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Abstract: This work represents an experimental study and mathematical modeling of convective
apple slice drying. The influence of multiple process parameters such as temperature, air humidity,
air velocity and slice thickness on process kinetics, product water activity and parameters of empirical
models has been investigated. Drying characteristics of apple slices were monitored at temperatures
of 40, 45 and 50 ◦C, air velocities of 0.6, 0.85 and 1.1 m/s., slice thicknesses of 4, 6, 8, 10 and 12 mm,
and in relative air humidity ranges of 25–28, 35–38 and 40–45%. During the process, samples were
dried from an initial moisture content of 86.7% to that of 20% (w.b), corresponding to product water
activity of 0.45 ± 0.05. By increasing the temperature from 40 to 50 ◦C, the time for reaching the
required product water activity decreased by about 300 min. Sample thickness is the most significant
parameter; by increasing the slice thickness from 4 to 12 mm, the time required to achieve the
required water activity increased by more than 500 min. For all experimental runs, parameters of
five different thin-layer empirical models were estimated. A thin-layer model sensible to process
conditions such as temperature, air velocity, layer thickness and air relative humidity was developed
and statistically analyzed.
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1. Introduction

Agricultural products such as fruits and vegetables are considered perishable foods because of their
high moisture content [1]. Preservation for off seasonal time and prevention from microbial spoilage
and enzymatic reactions can be accomplished by removing free water from the foods [2]. Drying is
a well-known method of free water removal and preservation, extending shelf-life, and decreasing
transportation weight and space requirements for storage [3–6]. Drying is, however, an energy-intensive
process. Convective drying usually requires hot air circulation; however, high temperature and long
times required in hot air-drying adversely affect the texture, flavor, and color of products [7,8].
Many parameters affect the drying process; temperature, air relative humidity, air velocity, and particle
sizes of dried material can significantly influence the required drying time, cost as well as product quality.

Apples (Malus domestica) are a widely cultivated fruit consumed either fresh or as juices, jam or
dried products. They are a good source of dietary fibers, pectin, potassium, vitamin C and vitamin A
and phenolic compounds [9]. Dried apples can be used in snack food, as a weak seasoning and as a
complimentary ingredient of special diets [10].

Drying of apples was the subject of study in a number of researches in recent years [11,12].
Several works deal with effect of process parameters on the drying rate and quality of the product.
Lewicki and Jakubczyk [13] dried apple slices with irradiation at temperatures of 50, 60, 70 and 80 ◦C;
the effect of hot air temperature on the rate of drying at 80 ◦C is twice that observed at 50 ◦C. Togrul [14]
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studied infrared drying of fresh apples by simple modeling in the temperature range of 50–80 ◦C;
drying time decreased by 80 min when the temperature was increased from 50 to 80 ◦C; also the drying
rate was almost doubled. Wang and Chao [15] dried apple slices by irradiation at three temperatures:
50, 60 and 75 ◦C; at the same dehydration time, the higher the air temperature for constant irradiation,
the more water was lost. Fresh apples were conventionally dried by Velic et al. [16] at air velocities of
0.64, 1.00, 1.50, 2.00, 2.50 and 2.75 m/s and a drying temperature of 60 ◦C using rectangular-shaped
(20 × 20 × 5 mm) apple slices; they reached a moisture content of 20% (wet base), then the dried
samples were rehydrated with about 72% of the water that was removed by the drying process.
Vega-Galvez et al. [17] studied the effect of temperature and air velocity on the drying kinetics and
product quality; apples were dried at different temperatures and air velocity (40, 60 and 80 ◦C; 0.5,
1.0 and 1.5 m/s). The highest drying rate constant of 15.30 × 10−9 m2/s was obtained at maximum
experimental temperature and air velocity (80 ◦C and 1.5 m/s), while the lowest drying rate constant of
3.22 × 10−9 m2/s was obtained at 40 ◦C and 0.5 m/s. Color attributes of apples change during their hot
air drying, which was confirmed by Nadian et al. [18] when drying apple slices of 4 mm thickness at
60 ◦C and at a rate of 1.5 m/s.

Several empirical mathematical models were employed in many literature sources for modeling
fruit drying. However, empirical-based models such as those of Lewis (Newton) [19], the Page
model [20], the modified Page model [21], that of Henderson and Pabis [22], the logarithmic
model, and the two-term model [23], are the most frequently used to model drying of different
agricultural products.

