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Abstract The paper deals with carrot processing that com-
bines the effect of the electric pulse loading with the low-
temperature heating. The pulse procedure was formed by
one 10-ms long electric pulse (amplitude, 600 V/cm; basic
frequency, 20 kHz) on the 160-ms long electric background
less than 30 V/cm. The procedure was followed by the com-
bined dynamic mechanical analysis (DMA) and dielectric
thermal analysis (DETA) tests with the initial temperature of
30 °C and final temperature of 90 °C. Humidity in the test
chamber was kept at 90 % during the whole heating test,
with the heating rate of 1 °C/min. During the whole test,
both components of the complex modulus of elasticity
(DMA) of the specimen as well as both components of
the specimen’s permittivity (DETA) were registered. A
similar test was also performed with other specimens with-
out the initial pulse procedure. Ratios of corresponding
data (storage modulus, loss modulus, dielectric constant,
and dielectric loss) are approximately constant up to the
temperature of approximately 70 °C where it starts to
reduce substantially. The obtained results denote that can
be processed using electric pulses reaching the similar
state as during the tissue heating.
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LM (Pa) or (%)
MV
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R()
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SE

SD

T (°C)

tg ()

X ()

lower part of temperature scale (in our case
cca 30-71 °C)

higher part of the temperature range (in our
case cca 71-90 °C)

lower part of B (in our case approximately
71-80 °C)

higher part of B (in our case approximately
80-90 °C)

coefficient of variations

dielectric thermal analysis

dielectric loss (imaginary part of relative
permittivity)

dynamic mechanical analysis

dielectric constant (real part of relative
permittivity)

maximal intensity of the pulse electric field
intensity of electric field—parameter of
Eq. (2)

interquartile range Q3-Ql

intensity of specimen impedance to pulse
field (Eq. (2))

loss modulus

mean value

first quartile

second quartile

ratio of Z, and Z;

storage modulus

standard error

standard deviation

temperature

symbol for loss tangent (in both DEA and
DETA)

value of Z, at infinite £
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Z () disintegration parameter (Eq. (1), De Vito
et al., 2008)

Z; () specimen impedance before pulse

Z. () specimen impedance after pulse

o(@'mM specimen’s electric conductivity

oy @ m™ electric conductivity in disintegrated
specimen

o, @' 'm™ specimen’s electric conductivity before pulse

Introduction

Cooking or cookery is the process of preparing food for con-
sumption with the use of heat (Wikipedia 2015, term
“Cooking”). The aim of the cooking is to improve sensory
quality of cooked products mainly by adapting of their texture
to such a state that is savoury to a consumer. This result can be
reached by a combination and or superposition of the traditional
heating, thermal effects of electric current and microwaves
(Vollmer, 2004), and newly by application of the electric pulses.
The external pulsing electric fields (Tsong and Su, 1999, De
Vito et al., 2008, Vorobiev and Lebovka, 2010) are also able
to damage integrity of the cellular membranes. De Vito et al.
(2008) evaluated the state of cellular membranes after combined
thermal and pulse electric processing by a special parameter Z
(Lebovka et al., 2002), termed disintegration parameter. This
parameter is given by the actual value of the material’s electric
conductivity o. Z moves between 0 for material in the initial
untreated state with conductivity o, and 1 for materials with
totally disintegrated cellular membranes with conductivity o

o0y

7 =
04— 0y

(1)

In practical cases, o, was estimated by direct conductivity
measurement after a long and high electric pulse processing of
the tested material (De Vito et al. (2008) used 0.1-s long pulses
of intensity 1 kV/cm for apples). The disintegration effect of a
process is determined by parameters of the pulse procedure,
by temperature of thermal processing and also by time sched-
ule of the whole process (Vorobiev and Lebovka, 2008).

The important role of temperature as an external parameter
for living matter is generally known. Even if the knowledge of
partial processes caused by temperature variation is relatively
good (Garret and Grisham 2010, Gomez et al., 2004), there is
still a lack of information about details of the processes taking
part in living cells and tissues during their heating. Similarly
as in the tissues, the behaviour of cellular complexes has to be
studied by indirect methods, in which the characteristic states
are indicated. For such purposes, the methods of thermal anal-
ysis (Haines, 2002) are used, provided that specimens’ drying
due to increasing temperature is prevented or at least reduced
(Blahovec et al., 2012, Blahovec and Lahodova, 2012b).

