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Abstract
The effect of heating duration and applied voltage were investigated on heat and mass transfer of the ohmic blanching mushroom.
The drying kinetics and energy consumption of blanched/control samples were studied in a microwave dryer. Results showed that
the mass loss during ohmic blanching depended on heating duration and applied voltage. Variation of electrical conductivity of
mushroom was calculated using basic model and validated by the first law of thermodynamics (energy balance). The electrical
conductivity of mushroom, water, and mixture increased with increasing temperature. At high voltage and longer heating
duration, the blanched mushrooms dried faster than un-blanched mushroom while the drying of both samples occurred in a
falling rate period. Moisture diffusion for blanched samples varied in the range of 4.23–6.08 × 10−7 m2/s while it was 4.22 ×
10−7 m2/s for the control sample. Blanched sample at low voltage and heating duration consumed the minimum total energy
during the drying process.

Nomenclature
A Surface contact between mixture and electrode (m2)
AC Surface area of convective heat transfer (m2)
b Length of a characteristic mushroom (m)
Cp Specific heat capacity (J/kg.K)
Cp,m Specific heat capacity of mushroom (J/kg.K)
Cp,w Specific heat capacity of water (J/kg.K)
Deff Effective moisture diffusivity (m2/s)
Emic Microwave energy consumption (J)
Eoh Specific energy consumption for ohmic blanching

(J/kg fresh sample)
Et Total specific energy consumption (J/kg fresh

sample)
h Convective heat transfer coefficient (W/m2.K)
I Current (A)
L Gap between electrodes (m)
m Mass (kg)
M.C Moisture content (%, wet basis)
m0 Mass of fresh mushroom (kg)

mb Mass of blanched mushroom (kg)
ML Mass loss of sample (%)
MR Moisture ratio (−)
mt Mass of sample at any time (kg water/kg dry matter)
mw Mass of water in ohmic cell (kg)
N Number of observations
P Microwave power (W)
Qloss Density of power loss (W/m3)
r Radius (m)
R2 Coefficient of determination
RMSE Root mean square error (−)
T Temperature (°C)
t Time (s)
T∞ Ambient temperature (°C)
Tc Center temperature of the cap or stem

mushroom (°C)
TH Temperature homogeneity (−)
Tm Temperature of mushroom (°C)
Toh Temperature of the ohmic cell
Ts Surface temperature of the cap or stem

mushroom (°C)
Tw Water temperature (°C)
u Volume (m3)
uc Volume of the ohmic cell (m3)
um Volume of mushroom samples (m3)
uw Volume of water (m3)
V Applied voltage (V)
X0 Initial moisture content (kg water/kg dry matter)
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Xe Equilibrium moisture content (kg water/kg
dry matter)

Xt Moisture content at any time (kg water/kg
dry matter)

Y Uncertainty
z Independent variable
λi ith root of the Bessel function
ρm Mushroom density (kg/m3)
ρw Water density (kg/m3)
σ Electrical conductivity (S/m)
σexp Experimental electrical conductivity (S/m)
σm Electrical conductivity of mushroom (S/m)
σmix Electrical conductivity of the mixture (S/m)
σpre Predicted electrical conductivity (S/m)
σw Electrical conductivity of water (S/m)
φ Volume fraction of mushroom in the mixture (−)
∇V Electrical field strength (V/m)
Subscripts
w Water
mix Mixture
m Mushroom

0 Initial

1 Introduction

The current industrial process for blanching of vegetables,
which is still based on the conventional hot water, involves
the immersion of the fresh product for a prescribed time into
hot water kept at a constant temperature [14, 27, 35]. This
technique is limited due to the low heat penetration rate into
the center of the large vegetables that may provide undesired
softening of the products [14].

