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ABSTRACT

In this study a solar air heater was developed to determine the drying rate of apple (Golden Delicious). In
order to provide the drying process continuously a packed bed thermal energy storage system was
designed and manufactured. Also, a recuperator unit was used for waste heat recovery. In the recuperator
unit, it is provided the mixing of the fresh air with the drying air whose moisture content increases, at a
specified rate. So at the rate of 50—60% waste heat is recovered and reutilized in the drying system. The
advantage of the system is that it consumes less energy at the rate of 76.8% than other drying tech-
nologies. Experiments on the drying system were repeated twice a day. In the experiments the drying
kinetics of apple slices (5 + 2 mm thick) was determined at constant temperatures ranging from
50 — 60°C. Also, Diffusion Approximation model was used for drying of apple slices in constant tem-
perature. A mathematical model was developed to calculate the prediction of the moisture ratio during
time and it is observed that the model is complied with the studies in the literature.
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© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Drying of foods has been applied for antiquity, is the oldest
protection method. The method is usually materialized on one's
own in nature, such as most of grains and agriculture products dry
automatically in field and can become durable. Driying of foods in
nature are usually materialized with solar energy. But it is not true
that all products are dried in solar. So many works were made about
various food products drying with the other methods.

There are many works in the literature about food drying sys-
tems and dried products. Therefore drying parameters were
determined by both experimental and mathematical methods.
Drying behavior of food products is different from each other. So air
temperature, relative humidity, air velocity, circulation way ac-
cording to product, heat and mass transfer effects have to be
determined for drying products. Lee and Kim [1] dried thin-sliced
radish with heat pump dryer and warm air stove. They compared
the two drying systems with each other. They observed that the
heat pump dryer consumed at the rate of 58.9—69.5% less energy
according to warm air stove. Queiroz et al. [2] studied drying of
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tomato by using heat pump dryer and electric resistance dryers
with parallel and crossed airflow. Also they supported the drying
process with mathematical model. They showed that heat pump
dryer saved approximately 40% of energy than electrical oven
drying. Hawlader et al. [3], designed and tested solar energy sup-
ported heat pump dryer in Singapore. Outer ambient air tempera-
ture was used for evaporating refrigerant in system. Also air
collector was used for heating drying air. Tosun [4]| developed and
designed a heat pump dryer with dehumidifier for some agro-foods
with high moisture. Also it was observed that the drying process
positively affected the quality of the product due to the heat pump
dryer that worked in low moisture and temperatures. Aktas et al.
[5] examined drying apple with heat pump drying oven. In this
work, apples were sliced 4 mm thick, and dried from 4.8 (g water/g
dry matter) moisture content to 0.18 (g water/g dry matter) at
3.3 kg*rm2*s~! and 2.4 kg*m~2*s~! mass air velocity for 3.5 hin a
heat pump dryer. Apples were also dried at the range of
3.3 kg*m?*s~! and 2.9 kg*m2*s~! mass air velocity from 4.8 (g
water/g dry matter) moisture content to 1 (g water/g dry matter)
moisture content in the same period in a solar dryer. For both
systems, the moisture ratio was analyzed with a stat graphic pro-
gram by using semi-theoretical models and compared to the
empirical values. Koukouch et al. [6] presented an experimental
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study to dry the raw olive pomace with a convective solar drying
system. In this investigation, the desorption/adsorption equilib-
rium water content of the product has been determined at the
drying temperatures of 30°C 40°C and 50°C by using the gravi-
metric static method. Also they used four mathematical models to
predict the hygroscopic behavior of the product during drying
process. Nabnean et al. [ 7] presented a performance of a new design
solar dryer for drying osmotically dehydrated cherry tomatoes.
Misha et al. 8] presented a solar-assisted solid desiccant for drying
crushed oil palm fronds. Solar energy was used to heat water with a
solar collector and heat was transferred to the air through two heat
exchangers. The hot air was used for regeneration of desiccant
wheel and increase temperature of the drying air after dehumidi-
fication. The drying time for reducing the moisture content of
crushed oil palm fronds from 69% to 29% under open sun drying
determined as approximately 30 h and 40 min. Jain and Tewari [9]
presented a solar crop dryer was developed with phase change
thermal energy storage to maintain continuity of drying of herbs
according to their color and flavor vulnerability. Kant et al. [10]
presented a solar dryer based on phase change thermal energy
storage materials was quite effective for continuously drying agri-
culture and food products at steady state in the temperature range
(40°C — 60°C). In this study, packed bed thermal energy storage
system was used for saving energy and providing with continuity of
the drying process. Saini et al. [11] developed a simulation model
for determining packed bed thermal energy storage system per-
formance and parameters. They revealed that in the simulation
model the system parameters had an important role on heat

