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Abstract In this study, tomato slices were dried at three
different drying air temperatures (35, 40 and 45 °C) and at
1 m/s air velocities by using a closed loop heat pump dryer
(HPD). To explain the drying characteristics of tomato
slices, ten thin-layer drying models were applied. The dry-
ing of tomato slices at each temperature occurred in falling-
rate period; no constant-rate period of drying was observed.
The drying rate was significantly influenced by drying tem-
perature. The effective moisture diffusivity varied between
8.28 x 107" and 1.41 x 1071 m?s, the activation energy
was found to be 43.12 kJ/mol. Besides, at the end of dry-
ing process, the highest mean specific moisture extraction
ratio and coefficient of performance of HPD system were
obtained as 0.324 kg/kWh and 2.71, respectively, at the
highest drying air temperature (45 °C).

List of symbols

COP,, Coefficient of performance of heat pump
COP,,, Coefficient of performance of whole system
Wcom,; Power consumption of compressor (kW)

Ocd The amount of heat transferred to drying air (kW)
Wean Power consumption of fan (kW)
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Hig Mass flow rate of drying air (kg/s)

hy Specific enthalpy of drying air at condenser outlet
(kJ/kg)

hg Specific enthalpy of drying air at condenser inlet
(kJ/kg)

SMER  Specific moisture extraction ratio (kg/kWh)

ny, Mass flow rate of water extracted from product
(kg/h)

MR Moisture ratio

M, Moisture ratio at any time

M, Initial moisture ratio

M, Equilibrium moisture ratio

DR Drying rate

MR,,,; Experimental dimensionless moisture ratio

MR,,,; Predicted dimensionless moisture ratios

N Number of observations

Z Number of constants

Dy Effective moisture diffusivity (m%/s)

t Time (s)

L Half-thickness of samples (m)

n Number of arguments and summation index

D, Pre-exponential factor (m?/s)

E, Activation energy (kJ/mol)

R Universal gas constant (kJ/mol K)

T Drying air temperature (K)

u, Error rates

Ug Total uncertainty

Substcripts

a Air, constant in drying models

w Water

comp  Compressor

fan Fan

i Inlet

0 Outlet
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Heat pump

System

Constant in drying models
Constant in drying models
Coefficient in drying models, 1/s
Coefficient in drying models, 1/s
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1 Introduction

There are many investigations on hot air drying, vacuum
drying, freezing drying and heat pump drying (HPD) sys-
tems to improve drying quality and energy efficiency. The
HPD system is the most advanced system because of low-
est energy consumption [12, 20]. According to various
studies, color and flavor quality of agricultural products
dried by HPD system were better than products dried by
conventional dryer with hot air [31, 35-37]. There are also
various studies related with drying under modified atmos-
phere. Under the modified atmosphere it was observed that,
the quality of products was obtained very well and values
of color and C vitamin were also protected [22, 39]. There
are many studies about dried agricultural products by using
HPD system. Mango and papaya [3, 35, 37], tomato [5,
33], herbs such as ginseng, Echinacea [29], hazelnut [4],
fruits such as kiwi, avocado and bananas [6, 10, 11], pepper
[28], apple [7, 38], grape [2], and mushroom [25], etc., can
be given as examples.