Drying is an energy extensive process. The use of renewable energy sources, particularly solar
energy, can significantly affect the economy of the process and reduce the carbon footprint. However,
traditional open sun drying leads to the deterioration of quality parameters and contamination
of the product. An alternative to open sun drying is active indirect cabinet solar drying [5,24].
Drying performance of a solar drying system is highly dependent on the climate conditions of the given
geographical location. Geographical locations with dry climate and high altitude such as Afghanistan,
where this research was done, provide ideal conditions for solar drying application.

Although convective drying of fruit including apple slices has been studied by numerous
researches, a complete investigation of the influence of multiple process parameters, such as temperature,
air humidity, air flow velocity and slice thickness, on process kinetics, parameters of empirical models,
and particularly product water activity has not been published to our knowledge. In addition, available
experimental data were typically obtained at conditions different than those typical for geographical
locations with dry climate and high altitude.

This work aims to investigate convective thin-layer drying of apple slices at temperatures ranging
from 40 to 50 ◦C, ambient air relative humidity from 25% to 45%, air velocity from 0.6 to 1.1 m/s,
slice thickness from 4 to 12 mm at an average ambient pressure of 82 kPa, typical of geographical
locations with an altitude of 1800 to 2000 m above sea level. The selected air velocities and temperatures
correspond with values achievable in forced convective solar drying units [5], since the results are
aimed to be used in the design of convective solar drying units. The effect of process parameters on the
effective diffusion coefficient and kinetic parameters of different empirical models was observed in this
work. Optimal drying time under each set of conditions was estimated by observing the change in
water activity of the dried product during the process.

2. Materials and Methods

2.1. Sample Preparation

Red apples (Malus domestica) used in the study originated from the Maidan-Wardak province of
Afghanistan and were obtained from a local supermarket in Kabul; they were then stored at +4 ◦C.
Fresh red apples with diameters ranging from 60 to 80 mm were selected, washed with distilled water
and cut horizontally along their axis (each piece was parallel to the main axis of the apple) with a
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manual cuter into cylindrical 6 ± 0.1 mm thick slices (Figure 1a); to analyze the effect of slice thickness,
apples were cut into 4, 8, 10 and 12 ± 0.1 mm thick slices (Figure 1b).
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Figure 1. Sample preparation: (a) a sample batch with 6 mm apple slices, and (b) slices with
different thicknesses.

Each batch comprised 300 ± 2 g of apples. The average initial moisture content of the apples was
86.7% (wet basis) which was determined in a laboratory moisture analyzer (VWR MBT160 moisture
analyzer, number 611-2318, VWR International, Italy) equipped with an analytical moisture balance
(capacity of 0.001–160 g), a heater power supply and stainless pan protection with a ventilation stopper.

2.2. Experimental Procedure

Food and agriculture products can be dried by several methods, such as solar, freeze, infrared,
microwave and convective drying. Convective drying is the most popular among these methods for
moisture removal in a variety of industrial applications [25]. Therefore, a laboratory batch convective
tray dryer shown in Figure 2 was used to dry apple slices. The unit is made of a stainless steel tunnel
with the dimensions of 2000 × 450 × 400 mm (length, height and width, respectively), with aluminum
on the outside and expanded polystyrene plates between the metal layers to minimize the heat transfer
through the chamber walls. The unit was also equipped with heating elements (3 kW), an axial fan
with angular frequency of 0 to 2500 rpm, three drying trays, a control system, a load cell-force sensor
(range: 0–5 kg) with continuous mass balance, an air flow sensor (0–150 L/s), as well as temperature and
pressure sensors. The axial-flow fan was located at the entrance of the drying tunnel to feed air into the
tunnel. The air flow rate was set at the beginning of the process. Heating elements, which were placed
next to the fan, heated the air and controlled the temperature. The unit has three strategically located
hygrometers to ensure optimum humidity and temperature required for the system. Hygrometers
consist of two temperature sensors (wet bulb) wrapped in an absorbing cover and the other (dry bulb)
which is located directly in the tunnel. Sliced apples were placed on perforated trays in the tunnel of
the load cell; the balance and load cell were connected to the control interface box and data acquisition
software with balance calibration option. A more detailed description of the experimental set-up is
given in our previous work [26].
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Figure 2. Batch laboratory tray dryer scheme: 1—stainless steel tunnel, 2—axial-flow fan feeding air
into the tunnel, 3—heating elements, 4—heating element temperature sensor, 5—temperature sensors
before air heating, 6—temperature sensors after air heating, 7—temperature sensors for the air leaving
the tunnel, 8—drying trays and 9—balance load cell-force.