of

Solar Dryer

Fig. 2. Assembly drawing of solar dryer and packed bed thermal energy storage system.

transfer and the fluid's flow characteristic in packed bed. Singh et al.
|12] made experimental studies for analyzing void ratio in packed
bed and using packed sizes effects under operating conditions.
They developed various correlations based on Nusselt number and
friction factor in order to predetermine performance effects in
packed bed thermal energy storage system.

In the literature solar energy and heat pump systems were
usually used in most of the studies for drying processes. Also phase
change materials were usually used for thermal energy storage in
drying processes. In this study, a solar air heater and packed bed
thermal energy storage system was designed and manufactured for
drying of the apple slices. An important novelty of this study is the
using thermal energy stored in the packed bed thermal energy
storage system for the first time in the drying process. The amount
of thermal energy that is stored in the packed bed has provided
more than enough energy for the drying of the apples. The other
important novelty is a recuperator unit has been integrated into the
drying unit so that 50—60% of waste heat is recovered and used
again in the system. The advantage of this system compared to
other drying technologies in the literature is that it consumes 76.8%
less energy in drying process. Drying curves for the apple slices
were obtained as a result of experimental studies on apple slices
with a thickness of 5 + 2 mm at constant drying temperatures. A
mathematical model was developed to determine the drying
curves in Java language. The drying curves obtained by mathe-
matical modeling are consistent with the different equations given
in the literature.

2. Materials and method

A schematic of the industrial solar dryer and packed bed ther-
mal energy storage system are shown in Fig. 1. Also assembly
drawing of the systems is shown in Fig. 2. The solar dryer consists of
two air collectors (1), drying cabin (4), fans (7—9) and a recuperator
unit (8). There are ten drying drawers (2) in the drying cabin.
Designing parameters for the solar dryer, packed bed thermal en-
ergy storage system and recuperator unit were shown in Table 1.

For the experimental studies, after the apples were washed and
the core nests have been cleaned, they were sliced in a thickness of
5 + 2 mm with the help of a slicer and placed in the perforated trays
in the drying drawer.

The working principle of this system can be briefly expressed as
follows:

Packed Bed Therma
gy Storage System
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Table 1
Design parameters for the solar dryer, packed bed thermal energy storage system
and recuperator unit.

Solar Dryer Component Dimension
Length of Collector [m] 2
Width of Collector [m] 1
Length of Drying Cabin [m] 2.3
Width of Drying Cabin [m] 2.3
Height of Drying Cabin [m] 23
Distance Between Trays [m] 0.2
Packed Bed Thermal Energy Storage

System Component
Length of Packed Bed [m] 2
Height of Packed Bed [m] 1
Width of Packed Bed [m] 1
Recuperator Unit
Length [m] 1.1
Height [m] 0.4
Depth [m] 0.4