Tomato (Lycopersicon esculentum Mill) is the world’s
most common commercially produced vegetable. It is
grown worldwide on a variety of soils due to climatic con-
ditions. The world tomato production reached 163,963,770
metric tons, and Turkey produced about 11,820,000 met-
ric tons of tomatoes in the 2013 [18]. China, India, United
States, Turkey and Egypt are the leading tomato-growing
countries. Tomato drying has been investigated to a great
extent and a lot of data are available in literature. Zanoni
et al. [40] studied the drying the samples of tomatoes,
halved, in a conventional dryer and they studied the effect
of drying conditions of the lycopene content of the tomato.
El-Sebaii et al. [15] performed locally solar dryer with
indirect natural convection to dry tomato, onion, fig and
grape. They studied experimentally and theoretically the
correlation between the constant K and the drying tem-
perature of the product in a thin layer. Sacilik et al. [34]
studied experimentally solar drying curves of tomato cut
in half and distributed in a solar dryer under atmospheric
conditions of Ankara (Turkey) and they compared them to
the way drying in open air. Doymaz [14] studied the effect
of treatment on drying kinetics of tomatoes cut in half
and distributed on shelves of a forced convection dryer at
temperatures of 55, 60, 65 and 70 °C by using electrical
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resistors passing perpendicularly through the grids. Hasturk
Sahin et al. [21] studied that the effects of drying methods,
such as hot-air drying (at 65, 75 and 85 °C drying tempera-
tures), sun drying, vacuum drying and freeze drying, and
pretreatments, namely dipping into 1% ascorbic acid + 1%
citric acid and dipping into 2% sodium metabisulphite after
2% ethyl oleate + 4% potassium carbonate solution appli-
cation on lycopene retention and colour properties of dried
tomato slices. However, there is no information for drying
of tomato slices in the closed loop heat pump dryer. The
purpose of the present work was to investigate the effect
of air temperature on the drying characteristics of tomato
slices in the closed loop HPD system, to fit the experimen-
tal data to ten thin-layer models, and to calculate the effec-
tive moisture diffusivity and activation energy.

2 Materials and methods
2.1 Sample preparation

In this study, 2.1 kg peeled tomato slices at 7 mm thickness
and 40 £ 2 mm diameter were dried using a HPD designed
and manufactured in the Yalova University Air Condition-
ing and Refrigeration Technology Program Laboratory.
The tomato moisture content was determined by drying in
a moisture analyzer. A 7 mm tomato sample weighing 5 g
was heated at 70 °C for 18 min until reaching the equilib-
rium point. The initial moisture content on a dry basis of
the tomato slices dried in the chamber was determined as
15.667 g water/g dry matter. The results of the experiments
showed the tomato slices were dried until the moisture
content reached 0.865 g water/g dry matter. The mass of
the dried product was measured using an electronic scale
placed inside the drying chamber. The experiments were
carried out at 1 m/s air velocity and at three different drying
chamber temperatures (35, 40 and 45°C).

2.2 Experimental set-up

The designed drying system consisted of a heat pump, a
fan, a channel system and a 0.60 x 0.60 x 0.60 m® dry-
ing chamber in which there are drying trays with holes
0.12 mm x 0.1 mm in size of 46 cm long and 42 cm width.
The HPD experimental set-up used a circulating R410A
refrigerant fluid and an internal and an external con-
denser serially connected to each other. The HPD system
was designed so that the drying air was circulated within
a closed-loop conduit system using an axial fan and out-
side air was not taken in during drying. The drying air (E)
entering from the internal condenser is warmed by the heat
of the refrigerant and enters the drying chamber (A). The
heat-providing refrigerant is condensed (3) and was sent
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Fig. 1 Experimental set-up
Tabl.e 1 Technical Components Technical specifications
specifications of heat pump
components Compressor Rotary type, cylinder volume 8.6 cm?, nominal power 750 W
Evaporator Aluminum finned tube heat exchanger

Internal condenser

External condenser

Internal condenser fan

External condenser fan
Metering device (capillary tube)
Refrigerant

Total heat transfer area, 278 m>
Aluminum finned tube heat exchanger
Total heat transfer area, 3.60 m?
Aluminum finned tube heat exchanger
Total heat transfer area, 1.56 m?

Axial type (nominal power 50 W)
Axial type (nominal power 33 W)

1 m length and 1.5 x 1073 m diameter
Freon—410a

to the evaporator by passing through the capillary tube
under reduced pressure (4). Upon contact with the products
placed in the tray, the drying air, having increased tempera-
ture and lower relative humidity, via heat and mass trans-
fer, takes the moisture within the structure of the product
and leaves the drying chamber with higher relative humid-
ity (B). Then, the drying air with high relative humidity is
passed through the heat pump evaporator (C-D) in order to
be used again. The drying air with the moisture removed

from the product, having a temperature below the dew
point, condenses while passing over the evaporator tubes
containing circulating refrigerant. Thus, by removal of
the moisture, the drying air is made available for the dry-
ing operation; however, the drying air is cooled somewhat
in the process. Inside the evaporator tubes, the circulating
refrigerant, upon absorbing the heat from the drying air,
evaporates (1) and is absorbed by the compressor, putting
pressure on the condenser (2).
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Table 2 Measurement devices