Ohmic treatment is one of the electron heating methods
based on the passage of electrical current through a food prod-
uct having electrical resistance [16, 36]. The electrical energy
is converted to heat while the amount of heat generated
through the food product is directly related to the voltage
gradient and the electrical conductivity [6, 34]. Ohmic heating
as an alternate processing method has shown to yield foods
with higher quality compared to the conventional heating.
This difference is mainly due to its ability to heat materials
rapidly and uniformly leading to a less aggressive thermal
treatment [1, 4, 13]. Xin et al. [43] reported that novel thermal
blanching methods such as ohmic heating provide rapid and
uniform heating, reduce the loss of soluble nutrients, and min-
imize thermal damage compared to conventional hot water
blanching.

Sensoy and Sastry [35] investigated the effect of waveform
and frequency on ohmic blanching of mushroom (mushroom/
water ratio: 1:30) and found that the frequency (1–100 Hz)
and waveform (sinusoidal, square, and triangular) did not af-
fect the weight loss during ohmic blanching. Allali et al. [2]

studied the effect of blanching by ohmic heating on the kinet-
ics of osmotic dehydration of strawberries and found that
ohmic heating increases drastically the mass transfer and the
effective diffusion rates during osmotic dehydration of straw-
berries. In another study, Allali et al. [1] investigated the effect
of blanching duration by ohmic heating on the osmotic dehy-
dration behavior of apple cubes and reported that ohmic
heating enhances mass transfer. Sarang et al. [31] developed
the ohmic blanching method as a pretreatment method to im-
prove uniformity the heating of solid-liquid food mixtures.
They reported that particles and liquid in the mixture heat at
rates depending on relative conductivities of the phases and
the volume fractions of the respective phases.

Farahnaky et al. [13] investigated the effects of ohmic
blanching on the kinetics of textural softening of cylindrical
pieces of carrot roots, red beet, and golden carrots compared
with that of hot water and microwave blanching. They report-
ed that ohmic heating resulted in greater softening rates and
weight losses and considerably less firm products than those
blanched with either hot water or microwave blanching
methods.

Icier [15] studied the effect of ohmic blanching as a pre-
treatment method of fluidized bed drying of artichoke and
found that dried ohmic-blanched artichoke byproducts had
higher total phenolic contents and fresh-like green color
values than the conventional blanching. Guida et al. [14] re-
ported that the losses in both protein and polyphenolic content
of artichoke heads in conventional hot water blanching sam-
ples are greater than those measured in samples pre-treated by
ohmic blanching. Icier et al. [17] showed that the ohmic
blanching increased the quality parameters of pea puree than
the water blanching. Ohmic blanching of root vegetables of
carrot, red beet, and golden carrot resulted in greater softening
rates. Moreover, the final hardness of the samples treated by
ohmic heating was significantly lower than those of other
samples treated by either conventional or microwave
blanching method [13]. The literature review showed that
the hot-air drying rate of vegetable tissue was accelerated with
ohmic heating pretreatment [23, 41, 45]. Because ohmic
heating accelerates moisture loss, it could have important
commercial uses. Thus, further research is needed to elucidate
mass transfer mechanisms during ohmic heating is important.

The electrical conductivity behavior depends to a large ex-
tent on whether a cellular structure exists within the material,
the fiber orientation, and the size and shape of the solid food
[24, 33]. The electrical conductivity of mushroom was mea-
sured by sandwiching samples between two electrodes in a
closed compartment. The mushroom was compressed to fill
the fuel cell and fully cover the electrodes of the ohmic cell.
By this means, the porous structure of the mushroom has
changed and the electrical conductivity of the material may
be affected. On the other hand, several studies have been con-
ducted to evaluate the pretreatment such as hot water and
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osmotic on drying of mushroom. However, there is no infor-
mation regarding the effect of ohmic pre-treatment on the
drying kinetics of mushroom in the literature.

This article shows an investigation on ohmic heating as a
method for mushroom blanching and ohmic blanching as a
pre-treatment technique for mushroom microwave drying.
Also, the variation of heat and mass transfer, electrical con-
ductivity, drying kinetics, and energy consumption during
ohmic blanching and blanching-microwave drying of mush-
room were determined under different conditions of duration
blanching and applied voltage.

