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Eggplant has a short shelf life due to its high moisture content
and softening of the tissue during storage. Therefore, it is
necessary to use appropriate methods for processing to increase
storage time and maintain its nutritional value. In fact,
understanding the heat and mass transfer during frying can be
useful for optimizing and controlling the process as much as
possible. In this study, the effect of frying at 160, 180, and 200
°C for 20, 36, 124, and 200 seconds on moisture content, oil
content, moisture, and oil transfer kinetics and estimation of
convective heat transfer coefficient was analyzed. The results
showed that the samples fried at 160 °C for 124 seconds had the
lowest oil absorption. It was also found that as the temperature
and frying time decreased, the oil content of the samples also
decreased. In addition, the experimental models fit the
experimental data well. In addition, the results showed that the
sample fried for 200 seconds at 200 °C had the lowest moisture
content ratio. It is known increasing the frying temperature of
the synthetic constant also increases the decrease in humidity,
which indicates that the rate of moisture exit of the product was
higher at high temperatures than at lower temperatures. Also,
increasing the frying time and temperature reduced the moisture
content of the samples. The convective heat transfer coefficient
is higher in the early times of the process and decreases with
time as the frying time elapses. The maximum value of h was
related to the twentieth seconds at a frying temperature of 200
°C.
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1. Introduction
Eggplant is considered an economically
important agricultural product in Asia and
Europe. According to statistics published by the
Food and Agriculture Organization of Iran,
after China and India, it ranks third in the world
with a production of 1.2 million tons per year
[1]. Every 100 grams of eggplant contains
approximately  86.13%  water, 9.41%
carbohydrates, 3% fiber, 0.98% protein, 0.18%
fat, and 0.3% vitamins and minerals [2].
Eggplant is a significant component of
Mediterranean cuisine, used in many traditional
recipes, and serves as an important source of
bioactive compounds, playing a crucial role in
preventing chronic diseases [3]. Due to its high
moisture content and softening of the texture
over time during storage, eggplant has a short
shelf life. Therefore, using appropriate methods
for processing, extending storage time, and
preserving its nutritional value is essential. One
of the oldest cooking methods for food,
including eggplant, is frying, which can be
either shallow or deep. These methods are
commonly used in the food industry due to their
simplicity and relatively low costs [4,5]. Deep
frying is a fast-cooking process, often chosen to
create uniform aroma, flavor, color, and texture
in processed foods [6]. The frying process is a
simultaneous mass and heat transfer process
[7], where heat is transferred by convection
from the oil to the surface of the food, and
through conduction from the surface to the
inside of the food. As a result, moisture is
evaporated from the food, and oil is absorbed
into the product [8]. In deep frying, heat
transfer is a combination of two methods:
convection (heat transfer from oil to food) and
conduction (heat transfer inside the food) [9].
The advantages of deep frying, in addition to
forming desirable texture, color, aroma, and
taste in the final product, include the high speed
of heat transfer. This occurs due to the
evaporation of moisture as steam during the
frying process, leading to turbulence and an
increase in the convection heat transfer
coefficient [10]. However, some of the main
disadvantages of deep frying include shrinkage
or reduction in the apparent volume of the final
product, the formation of a toxic and
carcinogenic compound called acrylamide,
which results from a reaction between reducing
sugars and amino acids at high frying
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temperatures, and the high oil content in the
fried food, which in some cases can reach up to
one-third of the total weight of the product [11—
13]. In other words, understanding phenomena
such as structural changes that occur during
deep frying of food in oil is important for
controlling the quality of the final fried product
and energy consumption during the frying
process from an engineering and economic
perspective. From the consumer’s point of
view, the health, appearance, and sensory
properties of the final product are also very
important [14,15]. Therefore, the main goal of
a control system should be to maximize the
preservation of nutrients and health while
optimizing energy consumption. In fact,
understanding heat and mass transfer during
frying can be beneficial for optimizing and
better controlling the process [14]. Shahin et al.
(1999) studied the heat transfer coefficient
during the frying of potatoes and found that
these parameters increase with an increase in oil
temperature. After the formation of a crust, the
evaporation rate decreases, which leads to a
reduction in the convection heat transfer
coefficient. Also, as the steam bubbles rise to
the upper surface of the oil, the heat transfer
coefficient at the upper surface is lower than at
the lower surface due to the insulating effect of
the steam bubbles [16]. Sabaghian et al. (2014)
examined the heat transfer coefficient as a
function of the rate of moisture reduction
during the frying process, considering the
effects of moisture evaporation and boiling on
this thermal parameter. They concluded that the
heat transfer coefficient increases at higher
temperatures due to the higher moisture
evaporation rate, and at lower temperatures, the
heat transfer coefficient decreases because of
the lower convection heat transfer at lower oil
temperatures [17]. Yildiz et al. (2007)
estimated the heat transfer coefficient using the
natural logarithmic equation for temperature
and moisture without dimension versus time.
They found that the heat transfer coefficient
decreased with increasing oil temperature. The
increased moisture evaporation rate at higher
frying temperatures required more energy for
evaporation, which resulted in a decrease in the
available energy for internal energy increase
and noticeable temperature changes in the food,
thereby reducing the effective heat transfer
coefficient [18]. Hamid Beigi and Nasser
Hamdami (2013) studied the kinetics of oil
absorption and moisture loss during the frying
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of potato slices. They found that increasing the
frying temperature significantly increased oil
absorption and moisture loss from the slices.
Various kinetic models were investigated to
describe oil absorption, moisture loss, and
changes in the firmness of the crust and core of
the fried slices. The results showed that the
first-order kinetic model with product
limitation provided the best fit to the
experimental data for moisture loss and residual
oil in the slices [19]. The objective of this
research is to determine the effect of different
oil frying temperatures and frying process time
on moisture content and oil absorption of fried
eggplant pieces under deep frying conditions,
and to estimate the convection heat transfer
coefficient with product surface temperature
and the kinetics of mass and moisture transfer
in eggplant.

