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Study of drying, thermal, shrinkage, and color kinetics using digital and thermographic
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Abstract

Convective drying has been widely used for extending the shelf life of foodstuffs as well as for the study of mass and heat transfer
phenomena. This contribution aims to conduct a comprehensive study involving mass and heat transfer kinetics, modeling, and
evaluation of surface temperatures, shrinkage, and color during the real-time convective drying of potato slices. A tunnel dryer
was specially designed to couple digital and thermal cameras to follow the real-time evolution of the surface temperatures,
shrinkage, deformation, and color parameters. Drying and thermal kinetics were studied with Fick's second law, Fourier’s
approach, and semi-empirical mathematical models to obtain effective moisture diffusivity and energy activation to select the
best model for describing drying and thermal kinetics. Effective diffusivity coefficients ranged from 6.12 x 1019t 9.71 x 10710
m?/s, the activation energy was 13.79 kJ/mol, while Page’s model and an exponential function of three parameters were shown
to be suitable for modeling drying and thermal kinetics. In addition, morphometric and color parameters obtained in real-time
help select the best drying conditions and final product quality. This contribution provides essential information for a fuller
understanding of the drying, design, and operation of drying equipment for food materials.

Keywords: Semi-empirical models, thermal kinetics, image analysis, deformation, quality parameters.

Resumen

El secado por conveccidn se ha utilizado ampliamente para prolongar la vida ttil de alimentos, asi como para el estudio de los
fenémenos de transferencia de masa y calor. Esta contribucién tiene como objetivo realizar un estudio exhaustivo de la cinética
de secado, el modelado matematico y la evaluacién de las temperaturas superficiales, la contraccién y el color durante el secado
convectivo en tiempo real de rodajas de papa. Se disefié un secador de tuinel para acoplar cdmaras digitales y térmicas para seguir
la evolucion en tiempo real de las temperaturas de las muestras. El secado y la cinética térmica se estudiaron con la segunda ley de
Fick, enfoque de Fourier y modelos matemadticos semi-empiricos para obtener una difusividad de humedad efectiva y activacion
de energia para seleccionar el mejor modelo para describir el secado y la cinética térmica. Los coeficientes de difusividad efectiva
variaron de 6.12 x 10710 2 9.71 x 10710 m?/s, la energia de activacién fue de 13.79 kJ/mol, mientras que el modelo de Page y
una funcién exponencial de tres pardmetros se mostraron adecuados para su modelado. Ademads, los pardmetros morfométricos
y de color obtenidos en tiempo real ayudan a seleccionar las mejores condiciones de secado y la calidad del producto final. Esta
contribucién proporciona informacién esencial para una comprensiéon mas completa del secado, el disefio y el funcionamiento de
los equipos de secado de materiales alimentarios.

Palabras clave: Modelos semi-empiricos, cinética térmica, andlisis de imagen, deformacién, pardmetros de calidad.
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1 Introduction

Convective drying is a technology used extensively
to dry plant tissues and extend their shelf life
(Gaeini et al., 2023). Drying technology has been
used for the past few decades, but several non-
thermal processes and emerging food preservation
technologies currently improve final products' quality
properties (Cheng et al., 2023). However, these food
preservation methods require equipment and facilities
that are more expensive than hot air dryers, although
convective drying is still a reliable technology for
producing foodstuffs in huge volumes at low cost. In
addition, the higher mass and heat transfer rates that
occur with this approach lead to an increased reduction
in the water activity of food materials, reaching up
to minimal levels (Zhang et al., 2021). It also helps
to extend shelf life and prevent biochemical reactions
and microbial deterioration without special packing or
additional preservation methods.

Diverse strategies have been applied to
characterize the drying process in a non-steady
state. Drying kinetics is the most used approach
due to the easy acquisition of moisture data and the
straightforward interpretation of curves for describing
the drying of food materials. Moreover, several drying
studies on thin chips from tubers have been carried
out, but potatoes (Solanum tuberosum) are among
the most used tubers for conducting drying studies
and are considered the ideal material due to their
high production and consumption, as well as their
homogeneous structure and simple composition (Geng
et al., 2023; Silva Junior et al., 2023). Potatoes
are usually dehydrated in cubes and slabs to obtain
their drying kinetics and drying rate curves (Wang
et al., 2020). In contrast, some drying parameters,
such as equilibrium moisture, effective diffusivity
coeflicients, and activation energy, are obtained by
applying the classical drying theory, Fick's second
law, and the Arrhenius equation (Silva Junior et al.,
2023; Valdés-Parada et al., 2023). Another approach
for evaluating the drying kinetics is using semi-
empirical models based on Newton's law of cooling
along with logarithmic functions (Raponi et al., 2022;
Thuy et al., 2023). One advantage of the mathematical
model’s application is that it provides a simplified
route for obtaining data and equations for routines
to select the drying times in batch cycles, equipment
design, and simulations by computer fluid dynamics.
Nevertheless, semi-empirical models yield kinetic
parameters without physical meaning (Keneni et al.,
2019).

