z ,avg

(12)

The fully developed velocity profile at the entrance
for turbulent flow condition was assumed to follow
an empirical equation proposed by Pai (1953), as
cited in Brodkey and Hershey (1988), as shown in
Eq. (13).
2
2m

r
 r  
U z = U z ,max 1 + C   + D  
R
 R  


(13)

In the above equation, r is the coordinate in the radial
direction and R is the radius of the inlet of the PEF
chamber. The centerline velocity, Uz, max, can be
calculated based on integration of the Pai’s equation
and is given in Eq. (14) (Brodkey and Hershey,
1988).

u z ,max =

u z ,avg

C   D 
1+   + 

 2   m +1

(14)

In Eq. (12) and (14), the average velocity, Uz,avg, can
be calculated from the given volumetric flow rate and
the cross section area of the inlet. The coefficient m is
a unique function of the Reynolds number. Brodkey
(1963), as cited in Brodkey and Hershey (1988),
showed that m could be taken as the whole integer
closest to the value computed from Eq. (15).

m = −0.617 + 0.008211(Re )0.786

(15)

The coefficients C and D can be determined from the
following equations:

C=

s−m
m −1

D=

1− s
m −1

(16)

(17)

where, for Re>2800, the value of s can be calculated
from Eq. (18) (Brodkey, 1963).

s = 0.585 + 0.003172(Re )0.833

(18)

The Reynolds numbers at the inlet for the
turbulent flow regime are given in Table 2.
Simulations of processed fluid temperature, fluid
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Table 1. Values of constants in Equations (9) and (10)

velocity profile, and electric field distributions were
carried out using Cartesian grids on 3-dimensional
domains. The modeled domains consisted of onequarter of the cross section area of the flow due to
symmetric condition of the PEF treatment chamber.
Three different geometries (designs) of the co-field
PEF treatment chamber were evaluated. A modeled
domain of the PEF treatment chamber is shown in
Figure 1. It is important to note that the only difference
between the three designs is the internal diameter of
the insulating tube separating the two ring electrodes.
For Design 1 the internal diameter of the insulating
tube is the same as that of the ring electrodes, for
Design 2 the internal diameter of the insulating tube
is 1 mm smaller than that of the ring electrodes, and
for Design 3 the internal diameter of the insulating
tube is 2 mm smaller than that of the ring electrodes.
To avoid formation of dead zones due to contraction
and expansion of flow (in Design 2 and 3), the internal
edges of the insulating tube was tapered about 1 mm
for design 1 and 2 mm for design 2 to provide a
smooth transition. Physical characteristics as well as
operating parameters of the treatment chambers are
presented in Table 2.
The simulations were carried out by first solving
the flow and turbulence parameters under a steady
state condition. Next, the electric field equation was
solved under the steady condition while the flow
field was kept constant. These were done to establish
the initial flow profile and electric field distributions
within the domain. It is relevant to note that PEF
treatments involve a time-periodic process where
electric pulses of predetermined duration and interval
were applied repetitively. This will bring about
periodic changes of the fluid temperature during PEF
treatment, which in turn might lead to changes in
thermophysical and electrical properties of the fluid.
These changes may affect both the flow profile and
the electric field distribution within the treatment
chamber. Therefore, in the actual simulation, all of
the equations (flow, turbulent, energy, and electric
field) were solved in a transient fashion using the
segregated solution scheme available in Fluent. The
simulations were performed with time steps of 2e-08
s and 2e-05 s during pulse and interpulse respectively.
It is important to note that during interpulse, only the