Measured quantity Measurement device Measurement range Accuracy
Mass of product Electronic scale 0-70 kg +2g
Drying air velocity Rotating anemometer 0.1-10 m/s £0.1 m/s

Drying air temperature and relative humidity Hygro-thermometer

Indoor air temperature and relative humidity Thermo-anemometer
Power consumption of compressor and fans
Pressures Electronic manifold
Heat pump operating temperatures

Drying chamber temperature Electronic thermostat

Electrical power meter

Four channel datalogging thermometer

0-100% RH, —40 to 80 °C
—20to 470 °C, 0.4-20 m/s

+2% RH, £0.4 °C
£0.5 °C, £0.2 m/s

150-300 V 0.5 s/day
0-50 bar £0.1 bar
—40 to 250 °C +0.5°C
—50to +130 °C +0.1 °C

Table 3 Mathematical models used to describe the drying kinetics of
tomato slices

Model name Model

Lewis MR = exp(—kt)

Henderson and Pabis MR = aexp(—kt)

Logarithmic MR = a exp(—kt) + ¢

Verma et al. MR = a exp(—kt) + (1 — a) exp(—gt)
Page MR = exp(—kt")

Midilli et al. MR = aexp (—kt") + bt

Parabolic MR = a + bt + c*

Wang and Singh MR =1 +at + b®

Weibull MR = exp (_(%)a)

Aghbashlo et al. MR = exp (_ ( lfbt))

The HPD system is shown in Fig. 1 and the technical
characteristics of the elements constituting the HPD system
are given in Table 1.

In this system, an electronic scale placed in the drying
chamber was used to measure the mass of the product.
The temperature of the circulating drying air and relative
humidity values in the system were recorded via a data
acquisition device. The HPD system suction and discharge
pressure values were measured using an electronic mani-
fold, and the refrigerant temperatures were measured by
thermocouple elements mounted on the pipe surface. The
values of the power consumed by the compressor and by
the system as a whole were measured and continuously
recorded using an electrical power meter. All the recorded
data were transferred to the Microsoft Excel 2010 program
and the necessary calculations were performed. The meas-
urement devices used during the experiments and their
technical specifications are given in Table 2.

Measurements were performed to evaluate the efficiency
of the HPD system. Before starting the experiments, the
system was run for at least 30 min in order to reach steady-
state conditions. During the experiments, the drying cham-
ber temperature was maintained at 35, 40 and 45 °C using
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a thermostat which is controlled by two solenoid valves.
One of them was placed at the by-pass line, while the other
was placed at the liquid line, as seen in Fig. 1. The drying
chamber temperature was measured by an electronic ther-
mostat whose sensing bulb was placed in the drying cham-
ber. When the drying chamber temperature reached the set
value, the thermostat closed the solenoid valve at the liquid
line, as it opened the other at the by-pass line and thus, the
external condenser was also activated with the internal con-
denser. When the drying chamber temperature fell to the
predefined differential temperature value (about £0.5 °C),
then the thermostat closed the by-pass solenoid valve and
opened the other one, and so deactivating the external con-
denser. It can be seen that the external condenser was less
activated at the higher drying chamber temperature.

3 Analyses
3.1 Mathematical modelling of HPD system

Coefficient of performance of HPD system is defined by
two ways; specific moisture extracted ratio (SMER) known
as water extracted from product per consumed energy and
coefficient of performance (COP) known as heat given dry-
ing air through the condenser per consumed energy at com-
pressor [24]. COP value for whole system is determined as

Eq. (1).

ch
Wcomp + Wfan,i + Wfan,o

COPyys = ey

Here, amount of heat given drying air is calculated from
Eq. (2).
Qcd = tita(hp — ) )
SMER is calculated as follow,

Ity

SMER = — : -
Wcomp + Wfan,i + Wfan,o

3
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3.2 Mathematical modelling of drying process

To evaluate the characteristics of tomato slices drying, it
is important for modelling the drying process. Therefore,
the data derived from drying of tomato slices was fitted
with ten different drying models (Table 3) that are com-
monly used for describing the thin-layer drying behavior.
The moisture ratio (MR) of the tomato slices during drying
experiments was calculated by using the following Eq. (4):