Hot air coming from the solar collectors flows into the drying
cabin with the help of drying fan and the moisture of apples within
the drying cabin are evaporated with the heat, providing mix to the
drying air and so the dehumidification capacity of the drying air
disappears. The drying air loses its ability to absorb the moisture
after a certain period of time and descends downward in the sys-
tem. Then it is transferred to the recuperator unit (waste heat re-
covery unit) integrated in the drying system. This unit, it is
providing that the mixing of the fresh air taken from the outside
with the drying air whose moisture content increases, at a specified
rate. Thus, at the rate of 50—60% waste heat is recovered and reu-
tilized in the system. In addition, the weight of the apple slice
samples is measured every 30 min with the aid of a precision scale
(3) placed in the upper region of the drying system. Also T, ¢, V and
P symbols on the flow diagram shown in Fig. 1 are expressed
respectively temperature, relative humidity, air velocity and air
pressure. A closed cycle of a packed bed thermal energy storage
system was developed for providing to continuity of drying process.
The system is independent of the solar dryer and it consists of three
air collectors (14), fans (13—16), a packed bed (10), perforated plates
(12) and approximately two tones pebbles (11). In this system hot
air leaving the collectors enters into the bed. During charging time,
temperature of lower portion of the bed starts to rise, which may
change the temperature of air at the outlet of the collector. Thermal
energy stored in the bed is transferred to the drying cabin with the
help of the fan which is outside of the packed bed. Perforated plates
are placed between the pebbles in the packed bed in order to
provide easy and quick heat transfer between air and the pebbles.

In this study moisture, temperature, pressure, air velocity and
solar energy measurement systems were used for testing.
Anemometer was used for air velocity measurement and similarly
pyranometer was used for solar energy measurement in the sys-
tem. Measurement system characteristics of the solar dryer system
are presented in Table 2. The measurements were transferred to the
database through data logger then they were processed to the

database. For the determination of the drying kinetics, the tem-
perature and relative humidity of the airflow obtained at the inlet
of the drying cabin are presented in Fig. 3. The drying conditions
shown in Fig. 3 can be employed during the drying process of the
apple slices at variable conditions in the solar dryer tests. The
temperature and relative humidity values in the drying cabin were
measured with the help of temperature and humidity sensors
placed at the input and output of the drying cabin. As can be seen in
Fig. 3, depending on the amount of solar radiation during the day,
the temperature within the cabin increased up to 60°C in the first
240 min and then began to fall. Similarly, it has been observed that
the relative humidity value in the drying cabin also decreased
rapidly in the first 210 min time period and then, started to
increase.

2.1. Mathematical model

In this study a mathematical model was developed using finite
difference method in Java language for determine of temperature
and moisture changes on apple slice and the performance of the
packed bed thermal energy storage system. The objective of
developing the model was to obtain values of various parameters
like temperature and moisture changes on apple slices, tempera-
ture of air at the outlet of the packed bed, mean temperature of the
packed bed, thermal energy stored in the bed. The required data
were generated for time intervals of 15 min. In the mathematical
model, the operating parameters used for the solar dryer and
packed bed thermal energy storage system were shown in Table 3.

In this model moisture changes on apple slice have been
calculated as: [18,20]
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Fig. 3. Temperature and relative humidity obtained at the inlet of the drying cabin.

Table 2

Measurement system characteristics of the solar dryer system.
Measuring Device Location Type of Measurement Accuracy
PLC Datalogger Outlet of the drying cabin Data transfer device —
Anemometer Inlet of the drying cabin Air velocity +1
T- type thermocouple Inlet and outlet of the collector, Temperature of the airflow (°C) +0.3

drying cabin and packed bed.

Capacitive sensor Inlet and outlet of the drying cabin Relative humidity of the airflow (%) +%2
Pyranometer Outlet of the collector Solar energy +%5
Assay Balance Outlet of the drying cabin Weight loss of the apple slices 0.01gr
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Table 3
Operating parameters for drying apple slices and packed bed thermal energy storage system.
Parameter Value
Volume of packed bed (Vi,) 2m?
Initial bed temperature (Ty;) 25°C
Equivalent diameter of material element (pebble) (D,) 50 mm
Sphericity of material element 1
Void fraction 0.57
Density of storage material 1920 kg m >
Density of air 1.20kg m>
Specific heat of storage material 835 kg 'K !
Specific heat of air 1008 | kg 'K !
Dynamic viscosity of air 185 x 10 "kgm 's !
Ambient temperature (Tamp) 25°C
Inlet air temperature to bed (T;) 25°C
Collector area (Ac) (For Solar Dryer) 4m?
Collector area (Ac) (For Packed Bed) 6 m?
Initial inlet air temperature to the collector 25°C
Time interval for packed bed 15 Min.
Apple temperature before drying 20°C

