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Abstract Major target of present paper is to investigate
the drying kinetics of cornelian cherry fruits (Cornus mas
L.) in a convective dryer, by varying the temperature and
the velocity of drying air. Freshly harvested fruits are dried
at drying air temperature of 35, 45 and 55 °C. The con-
sidered drying air velocities are V,;, = 1 and 1.5 m/s for
each temperature. The required drying time is determined
by taking into consideration the moisture ratio measure-
ments. When the moisture ratio reaches up to 10 % at the
selected drying air temperature, then the time is determined
(t = 40-67 h). The moisture ratio, fruit temperature and
energy requirement are presented as the functions of drying
time. The lowest drying time (40 h) is obtained when the
air temperature is 55 °C and air velocity is 1.5 m/s. The
highest drying time (67 h) is found under the conditions of
35 °C temperature and 1 m/s velocity. Both the drying air
temperature and the air velocity significantly affect the
required energy for drying system. The minimum amount
of required energy is found as 51.12 kWh, at 55 °C and
1 m/s, whilst the maximum energy requirement 1is
106.7 kWh, at 35 °C and 1.5 m/s. It is also found that, air
temperature significantly influences the total drying time.
Moreover, the energy consumption is decreasing with
increasing air temperature. The effects of three parameters
(air temperature, air velocity and drying time) on drying
characteristics have also been analysed by means of ana-
lysis of variance method to show the effecting levels. The
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experimental results have a good agreement with the pre-
dicted ones.

List of symbols
2

A Drying air flow surface area, m

c Specific heat of air under adiabatic conditions,
J/kg K

daf Number of degrees of freedom

D, Total drying time, h

E, Total energy requirement of dryer, kWh

Flacior F test value of the factor

k Number of factor’s level

M,, Weight of water in the product, g

My Total weight of product, g

M, Dry weight of product, g

M., Moisture content according to wet basis, g/g

My, Moisture content according to dry basis, g/g

M, Weight at time t of product, g

M a Weight at time ¢t + At of product, g

M, Initial weight of undried product, g

M, Equilibrium moisture content of product, g
water/g dry matter

N Repeating number of each levels of factors

n Number of experiments

SS. Sum of square due to error

SStactor  Sum of square due to factor

SSim Mean sum of square

SSr Total sum of square

S/N Signal to noise ratio, M

0 Air density, kg/m®

v Drying air speed, m/s

Viactor Variance of the factor

w Drying air velocity, m/s

W, Drying rate, g water/g dry matter h
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AT Temperature differences, K
Nfactor—i  Sum of ith level of factor

1 Introduction

Drying is generally used to remove moisture of liquid from
a wet solid by bringing this moisture into a gaseous state. In
most drying operations, water is the liquid evaporated and
air is the normally employed purge gas. Drying of food-
stuffs is an important method of preservation and it is
applicable to a wide range of industrial and agricultural
products. Natural open-air sun drying is practiced widely in
hot climates and tropical countries. However, this technique
is extremely weather, dependent and has the problems of
contamination, infestation, microbial attack, etc. Recently,
there have been many studies on the drying characteristic of
various vegetables and fruits such as onion [1], chestnuts
[2], banana [3], pumpkin [4] and peach [5]. Between rec-
ognized authors in literature, only a few numbers of works
have been published related to drying characteristics of
cornelian cherry fruits. Koyuncu et al. [6] explored the
dehydration of these fruits in a parallel air flow type dryer at
temperatures in the range 50-70 °C and low velocities of
0.3-0.9 m/s. Kaya and Aydin [7] also studied the drying
kinetics of cornelian cherry fruits at the same air velocity
range. Therefore, it becomes necessary to extend the study
of Cornelian cherry drying under other conditions.
Cornelian cherry is a widely grown fruit species in dif-
ferent regions of Turkey. Although, it is naturally grown in
orchards or mountains, there are some exclusive orchards of
this fruit in some regions. Cornelian cherry growing area in
North-East Anatolia is generally located around the river
valleys. Currently, in Turkey there are 1,585,000 cornelian
cherry trees in which yield is approximately 14,000 tons per
year [8]. Cornelian cherry fruits which have sour and sweat
tasting juice, contain a high amount of vitamin C. Fur-
thermore, the fruits are not only consumed fresh, but also
used to produce jam, stewed fruit, marmalade pestil, syrup
and several types of soft drinks. They are also used for
medical purposes. Fruit are rich in sugar, organic acid and
tannin [9]. Cornelian cherry is the most important fruit from
the 40 species of the family Cornaceae. Fresh cornelian
cherry fruits contain twice as much ascorbic acid (vitamin
C) as oranges. Cornelian cherry fruits has been used in
Chinese herbal medicine and known for its tonic, analgesic
and diuretic activities [10]. Cornelian cherry has only
recently captured the attention of fruit breeders. Systematic
collection, selection and breeding programs have recently
been established in the Ukraine, Bulgaria, Slovakia, Aus-
tria, Yugoslavia, France, Germany, Poland and Turkey.
Cornelian cherry is a valuable food, medicinal and
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ornamental plant. It is rarely attacked by pests and diseases
and can be grown with minimal use of chemicals. It is
therefore a very profitable crop. The fruits of the cornelian
cherry can be dark red, cherry red, pink or yellow. They can
be oval, pear-shaped or bottle-shaped [11]. In order to store
cornelian cherry, different methods are used depending on
the technical opportunities, food consumption and food
processing ways. These are traditional method, cold storage
and drying. In numerous papers cited in archival journals, it
is possible to see more information about nutritional and
physical properties of cornelian cherry [12—14].