2 Materials and methods

2.1 Experimental material

Fresh white button mushrooms were obtained from Vartash
mushroom farm, Gorgan, North of Iran. The samples were
washed with tap water to remove dirt. The moisture content
of mushroom was determined by heating in a drying oven at
103 °C for 24 h [10] and obtained 13.71 kg water/kg dry
matter (or 93.2 ± 1.5% wet basis).

2.2 Ohmic blanching experiments

The ohmic heating system (Fig. 1) used in this study consists
of a rectangular glass cell (length: 11 cm, width: 8 cm, height:
15 cm), two 30 6 L stainless steel electrodes (2 mm thickness)
with a 11 cm gap between them, a power analyzer (Lutron
DW-6090, Thailand), a voltage-regulating transformer (1 kW,
0–320 V, 50 Hz, MST - 3, Toyo, Japan), three K-type thermo-
couples (Teflon-coated), and a microcomputer. Power analyz-
er had a ± 1% accuracy 0.1 V resolution for voltage measure-
ment and ± 1% accuracy and 1 mA resolution for electrical

current measurement. One of the thermocouples was placed
in the center of a mushroom stem (Fig. 1), the second thermo-
couple was placed in the center of the mushroom cap, and the
other thermocouple was placed in the geometric center of the
ohmic cell to measure of mixture temperature. Thermocouples
were connected to the microcomputer by a multi-channel ther-
mometer (TESTO 735–1, Germany) with a 0.1 °C resolution
and ± 0.3 °C accuracy. The ohmic heating process was per-
formed at voltages 90, 120, and 150 V [16, 29, 30, 38] under
different duration heating 5, 10, and 15 min. In each exper-
iment, about 54.77 ± 6.23 g of mushroom and 600 g water
was used. The tap water with little removable ionic concen-
tration has a very low electrical conductivity even under high
voltage gradient. Due to this effect, the temperature of the
water was raised slowly. In order to increase the electrical
conductivity of tap water, about 1% salt (NaCl) was added
to the mixture. Current, voltage, and temperature data were
recorded at 1 s intervals during heating and monitored in the
microcomputer. After the ohmic heating process, mushroom
samples were moved from the water for measuring the mass
changes in using a digital balance (A&G, GF-600, Japan) with
a ± 0.01 g accuracy.

2.3 Microwave drying process

After cooling the ohmic blanched samples, they were trans-
ferred to the microwave dryer. Microwave drying experiments
were carried out in a domestic digital microwave oven (M945,
Samsung Electronics Ins) with the technical feature of 230 V,
50 Hz, and 1000 W. The moisture from oven chamber was
removed with magnetron fan by passing it through the open-
ings on the right side of the oven wall to the outer atmosphere.
To evaluate the effect of ohmic pretreatment on the drying
kinetics, experiments were performed for both non-blanched
(as control group) and blanched mushrooms at only 900 W

Fig. 1 Schematic diagram of
ohmic heating apparatus

Heat Mass Transfer (2018) 54:3715–3725 3717



microwave power levels. In order to cover the entire in of the
microwave tray by mushroom, about 164.77 ± 9.67 g of fresh
mushroom was selected to blanch process in each experiment
of drying. Samples were divided into three parts of 54.77
(±3.22) g and the blanching process was performed. After
blanching of fresh mushroom, the samples were allowed to
cool and then the surface water was taken by absorbent paper.
Samples were spread uniformly in trays and trays were put in
the dryer. Mass losses of samples were recorded at 2-min in-
tervals by removing the samples from dryer using a digital
balance of ±0.01 g accuracy. Drying process was stoppedwhen
the moisture content of the samples was about 10% ± 1.5
(w.b.). The moisture content at any time in drying experiment
was calculated by (Jafari et al. 2015; [38]):

Xt ¼ 1þ X0ð Þ �m0

mt
−1

� �
ð1Þ

where mt and Xt are the mass (kg) and moisture content (kg
water/kg dry matter) of sample at any time of drying, respec-
tively, and m0 and X0 are the initial mass (kg), and moisture
content (kg water/kg dry matter) of sample (kg water/kg dry
matter), respectively.