Apple slice thickness

5 mm(x2mm)

Xr.* is an average of moisture value for apple slice, is expressed time
moisture content during drying time. Moisture diffusion is a
function of moisture and temperature [ 16,17].

Dey = Dg exp(

Diffusion coefficient can be calculated as:

Eq

m)

Diffusion coefficient was calculated with optimum parameters

(2)

using the correlation proposed by Simal et al. [17]

Dy = 2.74x10 © exp(

24034.2

R(T + 273) (2.2)

)

Temperature changes on apple slice has been calculated with an

energy balance which was given by Datta [19].

d(MCpT)

am
am

dMm

dt dt

The energy balance is equal to rate of temperature increase, the
ount of useful heat (Qu) coming from the air collectors, and the
ount of heat obtained or lost from the evaporation that occurs as

= Qu+hA(Ta—T) +1 3)

a result of convection.

Temperature distribution which is occurred during drying of

apple slice can be calculated by using mass and specific heat ex-
change [14,15,20].

dT | 2.5Ms(dX/dt) + hA -
dt " Ms(1.675+2.5X) "
~ Qu+ hATa + AMs(dX /dt)

Ms(1.675 + 2.5X)

Temperature and moisture change can be calculated according

to finite difference method as in below:

X =

M =

dx

dt
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Also, the performance of packed bed thermal energy storage
system has been predicted with the help of the mathematical
model. Inlet air temperature, mean temperature in packed bed and
amount of stored thermal energy were calculated using finite dif-
ference equations. In closed cycle of a packed bed thermal energy
storage system, hot air leaving the collector enters into the bed.
Therefore temperature of air at collector outlet and bed inlet will be
same. During charging phase, temperature of lower portion of the
bed starts to rise, which may change the temperature of air at the
outlet of the collector. The hot air from collector to the bed should
be supplied at a constant temperature by varying flow rate of air.
Therefore, in the present mathematical model, flow rate of air
during charging of the bed has been allowed to vary, in order to
maintain a constant inlet air temperature to the bed. In this study,
for predicting thermal performance of a packed bed, many math-
ematical models have been reported in the literature. However,
most of the investigators have used Mumma and Marvin model
reported by Howell et al. [ 13]. This model has been adopted to carry
out the present simulation study [11].

Tymi1 =Tom+ (Tﬂ,m - Tb,m)e}(p(_ﬁf’l) (10)
where
h,AL NTU
_ v - 11

@1 N(me)a N ( )

L
N (12)

Tam —T,

Tymicea = Tomgo + | $200m = Tami) 15 (13)

_¢3 (Tb,m - amb)

where
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Thermal energy stored in the bed is calculated by using the
following general equation;

L
Q - [ (pO)5(1 = E)A(Tum — Tym)dx (17)
0

Initially bed is assumed at uniform temperature of Ty; and has
been divided into “N” number of elements of equal thickness. The
above equation for thermal energy stored “Q” can be written in
finite difference form as:

N
Q= (,GCp)S(l - s)A% (ZTnm - NTbi) (18)

n=1

Void ratio and sphericity ratio of the packed bed thermal energy
storage system were determined respectively in experimental
study as 0.57 and 1. So both values were used in the mathematical
model and experimental studies.

The performance of the solar dryer and packed bed thermal
energy storage system could be calculated step by step with the
help of the computer program developed in Java language, by
converting the above equations to the finite difference equations
and using them. Thus, parameters related to drying can be pre-
dicted in advance.

The algorithm related to the mathematical model has given as
follows:

Step 1- Initial parameters related to the system are defined.