MI_Me

MR = —+
Mo — M, “

where M,, M, and M, are moisture content at any time,
initial moisture content, equilibrium moisture content (kg
water/kg dry matter), respectively, and t is drying time
(min). The equilibrium moisture content (M,) is relatively
small compared with M,, especially for infrared drying.
Therefore, M, was numerically set to zero in this study. So
MR can be simplified to [16, 17]:

MR = M @)

The drying rate (DR) calculated from the change in mois-
ture content, which occurred in each consecutive time
interval, were computed using Eq. (6):

M; — My ar
At

DR = (6)
where M,_,, is moisture content at  + At (kg water/kg dry
matter), and t is time (min).

3.2.1 Data analysis

Data were analyzed using Statistica 8.0.550 (StatSoft Inc.,
Tulsa, OK, USA) software package. Non-linear least square
regression analysis was used to evaluate the parameters of
the selected model with the Levenberg—Marquardt algo-
rithm. The fitting quality of the experimental data to all
models was evaluated using the coefficient of determination
(R?), mean relative percent error (P), reduced Chi square
(x?), and root mean square error (RMSE). The R% P, x* and
RMSE were calculated from following formulas:

R2 —1— Z (MRpre,i - ZWRexp,i)2

— 2 @)
Zf'vzl (MRpre - MRexp,i)
100 S [MRexpi — MRy
exp,i — pre,i
P=-5) ®)
i—1 exp,i
2
2 Zf\]:I (MRCXp,i - MRpre,i)
= Nz ©)

N 1/2
1
RMSE = N ; (MRpre,i - MRexp,i)2 (10)

where MR,,,; and MR, are experimental and predicted
dimensionless moisture ratios, respectively; N is number
of observations; z is number of constants. The best model
was chosen based on the following four criteria: the highest

value of R? and the least values of P, X2 and RMSE [17, 19].
3.2.2 Determination of effective moisture diffusivity

Fick’s second law of diffusion equation was used to fit the
experimental drying data for the determination of effective
moisture diffusivity coefficients:

oM
- = V [Degr (VM) (11)

The solution of diffusion equation for infinite slab given
by Crank [13], and supposed uniform initial moisture dis-
tribution, negligible external resistance, constant diffusivity
and negligible shrinkage, is:

— 1 (2n+ 1)°72Dyyt
MR=—Y —— = 22
2 ; (2n+1)? =P ( 412 (12)

where D, is the effective moisture diffusivity (m?/s), t is
the time (s), L is the half-thickness of samples (m) and n is
the summation index (ranging from O to infinity). For long
drying periods, the above equation can be simplified to
only first term of series, without much affecting the accu-
racy of the prediction:

8 ﬂzDeﬁ'l
— ex —
72 P\ T A (13)

The effective moisture diffusivity (Deﬂ) was also calcu-
lated typically by using the slope of Eq. (13). A straight
line with a slope was obtained when In (MR) was plotted
versus time:

MR =

T 2Deﬁf
412

Using the slope value (Eq. 14), the effective moisture
diffusivity could be determined.

(14

slope =

3.2.3 Computation of activation energy

The relationship between the effective moisture diffusivity
and drying temperature was described using the Arrhenius-
type equation:

E,
Des = Do exp —)
¢ RT (15)
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Table 4 Calculated mean COP and SMER values at three drying air
temperatures

Drying temperature (°C) COPyyq mean SMER (kg/kWh)
35 2.323 0.214
40 2.682 0.242
45 2.706 0.324

Here D, is the pre-exponential factor (m?/s), E, is the
activation energy (kJ/mol), R is the universal gas constant
(kJ/mol K), and T is drying air temperature (K).

3.3 Uncertainty analysis

Uncertainty analysis is needed to validate the accuracy of
the experiments. The uncertainty analysis for this study
was performed using the method described by Holman [23]
to define the accuracy of measured and calculated values.

1/2
OF 2+ OF 2+ L (9F 2 (/16)
71/[ 71/{ ... 714
9z1 : 022 2 zp
In this study, the pressures, temperatures, humidi-

fies, velocities and mass were measured with appropriate

Ur =

instruments.

