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ABSTRACT

Drying is an energy-intensive process. In genenahting and evaporation require large quantities of
energy. This study has been conducted to evaluatlysis for dying apple slices in two drying system
including hot-air convection and infrared dryingeTapple samples were dried at temperatures of D, 1
and 150°C and radiation intensity of 0.22, 0.31 #&nd9 W/cn in the hot-air and infrared dryer,
respectively. The results showed that the minimumargy consumed for drying apple slices in infrared
dryer was 1 kW h while minimum energy consumptionhiot air dryer was 7.02 kW h. Also, the
specific energy consumption in IR dying was abot88% shorter than that of hot-air drying. The
value of SEC of apple under IR and hot air dryingswanged from 110.35 to 71.78 kWh/kg:; and
635.53 to 501.15 kWh/Kge, respectively. The calculated value of moisturiugivity varied from
3.499x10-7-4.746x10-7 ftsec and 3.671x10-7-5.101x10-F/sec and the value of energy activation
were found to be 140.1 and 94.62 kJ rolor IR and hot air drying, respectively. Therefame way

to improve drying operations is to use infraredrgye
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1. INTRODUCTION activityof products,reduction
ofmicrobiologicalactivityandminimizesphysical and
Apple from the pomaceous fruit of the apple tree, chemical changes of products during Storage.
speciesMalusdomestica in the rose family (Rosaceae),is Appropriate  methodsof dryingarereduced a lot
one of the most important horticultural crops, vatto ofdamagein thelater stages of  post
cold-temperate zones that are cultivated all over t harvestingoftheproduct (Doymaz and Ismail, 2011;

world in many countries (Forsliret al., 2002). Apple is
one of the most important horticultural crops innya
countriesespecially Iran. More than 1660000 tons of
apples are produced in Iran (FAOSTAT, 2012).

A quality loss of fruits was happen between harvest
and consumption. unsuitable preservation and storag

methods cause losses of fruits and vegetables whic@

range from 10 to 30% (Purkayas#tal., 2013). Various
methods are used for the storage of agriculturaérizds
after harvesting. Dryingis an important dehydration
technique in food industry and the oldestmethod
offoodpreservation. Drying processreduces

VijayaVenkataRamaret al., 2012). In the developing
countries, still drying of agricultural products ing
traditional methods (sun drying) is done. This roeth
has the advantages of simplicity and the low chitat
requiring the long drying times, is extremely wesath
dependent, possibility of microbial activity duridgying
nd undesirable quality of the dried product
isadvantages (Kambét al., 2011).

In recent years, industrial dryers have been replac
the traditional methods for drying agricultural gugts.
In industrial dryers, drying condition more conteal,

its

thewaterthe drying time is shorter and final product qualit
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improved.As drying is one of the most energy intems
processes and dryers are expensive pieces of eguoipm
drying must be carried out as economically as péessi

Various drying methods have been developed ana uset

dry different food produce (Van 't Land, 2011).
Hot air convection drying is one of the oldest

2. EXPERIMENTAL SECTION
2.1. Materials

Apple slices were used to conduct the experimémts.
this study samples were freshly provided from aaloc
market of Tehran and were stored in a refrigeraitor

techniques and the most common used techniques ofibout 4+1°C for the experiments. Applewas cut imbm

drying. Over 85% of industrial dryers are of cort@at
drying using hot air systems. In this dryer, hat dihe
heat required for evaporation of the moisture vjuted
by the hot air. Convective drying is accomplisheated
air is brought into contact with the wet material he
dried to facilitate heat and mass transfer. Theicbas
concepts, various methods of drying and differgpes
of hot air dryers excited (Zlatandwét al., 2013)

One of the increasingly popular, but not yet common
methods of supplying heat to the product for drying
operations is Infrared (IR) radiation.Infrared epecan
be generated by type of electromagnetic radiafidre

wavelengths used are in the range 1 to 6 um. IR

radiationscan be generated in one of two ways:
electrically or burning gas that heats a cerandtepIThe

IR radiation received by a body is absorbed, rédigcor
transmitted. The part of the absorbed energy isotig
effective part for drying.The infrared radiationginges
and penetrates on the inner layer of materials auith
heating surrounding airand then is converted t@ibén

heat. During drying decreases the absorptivity and

increases reflectivity of the dried material beeaud
decrease water content in it (Balbay al., 2012;
Darvishiet al., 2013; Ponkhamet al., 2012)