The dryer was first run without the samples for about 10 to 15 min to set the desired conditions
before each batch drying, samples, after being sliced, were placed on three trays and placed inside the
chamber above the balance. The balance was set to record the sample mass every two minutes.

During the process, apple slices were dried starting from the initial moisture content of 86.7%
to the final moisture content of 20% (w.b). The sample mass was recorded every two minutes.
The experiments were carried out under average ambient temperatures of 15–20 ◦C, pressure of 82 kPa
and an air average relative humidity of 25–45%. Drying characteristics of the apple slices were studied
at three temperature levels: 40, 45 and 50 ◦C ± 1 before the drying chamber, which corresponded to 50,
60 and 70 ◦C ± 1 controlled close to the heater, and at three air velocities: 0.6, 0.85 and 1.1 m/s, for each
temperature level. In these measurements, the apple slice thickness was 6 mm. The experimental runs
at 40, 45 and 50 ◦C for air velocities of 0.85 m/s and 1.1 m/s were repeated to measure water activity of
the samples. During the last mentioned series of experiments, about 10 g of dried material was taken
from the device each 60 min to measure water activity.

In the next series of experiments, the effect of slice thickness was investigated. Slices with five
different thicknesses: 4, 6, 8, 10 and 12 mm, were subjected to drying at 50 ◦C, ambient air relative
humidity of 35 to 38% and air velocity of 1.1 m/s. Finally, experimental runs at three different ranges
of ambient air relative humidity: 25–28, 35–38 and 40–45%, were carried out. For these experiments,
the chamber temperature was 50 ◦C and air velocity was 1.1 m/s. The air relative humidity was not
controlled; the experiments were carried out during different seasons from March to July when different
ambient air relative humidities were recorded. In total, 23 runs of drying experiments were carried out,
with the duration of each experiment between 5 and 15 h. Table 1 shows a list of experimental runs of
this study.

2.3. Water Activity Measurement

Water activity of the samples was determined using a laboratory water activity analyzer
(LabTouch-aw, Novasina, Switzerland). A sample was taken every 60 min, cut to approximately
5 × 5 × 5 mm and placed in a specific analyzer petri dish. Water activity of the sample at the
three temperatures, 40, 45 and 50 ◦C, and air velocities of 0.85 and 1.1 m/s for each temperature
was determined.
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Table 1. List of experimental runs.

No. of Run Temperature (◦C) Air Velocity (m/s) Thickness (mm) Air relative Humidity (%)

1 40 0.60 6 40–45
2 40 0.85 6 40–45
3 40 1.10 6 40–45
4 45 0.60 6 40–45
5 45 0.85 6 40–45
6 45 1.10 6 40–45
7 50 0.60 6 40–45
8 50 0.85 6 40–45
9 50 1.10 6 40–45

Effect of thickness
10 50 1.10 4 35–38
11 50 1.10 6 35–38
12 50 1.10 8 35–38
13 50 1.10 10 35–38
14 50 1.10 12 35–38

Effect of air relative humidity
15 50 1.10 6 25–28
16 50 1.10 6 35–38
17 50 1.10 6 40–45

Runs for water activity measurement
18 40 0.85 6 40–45
19 45 0.85 6 40–45
20 50 0.85 6 40–45
21 40 1.10 6 40–45
22 45 1.10 6 40–45
23 50 1.10 6 40–45

2.4. Mathematical Modeling

Process modeling and optimization of process parameters can significantly reduce the number of
experiments required for process design. Drying processes modeling can be formally characterized by
two different approaches: physical-based modeling and empirical modeling [27]. Physical models
describe the fundamentals of heat and mass transfer during the drying process. This modeling
approach requires the knowledge of heat and mass transfer parameters, such as effective diffusion
coefficient in both solid and gas phases, thermal conductivity, specific heat capacity, density, etc.
and the change caused by material shrinkage during the drying process.

An alternative to physical-based modeling is experimental-based empirical modeling. In literature,
many empirical mathematical models applicable for the drying of food and agricultural products can
be found; various authors have studied the modeling of the food drying process, e.g., drying of garlic
slices [28], tomato slices [29], pepper [30] and apple slices [23].

In this study, parameters of five thin-layer models (Newton, Page, modified Page, logarithmic
and Henderson and Pabis) were analyzed under different process conditions. The models are given in
Table 2:

Table 2. Thin-layer empirical models considered in this work.

