J. Agric. Mech., 10 (3):1-15 (2025)

1947

UNIVERSITY OF TABRIZ

Journal of
Agricultural Mechanization

Journal of
Agricultural
Mechanizaton

/

Online ISSN: 2717-4107
Journal homepage: https://jam.tabrizu.ac.ir/?lang=en

Original Article

Drying Kinetics and Mathematical Modeling of Orange Slices
in Refractance Window Drying System

Behzad Bakhshi!, Mohamad Reza Bayati'” ', Reza Tabatabaeekoloor**” , Abbas Rohani' | Elham

Azarpazhooh’

1- Department of Biosystems Engineering , Faculty of Agriculture, Ferdowsi University of Mashhad, Mashhad, Iran.

2- Department of Biosystems Engineering, Faculty of Agricultural Engineering, University of Sari, Agricultural Sciences and Natural
Resources University, Sari, [ran.

3- Khorasan Razavi Agricultural and Natural Resources Research and Education Center.

ARTICLE INFO

ABSTRACT

Keywords:

Activation energy,
Moisture diffusion,
Color change,
Shrinkage,

Drying,

Refractance window

Received:
May 14, 2025

Revised:
August 23, 2025

Accepted:
September 6, 2025

* Corresponding author:

bayati@um.ac.ir

In this study, the drying parameters and kinetics of sliced orange (Thomson variety) were investigated
in a refractance window dryer at temperatures (60, 75, and 90 degrees Celsius) and slice thicknesses (4, 6,
and 8 mm). Analysis of variance was used to determine the effects of temperature and thickness on the
parameters of color change, shrinkage, and resorption intensity. Five mathematical models were selected
to describe and compare the drying kinetics of orange slices, and the coefficient of determination (R?), chi-
square (x2), and root mean square error (RMSE) were used for evaluation. Also, the moisture transfer from
orange slices was described by fitting the Fick diffusion model. The results showed that drying temperature
and slice thickness had a significant effect on the drying behavior of orange slices. Drying time decreased
with increasing temperature and decreasing thickness. Temperature and thickness had little effect on the
total color changes, shrinkage rate, and resorption intensity of dried orange slices. Among the mathematical
models, the modified Page model had the best fit with the lowest error and the highest coefficient of
determination. The effective diffusion coefficient (Defr) increased with increasing drying temperature and
was found to be in the range 0f 39.6x 1071° - 42.5x 10-1° m?/s. The temperature dependence of the effective
diffusion was described by the Arrhenius equation and the activation energy for moisture diffusion in
orange slices was determined to be 27.5 kJ/mol..

Introduction

Iran ranks seventh in the world in terms of citrus production. The country's annual citrus production is
about six million tons, of which three million tons are oranges. A significant portion of the oranges
produced, after consumption as fresh fruit and export, can be used in various processing and complementary
industries, including fruit juice and dried fruit. Since fruit drying can be done on a small and home scale,
the development of suitable dryers with high energy efficiency is very important. Refractance Window,
known as the fourth generation of dryers, is a moisture removal system for producing high-quality dried or
concentrated foods. Refractance window dryers can produce dried products with relatively low energy
consumption, in a short time, and with minimal thermal damage. In the refracting system, the thermal
energy of hot water is transferred to the fruit slices placed on the film through a polymer film. The moisture
removal process in this system is fast, under atmospheric pressure, self-regulating, and at a temperature
lower than the temperature of the hot water used, so thermal damage to the material being dried is
minimized. The resulting water vapor is removed from the dryer chamber by a fan (Ortez-Jeres, 2015).
Researchers have used various methods in the field of drying agricultural products and cut fruits. Given the
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extensive research conducted on these methods, this study attempts to address the research conducted on
the refractivity window dryer system.