flow, turbulent (for turbulent condition only), and
energy equations were solved since no electric field
is applied within the treatment chamber during this
period. As a consequence, the energy source term
in the energy equation (Eq. (5)) was deactivated (no
energy generation) during the interpulse periods. A
series of grid refinement was performed on each of
the geometry evaluated to ensure that the solutions
obtained at each time step were grid independent.
As the criteria of convergence for the solutions, the
residuals must be less than 1e-07 and 1e-08 for the
continuity and energy equations respectively. There
was no need to set the convergence criteria for
velocity components and voltage since their residuals
were generally well below 1e-10.
Results and Discussion
Simulation results on fluid velocity vectors and
velocity profiles indicate that in the case of Design 1,
the velocity of the fluid in the PEF treatment chamber
was only a function of the distance from the chamber
wall (radial direction) and no change in the axial
direction. In the case of Design 2 and 3, however, the
velocity also changed in the axial direction, especially
in the transition regions (contraction and expansion)
where the ring electrodes and the insulating tube
meet. Of the three designs evaluated, Design #3 is the
most likely to pose flow problems due to the presence
of the contraction and expansion of flow cross section
area. However, the simulation results indicate that
there is no evidence of flow circulation (secondary
flow) or dead zone developed in the modeled domain,
thus from fluid flow considerations, all of the three
designs evaluated would be acceptable.
It is important to note that when using a treatment
chamber with a contraction in the gap region
between the electrodes, there is an increase in fluid
velocity in the gap region, resulting in a decrease in
the treatment time. In the case of Design 2 with a
contraction of about 19.9% (inside diameter of the
insulating tube was 1 mm smaller than that of the ring
electrode), there was an increase in the fluid velocity
at the center line of about 37.60% for laminar flow
(from 7.08 m/s to 9.74 m/s) and 48.98% for tubullent
flow (from 4.15 m/s to 6.18 m/s) compared to the
center line velocity attained from Design 1 at similar
flow regime. By increasing the contraction to about
37.6% as the case for Design 3 (diameter of the
insulating tube was 2 mm smaller than that of the ring
electrode), the center line velocity increased by about
76.6% (from about 7.08 m/s for Design 1 to about
12.5 m/s for Design 3) under laminar flow condition
and about 91.2% (from about 4.15 m/s for Design
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Table 2. Physical characteristics of the PEF treatment chambers and
operating parameters used in simulations

Figure 1. Modeled domains of the PEF treatment chamber. Design
1 (shown above): internal diameter of the ring electrodes and the
inslating tube was the same; Design 2: internal diameter of the
insulating tube was 1 mm smaller than that of the ring electrodes; and
Design 3: internal diameter of the insulating tube was 2 mm smaller
than that of the ring electrodes.

Figure 2. Isopotential lines for voltage distributions within PEF
treatment chambers of different geometry. Notations: E1 represents
neutral electrode (0 V), E2 represents high voltage electrode (60 kV),
and I represents the non-conducting tube. Results shown obtained from
simulation under laminar flow condition.

Figure 3. Electric field strength (V/m) within the PEF treatment
chambers of different geometry. Notations: E1 represents neutral
electrode (0 V), E2 represents high voltage electrode (60 kV), and
I represents the non-conducting tube. Result shown obtained from
simulation under laminar flow condition.
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1 to about 7.93 m/s for Design 3) under turbulent
flow condition. This significant increase in the center
line velocity indicates that the residence time of the
processed liquid foods in the PEF treatment chamber
would decrease significantly, which will bring about
a significant decrease in treatment time and PEF
dosage (due to the decrease in the number pulses
received by the processed liquid food).
In continuous processing technology such as used
in PEF sterilization of liquid foods, the center line
velocity of the liquid food is of paramount importance.
The fluid food flowing at or near the center line of the
treatment chamber represents the part of the product
which receives the least treatment (lowest PEF
dosage) and poses the danger of under sterilization.
Therefore, the increase in fluid velocity (decrease in
the residence or treatment time) at the centerline of
the treatment chamber due to contraction of the flow
cross section area must be taken into consideration
when determining process parameters such as pulse
width, pulse interval (repetition rate), and electric field
intensity. In addition, processing under turbulent flow
condition can provide longer exposure time to PEF
treatment, especially for the fluid element flowing
along the centerline, thus increasing the effectiveness
and the safety of PEF treatment.
It is important to note that the length of the
insulating tube (the distance between the electrodes)
used for the three designs was 1.5 cm (Figure 1).
Based on the velocity of the fluid flowing along
the centerline, the minimum residence time of the
processed fluid in the gap region under laminar flow
condition was only about 2.1195 x 10-3 seconds for
Design 1, 1.5404 x 10-3 seconds for Design 2, and
1.2002 x 10-3 seconds for Design 3. The corresponding
values under turbulent flow condition was 3.6167
x 10-3 seconds, 2.4277 x 10-3 seconds, and 1.8916
x 10-3 seconds for Design 1, 2, and 3 respectively.
Therefore, for process under the simulated conditions
shown in Table 2, the fluid elements that flow around
the center line of the PEF chamber will only receive
at most two pulses of electric field for Design 1
and most likely only one pulse for Design 2 and 3.
Therefore, sterilization and pasteurization of liquid
foods using PEF treatment will be more effective
by using Design 1. This result clearly indicates the
important effect of chamber design on the efficacy
of PEF sterilization or pasteurization of liquid foods
such as juice and puree.
Electric field (voltage) profiles during pulses are
shown in Figure 2. The equipotential lines at zone
away from the electrodes in the gap region (region
underneath the insulator) are relatively straight and
parallel to each other. This is true for all the chamber
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Figure 4. Temperature profiles across symmetric plane within PEF
treatment chambers of different geometry at the end of each pulse.
Notations: E1 represents neutral electrode (0 V), E2 represents high
voltage electrode (60 kV), and I represents the non-conducting tube.
Simulation under laminar flow condition.