2. Materials and Methods

1.2. Raw Materials

The eggplants used were purchased from the
local market and stored in a refrigerator at 4°C
until the experiments were conducted. The oil
used was a liquid frying oil (a mixture of
sunflower oil, cottonseed oil, and soybean oil)
branded as "Oila". The solvent used for
extracting oil from the fried samples was
petroleum ether (Dr. Majali), manufactured in
Iran.

Thermocouple K

Thermocouple T

Thermocgntroller
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2.2. Sample Preparation

For each experiment, the eggplants were
washed, peeled, and then cut into rectangular
cubes of 5 cm length, 3 cm width, and 1 cm
height using a manual cutter (aluminum mold).
3.2. Frying Process and Temperature
Recording

The frying process for the eggplant slices was
carried out in a fryer (Suzuki - Model
ZDF2510, Japan) containing 2 liters of oil,
equipped with a temperature controller
(thermocontroller) and a Type K thermocouple
at 160, 180, and 200°C. To measure and record
the temperature changes of the product during
frying, three Type T thermocouples were
placed in the center and surface of the product.
The temperature of the T-type thermocouples
was recorded at 2-second intervals using a data
logger and transferred to a computer. This
process continued from the beginning of frying
until the product reached its final fried state. To
determine moisture content and oil absorption
during frying, samples were removed from the
fryer at 20, 36, 124, and 200 seconds, and their
surface oil was removed using absorbent paper.
Immediately after that, the relevant analyses
were performed. All experiments were carried
out in triplicate.

. ——— | [ 1] —'
e ';?1:’112/‘—’
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Equipment for recording temperature change during frying

Figure 1. diagram of frying operation and recording ofthe temperature of eggplant slices during deep

frying

4.2. Moisture Content

The moisture content of the fried eggplant
samples before and after frying (after removing
the oil) was determined by drying them in a
convection oven (Memmert - Germany) at
105°C until a constant weight was achieved
[20].
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5.2. Oil Extraction

The oil content of the fried samples was
measured by extracting the oil in a Soxhlet
apparatus (Bahar - Germany) and determining
it in terms of grams of oil per gram of dry matter
using petroleum ether as a solvent [20].
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2.6. Estimation of the Convection Heat
Transfer Coefficient with Product Surface
Temperature
In this method, it is assumed that the total heat
transferred (in J. s7!) from the oil to the surface
of the eggplant slices (qT) is used for heating
the eggplant (gh) and for the evaporation of
water (qe) [21]. The convection heat transfer
coefficient will be estimated based on equations
(1 and 2) in terms of W/m?°C:
= Yqr-YAph (Ts-To)
Eq.1
qe=(1-y) qT=(1-y) Aph (Ts-To) = Ay
Eq.2
Ap = Surface area of the eggplant (m?), To and
Tst are the initial and surface temperatures of
the eggplant slices (°C) at time zero and time t
in seconds, respectively. gh = Thermal energy
used for heating the eggplant, m = Mass of the
eggplant slices (kg), Cp, ave = Average
specific heat capacity of the eggplant, W = Rate
of water loss from the product (kg.s™), y =
Fraction of qT used for heating the eggplant, A
= Latent heat of water evaporation in the
eggplant.
The convection heat transfer coefficient can be
estimated by obtaining the value of yh from
equation (3) and adding it to the value of (1-y)
h derived from equation (4). For each time, the
values of Tsi and Tst were experimentally
determined and used in the equations.

yn=mc,, ave (Ts-Tsi)/ tAp (Tsi-To)
Eq.3
(1-y) h=Aw/Ap (Ts-To)
Eq.4
Tsi and Tst are the surface temperatures of the
eggplant slices (°C) at time t and at time zero,
respectively.