It is well known that mass and heat transport
phenomena simultaneously occur during convective
food drying (Mahiuddin et al., 2018). Nevertheless,
only a few thermal studies have been conducted

as it is not possible to measure the temperature of
the whole surface material in real-time, even though
surface temperature profiles could provide valuable
information about the heat transport phenomena
during food drying (Traffano-Schiffo et al., 2014).
After the COVID-19 pandemic, low-cost thermal
imaging cameras based on infrared emission are
now more available for measuring the surface's
temperature. Thus, thermal imaging cameras can
assist with the study of food drying and facilitate
straightforward temperature measurement of the
whole sample surface during drying without the
inconvenience of using thermocouples.

Similarly, image analysis has been extensively
applied, which helps to evaluate the changes in size,
shape, and color in final products and during food
processing (Bai er al., 2022). These are considered
quality parameters for dehydrated foodstuffs, although
this approach has only recently been used to describe
morphometric and quality changes in real-time. This
approach continues to be employed in this context,
but more information about their impact on food
quality is still needed. Therefore, this work aims
to comprehensively study drying, thermal, shrinkage,
and color kinetics using digital and thermographic
imaging of potato slices under real-time convective
drying.

2 Materials and methods

2.1 Potato slices preparation

Potatoes (Solanum tuberosum) were selected from a
local market in Mexico City, Mexico. Tubers with
similar skin color and size and without physical
or microbiological damage were chosen carefully.
The potatoes were stored in refrigeration at 4 °C.
Half an hour before the experiment's preparation, the
tubers were removed from refrigeration. Before slice
preparation, the samples were carefully cleaned with
cold water, and the settings on an electric food slicer
(Eura Mod. RIN 2509, Mexico City, Mexico) were
adjusted to produce slices 3 mm thick. Subsequently,
a stainless-steel cutting mold was employed to cut
circles with a diameter of 40 mm. The potato slices
were blanched at 90 °C for 5 min and cooled at 4 °C
for 2 min by immersion in water (Figure 1a) to avoid
enzymatic browning (Naderinezhad et al., 2016).

2.2 Drying kinetics

Convective drying kinetics were carried out in
an experimental tunnel-type dryer, constructed with
internal and external walls of 18-gauge steel sheets
and insulated with fiberglass. The tunnel-type drier
measured 145 cm in length with a width of 20
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cm and a height of 15 cm (Figure 1b). Throughout
the process, the dry bulb temperature and airflow
were controlled automatically from the equipment's
control panel. Furthermore, the wet bulb temperature
(Twp) was measured with a thermometer covered in
a wet cloth to evaluate the absolute humidity (Y)
from a psychrometric chart at 0.77 atm. The airflow
is parallel to the sample with an input of absolute
humidity at around 0.009-0.006 kg water/kg dry air.
For all experiments, three samples were positioned
in the inspection area for thermographic and digital
imagining acquisition and analysis (Figure 1c).

2.3 Determination of moisture content,
effective diffusivity coefficient, and
activation energy

The potato slices were weighed using an analytical
balance (AZ214, Sartorius, USA), and the samples
were recorded at the times indicated by the drying
kinetics. For the different samples, three slices were
used in the same conditions. The initial moisture
content was determined using the AOAC (1999)
method, with the moisture content expressed as
dimensionless values using equation (1) to obtain the
moisture rate (MR) parameter:
M t M e
MR= —— 1)
Mo - M.

Where M is the moisture content at any time, My
is the moisture content at time zero, and M. is the
moisture content at equilibrium conditions. Over long
drying periods, M, remains constant, and MR can be
estimated as Pei er al. (2014) expressed in equation
2):
M,
My
To calculate the effective diffusivity coefficient (Deg)
during the falling rate drying period, Fick's second
law for slabs was employed (ElGamal & Liu, 2021)
as shown in equation (3):

8 1
MR = — ex
7T2n220(2n+1)2 P

Where L represents half the slice's thickness (m), n
denotes the number of terms in the diffusion equation,
and t is the drying time. Thus, equation (3) can be
simplified as follows Akpinar & Toraman (2016) in
equation (4):

8 7T2Defft
MR = — exp|— 4
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And equation (4) can be rewritten logarithmically as
follows:

8 72D, ¢t
InMR=1n— - eff
2 4Lé

®)

Thus, the D.g can be easily determined through
the plot of In (MR) vs. t. The slope (m) of this
linear relationship was employed to calculate the Deg
(Akpinar & Toraman, 2016) as explained in equations
(6) and (7):

2
V8 Deff
- 6
ST ©
m(4L?)
Depr=—3 (7)

To determine Deg, the actual thickness of the samples
was measured using a digital caliper (IP54, Fowler,
China). Measurements were taken at the cardinal
and center points, resulting in 5 readings per slice
(Figure la). The average thickness throughout the
drying kinetics was calculated from these readings and
performed in triplicate for each drying time.