Step 2- A subprogram written in Java language which provides
the calculation of the average solar radiation amount and collector
efficiency according to the location of solar dryer and packed bed
thermal energy storage system is introduced into the main program
and calculations related to solar radiation are computed through
this subprogram.

Step 3- Since humid air is used within both the systems, the
thermodynamic and thermo-physical properties of the humid air
are computed using the real gas equations with a subprogram
developed in Java language and the properties of humid air are read
through this subprogram.

Step 4- After the parameters related to the humidity change on
the apple slice are defined, the eq. (1) is converted to the finite
difference equation and enter the program.

Step 5- During the drying process, after defined the parameters
related to the temperature change on the apple slice, the eq. (4) is
converted to the finite difference equation and enter the program.

Step 6- Once the relevant parameters have been defined to
study the temperature change of the air entering the packed bed
thermal energy storage system, the eq. (10) is converted to finite
difference equation and enter the program.

Step 7- After defined the relevant parameters for the mean
temperature change in the packed bed, eq. (13) is converted to the
finite difference equation and enter the program.

Step 8- Once the relevant parameters have been defined to
calculate the amount of thermal energy stored in the packed bed
thermal energy storage system, the eq. (18) is converted to finite

difference equation and enter the program.
Step 9- For both systems, the initial operating parameters given
in Table 3 are defined and the data is calculated step by step.

3. Results and discussion

In this study, drying of apple slices was researched. So a solar
dryer based on the dehumidification principle was designed and
manufactured. However a packed bed thermal energy system that
is independent to solar dryer was designed and manufactured in
order to providing to the drying process continuously. After the
designing and manufacturing processes, experimental studies were
started for both the two systems. In an important part of this study
parameters of designing and operating for both the solar dryer and
the packed bed thermal energy storage system were examined.

Apples were sliced using a slicer set to 5 + 2 mm thick after their
cores were cleaned. Studies show that the moisture content of
dried fruits is generally around 20%. However, in order to prevent
the growth of microorganisms in apples, moisture content must be
below 10%. Thus, it will protect its freshness for a longer time.
Considering that the direct use of solar energy is limited especially
during daytime drying processes, thin layered apple slices (average
4—5 mm) reach this moisture content much shorter than the thick
layered apple slices (average 6—10 mm). According to the standards
for dried apple slices, it is observed that the apples are sliced to an
average of 3—5 mm (min. 1/8 inch) in order to achieve the desired
moisture values in a shorter time [36,37]. For this reason, the drying
performance of apple slices with a thickness of 5 + 2 mm was
examined in this study. No additional processing has been required
on the apple slices since no oxidation event occurred during this
process. 12 experiments were made between at the end of August
and the beginning of September repeated twice a day and average
7 kg apples were dried each experiment. First drying process was
made with solar energy between 10.00 a.m. and 16.00 p.m. and
average temperature within the drying cabin was determined as
50°C — 60°C. The temperature and moisture values in both systems
were measured clearly with the help of the temperature and
moisture sensors placed in both the drying system and the packed
bed thermal energy storage system. For this reason, the tempera-
ture values in the drying cabin were determined as 50°C -60°C by
averaging the obtained data. Second drying process was made by
use stored energy in packed bed thermal energy storage system
between 17.00—23.00 p.m. and average temperature within drying
cabin was observed as approximately 45°C -55°C. Packed bed
thermal energy storage system was charged with solar energy be-
tween 08.00 a.m. and 16.00 p.m. During the charging time the
temperature of air at inlet to packed bed was determined as 65°C,
mean temperature of packed bed was determined as between 55°C
-60°C and stored thermal energy in packed bed was determined as
about 200 M]. The temperature values in the packed bed were
measured clearly with the aid of temperature sensors placed at
various points within the packed bed thermal energy storage sys-
tem, taking into account the sensitivity of the device. The amount of
thermal energy stored in the packed bed was determined to be
about 200 M] considering the measured temperature values, the
mass of the pebble stones and the specific heat value. It has also
been observed in experimental studies on the system that this
amount of thermal energy obtained is quite sufficient for the drying
of apple slices even at times when solar radiation is absent.