Several recent researchers have been studied i
drying of agriculture products with infrared enesych as:
Vegetables (Hebbaet al., 2004), paddy (Meeset al.,
2004), apple slice (Nowak and Lewicki, 2004), orngtioes
(Pathare and Sharma, 2006; Shaenal., 2005), sweet
potato (Linet al., 2005), peach (Wang and Sheng, 2006),
banana slices (Nimmat al., 2007), blueberries (Shi al.,
2008), grape (Celmaet al., 2009), longan fruit
(Nathakaranakulet al., 2010), rough rice (Khiet al.,
2011), soybean (Niamnuyet al., 2012), carrot
(Vishwanathanet al., 2013). However, there is no
extensive and complete research on investigation o
energy aspect in drying of apple using hot air iafrédired
drying.The study objectives include comparing the
evaluation of energy and efficiency, drying kinetind
activation energy during drying of the apple slicesing
two drying methods including hot air and infraregling.
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thick slices and about 18 gr of them was put ondityer
platform after preparing and adjusting the dryémgial
moisture content of apple was determined by dryireg
apple in the oven at 105+1°C for 12 h (&hal., 2013).
The experiments were performed in triplicate. Tiresli
samples were found to have a moisture content ofitab
82+0.5% w.b. (wet basis).

2.2. Drying Appar atus
2.2.1. Hot Air Drying

A laboratory scale electric hot air dryer was ufad
drying apple slice, which could be regulated to any
desired drying air temperature and air velocitywssn
20 to 250°C and 0.2 to 3 m S&cespectively, with high
accuracy.The dryer consists of an electrical fanaa
flow velocity control system, an electric heateitudrier
air temperature control system, measurement seasoks
drying chamber. The heating control unit included a
electric heater and a fan placed inside a ductleAgires
were placed in a dryer’s tray which located indbater of
the chamber.The samples were weighed during thagdry
process using a digital balance with 0.01 accuaacy1500
g capacity (GF-600, A and D, Japan). The air vglogas
kept at a constant value of 1+0.02 mS#icat measured a
anemometerwith the accuracy of +0.02 m “Sec
(Anemometer, Lutron-YK, 80AM, Taiwan). Also
femperature was measured by using K type thermézoup
with the accuracy of £1°C. The experiment was edraut
for 90, 120 and 150°C drying temperature.

2.2.2. Infrared Drying (IR)

In this study, transmit electromagnetic radiatibatt
waselectrically generated, as drying equipment weas!.
This dryer consist mainly of two parts, an infrared
radiation chamber and an air duct. The infraredrdiex
was placed above the air duct. Forsupplying inftare
radiation were used infrared lamps (OSRAM Co., Ltd.

lovakia). Infrared radiation is emitted from thead
gate to the product. For different radiation inignsn
the product, distance of lamp from the productamefis
changed. Also, this dryer has a suction centriftaye
that air flow passed in parallel the bed produemgles
were located in the middle of the channel on thg that
was placed on a digital balance. Sample weightnduri
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drying was determined directly from digital balar{Gd--
600, A&D, Japan) at about 30 sec interval in eagingd
experimental. Radiation intensity and air velocity
were adjusted using an intensity meter (IR intgnsit

meter, OPHIR, USA) and anemometer (Anemometer,

Lutron-YK, 80AM, Taiwan). The apple samples were
dried in the infrared dryer at theradiation intensf
0.22, 0.31 and 0.49 W/cin order to provide different

which is a measure of the energy needed to evaparat
unit mass of water from the product.The energy
consumed for drying a kilogram of apple slices is
calculated using Equation (3) (Jindaggal., 2011):

ELI

SEC= )

w

sample temperatures 90, 105 and 120°C and ailWhere:

velocity of 1+0.02 m séec.
2.3. Energy Utilization in Hot Air Drying

In hot air drying, total energy utilizationof theythg
process given to the drying and blowing air byelect
heater and fan, respectively.This value was caledla
from Equation 1 (Motevalkt al., 2011):

E, =p,AVC ATt (1)