2-7- Kinetics of Moisture and Qil Transfer
The changes in moisture content of the product
during frying follow a decreasing exponential
function. The moisture reduction kinetics
during frying, as described by Krokida et al.
(2001) and Baik and Mittal (2005), were
considered in the form of an exponential
function, as shown in equation (5) [22,23].
Ln (m- me¢/mi-me) = -Kmt
Eq.5

In the above equation, mi is the initial moisture
content of the product (g/g, db), mt is the
moisture content of the samples at any moment
(g/g, db), and me is the equilibrium moisture
content of the samples (the moisture content of
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the samples at infinite time).
The above kinetic model was evaluated based
on experimental data by plotting Ln(mt/m0)
versus time and obtaining the slope of the
resulting line to estimate the kinetic constant
Km for different experimental temperatures.
The kinetic model for oil absorption was
proposed in the form of equation (6), as
suggested by Krokida et al. [8].

O=0cq[ 1-exp (-kot)] Eq.6

In this equation, O represents the oil content of
the product (g oil/g dry matter) at time t, Oeq is
the equilibrium oil content or the maximum oil
content in the dry matter at time t = oo, t is the
frying time, and Ko is the rate constant or
specific kinetic constant for oil absorption (1/s).
In this model, at time t = 0, the oil content of
the product was considered zero, and after
prolonged frying, the oil content was assumed
to reach the equilibrium value Oeq.

3. Statistical Analysis

In this study, the data obtained from the
experiments were statistically analyzed using a
factorial design based on a completely
randomized design with Design Expert
software (version 0.0.7). Duncan’s multiple
range test was used for mean comparison at a
significance level of P < 0.05, and all graphs
were plotted using Microsoft Excel 2016.

4. Results and Discussion

4-1. Investigation of Core and Surface
Temperature Changes of Eggplant During
Deep Frying

Figure 1 illustrates the changes in core and
surface temperatures of the eggplant samples
during deep frying at three different oil
temperatures. As shown, the temperature
profiles followed a two-stage pattern. In the
present study, the rate of temperature increases
for all treatments, both at the core and surface
of the samples, continued up to the boiling point
of water. Afterward, the temperature of the
product remained nearly constant throughout
the frying process.

At an oil temperature of 200°C, the core
temperature of the product reached the vicinity
of water’s boiling point within approximately
50 seconds, whereas at 160°C and 180°C, this
duration extended to nearly 90 seconds from the
start of the process. Initially, due to the vapor
pressure resulting from water evaporation and
the entrapment of vapor bubbles inside the
product caused by crust formation, the boiling
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point of water increased in accordance with
thermodynamic principles. As the evaporation
rate and boiling phase decreased over time, the
boiling point gradually declined, and both the
core and surface temperatures of the product
remained slightly below 100°C until the end of
frying.

Heat transfer during deep frying occurs through
two thermal sinks. The first sink involves
sensible heat, which raises the product’s
temperature from its initial value to near the
boiling point of water. This sink is limited once
the core temperature reaches the boiling point.
The second sink corresponds to the crust/core
interface, where water undergoes phase change
into vapor and is maintained throughout the
frying process [24].

With increasing frying temperatures, the
duration of the constant temperature phase
shortens in the temperature profile [25].

Sabbaghi et al. monitored the surface and core
temperature changes of potato strips using
thermocouples at oil temperatures of 145, 160,
and 180°C for 175, 120, 60, and 180 seconds.
They segmented the temperature evolution into
time-dependent stages. Their results showed
that the core temperature remained constant
after reaching the boiling point of water for all
three oil temperatures. For surface temperature,
the initial heating stage was observed prior to
vaporization at constant temperature. This stage
was shortened as the core temperature
approached boiling point—Ilasting about 60
seconds in their study, which is consistent with
the present results [17].

Central product temperature change during frying
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Figure 1. Comparison of central product temperature changes during eggplant frying at aco a constant

oil temperature160, 180 and 200 °C

As shown in Figure 2, the surface temperature
changes of the product followed a pattern
similar to that of the core temperature, with the
difference that the time required to reach the
boiling point of water was shorter. This can be
attributed to the direct contact between the oil
and the surface of the product, which results in
a higher heat transfer rate. At an oil temperature
of 200°C, the surface temperature reached the
boiling range of water in approximately 30
seconds, whereas at 160°C and 180°C, this
occurred around 60 seconds after the start of the
process.

The surface temperature of the product reached
the boiling point of water sooner, and after the
surface water evaporated and a crust formed,
the temperature remained nearly constant until
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the end of frying. The completion of the frying
process was determined based on moisture
reduction and the achievement of the desired
fried appearance and texture of the samples.
The total frying durations at oil temperatures of
200°C, 180°C, and 160°C were 200, 260, and
320 seconds, respectively.