In each of the experiments the weight of the apple slices were
measured before and after drying and so the total amount of
moisture leaving the product was determined. Also amount of
electrical energy consumed by fans was calculated by electricity
meter on the drying system. For each experiment specific moisture
extraction rate (SMER) and moisture extraction rate (MER) of the
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dried apple slices were calculated based on the equations (19) and
(20) respectively and shown in Table 4.

Mwb
SMER:s = =g (19)
mEeR — Mwe, (20)

a

In quantities ranging from 5 to 7.5 kg apple was dried on the
drying system during experiments. It was observed that SMER and
MER values for the dried apple slices gave approximation results.
Also amount of the drying apple slices are the one of the important
factor for determining of the SMER and MER values.

During the drying experiments, it was observed that the tem-
perature difference between the inlet and outlet of the drying cabin
was max. 8°C — 10°C from the beginning of drying. Towards the
end of the experiment, the value of the temperature difference can
fall 1°C — 2°C This result revealed that the dehumidification effi-
ciency within the drying cabin is high.

During experimental study moisture loss of the apple slices,
temperature, relative humidity, pressure and air velocity of the
drying system were measured. The measurements were transferred
to the database on data logger and from there sent to the computer
and processing through the database. A crafting user interface
program was developed in Java language in order to transferring
data which were obtained to experimental study into the computer
every 10 min. Also, solar radiation values were measured with a
pyranometer every 10 min. The pyranometer is independent of the
solar dryer. The weight change of the apple slice samples were

Table 4

measured with a precision scale which has 0.01 g sensitivity every
30 min. Photograph of the apple slices before and after the drying
process was shown in Fig. 4.

During the experimental study, apples were sliced 5+2 mm
thick and dried from 5.84 g,y/g4m moisture content to 0.13g/g4m in
the solar dryer system. There are many equations in the literature
capable of predicting the evolution of the mass of the sample
during the falling rate period of the drying process. The drying
process is characterized by the moisture ratio, MR, a dimensionless
parameter that quantifies the reduction of the moisture content of
the sample with time [21—23]. The moisture ratio is defined as;

My; — M.

MR = —F————
Md,o - Me

(21)

where My; is the moisture content (wet basis) after a time t, Me is
the equilibrium moisture content and Mgy is the initial moisture
content. The moisture ratio MR varies between MR = 1, at the
beginning of the drying process, and MR = 0, once the sample is
dried at equilibrium with the drying air.

Different equations based on the drying models available in the
literature were used to model the evaluation with time of the
moisture ratio of apples dried at a constant temperature of 50°C.
The moisture ratio was calculated using equation (21). The mois-
ture ratio (MR) considered is between 1 and 0.1, since after the
value, the drying rate decreases drastically and so the samples are
almost dry. Table 5 shows the equations proposed by different
authors for the prediction of the moisture ratio during time,
together with the values of the fitting parameters of each equation

Comparing of specific moisture extraction rate and moisture extraction rate for apple slices in the drying experiments.

Experiment Dried Apple Quantity Consumed Energy Quantity

Evaporated Moisture Quantity SMER (kg,,/

MER (kg,,/ Drying Temperature Drying Time

No (gr) (KW) (gr) kwWh) h) Q) (Hour)
1 5800 9.15 5283.36 0577 0.88 56.5 6
2 6500 8.05 5885.55 0.731 0.98 56.5 6
3 6200 77 5543.56 0.720 111 58.0 5
4 6100 7.58 5514.40 0.727 0.92 60.0 6
5 7000 7.65 6293.81 0.823 0.97 55.0 6
6 7300 7.62 6498.34 0.853 1.08 59.0 6
7 6900 7.58 6220.48 0.821 1.04 583 6
8 7100 7.6 6347.94 0.835 1.06 584 6
9 7300 7.59 6467.30 0.852 0.99 585 6
10 7500 7,99 6680,64 0.819 0,95 589 6
11 7200 711 6464.50 0.838 0.92 59.8 6
12 7100 7.69 6385.01 0.830 091 58.6 6

(a)

Fig. 4. Image of the apple slices (a) before drying (b) after drying.