Where:
E, = The total energy utilization (kWh)
p. = The air density in bulk temperature (kgym
A = The cross sectional area of channel that sample
are placed ()
V = The air velocity (m/sec)
Coa = The specific heat of air in constant pressure
(kJ/kg °C)
AT = A temperature difference between air inlet and
outlet of the dryer (°C)
= The total drying time (h)
2.4. Energy Utilization in Infrared Drying

In the IR dryer, energy requirement is the sum of

SEC = The specific energy consumption (kW.h4kg
m, = The amount of water removed (kg)

Which is the difference between the initial andafin
weight of the process drying

2.6. Calculation of Activation Energy and
Effective Diffusivity

Effective moisture diffusivity is related to masarisfer,
while air boundary heat and mass transfer coefiisiare
related to external heat and mass transfer, résplgct
Fick’'s second diffusion equation has been widekdu®
describe the drying process for agricultural matethat is
given as Equation 4 (Barati and Esfahani, 2011):

a°M

ff
o ox?

oM
v - 4
" 4
The solution to the Fick’s equation with the asstioms
of moisture migration by diffusion only, negligibl®lume
shrinkage, diffusion coefficients and constant terafure is
solved Equation (5) (Ponkhaghal., 2012):
_M,-M,_38 < ~(2n+1)° Dy t

412 ) ®)

MR

energy consumed by IR lamps to heating the sample%here.

and a fan that used for moving the heat air.In shisly
for supplying infrared radiation were used infratachps
witch its power was 400 W. The amount of power
consumption by the fan used to move the dryinghais
calculated by digital Wattmeter (Lutron, DW-6060,
Taiwan). Therefore, Eis the total energyutilization
during drying with infrared drying is calculateding
following Equation 2:

Eu = Eu,IR + Eu,f (2)

2.5. Specific Energy Consumption (SEC)

The efficiency of energy consumption of the drying

process was evaluated through the Specific Energypr =
Consumption (SEC). The specific energy consumption
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= The moisture ratio (dimensionless)

M, M, and M, = Moisture content at any time, initial
moisture content and equilibrium
moisture content (kg water/kg dry
mater ), respectively

Deft = The effective diffusivity (fis) and L
is the half-thickness of samples
(m), n = A positive integer

For long drying times Equation (5) can be simptifie
by using only the first term in the serieswithoutiah
affecting the accuracy of the prediction (Sametdal.,

-]
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Equation 6 can be written in logarithmic form
Equation 7:

()

Ln(MR) = Ln(%) —(n;[iez“t]

The slope (K) is calculated by plotting Ln (MR)
versus time according to Equation (8):

2
n° Dy

K=
412

(8)

The effect of infrared power on the dehydration
characteristics is shown iRig. 2. Similar to hot air
drying, the drying time decreased with increasing
radiation intensity at the same moisture conterd an
constant air velocity. Drying time at the radiation
intensity of 0.22, 0.31 and 0.49 W/enfor desired
moisture content of 10 to 12% w.b were about 108, 8
and 67 min, respectively. These drying time valwese
used in estimating the specific energy consumptiadhe
drying process. The results indicated that masstea
was more rapid during the larger radiation intgnsit
because more heat was generated within the saifie.

The energy of activation was calculated by using antemperature gradients between the air and the ptsidtu

Arrhenius type equation (Dissfal., 2011):

E
Deff = Do exp(_ﬁ) (9)
[*)

Where:

Do = The constant in Arrhenius equation(sh

E, = The activation energy (kJ/mol)

T = Temperature of air (°C) and

R = The universal gas constant (8.3143 kJ thél)

Equation (9) can be rearranged into from by apglyin
the logarithms as:

Ea
R,T

9

Ln (Dgs) =Ln(D,) ~ (55) (10)

3. RESULTSAND DISCUSSION
3.1. Drying Kinetic

Apple slices were dried from an initial moisture
content of 85.3% to final moisture content of I¢&san
12%. The variation of Moisture Ratio (MR) with dng
time at different drying condition for hot air aimdfrared
drying are shown irFig. 1 and 2, respectively. As seen

higher temperatures are higher than lower temperstu
Thus, in the higher temperature, increased eneifgy o
water molecules and decrease in relative moistdire o
sample and hence, drying time decreased (Doymaz,
2010; Motevaliet al., 2010).