In the literature, several investigators have attempted to
develop new models for various fruits and vegetables,
including the drying parameters as air velocity and air
temperature. Togrul and Pehlivan [15] investigated the
drying behavior of single apricots, hanging in the flow
direction of hot air in a drying chamber. It was found that the
new model could represent single apricot drying kinetics
within 99.9 % accuracy. Akpinar et al. [16] studied exper-
imentally the single layer drying behavior of potato slices in
a convective cyclone dryer and also to perform mathemat-
ical modeling by using single layer drying models in the
literature. Evin [17] analyzed for both the microwave and
open sun drying conditions mathematical modeling of the
thin layer drying kinetics of gundelia tournefortii. Zielinska
and Markowski [18] investigated the effects of air temper-
ature on drying kinetics of carrot cubes. Convective drying
characteristics of carrot cubes in a spout-fluidized bed were
evaluated through the effect of air temperature on drying
kinetics. Sacilik and Elicin [19] tested the thin layer drying
characteristics of organic apple slices. The effect of drying
air temperature and slice thickness on the drying charac-
teristics and quality parameter of the dried apple slices were
also determined. Koyuncu et al. [20] reported drying char-
acteristics and energy requirement for drying of chestnuts.
The results showed that drying air temperature significantly
influenced the total drying time and air velocity influenced
the total energy requirement for drying.

Present study investigates the monolayer drying char-
acteristics of cornelian cherry fruits in a cross-flow con-
vective dryer at different drying conditions (temperatures
of 35, 45 and 55 °C, air velocities of 1 and 1.5 m/s). For
this aim, an experimental setup is conducted, and some
measurements have been performed. The results are dis-
cussed comparing to the literature. In addition to this,
Analysis of Variance has been done in order to verify the
effect of the drying parameters on the experimental results.

2 Experimental setup and measurement procedure

A schematic diagram of the experimental apparatus is
presented in Fig. 1. The experimental setup consists of a



Heat Mass Transfer (2015) 51:343-352

345

Fig. 1 Schematic view of the
convective dryer, /. Humidity
measurement, 2. Digital
balance, 3. Thermometer-
Anemometer, 4. Drying air
outlet, 5. Drying tray, 6. Drying
chamber, 7. Air flow channel, 8.
Heating system, 9. Fan, /0.
Variac

fan, heaters, power supply (variac with £0.02 accuracy),
drying chamber, air inlet and outlet channels and instru-
ments for measurements. The airflow velocity is adjusted
by a radial fan (max. power is 0.537 kW). The heating
system consisted of an electric heater (2,000 W) placed
inside the channel. A thermo-humidity is used to measure
the humidity levels at various locations of the room with an
accuracy of £0.5 RH (air relative humidity). The drying
chamber temperature is adjusted by the heater power
control. Product surface temperatures and drying chamber
inlet and outlet temperatures are measured by using T-type
thermocouples (0.08 mm in diameter, accuracy 0.018 °C).
The drying chamber length, width and height are arranged
to be 60, 40 and 60 cm, respectively. The mass loss of the
cornelian cherry fruits are measured at 60 min intervals by
a digital balance in the measurement range of 0-6,100 g
and an accuracy of £0.1 g. The sample tray (27 cm in
length and 21 cm in width) on which the cornelian cherry
fruits are evenly put is attached to the electronic balance
with the help of the sample holding wire. The electronic
balance is placed outside the drying chamber.