Based on the observed temperature trends in the
above graphs and the non-significant difference
between surface and core temperature changes,
fixed frying times of 20, 36, 124, and 200
seconds were selected at the three oil
temperatures (160°C, 180°C, and 200°C) for
further investigation of the physical parameters
related to the frying process of eggplant.
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Surface product temperature change during frying
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Figure 2. Comparison of product surface temperature changes at oil temperatures of 160, 180 and 200

°C during frying time

2-4. Evaluation of Moisture and Oil Content
at Different Frying Temperatures and Times
In the analysis of moisture content, the
independent effects of both temperature and
time were statistically significant at the 95%
confidence level. However, for the oil content
of fried eggplant, only the independent effect of
temperature was found to be significant at the
same confidence level. Figures 3 and 4
illustrate the mean variations in moisture and
oil content of the product during frying under
different process temperatures and times. A
comparison of these graphs reveals a
relationship between moisture loss and oil
absorption, influenced by frying temperature
and process duration.

The moisture content of the product decreased
at higher oil temperatures, and as frying time
increased, the rate of moisture loss gradually
diminished. The slope of the graphs at all three
frying temperatures supports this observation.
The high rate of evaporation within the first 20
seconds of frying at all temperatures is likely
due to the sudden vaporization of free surface
water. The vapor pressure difference between
the product and the frying oil results in rapid
water evaporation, which is most pronounced at
the beginning of the frying process when the
partial pressure difference is at its peak.
Sabaghi et al. studied the changes in moisture
and mean oil content during frying of potato
slices at various temperatures and times. Their
results indicated that from the beginning of the
process until 120 seconds, there was no
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significant difference between moisture and oil
content, which could be explained by the high
rate of evaporation during this period [17].
Romani et al. also observed that the rate of
moisture reduction and oil uptake stabilized
approximately three minutes after the start of
the process. They reported a relatively rapid
and significant increase in oil absorption during
the initial 120 seconds, which was attributed to
the replacement of evaporated water by oil [24].
Farkas et al. stated that as long as the core
temperature of the product remains around
100°C, the rate of oil migration into the product
remains negligible. Moisture reduction leads to
the formation of pores, which in turn facilitates
oil absorption [25]. Sabaghi et al. also
demonstrated during deep-fat frying of potato
slices at three different temperatures that once
the central temperature reached 100°C (around
60 seconds into the process), the rate of oil
penetration decreased compared to the early
stages, which aligns with the findings of this
study [17].

Moisture change during frying
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0il absorption of eggplant during frying
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Figure 4. Changes in oil absorption of eggplant pieces during frying at three different temperatures

According to Figure 4, the highest oil uptake
occurred in the 200-second treatment at oil
temperatures of 200°C and 180°C. The rate of
oil absorption was more intense during the
initial seconds of the process, especially at
lower temperatures. Once the core temperature
of the product reached approximately 100°C,
the rate of oil migration into the product
became negligible. Romani et al. (2008)
reported that oil absorption exhibits a relatively
rapid and significant increase during the first
120 seconds of the process, which can be
attributed to the replacement of evaporated
water by oil [24]. In the final section of the oil
uptake curves, the amount of oil absorbed over
time at high temperatures was not statistically
significant. According to Dorani et al. (2007),
this could be due to the compact structure
formed in the product, which acts as a barrier to
oil penetration. Nevertheless, kinetic constants
can be used to describe the mass transfer of
moisture and oil [26].

4-5. Moisture and Oil Transfer Kinetics
Figure 8 illustrates the linearized moisture
transfer model through the natural logarithm of
dimensionless moisture content from the
beginning of the process. By calculating the
slope of the regression lines fitted to the natural
logarithmic data, the moisture reduction kinetic
constant (kw) was obtained for the frying
temperatures of 160, 180, and 200°C, as
0.1669, 0.1789, and 0.184 s, respectively. As
expected, increasing the frying temperature
resulted in a higher moisture reduction
constant, indicating a faster moisture loss from
the product at higher temperatures compared to
lower ones. Mohebbi et al. (2011) reported that
the final moisture content of the product
decreased with increasing frying temperature
due to the more rapid release of water mass.
Additionally, increasing the frying time limited
the rate of moisture reduction [27].

Temperature of frying
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Figure 8. Linear fitting of a natural logarithmic moisture transfer model (from the beginning of the

process)
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Figure 9 illustrates the fitting of the kinetic
model for oil absorption. According to Table 1,
the kinetic constant of oil uptake increased
moderately with rising frying temperature. On
the other hand, the total information obtained
from the curve fitting confirmed a reduction in
oil absorption at higher temperatures. These
findings are consistent with the results of Kita
et al., who observed that potato chips absorbed
less oil at elevated temperatures [10]. Similarly,

Dorani et al. reported that during frying at
180°C, only 38% of the oil content penetrated
into the potatoes, while 62% remained on the
surface, which aligns with the findings of the
present study [26]. The variation in the oil
absorption kinetic constant showed only a
slight increase with rising oil temperature.