@ Springer

Previous success of dynamic mechanical analysis (DMA) in
studies of thermally controlled changes in potato tuber
(Blahovec and Lahodova, 2012b, Ando et al., 2014) was an
inspiration for applying the DMA to carrot (Blahovec and
Lahodova, 2012a, Xu and Li, 2014). Whereas in potatoes
the main thermal effects were caused by starch transforma-
tions, the main thermal effects in carrot were caused by chang-
es in the cellular membranes related to the membrane’s pro-
teins denaturation.

The superposition of electric pulses and simple heating
procedures could form a new way in the culinary area and
the cooking technology. Every reduction of heating in any
food processing is a source of reductions in energy consump-
tion (Vollmer, 2004) as well as a source of reduction of food
component losses that are caused primarily by application of
higher temperatures (Leskova et al., 2006). This is important
mainly in fruits and vegetables where heating is followed by
losses of vitamins and further unstable important nutrients (De
Roeck et al., 2010, Leskova et al., 2006).

Carrot is a good model material for other vegetables; it can
serve as a testing medium for detection of changes caused in
vegetables by different modifications of food and/or cooking
technologies (Hiranvarachat et al. 2011, Lemmens, et al.,
2009, Xu and Li, 2014, Georget et al., 2002) and also by
application of electric fields (i.e. Leong and Oey, 2014) or
application of high pressures (Park et al., 2013, De Roeck
et al., 2010). Carrot belongs to vegetables for which the pulse
electric fields are of high interest (Lebovka et al., 2002).

In this paper, we use thermal analysis (DMA—dynamic
mechanical analysis and DETA—dielectric thermal analysis
(Haines, 2002)) for the study of the changes caused in carrot
by electric pulses. The aim of this paper is to find a tempera-
ture range suitable for the combination of pulse electric and
thermal methods in cooking of carrot.

Materials and Methods
Test Material

The carrot (Daucus carota, subsp. sativa, cv. Jereda) was cul-
tivated in the university farm. The harvested (August 2014),
selected, and damage free roots (diameter about 4 cm and
length about 15 cm) were washed and shortly stored in plastic
bags in a refrigerator (4 °C, 85 % relative humidity). For
adaptation to room conditions (temperature and humidity),
the roots selected for experiments were left at room tempera-
ture on the table and tested the next day.

Specimens

Rectangular specimens measuring 3.8 (width)x5.5 (thick-
ness)*35 (lengthymm with the long axis parallel to the root
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axis were cut from the myzoderma (outer part of the tested
roots) using special cutting jigs. From one root, four speci-
mens were prepared. Part of the specimens was treated with a
special pulsing test prior application of the thermal analysis;
the other part of the specimens was used for thermal analysis
without pulse processing. Complex impedance of specimens
was measured between two electrodes in a special fixing jig
(Fig. 1b, fixing jig) where the specimen’s cross section is
formed by its width multiplied by a part of its length
(20 mm) and the distance between electrodes is formed by
the specimen’s thickness.

Pulse Loading

Pulse loadings were performed using a special equipment
constructed for this purpose (for more details, see Smejkal
et al. 2011). Block scheme of the equipment is given in
Fig. laand its photo in Fig. 1b. The basic sinusoidal AC signal
with a frequency of 20 kHz was produced by a waveform
generator (in Fig. 1b denoted as generator). The obtained sig-
nal was modulated to have a form of one approximately rect-
angular alternated pulse (mean pulse amplitude termed as the
pulse height is the basic parameter, length 10 ms). The length
of the whole process was 160 ms; the field level outside the
pulse was below 30 V/cm. The process was directed by a
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Fig. 1 Pulse loading of the carrot specimens. a Block scheme of the
equipment: A4/D A/D converter, PC computer. b Photo of the equipment;
from the right side—pulse generator of rectangular pulses (generator
Agilent 33220A) with oscilloscope (Agilent DSO6014A), acoustic am-
plifier Mc Crypt SPA 600 with computer monitor and computer key-
board, box with electronic circuits inside and fixing jig (the jig was also

————

programmable microprocessor. The signal was amplified by
an acoustic amplifier (Fig. 1b), and the whole process was
directed by a computer using the programme means of
LabView 2009 (National Instruments). The described proce-
dure was motivated partly by limitations of the used instru-
ments and also by our aim to minimize heating of the tested
specimen during the pulse procedure.