No. Model Name Model Reference

1 Newton (Lewis) MR = Exp(−kt) [19,31]
2 Page MR = Exp(−ktn) [32,33]
3 Modified Page MR = Exp

[
−(kt)n

]
[34,35]

4 Logarithmic MR = a Exp(−kt) + c [23,36]
5 Henderson and Pabis MR = a Exp(−kt) [37,38]
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t is time, k is the drying rate constant, a, n and c are model coefficients and MR is moisture ratio
defined by Equation (1), [25,39,40]

MR =

(
Xt −Xeq

)(
X0 −Xeq

) (1)

where Xt, X0 and Xeq represent the dry basis moisture content (kg water/ kg dry solid) at any time,
initial and equilibrium, respectively. The dry basis moisture content of apple slices can be calculated
based on Equation (2):

X =
mH2O

mdry
=

mwet −mdry

mdry
(2)

where mH2O is the actual mass of water in the wet solid, mwet is the total mass of the wet solid and mdry
is the mass of dry matter [41,42].

A disadvantage of these simple thin-layer models is that different parameters of the model are
required for different process conditions. This fact limits the use of such models to conditions for
which the model parameters were estimated. For this reason, a new four-parametric model containing
information on process conditions was developed. The presented model, referred to here as Haydary, is
sensible to process conditions and works with four process parameters and four empirical parameters
determined based on 3780 experimental points optimized for all process conditions. The process
parameters included are temperature, air velocity, air relative humidity and layer thickness. The model
is represented by Equation (3)

MR = EXP
[
−k

(
T/Tmin v/vmin

d/dmin ϕ/ϕmin

)p

tn(
T/Tmin v/vmin
d/dmin ϕ/ϕmin

)
r]

(3)

where k, p, r and n are empirical parameters, T is temperature, v air velocity, d sample thickness, ϕ is air
relative humidity, Tmin, vmin, dmin and ϕmin are minimum values of parameters in their measurement
ranges. The advantage of this model is its applicability as a single equation for all process conditions
inside their defined ranges.

Thin-layer drying can be modeled also by simplification of Fick’s second law equation.
The simplified equation has been applied by many authors [43–45] for the determination of the
effective diffusion coefficient of water (Deff) in sliced materials:

MR =
∞∑

n=0

8

(2n + 1)2π2
Exp

− (2n + 1)2π2De f f t

4 l2

 (4)

where MR is the moisture ratio defined by Equation (1), t is time and l is half of the slice thickness.
For long drying times, only one term of Equation (1) can be considered:

MR =
8
π2 Exp

−π2De f f t

4 l2

 (5)

The effective diffusion coefficient Deff can be determined from the slope of the linear dependence
of ln(MR) versus time using experimental data:

ln(MR) = ln
8
π2 +

− π2De f f

4 l2

t (6)

2.5. Statistical Analysis

For mathematical modeling, the thin-layer drying equations shown in Table 2 were used to
select a suitable model for apple dying according to the experimental data. There are three important
statistical parameters helpful for choosing the best model, such as the coefficient of determination
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(R2) (Equation (7)), reduced chi-square (X2) (Equation (8)) and root mean square error (RMES)
(Equation (9)) [29,46,47]. For the calculation of empirical constants’ values, a solver from Microsoft
Excel was used.

R2 = 1−

∑n
i−1

(
MRexp,i −MRpre,i

)2

∑n
i−1

(
MRexp,i −MRexp

)2 (7)

X2 =

∑n
i−1

(
MRexp,i −MRpre,i

)2

N −Z
(8)

RMSE =

 1
N

n∑
i=1

(MRexp,i −MRpre,i)
2

1/2

(9)

In these equations, MRexp,i represents the ith experimentally observed normalized moisture ratio,
MRpre,i represents the ith predicted value, MRexp is average of normalized MR of experimental points,
N is the number of observations and z is the number of constants in the models.

By statistical analysis of thin-layer mathematical modeling, the coefficient of determination (R2) is
the main criterion for the selection of the most suitable model to describe the drying curve equation [36].
In addition, the mean square of the deviations (X2), according to the predicted and experimental values
and the root mean square error analysis (RMSE), are also important for the selection of a suitable
model [24,48].