2.4 Temperature homogeneity

Temperature homogeneity cap and stem of mushroom during
ohmic heating were determined by the ratio of the center tem-
perature to the surface temperature at each time interval as
follows [3]:

TH ¼ Tc

Ts
ð2Þ

where TH is the temperature homogeneity (dimensionless)
and TC and Ts are the center and surface temperature (°C) of
the cap and stem mushroom, respectively. It should be noted
that the surface temperature is identical with the water tem-
perature in the mixture of water/mushroom.

2.5 Mass loss

The mass loss of mushroom samples is defined by the follow-
ing equation:

ML ¼ 100� mb−m0

m0

� �
ð3Þ

where ML is the percentage of mass loss (%), mb is the final
mass of blanched mushroom (kg), and m0 is the mass of fresh
mushroom (kg).

2.6 Modeling of electrical conductivity

The electrical conductivity of the mixture was calculated as
follows:

σmix ¼ IL

VA
ð4Þ

where σmix is the electrical conductivity of the mixture (S/m),
I is the current (A), V is the voltage (V), L is the distance
between electrodes (m), and A is the surface contact between
mixture and electrode (m2).

According to the previous works such as those of
Engchuan et al. [11], Jiang et al. [19], Marra et al. [26],
and Kanjanapongkul [21], the electrical conductivity-
temperature relationship of each part in mixture of solid/
liquid can be calculated using the basic model assuming
that the electrical field was uniformly distributed inside the
mixture (|∇V|l = |∇V|s). In this study, the basic model was
used in cases of excluding the convective heat transferred
between the mushroom samples and surrounding water as
follows [11]:

For mushroom:

ρmCp;m
TtþΔt−Tt

Δt

� �
m

¼ ∇Vj j2σm ð5Þ

Tm ¼ Tcap þ Tstem

2
ð6Þ

The specific heat capacity of mushroom calculated as fol-
lows [37]

Cp;m ¼ 1021:7þ 24:7 M:Cþ 9:2Tm T≤70°C; 10 ≤ M:C ≤ 90%w:b:
3980 70 < T≤100°C; M > 90%w:b:

�

ð7Þ

For surrounding water:

ρwCp;w
TtþΔt−Tt

Δt

� �
w

¼ ∇Vj j2σw ð8Þ

ρw ¼ 1000 − 0:069T − 0:003T2 0≤T≤100°C ð9Þ

Cp;w ¼ 4190 − 0:660T−0:009T2 20≤T≤100°C ð10Þ

where Cp is the specific heat capacity (J/kg.°C), T is the tem-
perature (°C), ρ is the density (kg/m3),∇Vis the electrical field
strength (V/m), σ is the electrical conductivity (S/m), and
subscripts of w and m indicated the water and mushroom
samples, respectively. The density of fresh mushroom is con-
sidered as 1300 kg/m3 [18].

The basic model was validated indirectly from the electri-
cal conductivity of the mixtures. The experimental values of
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the mixture electrical conductivity were determined using Eq.
(4), while the values of the electrical conductivity of the

mixture were predicted based on the first law of thermody-
namics (energy balance) as follows [11]:

| V| σ = φρ C ,

T ∆ − T

∆t
+ (1 − φ)ρ C ,

T ∆ − T

∆t

∞

ð11Þ

φ ¼ um
um þ uw

¼ mmρw
mmρw þmwρm

ð12Þ

where φ is the volume fraction of mushroom in the mix-
ture (dimensionless), u is the volume (m3), m is the mass
(kg), Qloss is the density of power loss (W/m3), h is the
convective heat transfer coefficient between ohmic cell
wall and ambient temperature (28 W/m2.K) [5], AC is
the surface area of convective heat transfer in ohmic cell
(0.0264 m2), uc is the volume of ohmic cell (0.00132 m3),
um is the volume of mushroom samples (m3), uw is the
volume of water (m3), T∞ is the ambient temperature (23
± 1.5 °C), and Toh is the temperature of ohmic cell (°C).
Then, Eq. (11) can be rewritten as follows:

σmix ¼ φσm þ 1−φð Þσw þ Q̇Loss

∇Vj j2 ð13Þ

The fitness of the basic model was evaluated by comparing
the modeled mixture electrical conductivity (Eq. 13) and the
experimental data (Eq. 4). The coefficient of determination
(R2) and root mean square error (RSME) of estimate were
calculated to determine the basic model performance. The
RMSE parameter can be calculated as:

RMSE ¼ 1

N
∑
N

i¼1
σmix;pre;i−σmix;exp;i

� �2� �1=2 ð14Þ

where σmix, exp , i and σmix, pre, i are experimental and predicted
electrical conductivities (S/m), respectively, and N is the num-
ber of observations. Higher R2 and lower RMSE values indi-
cated a better fit of the experimental data to the model.

2.7 Moisture diffusivity (drying)

The effective diffusivity of moisture was determined based on
the change of moisture in mushroom (defined as moisture

ratio) during the drying process and the solution of Fick’s
law for mushroom as follows [40]:

MR ¼ Xt−Xe

X0−Xe
¼ 8r2

b2
∑
∞

i¼1
∑
∞

j¼1

1

λ2i β
2
j

exp − λ2i þ β2
j

	 
 Deff t

r2

� �

ð15Þ

where MR is the moisture ratio (dimensionless); Xe is the
equilibrium moisture content (kg water/kg dry matter); Deff

is the effective moisture diffusivity (m2/s); r is the radius and
b is the length of a characteristic mushroom (m); t is the drying
time (s); and λi is i

th root of the Bessel function (2.405, 5.520,
8.654,…) of zero order, i = 1, 2, 3, and

β j ¼
2j−1ð Þπr
2b

; j ¼ 1; 2; 3;…… ð16Þ

The equilibrium moisture content of mushroom was as-
sumed to be equal to zero during microwave drying (Togrul,
2006). For long drying times (MR < 0.6), when a and r are
small and t is large, only the first term of the series solution is
used. Then, Eq. (16) can be reduced to:

ln MRð Þ ¼ ln
32

π2λ21

 !
− λ21 þ β2

1

� � Deff t

r2
ð17Þ

Thus, λ1 = 2.4048 for Eq. (17).
From Eq. (17), a plot of ln(MR) versus drying time would

result in a straight line with slope:

Slope ¼ λ21 þ β2
1

� � Deff

r2
ð18Þ

Deff ¼ Slope� r2

λ21 þ β2
1

ð19Þ
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2.8 Energy consumption

The energy consumption during ohmic blanching of mush-
room samples was calculated from the following equation
[6]:

EOh ¼ ∑VIΔt
m0

ð20Þ

where EOh is the specific energy consumption during ohmic
blanching (J/kg fresh sample), m0 is the mass of fresh sam-
ple (kg), and t is the drying time (s).

The total energy consumption is equal to the sum of ohmic
heating and microwave energies as follows:

Emic ¼ P� t ð21Þ

Et ¼ Emic þ ∑VIΔt
mf

ð22Þ

where Et is the total specific energy consumption (J/kg
fresh sample), Emic is the energy consumption by micro-
wave dryer (J), P is the microwave power (W), and t is the
drying time (s).

2.9 Uncertainty analysis

The uncertainty analysis is necessary to prove the accuracy of
the experiments. During measurement and calculation of the
parameters, the uncertainties occurring were determined using
the following equation and presented in Table 1.