Materials and Methods

Thomson variety of oranges were obtained from orchards in the city of Jooybar, Mazandaran province.
First, the oranges were washed in water and after drying, they were sliced into 4, 6, and 8 mm thick slices
using a slicer. All samples were weighed before drying. The weight of the samples was measured using a
digital scale (AND-EK-600G) with an accuracy of £0.01. A refractance window dryer was used to dry the
samples. The refractance window device used in the experiments is located at the Mashhad Agricultural
Jihad Research and Development Center, which uses hot water circulation as a heat source with a boiling
temperature at atmospheric pressure, which can be changed with the water temperature controller due to
the elements inside the tank. Hot water in the hot water bath is circulated through a heating unit to maintain
a constant water temperature and increase thermal efficiency. A valve is installed between the hot water
bath and the water heating tank to pump water until the water temperature is lower than the desired value.
A pump is provided to pump hot water from the hot water tank to the bath. The heat energy from heating
the water is transferred to the product through a Mylar polyester plastic sheet. For drying, the predetermined
samples are spread on a transparent plastic sheet (Mylar) and its bottom is placed in contact with hot water
from a shallow container. The Mylar sheets pass the pure energy from the hot water through conduction
and radiation, causing the product to dry. Also, two fans are located at the top of the Mylar sheet to remove
the moisture created in the chamber. Orange slices with a thickness of 4 mm were placed in a single layer
on the drying chamber tray, and experimental treatments for drying thin slices of apple were performed,
including drying temperatures from 30 to 70 degrees Celsius, with an increase of 10 degrees Celsius, and
air speeds from 1 to 2 meters per second, with an increase of 0.5 meters per second. After turning on the
heat pump dryer, the temperature and air speed were adjusted to the desired treatment, and then the drying
process began. Drying continued until the weight of the thin slices of apple was approximately constant,
and the collected data were recorded every ten minutes. A factorial experimental design based on a
completely randomized design with three replications was used for data analysis.

Results and Discussion

The drying intensity decreased continuously with drying time. As can be seen, increasing the drying
temperature resulted in an increase in the drying rate and consequently a decrease in the drying time. With
increasing drying temperature and due to the intensification of the heat transfer rate, water molecules moved
faster and accelerated the water transfer from the product. The higher drying rate occurred during the initial
drying period, which was due to lower external resistance and greater water migration into the product. As
the thickness of the samples decreased, the time to reach the end point decreased from 190 minutes for 8
mm thickness to 140 minutes for 4 mm thickness. Also, the moisture removal rate was higher in the initial
stage of drying, which then decreased. It is obvious that the time to reach the end point of drying of orange
slices changes with the thickness of the sample. This indicates that the thickness of the sample affects the
drying time. It can be seen that among these equations, the three mathematical models of modified Page,
logarithmic and Medley et al. with a coefficient of determination higher than 0.99 can well describe the law
of moisture change. Among them, the modified Page model has the highest R? and the lowest > and RMSE.
It can be concluded that the modified Page model is the best model for describing the drying of sliced
orange slices in a refractance window dryer. It was found that its range of variation changed from 39.6x
10710 to 42.5% 1071 m?/s. As expected, the Derr values increased with increasing air temperature during
the drying process, which was due to the increase in vapor pressure inside the samples, which led to
molecular motion and rapid movement of water at high temperatures. Also, with increasing thickness, the
mass transfer rate increased, which led to an increase in the effective diffusion coefficient. The highest and
lowest activation energies were 28.38 and 21.94 kJ/mol, respectively, for treatments at 90°C and 8 mm
thickness and 60°C and 4 mm thickness.