The final signal was transformed to desired level and
conducted to electrodes in the fixing jig. The electric con-
tacts between conductors and specimen were improved by
weights about 0.1 kg. Typical voltage and current forms
of the pulse are given in Fig. lc. From the figure, it is
clear that the pulses are not fully rectangular; in the eval-
uation of our results we, used mean values of the pulse
amplitudes. The changes of specimen properties were de-
tected by the impedance measurements, prior and post the
pulse procedure (by an RLC meter—see Fig. 1b).

DMA Analysis

The DMA experiment was performed with a special DMA
instrument, constructed by RMI Company (Pardubice,
Czech Republic), model DX04TC with a single cantilever
fixing of specimens. The specimen was carefully mechanical-
ly fixed in two points (more details on fixing was given by

0.9
0.8
0.7
0.6
0.5 —~
04 =
0.3
0.2
0.1

0.05

used for fixing the specimens during DMA/DETA test), and RLC meter
Hameg 8118; ¢ Profile of the electric pulse that is used for pulsing
the carrot specimens; £ denotes electric field intensity and 7 electric
current; the curves denote amplitudes of the alternate signals of fre-
quency 20 kHz
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Kindl, 2014) so that the longitudinal axis was perpendicular to
the fixing jaws. The free length of the specimen between the
jaws was 10.8 mm. The height of the fixed specimen was
approximately 3.8 mm. One of the jaws was fixed and the
other moved up and down with a constant amplitude of
1 mm and a frequency of 1 Hz. The force connected with
the oscillation was recorded, being the basis for the complex
modulus determination. Every experiment started at a temper-
ature of 30 °C; the real part of the complex modulus of elas-
ticity (denoted as the storage modulus—SM) was denoted as
100 % at this temperature and further values of both compo-
nents were recalculated under this value. The imaginary part
of the modulus of elasticity was denoted as the loss modulus
(LS) in agreement with previous papers (e.g. Blahovec et al.,
2012). Alternatively, the measured module values were
expressed in ordinary physical units (i.e. Pa). Air humidity
in the test chamber was 90 % and was kept constant during
the whole experiment. The control of air humidity in the test
chamber was based on direct humidity measurement by a
special hygrometer as the basis for water vapour ejection into
the chamber. The humidity control system was supplied as a
part of the DMA model DX04TC. The temperature scan
proceeded up to 90 °C with the rate of 1 °C/min.

DETA Analysis

The DMA instrument was arranged for parallel measurement
of'the electric properties of the tested specimen either as a real
conductor (described by the complex impedance) or a real
capacitor (described by the complex permittivity); for details,
see Kindl (2014). The wave generator Agilent 33522 A work-
ing at a frequency of 10 kHz and voltage of 1 V was used as a
source in a serial circuit with the specimen and the standard
resistor 2.21 k2. Effective voltages on source, specimen, and
the standard resistor were measured continually, and the ob-
tained values were used to calculate both real and imaginary
values either of the specimen’s impedance or its permittivity
(for details, see Kindl, 2014). Similarly as in the DMA part,
the obtained complex values were expressed either by their
physical values (the relative permittivity by the dimensionless
numbers and the impedance in 2) or in percent of the values
measured at 30 °C (for the permittivity, it was its imaginary
part, and the impedance was based on its real part). The real
part of relative permittivity was termed also as the dielectric
constant (DP) and the imaginary part of the relative permittiv-
ity was denoted also as the dielectric loss factor (DL), and their
ratio DL/DP expressed the loss tangent.

Data Analysis
The obtained results were analysed using the standard labora-

tory software Origin®, OriginPro Ver. 7 (OriginLab,
Northampton, MA, USA). Measured data were smoothed by
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averaging of 5 adjacent points followed by differentiating the
smoothed data. The obtained data were classified and unified
into 1 °C wide classes. The outliers were identified by Tukey
outlier filter (Hoaglin et al., 1983) and filtered from data sets.
Y<(QI1-1.5I1QR) and Y>(Q3—-1.5IQR), where Q1 and Q3
were the first and third quartiles, respectively, and Y represents
the outlier. The interquartile range was calculated as follows:

IQR=(Q3-Q1).