-
£

01l content (g/g db)

y=0.005x+ 1411
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y=0215x+058

194 Yy
1i5 200

Time of frymg (zeconds)

160

Figure 9. Linear fit of a kinetic model of oil absorption
Tablel- Fitting information of oil adsorption kinetic model

Oil Temperature Equilibrium Qil Content OeqO_{eq}Oeq Oil Uptake Rate Constant

Y (g/g, db) KOK_0KO (1/s)
160 1.59 0.024667
180 1.73 0.026771
200 1.73 0.045643

6.4. Convective Heat Transfer Coefficient

The heat transfer coefficient is one of the most
important parameters for maintaining the
quality of fried products. During the boiling
phase, it plays a critical role in developing the
sensory attributes of the product, promoting
browning reactions (Maillard reactions), and
caramelization reactions, all of which
contribute to the full development of flavor,
color, and texture. The quality of the crust
formed during the boiling phase is a key factor
influencing the heat transfer rate and the desired
texture of the product. Moreover, thermal flow
within the food matrix requires consideration of
boundary conditions in heat transfer equations,
using the convective heat transfer coefficient.

Therefore, measuring the convective heat
transfer coefficient is essential to better

23

understand the complexities of the frying
process [28]. As shown in Figure 10, the
convective heat transfer coefficient (hhh) was
higher during the initial phase of frying and
decreased over time. The highest hhh value was
recorded at the 20th second at a frying
temperature of 200°C. The obtained heat
transfer coefficient values showed a linear
dependency on the product’s moisture loss rate,
with the maximum hhh occurring at the point of
peak water evaporation and maximum oil
turbulence. After surface drying and the
reduction of oil turbulence, despite the surface
temperature of the product approaching the oil
temperature, the heat transfer coefficient
remained relatively constant. This indicates that
hhh is strongly influenced by bulk movement
and flow turbulence in the heating medium.
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As the frying temperature and time decreased,
the hhh value also declined. At the start of the
process, the coefficient reached its peak due to
intense evaporation and turbulence and then
decreased as the boiling rate and turbulence
subsided. For different oil temperatures, the
maximum hhh value was reached almost
simultaneously, which further emphasizes its

dependency on oil turbulence and the
evaporation phase. At higher oil temperatures,
due to greater moisture loss and more intense
turbulence, a higher maximum heat transfer
coefficient was observed [29].

Heat transfer coefficient
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Figure 10: Changes in convective heat transfer coefficient of displacement over time

6-4. Convective Heat Transfer Coefficient
In a two-stage frying process control, the first
stage controls the rate of heat input to the raw
materials and oil, which is crucial for process
optimization and efficiency in the second stage
[14]. In the frying process, heat is transferred
from the heating medium (oil) to the surface of
the food through convective heat transfer, and
then enters the food through conductive heat
transfer. Water plays several roles in heat
transfer and cooking the food during the frying
process. The first role of water is to absorb
thermal energy from the hot oil that surrounds
the food. This process helps prevent the food
from burning due to excessive dehydration
(hydration) by removing energy from the food's
surface. Therefore, although the oil temperature
may reach 180°C, the food's temperature is only
around 100°C, which corresponds to the boiling
point of water in the food under atmospheric
pressure. The excess heat is used to convert
water from liquid to vapor [25].

Frying actually consists of four stages: initial
heating (natural convective heat transfer with
no evaporation), surface boiling (crust
formation and forced convective heat transfer),
the decreasing rate stage (thickening of the
crust, the longest stage), and the end-point of
bubble formation [30]. The crust, whose
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thickness  increases during frying, is
characterized by two factors: first, the
temperature in this region is higher than the
boiling point of the liquid in the food, and
second, the concentration of liquid water in it is
negligible [31]. As thermal conductivity in the
crust decreases, it impacts both heat and mass
transfer, resulting in a reduced dehydration rate.
The rate of heat transfer depends on the
temperature difference between the food and
the heated fluid and the surface thermal
conductivity coefficient [32].

The methods reported in literature for
measuring the heat transfer coefficient during
immersion frying have several limitations.
These include the lack of standardized methods
for measurement, neglecting mass transfer in
most cases, overlooking the effects of product
accumulation, and inconsistencies in estimation
and reporting of measurement errors [9].

Sahin et al. observed that during the frying of
potatoes, the convective heat transfer
coefficient (hhh) increased with the oil
temperature. After crust formation, the heat
transfer coefficient decreased due to the
reduced evaporation rate, which is the factor
causing oil turbulence. Moreover, as bubbles
from water vapor rise to the upper surface of the
oil, the convective heat transfer coefficient at
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the upper surface becomes lower than at the
lower surface due to the insulating effect of the
water vapor bubbles at the upper surface [33].
Farkas and Hobart studied heat transfer in
frying as a fast method for drying food. The
results showed that a complex system of natural
and forced convective heat transfer, along with
boiling conditions, is involved in frying. The
convective heat transfer coefficient was
calculated to be between 300 and 1100
W/m?-°C, largely dependent on the bulk
movement and oil turbulence. Thermal flow
increased as the oil decomposed, which was
due to the reduction in bubble size and an
increase in bubble number resulting from
changes in the oil's interfacial properties. With
the increase in crust thickness, a thermal barrier
between the oil and the food was formed,
reducing the rate of heat transfer, followed by a
decrease in vapor formation and reduced oil
turbulence [34].