Conclusion

The use of refractivity window for drying orange slices was tested and the best model was presented
using mathematical models to fit the experimental data and predict the drying behavior. Increasing the
temperature and decreasing the thickness of the orange slices both accelerate the drying process. Among
them, the modified Page model has the highest R? and the lowest ¥?> and RMSE. It can be concluded that
the modified Page model is the best model to describe the drying of orange slices in the refractivity window
dryer. The Defr values increased with increasing drying temperature, which is due to the increase in vapor
pressure inside the samples, which leads to rapid movement of water at high temperatures. The activation
energy for moisture diffusion was obtained from the Arrhenius equation as 27.5 kJ/mol.
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Fig. 1. A view of orange slices drying in a refractance window dryer.
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Table 1. Mathematical models of thin layer drying

Eo dJolee Jowe o leds
Reference Equation Model No.
Meng et al. (2023) MR=exp(-kt) Newton 1
Shi et al. (2013) MR=exp(-kt)n Modified Page 2
Henderson and Pabis (1961) MR=aexp(-kt) Henderson & Pabis 3
Togrul and Pehlivan (2002) MR=aexp(-kt)+c Logarithmic 4
Midilli et al (2002) MR=aexp(-ktn)+bt Middilli et al. 5
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Table 2. Analysis of variance of temperature and orange slice thickness for different refractance window drying parameters

oledls (55 Cogb,y slisl o o ode sl K oS SAS sl3la s e
Activation energy  Moisture diffusion coefficient Reabsorption Color change Shrinkage df Variable
89.4 ** 264.8 ** 157.6 ** 237.2 ** 145.4 ** 2 Les
Temperature(A)

67.2 % 198.7 #* 117.2 % 6.8 ™ 2.3m 2 b
Thickness(B)

41.6 ** 107.3 ** 37.4 124.2 ** 88.9 ** 4 Coleoxles

A XB

Drying rate (kg/kg.h)

0 2 4 6 8 10 12
Moisture content (kg/kg d.b.)

JU 2 o3 g Cagh ) hlie 53 (10,5 SUis E 5 yloged =T S0
(o o £ Cwolns) alio glalos o

Fig. 2. Drying rate vs. moisture content of orange slices at
different temperatures (Thickness 6 mm)
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Fig. 4. Moisture ratio vs. drying time of orange slices at
different slice thickness (Temperature 75 C)
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Fig. 5. Drying rate vs. moisture content of orange slices at
different slice thickness (Temperature 75 C)
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Fig. 3. Moisture ratio vs. drying time of orange slices at
different temperatures (Thickness 6 mm)
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Table 3. Effect of temperature and thickness on color change, shrinkage and resorption intensity of orange slices

ol F S %55 > Shrinkage (%) Ky 5 ol Thickness cwls Loo
Resorption Color change (mm) Temperature C)
4.63+£0.7 a 772114 a 14.98+0.9 a 4

445+.09a 77.56£1.3 a 15.42+1.2 ab 6 60
5.12+¢1.0a 78.42+1.6 a 15.68+1.0 ab 8

4.89+0.7 a 79.16£1.5 ab 16.21£1.1b 4

4.944+0.8 a 79.23+1.8 ab 16.54£1.2 b 6 75
4.65t1.0 a 79.34+1.6 ab 16.84+1.1b 8

4.88+0.7 a 79.95+1.9 ab 17.32+1.3 ¢ 4

4.49+£0.9 a 80.81+1.8b 17.59+1.2 ¢ 6 90
4.76£0.7 a 80.27+1.6 b 17.83+1.3 ¢ 8
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Table 4. Statistical results of thin layer drying parameters of orange in refractance window

