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ABSTRACT

Introduction

Today, a high percentage of industrial dryers are convection dryers. Currently, most of the energy
used for drying comes from fossil fuels, which have irreparable environmental damage. Solar energy is
a clean and renewable energy used for the drying process since ancient times. Over time, various solar
dryers were produced and investigated in research. Researches show that most of these dryers are
convective and work based on the hot air-drying method. The refractance window dryers are a new
generation of dryers with high-quality dried products. Like other dryers, the drying process in these
dryers is energy-intensive. This research has tried to provide the energy needed to heat water in an RW
dryer system by receiving solar energy through a PTC collector. An attempt has been made to study the
drying kinetics of apple slices inside a combined solar dryer. The combined dryer included a refractance
window dryer and PTC collector.

Materials and Methods

In this research, an attempt has been made to study the drying kinetics of apple slices inside the
combined dryer included a refractance window dryer and a PTC collector. The drying experiments were
divided into three categories. The first group of tests was related to the common drying method (RW),
which was performed at three temperature levels (65, 75, and 85°C). To conduct tests in the first
category, only city electricity was used to heat water. The second group of experiments was conducted
as combined drying by solar energy (PRW). In this method, three temperature levels (65, 75, and 85°C)
were used. Fick's second law was used to measure the effective diffusion coefficient. Mathematical
models were used to describe the drying curves of the thin layer to investigate the drying kinetics.
Experimental data obtained from the drying of apple slices were described using Logarithmic,
Henderson and Pabis, Newton, Modified Page, and Midili models.

Results and Discussion

The drying time was 140-320 min in the first method, 160-260 min in the second method, and 240
min in the third method. In the first method, the results showed by increasing the temperature from 65
to 85°C, the drying time decreased by 56.25% (from 320 to 140 minutes) and by 38.46% (from 260
minutes to 160 minutes) in the second method. The fitting of the used models with the real data showed
that all the used models had good accuracy in determining the process of exiting moisture from the apple
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slices. Among the investigated models, the Midili model was more accurate than other models due to
having higher R? and lower SSE and RMSE. The lowest and highest effective moisture diffusivity
coefficients obtained in the experiments conducted by RW-65 and RW-85 methods as 8.93x10-13 and
4.82x10-12, respectively. Also, the effective moisture diffusion coefficient in the solar method was
obtained as 1.74x10-12 in SRW.

Conclusion

In fitting the data with the Midili model, the mean values of R?, SSE, and RMSE were obtained as
0.963, 0.031, and 0.062, respectively. After the Midili model, modified Page, Henderson, logarithmic
and Newton models were more accurate in describing the exit of moisture from the product,
respectively. Also, the results showed with increasing the water temperature in the system, the effective
moisture diffusion coefficient increases. The presented combined solar dryer has a good ability to dry
the apple slices and reduced energy consumption compared to non-renewable resources.
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Fig 1. Combined water-based dryer, a combination of a
parabolic trough collector and a refractance window dryer
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Fig 2. Schematic picture of the RW-PTC system used in this
research
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Table 1. Equations to determine coefficients of thin
layer drying models (El-Mesery., 2021; Cruz et al.,

2015)
Equation
Model name Model

number
Newton MR = exp (—kt) (6)
Modified Page MR = exp(—kt)" (7)
Henderson and Pabis MR = a exp (—kt) 8)
Logarithmic MR = aexp(—kt) +¢ Q)
Midili MR = aexp(—kt™) + bt (10)
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Table 2. Coefficients and accuracy of the newton

model
Treatment k SSE RMSE R-square

RW-65 4.62E-05 0.23 0.119 0.809
RW-75 9.82E-05 0.142 0.125 0.835
RW-85 1.11E-04 0.111 0.126 0.822
PRW-65 5.82E-05 0.258 0.14 0.771
PRW-75 8.20E-05 0.176 0.140 0.779
PRW-85 1.07E-04 0.107 0.11 0.853

SRW 7.18E-05 0.151 0.112 0.851
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Table 3- Coefficients and accuracy of Henderson and
Pabis model

Treatment a k SSE RII\EAS quuar
e

RW-65 1.14 5.81E-05 0.157 0.102 0.869
RW-75 1.13 1.17E-04  0.106 0.115 0.877
RW-85 111 1.32E-04 0.086 0120 0.838
PRW-65 1.15 7.32E-05 0192 0126 0.829
PRW-75 1.13 1.01E-04 0.134 0.129 0.832
PRW-85 1.12 1.27E-04 0.079 0106 0.891
SRW 1.13 8.68E-05 0.105 0.097 0.897
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Table 4. Coefficients and accuracy of the modified Page

model

Treatment k n SSE  RMSE squa:lre
RW-65 1.67E-05 2.75 0.15 0.123 0.832
RW-75 4.95E-05 1.98 0.11 0.133 0.864
RW-85 1.36E-05 8.12 0.08 0.136 0.858
PRW-65 1.98E-05 293 0.124 0.146 0.829
PRW-75 2.79E-05 293 0.138 0.148 0.841
PRW-85 5.41E-05 198 0.096 0.124 0.905
SRW 3.59E-05 2,00 0.114 0.117 0.905
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Table 5. Coefficients and accuracy of the logarithmic model