(b)
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Table 5
Fitting parameters of different drying equations available in the literature applied to the moisture ratio obtained drying apples [25].
Equation Model Name Parameters Reference
MR = exp(-kt) Lewis k = 0.47164min ! [26]
MR = a.exp(kt) Herderson and Pabis a— 0,81865 [27]
k = 0.0469min '
MR — exp(—kt") Page k = 0.46901min™ [28]
n - 0383
MR = a.exp(—kt) + ¢ Logarithmic a— 1767 [29]
k = 0.00471min !
c——093
MR = a.exp(—k;t) + b.exp(—kyt) Two Terms a-=17.672 [30]
k, = 0.00275min '
b - 16,83
ko = 0.00236min '
MR = a.exp(—kt) + (1 — a).exp(—kat) Two Terms Exponential a— 1.967 [31]
k = 0.01542min '
MR = a.exp(—kqt) + (1 — a).exp(—kyt) Verma a—=4719 [32]
ky = 0.00315min !
k, = 0.0017min !
MR = a.exp(—kqt) + b.exp(—kat) + c.exp(—kst) Modified Henderson and Pabis a-— 4691 [33]
ki — 0.0469min "
b - 1.767
k2 — 0.0649min !
c= 3915
ks = 0.0235min !
MR = exp(—kt") + b.t Midilli a=0971 [34]
k = 0.00471min !
n-=113
b~ —0.00138min !
MR —1+at+ b2 Wang and Singh a= —0.00767mrin ! [35]
b= 1.04 x 10 min *
obtained from the experimental results. In this study Diffusion 1 N
approximation model was used for constant temperature and 09 | %
drying of apple slices. A different mathematical model was devel- 08 N T=50C
. . . . . e
oped for calculating of the prediction of the moisture ratio during 07 S, —
time using “Nelder-Mead Least Squares Method” in Java language. 06 DN
The moisture ratio, as a function of time, obtained in the diffusion E 05 "-?_\~ =—-T=60C
approximation model for isothermal process at 50°C is plotted in = 04 "-.?\\
Fig. 5 together with the fitting of Lewis Model and Page Model. ’ YRy
. . te, -
Several drying processes of apples were conducted in the solar 03 L SST
. . e, -
dryer for constant temperatures ranging from 50°C — 60°C using 0.2 SIS
. . . . fra,, ey,
temperature intervals of 5°C. Fig. 6 shows the change in moisture 01 eelNmes _..,I
ratio, MR, over time, t, at different constant temperatures tested. 0

The tendency of the moisture ratio is similar for all the tempera-
tures studied. The obtained results were entitled as MR1 for the
first experiment (T = 50°C ), MR2 for the second experiment

17
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08 Approximation Model
. (T=50C)
_ 07 =3 +Lewis Model(T=50 C)
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Fig. 5. Moisture ratio as a function of time obtained in the diffusion approximation
model for isothermal process at 50 °C together with the fitting of Lewis Model and
Page Model.
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Time (Min.)

Fig. 6. Evolution of the moisture ratio with time for the different constant tempera-
tures during the drying of apple slices using the solar dryer system.

(T =55°C), and MR3 for the third experiment (T = 60°C) and shown
in equation (22)—(25) [24,25].
MR = a exp(—kt) + (1 — a)exp(—kbt) (22)

MR, — 12.887 exp(—0.479 t)
+ (1 — 12.887)exp(—0.479%1.022*t) (23)

MR, = 15.4203 exp(—0.723 )
+ (1 — 15.4203)exp(—0.723*1.038*() (24)

MR; — 17.672 exp(—0.649 t)
+ (1 - 17.672)exp(—0.649+1.035%() (25)