3. Results and Discussion

3.1. Effect of Conditions on Drying Kinetics

Substituting the experimentally obtained data of sample mass loss and Equations (1) and (2),
the sample transient moisture content (d.b) and moisture ratio (MR) were calculated. Drying curves,
given as variations of moisture content (d.b) with time measured at different conditions, were compared.
In all cases, up to 96% of the total water content in apples evaporated during the experiment. Figure 3
shows the effect of air velocity at 50 ◦C. Air velocity has a significant effect on drying kinetics. Increasing
the air velocity from 0.60 to 1.1 m/s, the drying time decreased by about 100 min; similar results were
achieved at the other two temperatures.
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The change of the moisture content with time at different temperatures, from 40 to 50 ◦C, at an
air velocity of 1.1 m/s is shown in Figure 4. The effect of temperature is crucial. By increasing the
temperature in the drying chamber from 40 to 50 ◦C at an air velocity of 1.1 m/s, the drying time
decreased by about 300 min. A comparable effect of temperature and air velocity was also reported by
other authors [13,14].
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Ambient air relative humidity can also significantly affect the drying rate. To observe the effect of
ambient air relative humidity, the experiments at constant temperature and air velocity were repeated
during different seasons with ambient air relative humidity, 25–28%, 35–38% and 40–45%, respectively.
Removal of the moisture content of apple slices was faster at lower ambient air relative humidity,
as shown in Figure 5.
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Slice thickness has a significant effect on drying kinetics. While for 4 mm slices, the required
degree of drying was achieved after 300 min; for 12 mm slices, one working day (maximum 10 h)
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was not enough and measurement was stopped after 8.5 h and continued on the second day. This is
the reason of the break on the curve for 12 mm slices in Figure 6. At high moisture content (at the
beginning of the experiment) when free water from the apples is evaporated, the effect of slice thickness
is not significant; however, by decreasing the moisture content, the drying rate is limited by water
diffusion to the surface and the effect of slice thickness becomes crucial.
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3.2. Mathematical Model Selection

Using thin-layer empirical models given in Table 2, parameters of all five (Newton, Page,
modified Page, logarithmic and Henderson and Pabis) models were estimated by fitting the calculated
data to the experimentally measured ones. An example of graphical comparison of calculated and
measured data at 45 ◦C, air velocity of 0.85 m/s and sample thickness of 6 mm is given in Figure 7.Processes 2020, 8, x  10  of  18 
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Figure 7. Comparison of experimental and calculated MR (45 ◦C, 0.20 m/s 6 mm): (a)-Page model,
(b)-Newton (Lewis) model and (c)-Henderson and Pabis model.

Statistical analysis was done to select the most appropriate thin-layer empirical model for drying
apple slices at different conditions. The analysis was conducted to decide the most suitable model
with the highest value of R2 (Equation (6)) and the lowest values of X2 (Equation (7)) and RMSE
(Equation (8)). The model with the highest R2 and the lowest X2 and MRSE is best suitable to describe
the drying process [28,49].

All five models were run at all conditions: three temperature levels: 40, 45 and 50 ◦C, three air
velocity values: 0.60, 0.85 and 1.1 m/s with 6 mm apple slice thicknesses (Table 3) and as well for five
additional thicknesses of 4, 6, 8, 10 and 12 mm (Table 4), and three ambient air relative humidity values
at 50 ◦C, a 1.1 m/s rate and a thickness of 6 mm (Table 5).
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Table 3. Summary of the regression analysis of apple slices with a 6 mm thickness.

Model
Drying

Temperature
(◦C)

Air flow
Velocity

(m/s)

Drying
Constant

(k)

Drying
Coefficient

(n, a, c)
R2 X2 RMSE

Newton
40 0.60 0.00336 - 0.97296 0.00242 0.04908
45 0.60 0.00382 - 0.96203 0.00351 0.05917
50 0.60 0.00479 - 0.96515 0.00313 0.05586

Page
40 0.60 0.00049 1.32869 0.99817 0.00016 0.01278
45 0.60 0.00040 1.39538 0.99549 0.00042 0.02039
50 0.60 0.00060 1.37892 0.99643 0.00032 0.01788

Modified
Page

40 0.60 0.00289 1.16368 0.97296 0.00242 0.04908
45 0.60 0.00308 1.23968 0.96203 0.00098 0.05917
50 0.60 0.00345 1.38842 0.96515 0.00314 0.05586

Logarithmic
40 0.60 0.00371 1.10563 0.98434 0.00141 0.03736
45 0.60 0.00423 1.11139 0.97498 0.00233 0.04803
50 0.60 0.00531 1.11041 0.97776 0.00201 0.04462

Henderson
and Pabis

40 0.60 0.00371 1.10565 0.98434 0.00140 0.03736
45 0.60 0.00423 1.11139 0.97498 0.00232 0.04803
50 0.60 0.00531 1.11041 0.97776 0.00201 0.04462