Yildiz et al. (2007) estimated the convective
heat transfer coefficient using the linear section
of the natural logarithmic temperature and
moisture ratio curve against time. Their
method, based on measuring temperature over
time in potatoes, did not require knowledge of
the thermocouple position, which reduced
experimental error. Their results showed that
the heat transfer coefficient decreased with
increasing oil temperature. The estimated
values of the heat transfer coefficient were
287+8, 22748, and 181+7 W/m?-°C for oil
temperatures of 150, 170, and 190°C,
respectively. The increase in moisture
evaporation rate at higher frying temperatures
consumed more energy for vaporization,
thereby reducing the energy available for
internal temperature changes in the food, which
led to a decrease in the effective heat transfer
coefficient, contrary to the findings of this
study [18].

According to Costa et al.'s results, during
frying, nucleate boiling was observed, where
water vapor formed as bubbles on the surface of
the potato samples and moved toward the upper
part of the oil bed. The movement of vapor
bubbles after formation at the surface
significantly impacted oil turbulence. Bubbles
released from the lower surfaces merged and
formed larger bubbles at the surface, which
could act as a resistance to heat transfer. It was
predicted that the heat transfer coefficient at the
lower surface of the product would be lower
than at the upper surface. The results of this
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estimation showed that the convective heat
transfer coefficient increased with the
decreasing moisture content during the first 50
to 60 seconds of the process, which is consistent
with the observations of this research [21].

As reported by Farkas and Hobart, while
surface boiling causes water to vaporize, oil
turbulence increases the convective heat
transfer coefficient, reaching its maximum. The
maximum drying rate of the product and the
decrease in the convective heat transfer
coefficient both occurred around 60 seconds
after the start of the process. The increase in
crust thickness during this time created a
thermal barrier between the oil and the food, as
well as between the oil and the vapor phase,
acting as an insulating layer [34].

Baik and Mita also stated that when the
product's surface temperature reaches about
100°C, water quickly evaporates from the food
due to the high oil temperature, causing severe
turbulence and bubble formation [22].

5. Conclusion

In this study, the effect of time and temperature
variables on the quality characteristics of deep-
fried eggplant was investigated. The results of
the simulation of oil and moisture content in
deep-fried eggplant are summarized as follows:
As the frying time increased, moisture
decreased, resulting in higher oil absorption.
Therefore, using shorter frying times and lower
temperatures can prevent moisture loss and,
ultimately, reduce oil absorption in the samples.
According to the results, the convective heat
transfer coefficient was higher in the initial
stages of the process and decreased as frying
time progressed. The highest hhh value was
recorded at the 20th second at a frying
temperature of 200°C. The greatest oil
absorption occurred in the early stages of the
process. Hence, high temperatures, by
increasing evaporation intensity and reducing
the process time, can effectively reduce the
final oil content of the product during frying
under atmospheric conditions.

6.Reference

[1] FAO. 2011. Food and Agriculture
Organization of the United Nations.

[2] Hui, Y.H. 2006. Handbook of food
science, technology, and engineering. vol.4.
CRC press.

[3] Gilirbliz, N., Uluisik, S., Frary, A,
Frray, A., & Doganlar, S. 2018. Health benefits


http://dx.doi.org/10.22034/FSCT.22.163.16
https://fsct.modares.ac.ir/article-7-58031-en.html

[ Downloaded from fsct.modares.ac.ir on 2025-07-20 ]

[ DOI: 10.22034/FSCT.22.163.16 ]

Iranian journal of food science and industry

Number 163, Volume 22. September 2025

and bioactive compounds of eggplant. Food
Chemistry, 268, 602-610.

[4] Dueik, V., Robert, P., & Bouchon, P.
2010. Vacuum frying reduces oil uptake and
improves the quality parameters of carrot
crisps. Food Chemistry, 119(3), 1143—-1149.
[5] Mestdagh, F., Wilde, T.D., Fraselle, S.,
Govaert, Y., Ooghe, W., Degroodt, J.M. Verhe,
R., Peteghem, C.V., & Meulenaer, B.D. 2008.
Optimization of the blanching process to reduce
acrylamide in fried potatoes. LWT-Food
Science and Technology, 41 (9), 1648—1654.
[6] Juaniz, 1., Zocco, C., Mouro, V., Cid,
C., & De Peia, MP. 2016. Effect of frying
process on furan content in foods and
assessment of furan exposure of Spanish
population.  LWT-Food  Science  and
Technology, 68, 549-55.

[7] Datta, A.K. 2007. Porous media
approaches to studying simultaneous heat and
mass transfer in food processes. I: Problem
formulations. Journal of Food Engineering, 80
(1), 80-95.