Similarly, several drying processes of apple slices were carried
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Fig. 7. Evolution of the moisture ratio with time for the different constant temperatures during the drying of apple slices using the packed bed thermal energy storage system.

out using thermal energy stored in the packed bed thermal energy
storage system at constant temperatures of 45°C — 55°C with
thermal intervals of 5°C. Fig. 7 shows the change in moisture ratio,
MR, over time, t, at different constant temperatures tested. It was
observed that the results in Fig. 7 are similar to the results of the
drying experiment that was carried out with the solar dryer in the
day, in addition to this, the moisture ratio has been decreased with
respect to the decreasing moisture content and time. Also for the
packed bed thermal energy storage system, the results obtained
from system both the experiments and the developed mathemat-
ical model were compared with each other and shown in
Figs. 8—10.

4. Conclusions

The drying process of the apple slices were experimentally
analyzed by means of the industrial solar dryer. During the drying
tests, the drying curves of the apple slices were obtained as a

function of temperature. The diffusion approximation model was
employed to fit the experimental drying curves obtained for con-
stant temperatures. A novel model was proposed based on diffu-
sion approximation model to predict the evaluation of the moisture
ratio during the drying process. The model was validated using
experimental results of the drying of apples. The proposed model
for the evolution of the moisture ratio was in perfect agreement
with the experimental measurements, obtaining a maximum de-
viation from the experiments of 1%, a deviation that is inside the
uncertainty associated with the measurements.

Also a packed bed thermal energy storage system was designed
and manufactured in order to provide continuity to the drying
process. As a result of the experimental studies with energy ob-
tained from this unit have shown that the resulting drying curves
are compatible with both the results of drying experiments with
the solar dryer and the results obtained from studies conducted in
the literature. In the experimental studies, the amount of thermal
energy that is stored in the packed bed has provided more than
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Fig. 8. Mean temperature of the packed bed during the charging time.
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Fig. 9. Temperature of air at inlet to packed bed during the charging time.
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Fig. 10. Stored thermal energy in the packed bed during the charging time.

enough energy for the drying of the apples. This further expands
the use of energy storage systems.
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Nomenclature

A Surface Area (m?)

Cpa Specific heat capacity for air (J*kg 'K 1)

Cps Specific heat capacity for packed bed(J*kg™'K™1)
Defr Diffusion coefficient

Do Pro-exponential factor

E, Activation energy (j*mol~")

Eg Energy input (for all system) (kWh)

h Heat convection coefficient (W*mfzj'l(*l)

hy
L
M

Ms
Mwb
Mwc

Q:
Qu
R

t
G
T

Ta

Ta. m
Tamb
Tb,m

Vh

Volumetric heat transfer coefficient (W*m—>"K 1)
Length or height of the packed bed(m)

Apple mass(kg)

Dried apple mass(kg)

Moisture mass to be removed from the apple slice(kgy)
Moisture mass removed from the apple slice(kgy,)
Thermal energy stored in packed bed (M])

Useful energy gain in collector (W)

Gas constant (kPa*m**kg K 1)

Time(Min.)

Drying time (min.)

Average temperature change (°C)

Air temperature in the system (DC)

Entrance temperature of the air to the packed bed (°C)
Ambient temperature (°C)

Mean temperature of the packed bed(°C)

Over all heat transfer coefficient (W*m~2"K™!)

Volume of the packed bed (m?)
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Vs Volume of storage material packed in the bed (m?®)
X Moisture content for apple slice (kgw*kga,}l)

X; Average moisture content for apple slice (kg *kggih)
Greek Symbols

At Time interval (min.)

Neh Efficiency of collector (dimensionless)

e Void fraction(dimensionless)

A Latent heat of vaporization (]*kg’l)

Pa Density of the drying air (kg*m—>)

Ps Density of the packed bed (kg*m>)

¢ Sphericity (dimensionless)

Subscripts

MER Moisture extraction rate

To The outlet temperature of the air from the collector (°C)
MR Moisture ratio

SMER  Specific moisture extraction rate
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