-fll-":‘(gs: K ¢ SSE RMSE SC]E;I’E
RW-65 1 6.43E-05 0112 0.184 0.110 0.847
RW-75 1 125E-04 0.087 0.124 0.124 0.856
RW-85 1 141E-04 0.083 0.097 0.127 0.844
PRW-65 1 7.99E-05 0.109 Y 0.135 0.805
PRW-75 1 1.10E-04 0.101 0.151 0.137 0.810
PRW-85 1 1.36E-04 0.083 0.092 0.115 0.873

SRW 1 9.39E-05 0.094 0.126 0.107 0.876
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Table 6. Coefficients and accuracy of Midili model

Treatment a k c n SSE RMSE R-square

RW-65 097 -4.38E-03-7.62E-05 0.49 0.01 0.03 0.98
RW-75 094 -7.11E-03-1.53E-04 0.48 0.01 0.04 0.98
RW-85 0.81 -1.99E-02-1.91E-04 041 0.04 010 0.92
PRW-65 0.79 -2.26E-02-1.19E-04 0.38 0.06 0.08 0.94
PRW-75 0.78 -2.55E-02-1.61E-04 0.38 0.06 010 091
PRW-85 0.98 -4.48E-03-1.64E-04 0.52 0.01 0.03 0.99
SRW  0.98 -3.74E-03-1.11E-04 052 0.01 0.02 0.99
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Fig 5. Effective moisture diffusion coefficient in different
drying method

S 5 azeaii =¥

WY 03,583 iluedde (IESAS Seiiew gl (nl )
B0 30 o oSy i Sis gl (s 0z Jlil 5 SU
aos 2 aialeT s ) RW-PTC g5 51 oo oSSt 5,
el CRW) (500255 Sels s PRW) (o125 5 (RW) pgs o 55
oSS 53 85°C 4y 65 jlLes aul3dl L as ols lis bl ok
738.46 595 ybs, o 5 (140 & aiss 320 31) /56.25 Jsl og, 4o
G Jyame 5o S Sis oy .l (hals (160 4, 42,55 260 ;)
240 o3 plmil O (9,50 5 aald el jo> (65,59 L OLLS 4 psns
R? 1Sk Jlade Jowe Joe b baosls (35l 50 .09 (el F) aido
5 om ol cewas 0.062 4 0.031 0.963 o5 5 & RMSE 4 SSE
5 o g yain 0atipdol oy sladoe i 4 (Jae Jow
il Jgame 5l Casb, ze caogi )0 (e S8 (g
2 esaliawns 4 Cusby Fse 35k cuys Grfder g OpfeS
& RW-85 5 RW-65 (cla_jbg, 1 i i 4 o aloxil (sla siles]
50 39k a5 e ] Gy 4.82x10-12 5 8.93%10-13 laia
149- oogaxe 0 (PRW) oS5 o 5Sis glois, o
30 Cagby Sge dei oo e Cpizes il 1,8 3.87%10-12
I sk el cawsy 1.74x10-12 50 4 SRW g0 ys5 b9,
Cobll o0 ) cund e S S S SES a5 ol ol b
gl 5l 655l Sras palS 5 Jgame (9 5SS 6ln (ol

Syl pdsbagass

¢ mMssine|
—lidiModel |

SSE0.06
RMSE=0.08 4
R-Square=0.84

10 150 m | 0

+ PRI time -
= Wil Mg/

SSE001
RSMEO03 o
R-Square=0.98

T T T
Wk v OPRITSwie| |
—— Midii Model
0 -
[4]
~
E 8- T
5 SELDG
uF DL
ReSquare=D31
02 -
! | ! !
0 2 ' 0 @ m ®m W W ®  m
fig
T T T
s ' S|
= M Mol
[Lind
Eusl
o S0t
A0
04 ASquare=0. 9
| ¥ind
1 1 |