Results and Discussion
Determination of the Pulse Level

The initial impedance of the tested specimens was 1761 and
1326 €2 for the real part and imaginary one, respectively, with
coefficients of variation of 16 and 14 %, respectively (n=70).
Change of both components after pulses is given in Fig. 2,
where the ratio of the resulting value (after 5 s and after 120 s)
and the initial value prior pulsing is plotted. The measured
values of impedance after pulses Z, could be described as a
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Fig. 2 Relative specimen impedance plotted against electric field
intensity in double pulse loading. The measured values are
approximated by the modified Fermi’s equation—Eq. (2). 5 s denotes
measurement just after the pulsing (5 seconds), /20 s denotes
measurements after 2 min after pulsing. Crossing lines denote
corresponding values of Ej in Eq. (2). a Real part of the impedance. b
Imaginary part of the impedance
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function of the pulse field intensity £ by a modified Fermi-like
function (e.g. Kittel, 2005):

4% 1 1]

R:_:)(,Jr(l—Xf)m 2

NN

where Z; is the initial impedance of specimen prior to the
pulses (see higher) and X,, k, and E, are parameters.
Parameter X, denotes a relative part of the impedance that
was not reduced by the pulses, & is related to sensitivity of
impedance to the pulse field, and £, is a characteristic Fermi-
like parameter, the value of field intensity corresponding little
more than one half of the maximal possible decrease.
Equation (2) fulfils two important solutions: for the zero E,
it gives 1 and for the infinite £, it gives X,.

The parameters of Eq. (2) are given in Table 1. The obtained
values depended on the measured values. For both imaginary
parts of impedance and later measured values (after 120 s) of
the real part of impedance, the parameters & were higher (i.e. the
tissue was more sensitive to the pulse intensity). The values of
Eyand X, were lower in later measurements and generally lower
for the imaginary part than the real one, expressing easier and
higher change of impedance in the cases with lower £, and X,
values. It denoted nontrivial relations between the internal
changes in carrot tissue and the physical mechanisms control-
ling both components of impedance. Moreover, the impedance
aftereffects, i.e. the time dependences of the measured values,
indicated the existence of some nonphysical processes in the
pulsed tissue (Gomez Galindo et al., 2008).

The obtained values of Ey close to 500 V/cm indicated that
the electric fields of such intensity were high enough to
change the internal structure of pulsed specimen so much to
be detectable by thermal analysis. This result is in agreement
with the results reviewed by Vorobiev and Lebovka (2008).
We selected the value 600 V/cm, a little higher than the £,
values, as a basic value for our experiments. We worked with
two kinds of specimens: the initial, without any pulse proce-
dure, and pulsed, with the above-described pulse procedure
with pulse field intensity £=600 V/cm.

DMA Plots

The temperature scans of the modulus of elasticity are given in
Fig. 3. Figure 3 shows a general decrease of elastic modulus
with increasing temperature. The module decreases were gen-
erally fluent. Some indications of irregularity were detected at
temperatures above 50 °C. The observed absolute values can-
not be interpreted as the precise ones because of some exper-
imental parameters that are not under control (inexact speci-
mens’ cross sections, inexact realization of the bending, etc.).
The important part of the DMA test is its reproducibility that
makes possible to compare results obtained with pulsed and
initial specimens. Figure 3 clearly shows that the data mea-
sured at pulsed carrot were lower than the corresponding ones
obtained at the carrot that was not pulsed prior to the DMA
test.