4 Results and discussion
4.1 System performance

Experiments were carried out at 24.5 °C outdoor temper-
ature and 53% relative humidity conditions. During the
experiments, the higher SMER values were obtained for
2 h, then they decreased depend on drying rate. The high-
est SMER value was obtained as 0.324 kg/kWh at 45 °C
drying air temperature, while the lowest value was obtained
as 0.214 kg/kWh at 35 °C drying air temperature. Mean
SMER and COP values were calculated as seen from
Table 4.

4.2 Drying curves

The effect of air temperature on drying curves of the
tomato slices during drying is shown in Fig. 2. The drying
curves are typical to ones for similar vegetables and fruits.
The moisture content decreased exponentially with elapsed
duration of drying and decreased faster at higher air tem-
peratures in all cases, as expected. The results showed
that drying time decreased greatly when the temperature
increased. The drying time required reaching the final
moisture content of the samples were 720, 600 and 420 min
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at the temperatures of 35, 40 and 45 °C, respectively. The
average drying rate samples increased 1.71 times, respec-
tively, as air temperature increased from 35 to 45 °C. As
expected, at higher air temperature, the higher heat absorp-
tion resulted in higher product temperature, higher mass
transfer driving force, faster drying rate and consequently
lesser drying time [30].

The drying rate curves of tomato slices are shown in
Fig. 3. It is clear that the drying rate decreases continu-
ously with moisture content. The drying rates were higher
in the beginning of the process, and then decreased with a
decrease in moisture content of the samples. Tomato slices
did not exhibit a constant drying rate period and all the dry-
ing operations are seen to occur in the falling drying rate



Heat Mass Transfer (2017) 53:1863-1871

1869

Table 5 Statistical results obtained from the selected models

Temperature Model name R? P ¥2 RMSE

§®)

35 Lewis 0.9989  5.1990 0.000078 0.050892
Henderson ~ 0.9991 4.4295 0.000060 0.042585
and Pabis
Logarithmic 0.9997 1.4592 0.000016 0.022165
Vermaetal. 09997 1.5146 0.000016 0.022739
Page 0.9996 29082 0.000028 0.031825
Midillietal. 0.9998 1.4539 0.000016 0.021839
Parabolic 0.9955 8.8204 0.000339 0.108688
Wang and 0.9920 12.2023 0.000595 0.144534
Singh
Weibull 0.9996 2.9082 0.000028 0.031825
Aghbashlo  0.9997 1.9589 0.000017 0.024354
et al.

40 Lewis 0.9959  9.9940 0.000311 0.102334
Henderson  0.9972  7.9241 0.000216 0.080386
and Pabis
Logarithmic  0.9997 1.9313 0.000025 0.025330
Vermaetal. 0.9996 2.4792 0.000028 0.027304
Page 0.9993  3.1207 0.000048 0.036372
Midilli etal. 0.9997 1.2465 0.000017 0.020406
Parabolic 0.9982 5.6432 0.000145 0.060568
Wang and 0.9970 7.4780 0.000233 0.078413
Singh
Weibull 0.9993  3.1207 0.000048 0.036372
Aghbashlo  0.9998 1.2302 0.000012 0.018330
etal.

45 Lewis 0.9818 21.6041 0.001542 0.185309
Henderson  0.9866 18.1459 0.001174 0.156845
and Pabis
Logarithmic  0.9955 3.0998 0.000040 0.026512
Vermaetal. 0.9972 8.1577 0.000250 0.069794
Page 0.9969 7.8392 0.000269 0.073984
Midilli etal. 0.9997 2.3144 0.000028 0.021956
Parabolic 0.9999 0.8175 0.000007 0.011539
Wang and 0.9998 0.9328 0.000011 0.014475
Singh
Weibull 0.9969 7.8393 0.000269 0.073984
Aghbashlo  0.9998 1.2249 0.000014 0.016659
et al.

period. These results are in good agreement with those in
earlier studies of tomatoes [14, 26, 30, 32].