0 % 100 180 .1 Fol
fime

Olo) o 2 dry g Sagh ) S Hloged - ¥ S
Fig 3. The graph of dimensionless moisture ratio against

time
12
- RW 65
1B o RW-75
A= w.
Ll N L] = o= RW-85
\“ o T-u
%us -‘\\\‘. a ‘:\ - & PRW. 65
3 kN ~
2 h‘ N \:\ A = N - &= PRW-TS
~
2 06 \\% A a = - — & PRW-8S
B £ N
£ S A ~ - o SRW
2 M AN A ~ - SR
2 04 RIS -
: T \ ~ ~
1y o & [
Na B \.~
N
0.2 Y ~a » bl a h
0
0 50 100 150 200 250 300 350

Time (min)
SRy 58 Jowe Juo b (22 gl (b3l Hloged —F S
S )gB 9 (5§ O 5SS

Fig 4. Fitting experimental results with the Midili model
in combined and solar drying methods



S St S gl aF o S S

Y¥

Mohammadi, I., Tabatabaekoloor, R., and Motevali, A. (2019).
Effect of air recirculation and heat pump on mass transfer
and energy parameters in drying of kiwifruit slices. Energy,
170, 149-158.

https://doi.org/10.1016/j.energy.2018.12.099.

Nindo, C. I, and Tang, J. (2007). Refractance window
dehydration technology: a novel contact drying method.

Drying Technology, 25(1), 37-48.
https://doi.org/10.1080/07373930601152673.

Ochoa-Martinez, C. I., Quintero, P. T., Ayala, A. A., & Ortiz, M.
J. (2012). Drying characteristics of mango slices using the
Refractance Window™ technique. Journal of Food
engineering, 109(1), 69-75.
https://doi.org/10.1016/j.jfoodeng.2011.09.032.

Onwude, D. I., N. Hashim, K. Abdan, R. Janius and G. Chen
(2019). The effectiveness of combined infrared and hot-air
drying strategies for sweet potato. Journal of Food
Engineering 241: 75-87.
https://doi.org/10.1016/j.jfoodeng.2018.08.008.

Peng, S., Hong, H., Jin, H., and Zhang, Z. (2013). A new
rotatable-axis tracking solar parabolic-trough collector
for solar-hybrid coal-fired power plants. Solar energy, 98,
492-502. https://doi.org/10.1016/j.solener.2013.09.039.

Puente-Diaz, L., Spolmann, O., Nocetti, D., Zura-Bravo, L., &
Lemus-Mondaca, R. (2020). Effects of infrared-assisted
refractance window™ drying on the drying Kinetics,
microstructure, and color of physalis fruit purée. Foods,
9(3), 343. https://doi.org/10.3390/foods9030343.

Rajoriya, D., Shewale, S.R., Bhavya, M.L. and Hebbar, H.U.,
(2020). Far infrared assisted refractance window drying of
apple slices: Comparative study on flavor, nutrient
retention and drying characteristics. Innovative Food
Science & Emerging Technologies, 66, p.102530.

https://doi.org/10.1016/j.ifset.2020.102530.

Sadin, R., Chegini, G. R., and Sadin, H. (2014). The effect of
temperature and slice thickness on drying kinetics tomato
in the infrared dryer. Heat and Mass Transfer, 50(4), 501-

507. https://doi.org/10.1007/s00231-013-1255-3.

Samadi, S. H., and Loghmanieh, I. (2013). Evaluation of energy
aspects of apple drying in the hot-air and infrared dryers.
Energy Research Journal, 4(1), 30-38.

https://doi.org/10.3844/erjsp.2013.30.38.

Sevik, S., Aktas, M., Dolgun, E. C., Arslan, E., and Tuncer, A.
D. (2019). Performance analysis of solar and solar-
infrared dryer of mint and apple slices using energy-exergy

methodology. Solar Energy, 180, 537-549.
https://doi.org/10.1016/j.solener.2019.01.049.

Silva, N. C., Freitas, L. V., Silva, T. C., Duarte, C. R., & Barrozo,
M. A. (2023). Use of Refractance window drying as an
alternative method for processing the microalga spirulina
platensis. Molecules, 28(2), 720.
https://doi.org/10.3390/molecules28020720.

Singh, D., Mishra, S., and Shankar, R. (2022). Experimental
investigation and drying kinetics of mixed type solar dryer
with thermal energy storage material for drying of apple
slices. Energy Sources, Part A: Recovery, Utilization, and

&lw

Akbarzadeh, S., and Valipour, M. S. (2018). Heat transfer
enhancement in parabolic trough collectors: A
comprehensive review. Renewable and Sustainable Energy
Reviews, 92, 198-218.
https://doi.org/10.1016/j.rser.2018.04.093.

Ayala-Aponte, A. A., Céardenas-Nieto, J. D., & Tirado, D. F.
(2021). Aloe vera gel drying by Refractance Window®:
Drying kinetics and high-quality retention. Foods, 10(7),
1445, https://doi.org/10.3390/foods10071445.