This difference was quantified by calculating and plotting
the ratio between parameters measured at both types of spec-
imens. The obtained results for both module components SM
and LM and their ratio LM/SM—it is termed loss tangent—
are plotted in Fig. 4. This figure shows that the whole temper-
ature scale can be divided into two parts: the first one, up to the
temperature approximately 71.5 °C (A), and the second one,
at the higher temperatures (B). In part A, the plotted ratios for
SM and LM increased with increasing temperature nearly
equidistantly: the slopes of lines used for approximation were
0.0041 and 0.0035 K, respectively. Loss tangent ratio was
then nearly constant in this part: about 1.2 (more exactly 1.19),
indicating that loss tangent of the pulsed specimens was about
20 % higher in part A than the loss tangent of the initial
specimen. The pulsed carrot was softer in this part than
the initial specimens. In part B, the differences between
pulsed and the initial specimens decreased and values of
the plotted ratios moved to 1: most clearly, it was given at
the loss tangent. We can understand that at temperatures in
part B, the changes caused by heating were so high that
the effects of the pulses were then hidden and/or overlap-
ped by the effects of the high temperature. The DMA
results are in agreement with our previous results

Table 1 Parameters of Eq. (2)

5s 120 s

Real Imaginary Real Imaginary
Parameters MV SE MV SE MV SE MV SE
k (cm/V) 0.0090 0.0015 0.0122 0.0023 0.0117 0.0019 0.0155 0.0042
Ey (Vicm) 552 23 537 19 486 15 485 19
X (-) 0.602 0.030 0.419 0.037 0.481 0.024 0.286 0.045
R* 0.760 0.604 0.590 0.389
*E=600 V/em

Ey (V/em), intensity of electric field—parameter of Eq. (2); K (cm/V), intensity of specimen impedance to pulse
field (Eq. (2)); MV, mean value; SE, standard error
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Fig. 3 Modulus of elasticity of 2
the specimens tested by DMA.
SM denotes storage (real part) and 1.8 1 ‘
LM loss (imaginary part) of the 16 L
complex modulus. Term initial ’
means specimens that were not ® 14 |
pulsed before the test. Bars in the %
figure denote standard error based =~ 1.2 4
on 40 experimental points at least 4
2 |
S
3
s 08 4
0.6
0.4 -
0.2
0
30

—o0—SM pulsed —A—SM initial

(Blahovec and Lahodova, 2012a) and results of the other
authors (Xu and Li, 2014).

DETA Data

The electric data are concentrated in Fig. 5. Figure 5a contains
measured values of the dielectric constant (the real part of the
relative permittivity), and Fig. 5b contains data for the imag-
inary part of the relative permittivity (the dielectric losses).
Whole data from Fig. 5 indicate also the above-mentioned
two temperature ranges: A at temperatures lower than approx-
imately 71.5 °C in which the changes of the parameters with
temperature were rather small and B for the higher tempera-
tures at which the parameters strongly changed with

1.4

40 50 60 70 80 90
Temperature (°C)

—@—LMpulsed —A—LM initial

increasing temperature. In the part B at temperatures higher
than cca 80 °C, some additional changes of the data can be
observed. The main difference between pulsed and initial
specimens consists in the higher values of all parameters that
were observed in pulsed specimens in comparison to the cor-
responding data obtained in initial specimens.

Similarly as at the DMA data, the ratios of the pulsed and
the initial data were calculated for the DETA test. The results
are given in Figs. 6 and 7. In Fig. 6, there are results for
permittivity components. The ratios are relatively stable for
the dielectric constant (denoted as DP in Fig. 6) at tempera-
tures lower than approximately 70 °C; this value is approxi-
mately 1.2. At higher temperatures, in part B, a decrease of
this value (B1) and some variation with the further small

12 |500006606800000600000505892262600005000u

0.8

0.6

04

0.2 4

o
000000000 008080
8XX <
gggg@@@ AA XAA

30 40 50

T T T

60 70 80 90

Temperature (°C)
otg ©SM ALM

Fig. 4 Ratio of initial DMA value measured at the same stage of the
temperature scan in pulsed and initial state. SM denotes ratio of storage
(real part) module, LM ratio of loss (imaginary part) module, and #g ratio
of loss tangents (ratio of loss and storage module). The thick line at
temperature 71.5 °C approximates the border between the basic parts of
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the temperature scale: A and B. In part A, the temperature plots are
linearly approximated: SM=0.00417+0.3395, R>=0.903, LM=
0.00357+0.4403,R*=0.843, tg=—0.00057+1.211,R*=0.123, where T
is temperature (°C)
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Fig. 5 The basic DETA data: temperature plots of the dielectric constant
(Fig. 5a) and dielectric loss (Fig. 5b). The bars denote standard errors,
Initial denotes results on the specimens without electric pulses, and
Pulsed denotes the results on the pulsed specimens. The thick line at
temperature 71.5 °C approximates the border between the basic parts A
and B of the temperature scale

increase (B2) was observed, too. More variability was ob-
served at ratios of DL (dielectric loss) and tg (loss tangent);
this variation was observed even at temperatures in part A.
The smoothing mechanism had to be used in this case to
obtain more clear data. Even if the ratios of DL and tg approx-
imately increased in the whole part A (up to approximately
71 °C), some smaller peaks were also observed inside of this:
at41.5,47.5,and 61.5 °C. These changes were much less than
the main change obtained on the border to the range B,