4.3 Evaluation of the models

The experimental drying kinetics data at each tempera-
ture was fitted to the ten different models summarized
in Table 3. The best model selected based on the highest
R? and the lowest P, x> and RMSE values. Results of the

1.0
+ 35°C; Midilli et al.
0 40°C; Aghbashlo et al.
0.8 A 45°C; Parabolic
& 0.6
p=
=
]
5]
é
& 0.4+
0.2
0.0 T T T T T T T T T
0.0 02 0.4 0.6 0.8 1.0

Experimental MR

Fig. 4 Experimental and predicted moisture ratio values at different
air temperature for the proposed models

statistical computing are shown in Table 5. The R* values

1.6E-10

1.4E-10 A

1.2E-10 4

1.0E-10 A

8.0E-11 1

Deft (mz/ S)

6.0E-11 A

4.0E-11 4

2.0E-11 4

0.0E+00
35 40 45

Temperature (°C)

Fig. 5 Effective moisture diffusivity versus air temperature

for all models were above 0.9800, while these values for
Lewis model were the lowest ones. The statistical param-
eter estimations showed that R%, P, X2 and RMSE values
were ranged from 0.9800 to 0.9999, 0.8175 to 21.6041,
0.000007 to 0.001542, and 0.0111539 to 0.185309, respec-
tively. Among ten models, the Midilli et al. [27], Aghbashlo
et al. and Parabolic models were the best in describing the
drying process of tomato slices, with the highest R* and
lowest P, x> and RMSE for 35, 40 and 50 °C, respectively.
To validate the selected models, plots of experimental MR
and predicted MR by the selected models are shown in Fig. 4.
Obviously, a good agreement was observed between experi-
mental and predicted MR values. That is, the data points are
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Fig. 6 Arrhenius-type relationship between effective moisture diffu-
sivity and air temperature

generally banded around a 45° straight line on the plots. This
trend provides extra evidence for the suitability of the model
to forecast the drying characteristics of tomato slices.

4.3.1 Effective moisture diffusivity

The determined values of the effective moisture dif-
fusivity are shown in Fig. 5 and were in range between
8.28 x 107! and 1.41 x 107'° m%s. As expected that
the effective moisture diffusivity increased greatly
with increasing drying temperature. The values of D,
obtained from this study are within the general range
from 1072 to 10~% m?s for biological materials [41].
The calculated values of D,; were consistent with the
values given in literature such as Abano et al. [1] and
found between 7.22 x 10~ and 25.19 x 10~° m%/s for
tomato slices by using combined microwave-vacuum
drying, Bagheri et al. [8] found between 3.42 x 107°
and 8.69 x 107 m?%s for tomato slices by using open
sun drying and Bennamoun et al. [9] found between
3 x 107!%and 5 x 107'° m?/s for cherry tomato by using
convective drying. The differences between the results
can be explained by effect of type, slice thickness, com-
position, and tissue characteristics of the tomatoes and
the proposed model used for calculation.

4.3.2 Activation energy
The activation energy was calculated by plotting In (D)
versus the reciprocal of the temperature (1/T), and pre-

sented in Fig. 6. Equation (17) shows the effect of tempera-
ture on D, of the samples with following coefficients:
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51935
Dy = 1.6796 x 10~ exp <— - ) (R?: 09651)

a7

Using Eq. (17), the value of activation energy was found
to be 43.12 kJ/mol. The values obtained in this study are in
the range of 12.7-110 kJ/mol for various foods reported by
Zogzas et al. [41].

5 Conclusions

The drying characteristics of tomato slices were investi-
gated in a closed loop HPD system at three different drying
air temperatures. The drying rate was significantly influ-
enced by drying temperature. The drying time decreased
with the increase in drying temperature. The drying of
tomato slices at each temperature occurred in falling-rate
period; no constant-rate period of drying was observed.
To explain the drying kinetics of tomato slices, ten thin-
layer drying models were applied. Statistical analysis
showed that the models by Midilli et al. [27], Aghbashlo
et al., and Parabolic have the best-fit quality. The effec-
tive moisture diffusivity was computed from Fick’s sec-
ond law, the values of which varied between 8.28 x 107!
and 1.41 x 10~'9 m%s, over the temperature range. With
the increase of drying temperature, the effective moisture
diffusivity increased. Activation energy was estimated by
an Arrhenius type equation and found to be 43.12 kJ/mol.
During the drying process, mean SMER as 0.324 kg/kWh
and COP as 2.71 were obtained at the highest drying air
temperature (45 °C).
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