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The specific energy consumption involved in the two drying processes was
estimated from the energy supplied to the various components of the dryer
during the drying period. The specific energy consumption was computed by
dividing the total energy supplied by amount of water removed during the
drying process. Tomato slices were dried from an initial moisture content of
159 to 0.17 gwater/gdry solids by involving infrared radiation and
convection-infrared combination drying, respectively. Specific energy
consumption for the tomato slices were compared at these different drying
conditions. In particular, the experiments were carried out at three different
infrared intensity levels 0.15, 0.2 and 0.3 W/cm? and air velocity levels 0.5,
0.7 and 1 m/s under infrared drying. For combination of infrared and hot-air
convection drying there were three air temperature levels of 40, 50 and 60°C
and three air velocity levels 0.5, 0.7 and 1 m/s while the infrared intensity
was set at 0.15, 0.2 and 0.3 W/cm2. Results of data analysis showed that the
lowest and highest energy consumption levels in drying tomato slices were
associated with the hot air convection-infrared combination and infrared
dryers, respectively. In infrared drying, it was observed that increasing the
air velocity increases the drying time and consequently the amount of energy
consumed. However, a reduction in energy consumption was noted with
increasing infrared intensities under combination drying relative to infrared

drying alone.

© 2017 The Authors. Published by IASE. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Tomato (Lycopersicon esculentum Mill) is the
world’s most commonly commercially produced
vegetable. It is grown worldwide on a variety of soils
due to climatic conditions. The world tomato
production reached 159 023 383 metric tons, and
Turkey produced about 11 003 400 metric tons of
tomatoes in the 2011. China, India, United States,
Turkey and Egypt are the leading tomato-growing
countries. Tomato is a rich source of minerals,
vitamins, organic acid and dietary fibre (Rajkumar et
al,, 2007). It is used to great extent in the fresh state
and in some processes as juice, puree and sauces,
canned and dried (Akanbi et al, 2006). Fresh
tomatoes can be dried in different shapes such as
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halves, slices and quarters and powders and used as
a component for pizza and various vegetable and
spicy dishes (Khazaei et al., 2008).

Drying is one of the most common methods used
for apricot processing. It extends their shelf life by
reducing the moisture content to a low level at which
microbial spoilage is avoided (Dai et al, 2015).
Convective drying is one of the oldest and alternative
drying methods but may deteriorate the quality of
the final product. The high temperatures and long
drying times in the drying method often causes heat
damage and adversely affects the quality criterions
such as colour, flavour, texture and nutritional value
of dried products (Adiletta et al., 2015). Therefore, it
is needed to develop new drying systems and design
new dryers.

Water loss from foods is a very energy-intensive
process. Energy and time efficiency is one of the
most significant design and operation parameters in
food processing (Mongpraneet et al., 2002; Sharma
et al, 2005). Low thermal conductivity and case-
hardening of materials are the main factors
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responsible for slowing down convective drying.
Infrared heating offers many advantages over
conventional drying under similar conditions.
Comparative studies for infrared drying versus other
techniques have shown that infrared radiation is
faster than convection (Nowak and Lewicki, 2005).
Infrared radiation energy is transferred from the
heating element to the product, heating the material
more rapidly and uniformly without heating the
surrounding air (Heybeli and Ertekin, 2011). The
irradiated surface evaporates much more water and
drying time is shortened by up to half (Nowak and
Lewicki, 2004). Infrared radiation has been applied
in conjunction with several drying processes
because of these advantages (Das et al, 2009).
Combined with hot air convection drying, infrared
heating can save 20% of drying time compared with
the infrared drying alone (Sun et al, 2007).
Convective air and far infrared radiation have been
used for drying fruits to produce fat-free snacks
(Hebber et al, 2004). The depth of radiation
penetration, however, depends on the characteristics
of the material and wavelength of radiation. In this
article, we report a detailed analysis to optimize
convective infrared drying of tomato slices to obtain
energy consumption.

2. Materials and methods
2.1. Material

The fresh tomato slices (Lycopersicon esculentum)
were used in the present study. They were procured
in bulk from the local market and then stored in a
refrigerator that was maintained at 4 oC and 60 %
relative humidity. The tomatoes were cut into slices
of approximately 5+0.1 mm thickness with a sharp
stainless steel knife. Three measurements were
made on each slice for its thickness, using a vernier
caliper and the corresponding average values were
considered and those siles that did not need the
requirements removed.).