Fig. 6 Ratio of the data (see Fig. 5)
obtained in the tests on the pulsed
specimens and the initial ones
plotted against temperature. For
description, the following symbols
are used: DP dielectric constant, DL
dielectric loss, and #g ratio DL/DP
(loss tangent). The data were
smoothed by the mean values of the
three adjacent values. The thick line
at temperature 71.5 °C
approximates the border between
the basic parts A and B of the 0.5
temperature scale

Ratio: pulse/initial

approximately at 71 °C. In this place, there was observed
starting of a fall more than about 50 % to values little more
than 1, so that the data for the pulsed specimens were approx-
imately the same as the corresponding data for the initial spec-
imens (see Fig. 5).

We recalculated also the impedance values (Kindl 2014)
from the permittivity data and the calculated ratios of the cor-
responding values in the groups prepared with and without
pulses. The obtained results are plotted in Fig. 7. In this plot,
there is also a clearly visible border between the low temper-
ature (A) and the higher temperature range (B) of the temper-
ature scale, approximately at 71.5 °C where the total minima
of the plots are located. In the lower part of the temperature
scale (A), the values of the ratios approximately decreased,
whereas at higher temperatures, the plots were of increased
character at least in some fraction of the temperature scale (the
range B). Some additional characteristic points can be found at
the plots in Fig. 7 in both temperature parts. The values of both
ratios in Fig. 7 are lower than 1, so that both impedance com-
ponents in pulsed carrot were lower than the impedance of the
initial carrot tissue. The initial values of the ratios at 30 °C were
about 0.65 (real part) and 0.30 (imaginary part) in good agree-
ment with data in Fig. 2 at a field intensity of 600 V/cm and
time of 120 s after pulsing. Total minima of the plots at 71.5 °C
corresponded to the values 0.4 (real part) and 0.16 (imaginary
part). The maximal values at 80 °C were still less than 1: 0.72
for the real part of impedance and 0.52 for its imaginary part.

We try to estimate the disintegration parameter Z from
Eq. (1) for the whole tests; it could be expressed using the
impedances as follows:

7=z (3)

where the carrot impedances are used: z, for the initial state
before the tests, z for the evaluated state, and z, for the

—O0—DP —A—DL ——tg

T T T T T 1

40 50 60 70 80 90
Temperature (°C)
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Fig. 7 Ratio of the impedance data (calculated from the permittivity data
in Fig. 5) obtained in the tests on the pulsed specimens and the initial ones
plotted against temperature. Real component of the impedance is denoted
as real and the imaginary component is denoted similarly. The data were
smoothed by the mean values of the three adjacent values. The thick line
at temperature 71.5 °C approximates the border between the basic parts A
and B of the temperature scale. Scale B is divided into two subparts, B1
and B2

destructed state. The parameter z; was not determined in our
test, so that we will use the minimal observed value as an
estimation of it. Moreover, z measured at the actual tempera-
ture is put into Eq. (3) comparing it with the initial value z,
measured at room temperature. The resulting values are in
Fig. 8. Below approximately 71.5 °C, i.e. in temperature range
A, the parameter Z is relatively constant and below 0.01 for
specimens that were not electrically pulsed and in the range
0.08-0.17 for specimens previously pulsed in electric field. In
temperature range B, the parameter Z increased rapidly with
increasing temperature reaching more stable values at temper-
atures above 82 °C (close to 0.5 for specimens without pulsing
and above 0.85 for the pulsed ones).