Measurements are repeated 3 times to ensure that the
results do not vary from test to test. In other words,
accuracy is ensured by requiring that all measured items
have equality (significant) at the end of the test.

The measured values in the experiments reported here
are: drying chamber inlet temperature, drying chamber
outlet temperature, ambient temperature, drying air veloc-
ity, mass loss of fruits and humidity. Measuring devices
used in this study are given in Table 1. This table contains
experimental photos and technical specifications.

Table 2 shows physical properties and nutritional
properties of the cornelian cherry fruits [8, 9].

3 Thermal performance

The moisture content is the measure of the relative
humidity in product. The moisture content is expressed as

wet basis and dry basis. Moisture content according to wet
basis and dry basis is determined using the following Eqs.
(1) and (2):

M,, =—2 1

= (1)
M,,

My, =—2 2

5= 2)

where M,, is the weight of water in the product, M7 is the
total weight of product, M, is the dry weight of product.
The drying rate is the ratio of the initial moisture content of
the moisture at time . Drying rate is determined using the
following equation:

Mt_Me
W =
My — M,

(3)

where M, is the weight at time ¢ of product, M, equilibrium
moisture content of product, My, is the initial weight of un-
dried product.

Drying air velocity changes per unit of time of the
moisture content in product. Drying air velocity is deter-
mined using the following equation:

dw M, _Mz+At
A B ek 4
dt At “)

where M, 5, is the weight at time ¢ 4+ Ar of product.

Three different temperatures such as 35, 45 and 55 °C
and two air velocities such as 1 and 1.5 m/s are used for
experimentation. During experiments, total drying time for
different temperatures and velocities are found. In addition,
total energy requirement for convective type dryer are
determined (Eq. (5) and [6]).

E, = AvpcATD, (5)

In this equation; A is drying air flow surface area, v is
drying air speed, p is air density, c is specific heat of air,
AT is the temperature difference between inlet and outlet of
the dryer and D, is total drying time. Before introducing the
experimental results, a simple notification is done for
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Table 1 Main characteristics and photos of the convective dryer

Unit

Technical specification

Photos

Drying chamber

Air flow channel

Digital balance

Fan

Covering material: sheet iron (3 mm);
rectangular chamber length: 60 mm; width:
40 mm; height: 60 mm;

Galvanized sheet; channel length: 2.5 m;
channel pipe diameter: 120 mm; insulation
thickness 30 mm;

Measurement range 0—-6,100 g and an accuracy
of £0.1 g; digital balance length 30 cm; width
19 cm; sample tray length 27 cm; width 21 cm

The radial fan: with a maximum of 0.537 kW
power; volt 220; Hz 50; ampere 2.5; 1/min
2,800
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Table 1 continued

Unit

Technical specification

Photos

Heating system

Thermometer-Anemometer

Power supply (variac)

Humidity and temperature
measurement

Consisted of an electric 2,000 W heater placed
inside duct

Temperature measuring ranges: from —20 to
480 °C; Air velocity measuring ranges; from
0.15 to 3 m/s; sizes 50-34.9 mm; measuring
elements thermocouple K, J or T

Volt measuring ranges: from 0 to 4260 volt;
ampere 2.5; 50 Hz

Measurement ranges: from 0 to +45 °C (£5 °C),
from 10 to 90 % RH (£5 % RH)
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Table 2 Physical properties

and nutritional properties of
cornelian cherry fruits [8, 9]

Physical properties Values Nutritional properties Values
1,000 fruit mass (g) 2,315 Ascorbic acid (mg/100 g) 66.45
Length of fruit (mm) 18.29 £ 0.147 Total acidity (g/ml) 2.307
Width of fruit (mm) 13.52 £ 0.335 Total sugar (%) 8.9
Weight of fruit (g) 2.315 £ 0.08 Tannin (mg/1) 571.14
Length of seed (mm) 11.544 £+ 0.06 Yield of fruit juice (%) 23.08
Weight of seed (g) 0.194 pH 2.68
Sphericity 0.187 Total soluble solids (%) 14.7
Surface area (mmz) 702 Acid ratio 6.37

Table 3 The investigated cases with abbreviated codes

Cases code Drying air velocity Drying air temperature
Cl1 1 35
Cc2 1 45
C3 1 55
Cc4 1.5 35
C5 1.5 45
C6 1.5 55

reading facility. The cases, which are tested, are coded and
the codes are presented in Table 3.