Newton
40 0.85 0.00380 - 0.98540 0.06675 0.03117
45 0.85 0.00520 - 0.97407 0.00236 0.04846
50 0.85 0.00558 - 0.96617 0.00317 0.05619

Page
40 0.85 0.00120 1.20096 0.99895 0.00007 0.00834
45 0.85 0.00083 1.33731 0.99848 0.00014 0.01174
50 0.85 0.00072 1.38314 0.99658 0.00032 0.01788

Modified
Page

40 0.85 0.00307 1.23618 0.80533 0.00098 0.03117
45 0.85 0.00359 1.44698 0.97407 0.00236 0.04846
50 0.85 0.00372 1.49887 0.96617 0.00318 0.05619

Logarithmic
40 0.85 0.00406 1.06945 0.99304 0.00047 0.02152
45 0.85 0.00575 1.11311 0.98542 0.00133 0.03635
50 0.85 0.00618 1.11459 0.97840 0.00204 0.04490

Henderson
and Pabis

40 0.85 0.00406 1.06945 0.99304 0.00047 0.02152
45 0.85 0.00575 1.11311 0.98542 0.00133 0.03635
50 0.85 0.00618 1.11459 0.97840 0.00203 0.04490

Newton
40 1.10 0.00412 - 0.98471 0.00125 0.03532
45 1.10 0.00521 - 0.97948 0.00177 0.04198
50 1.10 0.00642 - 0.96824 0.00266 0.05148

Page
40 1.10 0.00105 1.25230 0.99442 0.00046 0.02133
45 1.10 0.00124 1.26371 0.99687 0.00027 0.01638
50 1.10 0.00109 1.34141 0.99522 0.00040 0.01998

Modified
Page

40 1.10 0.00328 1.31841 0.98245 0.00144 0.03785
45 1.10 0.00360 1.44849 0.97948 0.00178 0.04198
50 1.10 0.00399 1.60718 0.96824 0.00268 0.05148

Logarithmic
40 1.10 0.00463 1.07414 0.98693 0.00108 0.03266
45 1.10 0.00564 1.08396 0.98652 0.00117 0.03403
50 1.10 0.00707 1.10481 0.97972 0.00172 0.04113

Henderson
and Pabis

40 1.10 0.00463 1.07412 0.98692 0.00107 0.03267
45 1.10 0.00564 1.08396 0.98652 0.00117 0.03403
50 1.10 0.00707 1.10480 0.97972 0.00171 0.04113
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Table 4. Summary of the regression analysis of apple slices with 4, 6, 8, 10 and 12 mm thicknesses at 50
◦C and air flow velocity 1.1 m/s.

Model Thickness
(mm)

Drying Constant
(k)

Drying Coefficient
(n, a, c) R2 X2 RMSE

Newton

4 0.00725 - 0.95970 0.00366 0.06029
6 0.00644 - 0.96797 0.00288 0.05355
8 0.00540 - 0.98094 0.00163 0.04036

10 0.00417 - 0.97879 0.00175 0.04172
12 0.00330 - 0.96746 0.00288 0.05362

Page

4 0.00097 1.40099 0.99473 0.00048 0.02180
6 0.00110 1.34178 0.99534 0.00042 0.02042
8 0.00138 1.25262 0.99694 0.00026 0.01617

10 0.00118 1.22320 0.99210 0.00065 0.02546
12 0.00056 1.30152 0.98886 0.00099 0.03137

Modified
Page

4 0.00498 1.45533 0.95970 0.00368 0.06029
6 0.00400 1.61058 0.96797 0.00290 0.05355
8 0.00366 1.47381 0.98094 0.00164 0.04036

10 0.00322 1.29577 0.97879 0.00175 0.04172
12 0.00286 1.15224 0.96746 0.00289 0.05362

Logarithmic

4 0.00804 1.10655 0.97304 0.00248 0.04931
6 0.00711 1.10273 0.97960 0.00186 0.04274
8 0.00582 1.08208 0.98748 0.00108 0.03270

10 0.00440 1.05694 0.98233 0.00146 0.03808
12 0.00357 1.08547 0.97469 0.00225 0.04729

Henderson
and Pabis

4 0.00804 1.10655 0.97304 0.00246 0.04931
6 0.00711 1.10273 0.97960 0.00185 0.04274
8 0.00582 1.08208 0.98748 0.00108 0.03270

10 0.00440 1.05694 0.98233 0.00146 0.03808
12 0.00357 1.08547 0.97469 0.00225 0.04729

Table 5. Summary of the regression analysis of apple slices at 50 ◦C and air flow velocity of 1.1 m/s and
three ranges of ambient relative humidity.