Y ¼ ∂F
∂z1

y1

� �2

þ ∂F
∂z2

y2

� �2

þ⋯þ ∂F
∂zn

yn

� �2
 !0:5

ð23Þ

2.10 Statistical analysis

All the obtained data were expressed as mean and standard
deviation values from three replicate measurements for differ-
ent blanching conditions. The comparison of the results was
made to analyze the effect of duration ohmic blanching and
applied voltage on selected properties by using ANOVA and
post hoc (Duncan) tests at the 5% significance level (p ≤ 0.05).
The statistical evaluation was performed using SPSS V.18
software.

3 Results and discussion

3.1 Heat and mass transfer during ohmic blanching

Variations of temperature for mushroom (stem and cap)
and water are shown in Fig. 2. When samples were heated
at higher voltage gradient, increased input energy would
increase the activity of water molecules and ionic sub-
stances resulting in a higher heating rate [6, 16, 32]. At
first heating period, the temperature of the water is higher
than that of the mushroom until 60–65 °C than the tem-
perature of mushroom increased with a higher heating rate
for all voltages applied. After a warming-up period and
reaching the maximum temperature, sample temperature
gradually remained constant during evaporation for the
high voltages 120 and 150 V. While heating process with
90 V, the warming-up period is long (≥15 min) and thus
no evaporation process was observed. Temperature homo-
geneity of cap/stem of mushroom samples is presented in
Fig. 3. As can be seen from Fig. 3, the temperature of
samples (cap/stem) not uniformly changed during the
warming-up period. Temperature homogeneity varied be-
tween 0.62 and 1.27 before starting evaporation of mix-
ture water. This variation is due to different size/texture of
cam and stem of mushroom samples, which causes differ-
ent heating rate in cap/stem of the mushroom.

Changes in the mass of samples are presented in Table
2 as the mass loss percentage. The results indicate that the
mass transfer in mushroom samples depended strongly on
the voltage applied and duration heating (p < 0.05).
During a 5 min heating period, the mass of mushroom
increased due to absorption of water. However, with in-
creasing the applied voltage, the value of absorbed water
was reduced. After a 10-min heating process, samples
heated at low voltage (especially 90 V) were still absorb-
ing water, while the samples heated with high voltage
gradient were in water disposal state and reducing mass.
Finally, it was observed that water disposal started after
15 min heating period for samples heated with 90 V. At
5 min initial heating process, the mass of sample

Table 1 Uncertainties in the measurement and calculation of
parameters during blanching and drying of white mushroom

Description unit Estimated uncertainty

Mass loss measurement g ±0.5

Moisture quantity measurement g ±0.0141

Drying time measurement s ±0.141

Current measurement A ±0.1

Temperature measurement °C ±0.02

Relative humidity of air % ±0.141

Moisture ratio % ±0.51

Voltage measurement V ±0.1

Moisture diffusivity % ±0.1–0.2

Electrical conductivity S/m ±0.141

Uncertainty in reading values of table % ±0.1–0.2
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increased about 0.42–9.58% while the mass loss of varied
between 9.82–34.04% after a 15-min heating process.

3.2 Electrical conductivity

Figure 4a presents the experimental electrical conductivity
of mixture (Eq. 4) as a function of average temperature.
As can be noted, the electrical conductivity of mixture
increased with temperature. A similar trend was observed
by Assiry et al. (2010), Sakr and Liu (2014); Darvishi et
al. [8], Icier et al. (2008), Sarang et al. (2008), and
Darvishi et al. [6]. Also, the calculated electrical conduc-
tivity of mushroom and water increased with a tempera-
ture rise (Fig. 4b). Researchers have explained the in-
crease in the electrical conductivity values with tempera-
ture via the reduced drag for the movement of ions [12,
16, 38]. This phenomenon occurs because of structural

changes in the tissue-like cell wall protopectin break-
down, the expulsion of non-conductive gas bubbles, and
softening and lowering in aqueous phase viscosity.