4 ANOVA (Analysis of variance)

The experimentally found results have been analyzed by a
statistical method. The magnitude of the effects of the
experimental parameters on mass loss is aimed to be
determined by means of analysis of variance method,
ANOVA [21, 22]. The ANOVA evaluates the experimental
errors and test of significance to understand the effect of
various factors. The method and equation of the ANOVA is
presented in “Appendix”.

5 Results and discussions

The dryer is adjusted at a specified drying air temperature
and velocity for about one an hour prior to the start of
experiment to achieve the steady-state conditions. Fresh
cornelian cherry fruits used in the experiment are col-
lected from a garden located in Elazig. Then, 304 g of
wet cornelian cherry fruits are put on the sample tray.
During drying time, the mass of the cornelian cherry fruit
samples are measured for each hour by using a balance.
The dryer is installed in the conditions that have a relative
humidity between 22 and 40 % and a temperature
between 20 and 25 °C. The drying is carried out to final
moisture content of 10 % from initial moisture content of
about 68.8 % (w.b.).

@ Springer

Stages of the drying process are supported by the fol-
lowing photographs. Fresh cornelian cherry fruits used in
experiment are shown in Fig. 2a, the view of the cornelian
cherry fruits in the drying chamber is given in Fig. 2b, 30 h
after the view of the cornelian cherry fruits is in Fig. 2c,
and the view of the dried cornelian cherry fruits is in
Fig. 2d.

The moisture content of the products as a function of
drying time is presented in Fig. 3 for Cl to C6. The
moisture content rapidly reduces and then slowly decreases
with increase in drying time. As expected for these drying
curves, the drying air temperature affects the moisture
content of cornelian cherry fruit. In other words, the
increase in drying air temperature resulted with a decrease
of drying time. In addition, it is obvious from the figures
that drying air velocities did not significantly influence the
drying time. On the contrary, the drying temperature has an
important effect on the total drying time. The lowest drying
time (40 h) is obtained at C6. The highest drying time
(67 h) is found at C1. This value is followed by 64 h (C4),
57 h (C2), 53 h (C5) and 46 h (C3), respectively.

Figure 4 shows the changings in drying rate as a func-
tion of drying time for the various cases (C1 to C6). The
drying rate decreases continuously with increasing drying
time. It is observed that the main factor influencing drying
rate is the drying air temperature. Therefore, a higher
drying air temperature produced a higher drying rate and
consequently the drying time decreased. It is observed that
the main factor influencing drying rate is the drying air
temperature, as reported in earlier researches [23, 24].
Therefore, a higher drying air temperature produced a
higher drying rate and consequently the drying time
decreased.

Figure 5 shows the temperature inside the product. The
surface temperature of the cornelian cherry fruit is recorded
continuously during drying. The surface temperature rap-
idly increases and then slowly constant with increase in
drying time.

The dried product had reached up to temperature
323 °C for C1. This is the lowest temperature ever
obtained. The highest product temperature is obtained as
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Fig. 2 Photos of the stages of
drying of cornelian cherry fruits
used in the experiment, a fresh
cornelian cherry fruits, b the
view of the cornelian cherry
fruits in the drying chamber,

¢ 30 h after the view of the
cornelian cherry fruits, d the
view of the dried cornelian
cherry fruits
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Fig. 3 Moisture content as a function of drying time for tested cases

52.8 °C, when the case is C6. It is observed that the drying
air temperature have influence on the surface temperature
of product, as reported in earlier researches [25, 26].

The parameters generated depending on the data
obtained from the experiments are presented in Table 4. As
seen in Table 4, the independent parameters that affect the
dependent target parameter are air velocity, air temperature
and drying time. These three parameters are called control
factors in the analysis [22]. Two of the control factors

(drying time and air temperature) have three levels, while
the third parameter (air velocity) has two levels. For the
aim of setting the experiment plan, an experimental design
method consisting of orthogonal arrays has been used.
With this purpose in mind, the most suitable orthogonal
array is considered to be L;g as shown in Table 5.