Model Relative
Humidity (%)

Drying Constant
(k)

Drying Coefficient
(n, a, c) R2 X2 RMSE

Newton
25–28 0.00823 - 0.97114 0.00248 0.04962
35–38 0.00668 - 0.97523 0.00220 0.04672
40–45 0.00642 - 0.96824 0.00266 0.05148

Page
25–28 0.00198 1.29042 0.99231 0.00067 0.02561
35–38 0.00141 1.30652 0.99775 0.00020 0.01407
40–45 0.00109 1.34141 0.99522 0.00040 0.01998

Modified
Page

25–28 0.00452 1.82000 0.97114 0.00250 0.04962
35–38 0.00407 1.64022 0.97523 0.00221 0.04672
40–45 0.00399 1.60718 0.96824 0.00268 0.05148

Logarithmic
25–28 0.00888 1.07675 0.97839 0.00188 0.04294
35–38 0.00732 1.09008 0.98503 0.00134 0.03631
40–45 0.00707 1.10481 0.97972 0.00172 0.04113

Henderson
and Pabis

25–28 0.00888 1.07676 0.97839 0.00187 0.04294
35–38 0.00732 1.09007 0.98503 0.00133 0.03631
40–45 0.00707 1.10480 0.97972 0.00171 0.04113

Between these simple thin-layer models, in all cases, the Page model was identified as the most
suitable model with the highest values of R2 and lowest values of X2 and RMSE. The other four models
provided similar results, but their performance was less compared to the Page model. The Page
empirical model is a simple model with two constants, k and n. As shown in Tables 3–5, the values
of both constants were affected by the process conditions. Since both parameters are optimized
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simultaneously to fit experimental data, exact correlations between process conditions and model
parameters were not found.

As mentioned above, a disadvantage of these simple thin-layer models is the requirement for
different parameters of the model for different process conditions. The new model developed in this
work (Haydary) is represented by a single equation valid for all process conditions. Table 6 shows
parameters of the model, the range of process conditions and parameters of statistical analysis for this
model. Compared to simple thin-layer models valid for only a single process condition, this model
shows a slightly lower R2 and higher X2 and RMSE. However, considering its wide range of applicability,
these differences do not represent a significant disadvantage.

Table 6. Parameters and statistical analysis of the model developed in this work (Haydary).

Model
Drying

Temperature Range
(◦C)

Air velocity Range
(m/s)

Thickness Range
(mm)

Air relative
Humidity Range

(%)

Haydary

40–50 0.6–1.1 4–12 27.5–42.5

Tmin
(◦C)

vmin
(m/s)

dmin
(mm)

ϕmin
(%)

40 0.6 4 27.5

k p n r

0.001357 1.287293 0.72286 0.018861

R2 X2 RMSE -

0.977496 0.002001 0.044714 -

3.3. Effective Diffusion Coefficient Deff

The effective diffusion coefficient of water in an apple slice was estimated under all measurement
conditions using only one term of the simplified Fick’s equation. The data recorded in the first 300 min
were included in the calculation of Deff. The values of Deff varied between 1.9 × 10−10 and 7.0 × 10−10

m2/s. Sacilik et al. [50] reported values between 2.27 × 10−10 and 4.97 × 10−10 m2/s for drying apple
slices under conditions similar to those in this work. Comparable value of Deff at 45 ◦C and air relative
humidity of 40% was also measured by Kaya et al. [45]. Figure 8 shows the effect of temperature and air
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An increase in the slice thickness led to an increased effective diffusion coefficient. However,
as shown in the results from Figure 9, this increase is not linear. The diffusion coefficient is an intrinsic
property of the material and it is not expected to change with its thickness; however, the effective
diffusion coefficient is influenced by the process conditions. Smaller effects of slice thickness on Deff
can be related to less significant effects of process conditions at higher thicknesses.
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At 50 ◦C, with air velocity of 1.1 m/s and air relative humidity of 40–45%, the value of Deff was
4.68 × 10−10 m2/s; it increased to 4.93 × 10−10 and 6.16 × 10−10 m2/s when the air relative humidity
decreased to 35–40% and 25–28%, respectively.