[8] Krokida, M.K., Oreopoulou, V.,
Maroulis, Z.B., & Marinos-Kouris, D. 2001.
Effect of osmotic dehydration pretreatment on
quality of french fries. Journal of Food
Engineering, 49 (4), 339-345.

[9] Alvis, A., Vélez, C., Rada-Mendoza,
M., Villamiel, M., & Villada, H.S. Heat transfer
coefficient during deep-fat frying. Food
Control, 20 (4), 321-325.

[10] Kita, A., Lisinska, G., & Golubowska,
G. 2007. The effects of oils and frying
temperatures on the texture and fat content of
potato crisps. Food Chemistry, 102 (1), 1-5.
[11] Mottram, D.S., Wedzicha, B.L., &
Dodson AT. 2002. Acrylamide is formed in the
Maillard reaction. Nature, 419, 448449,

[12] Mellema, M. 2003. Mechanism and
reduction of fat uptake in deep-fat fried foods.
Trends in Food Science & Technology, 14 (9),
364-373.

[13] Zyzak, D.V,, Sanders, R.A.,
Stojanovic, M., Tallmadge, D.H., Eberhart,
B.L., Ewald, D.K., Gruber, D.C., Morsch, T.R.,
Strothers, M.A., Rizzi, G.P. & Villagran, M.D.
2003. Acrylamide formation mechanism in
heated foods. Journal of Agricultural and Food
Chemistry, 51 (16), 4782—4787.

[14] Rywotycki, R. 2003. Food frying
process control system. Journal of Food
Engineering, 59 (4), 339-342.

27

[15]  Trystram, G. 2012. Modelling of food
and food processes. Journal of Food
Engineering, 110 (2), 269-277.

[16]  Sahin, S., Sastry, S.K., & Bayindirli, L.
1999. The determination of convective heat
transfer coefficient during frying. Journal of
Food Engineering, 39 (3), 307-311.

[17]  Sabbaghi, H., Ziaiifar, AM.,,
Mahoonak, A.R.S, Kashaninejad, M., &
Mirzaei, H. 2015. Estimation of convective heat
transfer coefficient as function of the water loss
rate during frying process. lranian Journal
Food Science and Technology Research, 11 (4),
473-484.

[18]  Yildiz, A., Palazogluy, T.K., &
Erdogdu, F. 2007. Determination of heat and
mass transfer parameters during frying of
potato slices. Journal of Food Engineering, 79
(1), 11-17.

[19] Beyki, H., & Hamdami, N. 2014.
Kinetic of Oil Uptake, Water Loss and Texture
Changes During Frying of Potato Strips.
Journal of Food Research (UNIVERSITY OF
TABRIZ), 23 (4), 471-481.

[20] AOAC. 1995, Official methods of
analysis Washington, DC: Association of
Official Analytical Chemists n.d.

[21] Costa, R., & Oliveira, F. 1999.
Modelling the kinetics of water loss during
potato frying with a compartmental dynamic
model. Journal of Food Engineering, 41 (3-4),
177-185.

[22]  Baik, O.D., & Mittal, G.S. 2005. Heat
and moisture transfer and shrinkage simulation
of deep-fat tofu frying. Food Research
International, 38 (2), 183—-191.

[23] Krokida, M.K., Oreopoulou, V.,
Maroulis, Z.B, & Marinos-Kouris, D. 2001.
Effect of pre-drying on quality of French fries.
Journal of Food Engineering, 49 (4), 347-354.
[24] Romani, S., Bacchiocca, M., Rocculi,
P., & Dalla Rosa, M. 2008. Effect of frying time
on acrylamide content and quality aspects of
French fries. European Food Research and
Technology, 226, 555-560.

[25] Farkas, B.E., Singh, R.P., & Rumsey,
T.R. 1996. Modeling heat and mass transfer in
immersion frying. I, model development.
Journal of Food Engineering, 29 (2), 211-226.
[26] Duran, M., Pedreschi, F., Moyano, P.,
& Troncoso, E. 2007. Oil partition in pre-
treated potato slices during frying and cooling.
Journal of Food Engineering, 81 (1), 257-265.
[27]  Mohebbi, M., Fathi, M., & Shahidi, F.
2011. Genetic algorithm—artificial neural


http://dx.doi.org/10.22034/FSCT.22.163.16
https://fsct.modares.ac.ir/article-7-58031-en.html

[ Downloaded from fsct.modares.ac.ir on 2025-07-20 ]

[ DOI: 10.22034/FSCT.22.163.16 ]

Masoud khodabandeh et al.

Simiulation of moisture loss and oil ...

network modeling of moisture and oil content
of pretreated fried mushroom. Food and
Bioprocess Technology, 4, 603—-609.

[28]  Sabbaghi, H., Ziaiifar, AM., &
Kashaninejad, M. 2017. Analysis of heat and
mass transfer during frying process of potato
strips. [ranian Journal Food Science and
Technology Research, 13 (2), 379-392.