Calin-Séanchez, A., Lipan, L., Cano-Lamadrid, M., Kharaghani,
A., Masztalerz, K., Carbonell-Barrachina, A. A., and
Figiel, A. (2020). Comparison of traditional and novel
drying techniques and its effect on quality of fruits,
vegetables and aromatic herbs. Foods, 9(9), 1261.
https://doi.org/10.3390/f00ds9091261.

Chaudhari, A. D., and Salve, S. P. (2014). A review of solar dryer
technologies. International Journal of Research in Advent
Technology, 2(2), 218-232.

Cruz, A. C., Guiné, R. P., and Gongalves, J. C. (2015). Drying
kinetics and product quality for convective drying of apples
(cvs. Golden Delicious and Granny Smith). International
Journal of Fruit  Science, 15(1), 54-78.

https://doi.org/10.1080/15538362.2014.931166.

ELkhadraoui, A., Kooli, S., Hamdi, I., and Farhat, A. (2015).
Experimental investigation and economic evaluation of a
new mixed-mode solar greenhouse dryer for drying of red
pepper and grape. Renewable energy, 77, 1-8.

https://doi.org/10.1016/j.renene.2014.11.090.

EL-Mesery, H. S., Kamel, R. M., and Emara, R. Z. (2021).
Influence of infrared intensity and air temperature on
energy consumption and physical quality of dried apple
using hybrid dryer. Case Studies in Thermal Engineering,
27, 101365. https://doi.org/10.1016/j.csite.2021.101365.

Gharehdaghi, S., Moujaes, S. F., and Nejad, A. M. (2021).
Thermal-fluid analysis of a parabolic trough solar
collector of a direct supercritical carbon dioxide Brayton
cycle: A numerical study. Solar Energy, 220, 766-787
https://doi.org/10.1016/j.solener.2021.03.039.

Jafari, S. M., Azizi, D., Mirzaei, H., and Dehnad, D. (2016).
Comparing quality characteristics of oven-dried and
Refractance Window-dried kiwifruits. Journal of Food
Processing and  Preservation, 40(3), 362-372.

https://doi.org/10.1111/jfpp.12613.

Jaramillo, O. A., Borunda, M., Velazquez-Lucho, K. M., and
Robles, M. (2016). Parabolic trough solar collector for
low enthalpy processes: An analysis of the efficiency
enhancement by using twisted tape inserts. Renewable
energy, 93, 125-141.
https://doi.org/10.1016/j.renene.2016.02.046.

Mahanti, N. K., Chakraborty, S. K., Sudhakar, A., Verma, D. K.,
Shankar, S., Thakur, M., . and Srivastav, P. P. (2021).
Refractance Window-Drying vs. other drying methods and
effect of different process parameters on quality of foods:
A comprehensive review of trends and technological
developments. Future Foods, 3, 100024.

https://doi.org/10.1016/j.fufo0.2021.100024.


https://doi.org/10.1016/j.rser.2018.04.093
https://doi.org/10.3390/foods9091261
https://doi.org/10.1080/15538362.2014.931166
https://doi.org/10.1016/j.renene.2014.11.090
https://doi.org/10.1016/j.csite.2021.101365
https://doi.org/10.1016/j.solener.2021.03.039
https://doi.org/10.1016/j.renene.2016.02.046
https://doi.org/10.1016/j.fufo.2021.100024
https://doi.org/10.1016/j.energy.2018.12.099
https://doi.org/10.1080/07373930601152673
https://doi.org/10.1016/j.jfoodeng.2018.08.008
https://doi.org/10.1016/j.solener.2013.09.039
https://doi.org/10.1016/j.ifset.2020.102530
https://doi.org/10.3844/erjsp.2013.30.38
https://doi.org/10.1016/j.solener.2019.01.049

Yo

VEF JLo Y ojlals V0,90 /(65,5LiS (gl 53lS00 & 25 Olen 5 olyes (55005

Environmental Effects, 44(2), 4763-4782.
https://doi.org/10.1080/15567036.2022.2079775.

Teymori-Omran, M., Askari Asli-Ardeh, E., Taghinezhad, E.,
Motevali, A., Szumny, A., and Nowacka, M. (2023).
Enhancing Energy Efficiency and Retention of Bioactive
Compounds in Apple Drying: Comparative Analysis of
Combined Hot Air—Infrared Drying Strategies. Applied
Sciences, 13(13), 7612.
https://doi.org/10.3390/app13137612.

Tontul, 1., Ergin, F., Eroglu, E., Kiigiik¢etin, A. and Topuz, A.,
2018. Physical and microbiological properties of yoghurt
powder produced by refractance window drying.
International Dairy Journal, 85, pp.169-176.



https://doi.org/10.3390/app13137612