The F testis used to make a decision about the magnitude of
the effects in other words. The calculated F values are com-
pared to appropriated standard confidence table. In the case of
any F value turns out as a result of the mentioned comparison
to be higher than such F value on the table, it is concluded that
the analysis has the assumed confidence level [27-29].

In Table 6 the influences of the parameters on the result
are presented. Accordingly, it has been determined that the
drying time is the most effective parameter is mass loss
with 82.12 % [21].

The drying temperature has an important role on the
total drying time (see Fig. 6). The lowest drying time
(40 h) is obtained for C6. The highest drying time (67 h) is
found for the case, C1. This value is followed by 64 h (C4),
57 h (C2), 53 h (C5) and 46 h (C3).

The total energy requirement for a convective type dryer
can be seen from Fig. 7. As it is understood from this
figure, the minimum heat energy is 51.12 kWh for C3. The
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Fig. 4 Drying rate as a function of drying time
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Fig. 5 Variation of surface temperature as a function of drying time

Table 4 Levels of the factors

Factors Symbol Level 1 Level 2 Level 3
Velocity (m/s) A 1 1.5 -
Temperature (°C) B 35 45 55
Drying time (h) C 10 20 40

maximum energy requirement is 106.7 kWh for C4. The
energy consumption is decreasing with increasing drying
temperature. According to the results, it can be said that C3
must be selected for drying freshly harvested cornelian
cherry fruits.

6 Conclusions

The drying characteristics of the cornelian cherry fruits are
studied in a convective hot air dryer at the drying air
temperatures of 35, 45, 55 °C and drying air velocity of 1
and 1.5 m/s. Some important results can be drawn from
this study as;
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Table 5 S/N ratio and control factors

Experiment no Control factors

A B C S/N ratio (1)

1 1 1 1 —48.6658
2 1 1 2 —47.7121
3 1 1 3 —45.2443
4 1 2 1 —48.3627
5 1 2 2 —46.9894
6 1 2 3 —44.1527
7 1 3 1 —47.7904
8 1 3 2 —45.964

9 1 3 3 —42.7976
10 2 1 1 —48.4321
11 2 1 2 —47.3992
12 2 1 3 —44.811

13 2 2 1 —48.0624
14 2 2 2 —46.4444
15 2 2 3 —43.4521
16 2 3 1 —47.3397
17 2 3 2 —45.2822
18 2 3 3 —42.1442

Table 6 Results of ANOVA

Factor Degree of Sum of  Variance F Contribution
freedom square 4%) (%)
df (SS)

A 1 1.03 1.03 895 1.29

B 2 10.04 5.02 4345 13.82

C 2 58.48 29.24 253.22 82.12

Error 12 1.39 0.12 0 2.72

Total 70.94

80
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£ 50
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&

< 30/

|

FO 20 4

10 4

04 . . . . .
— N o <t v \O
O O O O O O

Fig. 6 Total drying time of cornelian cherry fruits

e The moisture content and drying rate are affected by
the drying air temperature. Increasing in the drying air
temperature causes a decrease in the drying time.
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7 Total energy requirement for a convective type dryer at

different temperatures and velocities

Drying of cornelian cherry fruits starts with initial
moisture content around 68.8 % (w.b.) and continued to
the final moisture content of about 10 % (w.b.).

The time for reaching up to 10 % moisture content
from the initial moisture content at the various drying
air temperatures are found to be between 40 and 67 h.
It is found from the results of the experimental investi-
gation that the drying air temperature has an important
role on the total drying time. The least drying time (40 h)
is obtained at 55 °C and 1.5 m/s. The highest drying time
(67 h) is also found at 35 °C and 1 m/s.

It is also seen from the results that both the drying air
temperature and the air velocity significantly affect the
energy required for drying of cornelian cherry fruits.
The required energy for the case 35 °C, 1 m/s is nearly
2 times greater (~52 %) than the case 55 °C, 1.5 m/s.
ANOVA analysis shows that the drying time contrib-
utes to the drying process of about 82.12 %, the
temperature at 13.82 % and velocity at 1.29 %.

Appendix
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