3.4. Water Activity Measurement

Water activity of the sample during the experiments at temperatures of 40, 45 and 50 ◦C and air
velocities of 0.85 and 1.1 m/s for each temperature, was estimated. The measurements were done every
60 min during each experiment. As shown in Figure 10, during the initial drying phase when free
water is evaporated from the slices, water activity remains practically constant. After the evaporation
of the free water, the product water activity rapidly decreases. The rate of the value drop is higher at
higher temperatures and higher air velocity because of faster water evaporation.Processes 2020, 8, x  14  of  18 
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Water activity is an important parameter for drying time optimization and product preservation.
Generally, water activity of 0.6 is considered to be a critical point with high potential for microbe
growth [52]. Figure 10 shows that at high drying rates (high temperatures, high air velocities, low air
relative humidity), a small change in the drying time can significantly influence the product water
activity. Therefore, water activity of 0.45 was selected and the required drying time to reach the
value of 0.45 ± 0.05 for all studied conditions was estimated. The results are presented in Tables 7–9.
The shortest drying time (4.7 h) was recorded for 6 mm slices dried at 50 ◦C, with an air velocity
of 1.1 m/s and an ambient air relative humidity range of 25–28%. The longest drying time with the
same slice thickness was 13.33 h, which was recorded at 40 ◦C, with an air velocity 0.60 m/s and an
air relative humidity range of 40–45%. Increasing of air temperature and air velocity leads to more
intensive evaporation of water from the surface of apple slices; consequently it results in increased
effective diffusion coefficient of water [15]. More intensive diffusion of water inside the slices and more
intensive evaporation of water from the slice surface enables reaching the required water activity in a
shorter time.

Table 7. Effect of air temperature and air flow velocity on the drying time.

Exp. Run Temperature
(◦C)

Air Velocity
m/s

Thickness
(mm)

Relative
Humidity (%)

Drying
Time (h)

1 40 0.60 6 40–45 13.33
2 45 0.60 6 40–45 11.10
3 50 0.60 6 40–45 9.00
4 40 0.85 6 40–45 12.20
5 45 0.85 6 40–45 10.07
6 50 0.85 6 40–45 8.67
7 40 1.10 6 40–45 11.57
8 45 1.10 6 40–45 9.36
9 50 1.10 6 40–45 6.90

Table 8. Effect of thickness on the drying time.

Exp. Run Temperature
(◦C)

Air Velocity
m/s

Thickness
(mm)

Relative
Humidity (%)

Drying
Time (h)

1 50 1.10 12 35–38 14.57
2 50 1.10 10 35–38 11.23
3 50 1.10 8 35–38 9.40
4 50 1.10 6 35–38 6.40
5 50 1.10 4 35–38 5.23

Table 9. Effect of air relative humidity on the drying time.

No. Temperature
(◦C)

Air Velocity
m/s

Thickness
(mm)

Relative
Humidity (%)

Drying
Time (h)

1 50 1.10 6 40–45 6.90
2 50 1.10 6 35–38 5.53
3 50 1.10 6 25–28 4.70

By increasing the slice thickness from 4 to 12 mm at 50 ◦C and with an air velocity of 1.1 m/s,
the drying time increased from 5.23 to 14.3 h. A similar relation between drying time and slice thickness
was found by [53]. Of course, the shortest drying time cannot be selected as the only objective function
for process conditions optimization. The quality of the product, i.e., color, texture, taste etc., can be
influenced by the process conditions [54]. However, optimal product water activity cannot only
optimize the drying time but also many product quality parameters.
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4. Conclusions

In the present study, apple slices were experimentally and mathematically studied under various
conditions such as temperature, air flow rates, ambient air relative humidity, and slice thickness.
The samples were dried from an initial moisture content of 86.7% to a moisture content of 20% (w.b),
corresponding to product water activity of 0.45 ± 0.05. During the experiment, up to 96% of the total
water content of apples was evaporated. By increasing the temperature in the drying chamber from 40
to 50 ◦C, at an air velocity of 1.1 m/s, the drying time decreased by about 300 min. By increasing the air
velocity from 0.60 to 0.85 m/s, the drying time increased by about 100 min. The influence of the sample
thickness was the most significant; by increasing the slice thickness from 4 to 12 mm, the time required
to achieve 20% moisture content increased by more than 500 min. The effective diffusion coefficient
of water in apple slices varied between 1.9 × 10−10 and 7.0 × 10−10 m2/s. During the initial drying
phase when free water is evaporated, the water activity of the samples remains practically constant.
After evaporation of free water, the water activity of the products rapidly decreases. At high drying
rates, a small change in the drying time can significantly influence the value of the product’s water
activity. A thin-layer model represented by a single equation valid for all process conditions described
all 3780 experimental points with R2 = 0.9775, X2 = 0.002001 and MRSE = 0.04471.
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