Figure 5. Temperature profiles across symmetric plane within PEF
treatment chambers of different geometry at the end of each pulse.
Notations: E1 represents neutral electrode (0 V), E2 represents high
voltage electrode (60 kV), and I represents the non-conducting tube.
Simulation under turbulent flow condition

geometries evaluated. Moreover, simulation results
indicated that electric field profile under laminar and
turbulent flow were identical indicating that there is
no effect of flow regime (laminar or turbulent) on the
electric field profile. The same phenomenon was also
found for electric field strength distribution.
The electric field strength distributions in the
modeled PEF chambers are shown in Figure 3. It
can be seen from the figure that the electric field
strength was not uniform throughout the chamber. As
expected, the electric field intensities are high in the
gap region (mostly above 30 kV/cm) and low in the
zones directly underneath the electrodes (mostly less
than 10 kV/cm). It is also important to note that in
the region underneath the insulator (gap region), the
electric field intensities at region close to the chamber
axis (centerline) are slightly lower than those at
region adjacent to the insulator wall. For this reason,
along with the fact that fluid velocity is highest at
the centerline, we can anticipate the fluid flowing

through the centerline of the PEF treatment chamber
to receive the least PEF treatment and achieve lowest
degree of sterilization.
It is worth noting that the geometry of the PEF
treatment chambers clearly affects the distribution of
electric field intensities within the chamber. Electric
field intensity along the centerline is relatively higher
for Design #3, followed by Design #2. It can also be
seen that the electric field intensities in the gap region
are relatively uniform. It is important to note that in
the case of Design #1, spots of extremely high electric
field intensity exist in the fluid adjacent to the edge
of the electrodes. This high field intensity can cause
local overheating. Spots of high field intensity are
also observed in Design #2 and #3 but the magnitude
is much lower than those found in Design #1.
Figures 4 and 5 present temperature field across
the symmetric plane at the end of each pulse under
laminar and turbulent flow respectively. As expected
from the trends of the electric field intensity, there
was local overheating occurs at spots adjacent to the
edge of the electrodes, especially the electrode at
the outlet of the PEF chamber. Under laminar flow
condition, maximum temperature of around 500K
was found to occur at fluid close to the edge of the
electrode at the outlet for Design #1. Maximum
temperature was also found at the same location for
Design #2 and #3 but the magnitude was much lower,
i.e. 405K for Design #2 and 330K for Design #3. For
all the designs, however, the temperature reached by
majority of the fluid was only up to 310 to 315 K
under laminar flow condition suggesting an average
of 10 - 15oC increase of the processed liquid food
temperature during processing under the simulated
conditions. Simulation results under turbulent flow
condition also indicated the presence of hotspots at
zone close to the edge of the electrode at the outlet
but the magnitudes of the temperature buildup were
significantly lower than those found under laminar
flow, i.e. 343K for Design #1, 315K for Design #2,
and 310K for Design #3. It is also evident from the
figures that the majority of the fluid only attained a
small increase in temperature during pulse.
Temperature distributions within the simulated
PEF treatment chamber at the end of each interpulse
are shown in Figures 6 and 7. As shown in Figure
6 (laminar flow condition), traces of fluid with
temperature above 400 K was found around the
edge of the electrode at the outlet for Design 1. High
temperature was also found at the expansion zone for
Designs 2 and 3 but the magnitudes of the temperature
were lower (around 380 K for Design 2 and 320 K
for Design 3). For simulation under turbulent flow
condition, the temperatures at those high temperature
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time of processed fluid in the treatment chamber and
the presence of zones with extremely high electric
field and temperature. Temperature buildup at these
zones was significantly higher under laminar flow
condition compared to that under turbulent flow
condition. In addition, worst-case-scenario in PEF
processing using “co-field” treatment chamber will
be expected to occur under laminar flow since under
this condition, the residence (treatment) time of
fluid element moving along the centerline would be
expected to reach a lowest value.
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