[29] Lioumbas, J.S., Kostoglou, M., &
Karapantsios, T.D. 2012. On the capacity of a
crust-core model to describe potato deep-fat
frying. Food Research International, 46 (1),
185-193.

[30] Farkas, B.E, Singh, R.P., & Rumsey,
T.R. 1996. Modeling heat and mass transfer in
immersion frying. II, model solution and
verification. Journal of Food Engineering, 29
(2), 227-248.

[31] Ziaiifar, A.M., Courtois, F., &
Trystram, G. 2010. Porosity development and

28

its effect on oil uptake during thefrying
process. Journal of Food Process Engineering,
33 (2), 191-212.

[32] Moreira, R.G., Castell-Pérez, M.E., &
Barrufet, M.A. 1999.  Deep-Fat Frying:
Fundamentals and Applications. An Aspen
Publication. Inc Gaithersburg, Maryland.

[33]  Sahin, S., Sastry, S.K., & Bayindirli, L.
1999. Heat transfer during frying of potato
slices. LWT - Food Science and Technology, 32
(1), 19-24.

[34] Hubbard, L.J., & Farkas, B.E. 1999.
Method for determining the convective heat
transfer coefficient during immersion frying.
Journal of Food Process Engineering, 22 (3),
201-214.


http://dx.doi.org/10.22034/FSCT.22.163.16
https://fsct.modares.ac.ir/article-7-58031-en.html

[ Downloaded from fsct.modares.ac.ir on 2025-07-20 ]

[ DOI: 10.22034/FSCT.22.163.16 ]

\i'i;ﬁj@.«i JY 693 AR\ DJLQ«:‘ Ld\ﬂl J\-Lo C‘L“AJ(’}\;‘U‘"‘“

www.fsct.modares.ac.ir oo Colw Nagupr?

‘;i'.h_}}’_‘;ol& Il

Olomesly e gl 035 3 W15 53 oy D 5 Cushy gl (5l 4

v (..‘Lw ul;u)‘ cY*JLAI WJU: \oJJq.U.} S gRs
‘J:'.j‘:" LJAD)\..,:\J‘)'TAK.;J\J gj'.lJ?.T_,\;-UgﬁbC:_yt.njL;)')JL.:SAM]);‘}_1\.1..9Cju}r}l&n‘jﬁc“)‘wuﬂfd}yi&ﬂs—\

Ol !
e el STl (5 Al 1 mlio 5 pile adiga sy S L2 ST

e el ST el 5 Al 210 mbo 5 pole pdign (1S5 st sl 1ils Y

a.L_S.r dlae S|
.>)\>¢U§6)Kxuﬂ<6)\¢€£ou;¢mch,épouffjvpc,{,b)gsqowsl{ T dlas gla 'cul:

AFXRVARVAA | :C,Jb_J) @)b
dap Sl Ll or 038 e b3 o 5 ol QU S Wly 53 A3l e 6555 of
' VEY/0/8 i pp 0y pu s
WA O Glales 53 03 S 7w il R cnl 53 A3k dode dal B i a8 J 1S 5 g5l

OFas Slsme sk Gl BT SIVE T e 4 gk a3 Yior igAdS lels
0L gl 23S pladl gl il G b asl 5 s 5 sk JUES S sl
Iy ofsy d Ol 2eS adbIYE e 4y sk a5 V0 ‘_;u;ﬁa.u'cﬁars G 035§
23,8 o oS Wkiped oy Slsmmn 03,5 5 Olas 5 s SalS Al jasile immen Eas s
130U b el o gdhe s ad 2515 1 a3 slaesls s 4 g 2 (sladida o Doy S e

e Ol 2eS sk (G455 Yoo (Glas 534Sl Yoo Sl 4 0l T & ol &S 2ol Jl o 2

S i 035 5 glons 3l b el el o5 5 5b0len 25l 1) Cusb ) (6l e 10.22034/FSCT.22.163.16.
QSL"Q)JJJ—‘WJ‘MQ}JGJC}J"_“J”” euéuuéwg‘fﬁ‘ﬁ\@j‘b)ﬁg ;,L;K\AJ):_MA

oS Coge 05 S - Glos 5 0y Jaalpdl ceoman 3 Soul by 4 cos VU . .
’ narmela@jiau.ac.ir.

033 i Aol b adsl glaole) 3 pluls ol JUil co i 3 S bk ses o gy (6 giome

(ot 4B 0 b gy o N e o 2ty . SSL RS 5 sde al 038 F e DLy DS (g e L s

2350 o geeds dm 55 Voo [):JS'CJW« sles s

29


mailto:.narmela@iau.ac.ir
http://www.fsct.modares.ac.ir/
http://dx.doi.org/10.22034/FSCT.22.163.16
https://fsct.modares.ac.ir/article-7-58031-en.html
http://www.tcpdf.org