3.2. Energy Analysis

Figure 3 and 4 show the energy requirement in
convection hot air and infrared drying of appleas. It
is seen that at constant air velocity, total energy
requirement decreases with increasing air temperatu
andradiation intensity. In hot air drying by incse®y the
temperature of chamber drying, drying time has been
reduced and thereof the energy consumption fomdryi
was decreased. The value of total needed energypié
under hot air drying was ranged from 7 to 8.9
kWh.Similar to hot air drying, the dehydration rate
increased with increasing radiation intensity & same
moisture content. So, total needed energy was esduc
(Fig. 4). The maximum and minimum value of total
needed energy 1.54 and 1 kWh was obtained at a
radiation intensity of 0.22 and 0.49 W/gmespectively.

Specific energy consumption of the drying process
under different conditions was estimated, usingdfiqn
3 and showed ifrig. 5 and 6. It is clearly seen frorfig.

from these figures, all curves have two steps. Thes that as temperature of drying air was increaseah 80

moisture ratio rapidly reduces due to a reductibthe
heat transfer resistance inside the material aock@ise
of the mass transfer area. With increasing of ttyénd
time, the hardened layer imposes a barrier agalmest
dissipation of moisture across the product’s serfand
prolongs its departure from the product and sostoé
ratio slowly decreases (Bakel al., 2011; Doymaz and
Ismail, 2011). The effectiveness of increasingdiyéng air
temperature in apple drying at thickness of 3 mrd an
constant air velocity (1 m ségin hot air drying shows that
drying time decreased significantly with increasitige
temperature dryingHg. 1).The time to reach the moisture

to 150°C, the specific energy consumption decreased
from 635.53 to 501.15 kWh/Kg. evaporated at an air
velocity of 1.0 m sec. The reason for this is that the
dramatic reduction in the drying time with incredseair
temperature. A similar trend was also observedhim t
specific energy consumption at IR drying. With essing

IR intensity, the thermal gradient inside and algsihe
product increases with temperature and moisture
evaporation occurs faster. Therefore, drying tisneduced
and the required specific energy decreases. Thefispe
energy consumption reduced drastically during tRe |
drying as compared to the convective drying proceke

content of 12% (wet basis) was 90, 81 and 71min forvalue of SEC of apple under IR drying was rangednfr

temperatureof 90, 120 and 150°C, respectively.

////A Science Publications 33

110.35 to 71.78 KWh/kgher

ERJ



Seyed Hashem Samadi and Issa Loghmanieh / EnespaRdh Journal 4 (1): 30-38, 2013

1.8

,_.
—_ [
'y 1

1.6
+ 150°C
0.8 - = 120°C

90°C

1.4 -
% Indrared drying
1.2

1 -

0.8 -

Moisture Ratio (MR)
=}
o

0.6 -

Energy utilization (kW.h)

0.4

Al
A
A

T ‘ ‘ : 02 A
0 20 40 60 80 100
Drying time (min)

0

o
[
[
(=]
[¥5]
—
<
.
o

Fig. 1. Variation of moisture ratio with drying time for hair (W/em?)
drying at three different temperature, v = 1 m/sl an

Thickness = 5 mm ) . . .
Fig. 4. Total energy requirement for infrared dryer at eliént

1 5 radiation intensity
09 -
08 4 13 ) .
g - +0.22 W/em? 700 Hot air drving
=) ®0.31 W/em® = 600 -
2 06 - - o =
2 gy - 0.49 W/em* &< 500 -
o 2=
2 04 - = = 400 A
S 03 - -
= 3 2 300 -
02 - 2=
oz 5 J
01 - g 200
=2
0 T T 100 A
0 20 40 60 30 100 120 0 . .
Drying time (min) a0=C 120°C 150°C

Fig. 2. Variation of moisture ratio with drying time forfrared
drying at three radiation intensity, v = 1 m Seand Fig. 5. Variation in specific energy consumption under aiot

. g 1;2 | Infrared drying
g 3 % % ; %Hot air drying %%80_
E Z % % % m ’ 022 031 049

el
=]
@]
2
[=]
@]
vy
=]
@]

W/cm?