Common Indications of DMA and DETA

We use the defined temperature ranges, A and B. Range B was
divided onto two parts: Bl (at temperatures between

1-

—©6—Pulsed —A—Initial

o©
©

Desintegration Parameter Z (-)

Temperature (°C)

Fig.8 Parameter Z from Eq. (1) calculated under Eq. (3). The impedance
of disintegrated tissue was estimated as the minimal observed value.
System of borders is the same as in Fig. 7
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approximately 71.5 and approximately 80 °C) and B2 (at tem-
peratures higher than approximately 80 °C)—see Fig. 7. The
border between ranges A and B is denoted by the thick lines in
Figs. 4, 5, 6, and 7. Part B1 is a part of the temperature scale,
where the differences caused by pulsing are reduced (Figs. 4, 6,
7, and 8). The differences between values measured in the pulsed
specimens and the initial ones were minimized in part B2 where
for mean values of parameters in Fig. 4 were obtained 0.87, 0.82,
and 0.94 for SM, LM, and LM/SM, respectively. Coefficient of
variation was less than 2.5 % in all cases. Similarly for the elec-
trical measurements, the values 0.66 and 0.44 were observed for
ratios of real and imaginary impedance parts, respectively.

The trends of changes and the range structure given by
DETA and DMA are the same. The range A conserves the
changes made by the electric pulses prior the DMA test and/or
the DETA test. Part B1 can be classified as the temperature
part in which new big changes at least partly reduce the chang-
es caused by the previous pulse procedures. Most observed
results can be explained by increasing permeability of the
cellular membranes that is followed by decreasing intracellu-
lar pressure (Blahovec and Lahodova, 2011). The permeabil-
ity of cellular membranes was increased either by electric
pulsing or standardly by heating the tissue in temperature
range B, mainly in part B1. In part B2, the process of increas-
ing the membrane permeability stagnated, probably due to
exhausting the potential sources followed by some alternative
mechanisms. Trying to keep some pulse effects in carrot and/
or in the other vegetables, the critical temperature between the
ranges A and B should not be exceeded.

Result Applications

The superposition of short electric pulses prior to the heating
and the heating in part A is a form of a low-temperature
cooking of carrot and similar vegetables. The electric pulses
caused an initial long time decrease of the tissue texture (in the
form of an elastic module that is represented by a 50 % de-
crease in 2 min after pulsing), and the further decrease was
caused by the following heating (Peng et al., 2014, De Roeck
et al., 2010, Kidmose and Martens, 1999). Some part of a
pulsed tissue is “opened” by the pulses. The level of damage
should be higher than parameter Z (Fig. 8), i.e. =10 %. This
value is under our view underestimated because the parameter
z4 and also z was not determined correctly and they were
estimated by a value that was obtained in different conditions
at high temperatures. A more realistic value can be obtained
from ratio i of real part of the electric impedance in Fig. 7. The
degree of the damaged cellular membranes d in the pulsed
tissue is then given as d=1—1i, and this is in our case =35 %.
Similarly as the texture, also cell opening has a long time
character and it is stable in the whole temperature range A
(Figs. 5, 6, 7, and 8). The heating that could be termed as a
low-temperature blanching (Lemmens et al., 2009) forms a
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part of the procedure necessary for stabilization of the product
(Lemmens et al., 2009, Leong and Oey, 2014). The combina-
tion of short electric pulses with the low-temperature heating
should be energetically more efficient than the classical long
time cooking at high temperatures. The optimal combinations
of different pulse regimes and the low-temperature cooking
should be analysed in further research.

Conclusions

The texture of carrot decreases after electric pulsing at room
temperature; in our case, one 10 ms AC pulse (frequency,
10 kHz) with a field intensity of 600 V/em caused a 50 % de-
crease of elastic module. This level of applied pulses causes a
decrease of the real component of electric impedance about 35 %
indicating strong damage of cellular membranes. The changes
caused by pulsing are stable during the heating scan in temper-
ature range A up to about 70 °C. Above this temperature in range
B, both mechanical parameters (DMA) and electrical parameters
(DETA) indicate further destruction of the cellular structure.

Comparing the effects of electric pulsing in the temperature
range A and heating in the temperature range B, we can see
nontrivial similarity between them. We can term both proce-
dures as cooking of carrot with the first step in the temperature
range A (electrical pulsing) and the second step in range B
(traditional heating). Both steps can have a lot of different
modifications that could be studied separately.
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