2.2. Drying equipment

The infrared radiation dryer (IR) is comprised of
two components i.e. a drying chamber having a tube
type infrared heater and a fan. The infrared-
convection dryer comprised (IR-HA) of three
components, a drying chamber having a tube type
infrared emitters and hot air supply unite. The air
velocity was regulated with the help of an air control
valve placed in the air supply line to the drying
chamber.

Air was forced through the dryers using an axial
flow blower and the velocity of air was controlled by
use of an air control valve in all dryers. The air
velocity inside the drying chamber was measured at
a position just above the conveyor-belt surface using
a hot wire anemometer (Testo, 405 V1). Air was
heated as it passed through two spiral type electrical
heaters that had a heating capacity of 1.5 kW each.
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The air temperature was measured using T-type
thermocouples (Testo 925) connected to a data
logger measuring to an accuracy of +1°C.

2.3. Drying methods

The initial moisture content of fresh tomato was
measured by drying a 20 g sample in an oven set at
105 °C for 24 hours and was expressed in g water/g
dry matter (Helrick, 1990). The initial moisture
content of the tomato sample varied between 18.5
and 15.99 g water/g dry matter.

Infrared radiation drying: Factors investigated in
infrared drying were infrared radiation intensity
0.15, 0.2 and 0.3 W/cm? and three air velocities of
0.5, 0.7 and 1.0 m/s were applied at 25 #*1°C,
ambient air temperature (no heat).

Combination of infrared and hot-air convection
drying: The experiments were performed in a
combined infrared and hot air convection dryer at
three levels of radiation intensity 0.15, 0.2 and 0.3
W/cm? and three air temperature levels of 40, 50
and 60 °C at three air velocity levels 0.5, 0.7 and 1
m/s. Drying runs at each experimental setting of
infrared intensity, air temperature and air flow
velocity were repeated three time and the average
values recorded.

After dryer preparation and its adjustment for
desired conditions according to the experimental
plan, a 100 g mass of tomato slices was placed in the
drying chamber in a single layer. Every 15 minutes
throughout the drying period the mass of the drying
tomato was measured using a digital electronic
balance (METTLER PM30, Germany) having an
accuracy of £ 0.01g. The drying was continued until
the moisture content of tomato slices was reduced to
approximately 0.17 g water/g dry mater.

2.4. Specific energy consumption

The total energy consumption was defined as the
sum of the electrical energy consumed during drying
process and included the energy used to drive the
fan, and energy for heating the air. In the infrared
dryer, used energy consumption is the sum of energy
consumed by the infrared heater and the ventilator
fan used in moving the air. The amount of energy
consumed in the combined infrared and hot air
convection dryer is obtained from the sum of the
energies used to heat the air, drive the fan and in the
infrared heater. This energy was measured using a
digital electric counter (Kaan, type 101) with 0.01
kWh precision.

The specific energy consumption was estimated,
in all of the different drying methods considering the
total energy supplied to dry tomato slices from and
the amount of water removed over entire drying
period initial moisture content of about 15.30 kg
water/kg dry matter to a desired moisture content of
approximately 0.17 kg water/kg dry matter. The
specific energy consumption (SEC) of tomato slices
during drying at different drying methods was
expressed in M]/kg of water evaporated, and
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calculated according to Eq. 1 (EL-Mesery and
Mwithiga, 2012):

SEC = Total energy supplied in drying process,M]

(1)

Amount of water removed during drying kg
3. Results and discussion
3.1. Infrared radiation drying (IR)

Fig. 1 shows the specific energy consumption
(SEC) at infrared radiation intensities and air
velocities in the infrared dryer (IR). The lowest
specific energy consumption is 8.51 MJ/kg and was
obtained at a radiation intensity of 0.3 W/cm? and
air velocity of 0.5 m/s. The maximum specific energy
consumption was 23.83 M]/kg obtained at 0.15
W/cm? and 1 m/s. A reduction in (SEC) was
observed with the increase of radiation intensity and
the decrease of air velocity. The increase in specific
energy consumption with air velocity can be
attributed to the cooling of the sample’s surface by
the passing air inside the drying chamber, where by
increasing the air velocity, the air cooling process
will also increase. Also, with increasing infrared
intensity, due to the increase in sample temperature
and evaporation rate and the decrease in drying
time, the specific energy for drying of tomato slices
decreases (Das et al. 2004; Ruiz Celma et al.,, 2009).