Fig. 3. Total energy requirement for hot air dryer at diffet Fig. 6. Variation in specific energy consumption under IR
temperatures drying at air velocity of 1.0 m sét

///// Science Publications 34 ERJ



Seyed Hashem Samadi and Issa Loghmanieh / EnespaRdh Journal 4 (1): 30-38, 2013

3.3. Activation Energy and Effective Diffusivity energy was calculated by plotting the natural labar
of Dess versus reciprocal of the absolute temperature as

_The determined values of effective moisture gpq e inFig. 7 and 8. The plot was found to be a
diffusivity (Dep) for different hot air and IR drying are straight line in the range of drying air temperatur
given inTable 1. The effective diffusivity was greatly studied, indicating Arrhenius dependence. The
!nfluenced by the air temperature and rad|<j;1t|on activation energy values were found to be 140.1 and
intensity. The values lie within the general rangel® 94.62 kJ moL* for IR and hot air drying, respectively.

6 11 2 .
-10™ m?sec for food materials. 5.612x7%0 to : cees

1.317x10® m%s for fluidized bed drying of apples The cliependen;:he ofdth_e effe_ct|vte dlfoSI;/Ity of aEppr
VijayaVenkataRamanet al., 2012), 4.606x16 to samples o e diying ar temperature can be
( N o represented by the following equation.

7.065x10° m%sec freeze-drying of apple cubes with IR drvina:
far-infrared (Kahyaogluet al., 2012), 3.17x10 to ying:
15.45%x10" mf/sec for thin-layer drying of apple slices
in length of continuous band dryer (Ben Mabretill., D =971x 10° eXIE_ 1154ij R ot (11)
2012) and 3.522x1bto 1.431x10 m*min, Vacuum- o T

Microwave of apple slices, respectively (Chosteal.,

2013). The values for g obtained from IR drying Hot-air drying:

were greater than hot-air drying. The effective shaie

diffusivity was found to range between 3.499%10

4.746x10 m’/sec and 3.671x105.101x10° mf/sec D, =3.39x 10° ex;{— 758.5i'j R 0 (12)
for hot-air and IR drying, respectively.The actioat T

0.0025 0.00255 0.0026 0.00265 0.0027 0.00275 0.0028
-14.45 | | | | |

-145 .
A IR drying

Linear (IR drying)

-14.55 ¢

-146

-14.65 |

Ln(D )

147+
A

. v =-1533.4-10.56
-148 ¢ R2=0.910

-14.85 |

-14.75 1

/T (K-1)

149

Fig. 7. Arrhenius-type relationship between effective maistdiffusivity (D) and drying air temperature for IR drying
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Fig. 8. Arrhenius-type relationship between effective maistdiffusivity (D.) and drying air temperature for hot-air drying

Table 1. Values of effective diffusivity for hot air and I@Rying at various conditions

Air temperature (°C) Effective diffusivity x1gm?/s)

Hot air drying 90 3.499
120 4.290
150 4.746

Radiation intensity (W/cm?)

IR drying 0.22 3.671
0.31 3.985
0.49 5.101

4. CONCLUSION compared to hot air dryer. The value of SEC of appl

under IR and hot air drying was ranged from 11G@5

In this research work, the drying behavior of apple 71.78 kWh/kgaer and 635.53 to 501.15 kWh/I§ges
sliced was studied under hot air and infrared dyyin respectively. The values for Deff obtained from IR
According to the result, drying time decreased drying were greater than hot-air drying. The vahfe
significantly with increasing air temperature. Dryi  effective moisture diffusivity varied from 3.499x10
time in the Infrared dryer was lower compared to &io 4.746x10-7 fisec and 3.671x10-7 -5.101x10-#/sec
dryer. Minimum energy consumed for drying apple for hot-air and IR drying, respectively fruit inighstudy.
slices in infrared dryer was 1 kW h at 0.49 W/cm Also, the activation energy values were found to be
radiation intensity while minimum energy consumptio 140.1 and 94.62 kJ mét for IR and hot air drying,
in hot air dryer was 7.02 kW h at dying temperatofe  respectively. The overall conclusion of presentksois
150°C. The results showed that the Specific Energythatinfrared dryer compared to hot air dryers hbgen
Consumption (SEC) in the Infrared dryer was lower better in view of aspects energy for drying apfikees.
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