The electrical conductivity of mushroom, water (+1%
NaCl), and mixture (water/mushrooms) varied within a
range of 0.29–1.31 S/m, 0.18–0.58 S/m, and 0.24–0.68 S/
m, respectively. The electrical conductivity values of the
food material were within the general ranges of 0.01 to
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Fig. 3 Temperature homogeneity of cap and stem of mushroom samples
during ohmic heating

Table 2 Mass loss percentage of mushroom samples at different
heating conditions

Voltage (V) Blanching duration (min)

5 10 15

90 −9.52(±4.20)* −8.72(±2.73) 9.82(±1.83)

120 −9.81(±2.55) 0.93(±0.91) 31.71(±2.54)

150 −0.42(±3.66) 29.14(±2.08) 34.05(±3.03)

*Negative values mean increased mass of mushroom samples
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Fig. 2 Temperature profiles for different parts of mixture mushroom/
water
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10 S/m for biological materials [9, 44]. Sensoy and Sastry
(2004) found that the electrical conductivity of mushroom
and mixture of mushroom/water during ohmic heating var-
ied with the range of 0.5–1.4 S/m and 0.25–0.70 S/m, re-
spectively. From the electrical values, the electrical conduc-
tivity of mushroom is higher than that of the mixture. Also,
it was observed that the applied voltage in study range (90-
150 V) did not significantly affect the electrical conductiv-
ity of mushroom, water, or mixture. The results are gener-
ally in agreement with some of the literature on the ohmic
heating of various food products [4, 12, 16].

Validation of the basic model was confirmed by com-
paring the predicted electrical conductivities using Eq.
(13) with the measured electrical conductivity (Eq. 4) at
different heating conditions. Fig. 5 shows the plot be-
tween the predicted and experimental values of the mix-
ture electrical conductivity. A good agreement was ob-
served between experimental and predicted electrical con-
ductivity values, i.e., the data generally banded around the
straight line on the plot. These results are confirmed by their
high values of R2 (≥0.9799) and low values of RMSE
(0.01098, 0.01327, and 0.04860 for 90, 120, and 150 V, re-
spectively). Overall, it can be said that the measured electrical
conductivity of mushroom in a mixture using basic model is
acceptable. The result of this work was in agreement with the
report of Jiang et al. [20] and Marra et al. [26], which reported
that basic model has a high accuracy in estimating the
temperature-electrical conductivity relationship. The

relationship between average values of electrical conductivity
and temperature can be represented as:

σð Þave ¼
0:0122Tm þ 0:0153 R2 ¼ 0:9909 mushroom
0:0057Tw þ 0:0596 R2 ¼ 0:9878 water
0:0054Tmix þ 0:1435 R2 ¼ 0:9935 mixture

8<
:

ð24Þ

3.3 Mass transfer during microwave drying

Due to different behavior of the mushroom during ohmic
blanching, the mass of samples input to the microwave oven
was different, as presented in Table 3. The average moisture
content of the blanched and control mushrooms as a function
of drying time is presented in Fig. 6. As can be clearly seen,
most of the initial moisture was lost within the first few mi-
nutes of the drying time because energy absorption in micro-
wave drying process depends on the moisture content of the
material. Samples with a higher moisture content absorbed
more energy and the heat generated within the sample created
a larger vapor pressure difference between the center and the
product surface (Wang and Sheng, 2006; [22]) and thus accel-
erated the interior moisture migration and increased surface
water evaporation. Fig. 6 presents that there is no significant
difference between drying rates of blanched samples at 5 min
and 10 min duration and control sample because the moisture
content of mushroom samples is equal at any point of time
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during drying (after initial drying phase). Results showed that
the blanching pretreatment at 5 min (for all applied voltage)
and 10 min duration (for 90 and 120 Vapplied voltage) has no
significant effect on drying time.