Using multiple regression analysis, a relationship
was  established between specific energy
consumption, intensity of infrared radiation and air
velocity. The relevant equations and coefficient of
determination are present in Eq. 2.

SEC = 27.6 -151.4V + 0.64 IR + 290.6 V2 +
12.41R2-26.8 V.IRR? = 0.996
(2

In the above equation, IR is the intensity of
infrared radiation (W/cm?) and V is air velocity

(m/s).
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Fig. 1: Effect of infrared radiation intensity and air velocity
on the specific energy consumption when drying tomato
slices

70

3.2. Combined infrared and hot air convection
drying (IR-HA)

Figs. 2A-2C shows the SEC for the drying of
tomato slices in an (IR-HA) dryer at various air
velocities. It is clear that the SEC decreases with
increase in both radiation intensity and air
temperature. The SEC, at a fixed air velocity of 0.5
m/s, decreased with increasing infrared radiation
intensity. This was also true for the other air velocity
levels (0.7 and 1 m/s). This phenomenon is due to
the increase in the intensity of radiation and the
subsequent increased temperature of the tomato
slices. Thus, temperature gradient of product surface
layer or underlying slices is increased, and as a
result, the rate of moisture evaporation increases.
Therefore, the required SEC decreases. As seen from
Figs. 2A-2C it can be observed that the SEC increases
with increase in air velocity from 0.5 to 1 m/s. This
increase in SEC due to an increase in air velocity can
be associated with increased cooling of the sample
surface at higher air velocities which causes
moisture evaporation to decrease, consequently
increasing the drying time. Similar trends were
observed in several researchers (Jaturonglumlert
and Kiatsiriroat, 2010). Comparison of the SEC, at
three air velocity levels, indicates that the lowest SEC
occurring at 0.5 m/s air velocity, 0.3 W/cm? infrared
intensity, and 60 °C air temperature, was 6.78 M]/kg
and the highest value occurred at an air velocity of 1
m/s, radiation intensity of 0.25 W/cm2, and air
temperature 40 °C was 25.07 M]/kg. Multiple
regression analysis of specific energy consumption,
as a function of air temperature and intensity of the
infrared radiation was performed and a relationship
was obtained for each air velocity. For 0.5 m/s air
velocity Eq. 3

SEC = 19.1-14.4 IR-0.11T + 8.8IR?>- 4.1T?-0.01 IR. T
R% = 0.998 (3)
for 0.7 m/s air velocity Eq. 4

SEC = 23.4-39.3IR-0.03T + 11.1I1R?- 0.003T? + 0.3IR. T

R? = 0.994 (4)
for 1 m/s air velocity Eq. 5

SEC = 48.6-54.2IR-0.6T + 69.15IR? +

0.003T?-0.09 IR.T

R? = 0.994 (5)

where IR is infrared radiation intensity (W/cm?2) and
T is drying air temperature (°C).

4., Conclusion

This study was conducted to evaluate specific energy
consumption in various dryers including infrared
drying, and combined infrared-hot air convection
drying. Tests were conducted using tomato slices
under various experimental conditions as follows.
Results of data analysis showed that the lowest and
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highest specific energy consumption levels in drying
tomato slices were associated with infrared and
combined infrared and hot air convection dryer,
respectively.

A: Air velocity 0.5 m/s
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Fig. 2: The influence of infrared radiation intensity and air

temperature on specific energy consumption when drying

tomato slices in combined infrared and hot air convection
dryer at different air velocities

In drying tomato using infrared radiation it was
observed that increased air velocity increases drying
time and consequently the amount of consumed
energy. Conversely, specific energy consumption
decreased with increasing radiation intensity.
Combined infrared and hot air convection drying of
tomato slices proved to have the lowest specific
energy consumption.
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