Model Drying Constants R? ¥’ RMSE
condition

Newton 35°C-1.5m/s k=0.026 0.986 0.00054 0.0294

45°C-1.5 m/s k=0.032 0.976 0.00031 0.0267

55°C-1.5m/s k=0.037 0.989 0.00064 0.0179

65°C-1.5m/s k=0.029 0.990 0.00081 0.0325

55°C-0.5 m/s k=0.049 0.986 0.00073 0.0225

55°C-2.5m/s k=0.031 0.978 0.00045 0.0208

Modified page 35°C-1.5 m/s k=0.019; n=0.989 0.999 0.00008 0.0141

45°C-1.5 m/s k=0.023: n=1.009 1.000 0.00003 0.0211

55°C-1.5m/s k=0.035;n=1.111 0.998 0.00009 0.0164

65°C-1.5m/s k=0.027;n=1.163 0.999 0.00010 0.0218

55°C-0.5 m/s k=0.041; n=1.168 0.998 0.00007 0.0208

55°C-2.5 m/s k=0.025; n=1.192 0.999 0.00006 0.0197

Henderson &  35°C-1.5 m/s a=0.991; k=0.037 0.972 0.00075 0.0329

Pabis 45°C-1.5 m/s a=0.987: k=0.035 0.988 0.00046 0.0329

55°C-1.5m/s a=1.003; k=0.039 0.966 0.00062 0.0459

65°C-1.5m/s a=1.006; k=0.051 0.991 0.00044 0.0373

55°C-0.5 m/s a=1.029; k=0.026 0.986 0.00041 0.0238

55°C-2.5 m/s a=1.034; k=0.036 0.991 0.00050 0.0331

Logarithmic ~ 35°C-1.5 m/s a=1.095; k=0.151; ¢=-0.017 0.992 0.00014 0.0347

45°C-1.5 m/s a=1.043: k= 0.234; ¢=-0.009 0.996 0.00011 0.0359

55°C-1.5 m/s a=1.052; k= 0.242; ¢=-0.007 0.999 0.00064 0.0201

65°C-1.5 m/s a=1.089; k= 0.357; ¢c=-0.024 0.997 0.00081 0.0377

55°C-0.5 m/s a=1.054; k=0.185; c=-0.053 0.996 0.00013 0.0265

55°C-2.5 m/s a=1.032; k= 0.244; c= -0.026 0.998 0.00015 0.0224

Midilli et al. 35°C-1.5m/s a=0.991; k= 0.035; n=0.678; b= 0.005 0.999 0.00043 0.0361

45°C-1.5 m/s a=0.986: k= 0.036; n= 1.084; b= 0.004 0.995 0.00076 0.0332

55°C-1.5m/s a=1.004; k= 0.042; n=1.138; b=0.008 0.996 0.00054 0.0181

65°C-1.5 m/s a=1.006; k= 0.051; n~=1.197; b= 0.006 0.999 0.00039 0.0346

55°C-0.5 m/s a=1.029; k= 0.028; n= 1.245; b=0.007 0.997 0.00029 0.0251

55°C-2.5 m/s a=1.031; k=0.036; n=1.186; b= 0.003 0.996 0.00063 0.0201
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Table 5. Effective moisture diffusion coefficient at different drying conditions of orange slices in refractance window

R ool eyl Calses los
Effective Th(i;lkr:ll;?SS Temgcg)zature
diffusion (m?%s)

0.997 6.39x10°10 1
0.998 7.27x1010 6 60
0.994 7.62x10710 g
0.998 8.94x1010 4
0.989 8.27x1010 6 7
0.994 8.34x10-10 ]
0.996 9.83x10°10 4
0.998 10.18x101° 6 %
0.990 10.42x10-10 3

Sy o0y Sls iliseo byl pls )0 gl led (5551 -F Jgu
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Table 6. Activation energy at different drying conditions of
orange slices in refractance window

R Gbedled (5 Calses les
Energy activation Th(l;lkélli s Temg Zr)a "
(kJ/mol)

0.946 21.94 4
0.938 24.75 6 60
0.979 24.92 8
0.945 23.94 4
0.929 2535 6 75
0.984 2535 8
0.979 26.14 4
0.991 27.67 6 90
0.987 28.38 8

1/(T+273.15) (1/K)

-12
0.0p26 0.0027 0.0028 0.0029 0.003 0.0031
-14 ]

R?=0.9704
-16

InD 4

-18

-20
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Fig. 7. Arrhenius equation between effective moisture
diffusion coefficient and revers absolute temperature at
slice thickness 6 mm
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