The values of effective diffusivity obtained by using Eq.
(19) and the estimated values are presented in Table 4. It is
evident from Table 4 that the moisture diffusion for blanched
and control samples varied within the range of 4.23–6.08 ×
10−7 m2/s and 4.22 × 10−7 m2/s, respectively. These values fell
within the normally expected range of Deff (10

−12 to 10−7 m2/

σmix,exp = 0.9946σmix,cal - 0.0088
R² = 0.9994

RMSE = 0.01098
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Fig. 5 Correlation between experimental and calculated values of
electrical conductivity of the mixture
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Fig. 6 Variation of the moisture content blanched/control mushroom
samples in microwave dryer

Table 3 Mass of mushroom samples (g) before blanching (fresh sam-
ples) and after blanching (input to microwave oven) that used in micro-
wave drying process

Conditions Blanching duration (min)

5 10 15

90 158.21(172.94*) 176.51(191.52) 176.99(159.43)

120 159.63(175.19) 166.02(164.56) 169.69(115.82) `)

150 147.20(148.27) 167.18(118.81) 157.46(103.87)

Control 159.44

*Values inside parenthesis are expressed after ohmic blanching
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s) for food materials [7]. As can be seen, the difference be-
tween the moisture diffusivity of the control sample and
blanched samples at high applied voltages and duration
blanching is high. The obtained values of Deff from this study
are comparable with the reported values of 2.99–9.15 ×
10−8 m2/s for pre-treated and 1.045–3.68 × 10−8 m2/s for con-
trol apple pomace in microwave drying [42]; 0.2–2.9 ×
10−8 m2/s and 0.2–2.1 × 10−8 m2/s for blanched and
unblanched mushroom, respectively, in convective dryer
[28]; and 4.86–11.0 × 10−7 m2/s for Panax notoginseng ex-
tract in vacuum belt drying [25].

3.4 Energy consumption

Table 4 shows the energy needed for blanching of mushroom
under different conditions. As can be seen, the energy con-
sumption increased with increasing of applied voltage and
duration of blanching. At the same duration, energy consump-
tion of low voltage, 90 V, is 3.8–5.3-fold lower than the 120 V
applied voltage. One reason may be that the input energy to
the system at higher voltage is more than the lower voltage for
same duration heating and resulted in the increase in energy
consumption [6, 38].

Variations of total specific energy consumption during the
drying process of blanched and control mushroom samples
are shown in Table 4. Form these data, the specific energy
consumption for dying of blanched samples processed at high
voltage and longer duration heating is higher than the samples
blanched in low voltage and duration time. The reason for this
trend can be due to values of disposal and water absorption
during ohmic blanching process because the amount of energy
absorbed in microwave dryer depends strongly on the mois-
ture content of material [7, 39]. Blanched samples at high
voltage and duration heating had low values of moisture con-
tent. Thus, absorption of the microwave energy decreased and
energy consumption increased although drying time is lower
under these conditions. According to these results, it can be
stated that the effect of initial moisture content on the specific
energy consumption is more than that of the drying time.
Compared to controls, samples blanched at low heating

voltage and duration consumed less energy while samples
blanched at high voltage and duration consumed more energy.
Minimum specific energy consumption was found as
3.48 MJ/kg fresh mushrooms for blanched samples at 90 V
and 5 min duration heating.

4 Conclusion

Ohmic blanching process and effect of ohmic blanching as a
pretreatment on microwave drying kinetics of white button
mushroomwere studied. The result showed that the blanching
duration and voltage had a significant effect onmass loss, heat
transfer, variations of electrical conductivity, and energy con-
sumption during blanching process. The electrical conductiv-
ity of mushroom was calculated using basic model and vali-
dated by the first law of thermodynamics (energy balance).
Blanching samples at high applied voltage/duration blanching
resulted in an increase in moisture diffusivity and a decrease in
drying time while blanching process at low voltage and dura-
tion heating did not affect drying kinetics of mushroom. The
minimum energy consumption was found as 3.84MJ/kg fresh
mushrooms for blanched samples at a low voltage and dura-
tion blanching (i.e., 90 V and 5 min, respectively).

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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