In addition, activation energy could be calculated
by using the Arrhenius equation (8) from the linear
relationship between the In (D.g) and the inverse
of absolute temperature (Azimi-Nejadian & Hoseini,
2019):

Eq
D.sr =Dy exp( RT) )
Where Dy is the pre-exponential factor of the
Arrhenius equation (m?/s), Ea is the activation energy
(kJ/mol), R is the gas constant (8.3143 kJ/mol), and
T is the absolute temperature (Perea-Flores et al.,
2012). Another strategy for characterizing the drying
kinetics is using semi-empirical models, as shown in
the following section.

2.4 Modeling of drying kinetics using
empirical mathematical models

Therefore, drying kinetics were fitted to five selected
thin film drying models to accurately describe the
drying process for potato slices (Doymaz, 2017; Perea-
Flores et al., 2012). The chosen models are based on
logarithmic functions and are described below:

Lewis model

The Lewis or Newton model (Equation 9) is the
most basic and straightforward model for modeling
drying kinetic data in biological products.

MR =exp ¥ )
Page
The Page model is a semi-empirical model derived

from Lewis’ law, using two constants, as shown in
Equation 10.

MR = exp ¥ (10)

Henderson and Pabis
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This model corresponds to the initial term in
the solution of Fick's second law, making it a two-
parameter exponential model in Equation 11.

MR = aexp™™ (11)

Logarithmic

This model adapts the Henderson and Pabis model,
incorporating an additional constant (Equation 12).
Its versatility means it can be applied under various
conditions.

MR = aexp™ +¢ (12)

Approximation of diffusion
This model indicates two exponential terms of the
mathematical model, as shown in Equation 13.

MR = aexp™ +(1 — a)exp ¥ (13)

In the mathematical models, k, n, a, and b are fitting
constants, while t is the drying time.

2.5 Determination of temperatures on the
surface of the potato slices

A thermographic study of the changes that occurred on
the surface temperatures during the drying of potato
slices is presented as a study model to illustrate that
it is possible to promptly estimate the potato slices'
thermal kinetics at different temperatures. Similar
to those carried out for mass transfer phenomena,
empirical models can be applied to describe the food
samples’ thermal behavior during convective drying.

Thus, to measure the surface temperature of
the potato slices in real-time throughout the drying
process, two thermographic cameras (IR0280, Perfect
Prime, China) were placed in the inspection section to
monitor the changes in surface temperature during the
drying operation. For this process, the temperatures
ranged from -30 to 1000 °C (accuracy +1 °C), with a
spectral range of 8-11.5 mm, a thermal sensor of 32 x
32, a pixel resolution in thermal mode of 3.5 mm/pixel,
a resolution digital camera 0.2 Mpx, and an image
capturing frequency of 9 Hz. All thermal images were
at a constant emissivity of close to 0.95. Following this
procedure, the thermographic images of the top and
lateral views of the potato slices were acquired (Figure
1c). To evaluate potato slices' surface temperatures, the
average values of the top view thermographic images
were used to obtain the surface temperature kinetics
of the potato slices. For each slice and drying time,
62 measurements were obtained from a thermography
camera utilizing the supplier's computer streaming
software (available from https://perfectprime.
com/pages/manual) and values were recorded by
triplicated.

Moreover, the distribution of potato slices' surface
temperatures obtained from the thermographic images

was analyzed using the entropy (ET) parameter. This
value was estimated from the GLCM texture plug-
in of the ImageJ software v1.53 (National Institutes
of Health, Bethesda, MD, USA), considering that
grayscale images correlated with temperature values
(Pieniazek & Messina, 2017). In all the cases, three
slices were used as replicated samples.

2.6 Modeling of the surface temperature
kinetics

Similarly to drying kinetics, the surface temperature
kinetics of potato slices were fitted using two semi-
empirical mathematical models based on Fourier’s
second law (Khan et al., 2022). The proposed models
are exponential equations (14 and 15) named M; and
M, models as follows,

Ty =y0+a(l — exp™) (14)
Ty =a+ (0 —a)exp ™) (15)

where T is the surface temperature of potato slices, a
and k are the constants of the models, and t is time.

2.7 Evaluating the goodness-of-fit of the
mathematical models (mass and heat
transfer)

Mean relative percent deviation (Epp), root
mean square error (Erms), chi-square (X?), and
determination coefficient (R2) statistical parameters
were used to evaluate the goodness-of-fit of the
mathematical equations for modeling the mass and
heat transfer kinetics. These parameters were used to
select the most suitable model to characterize potato
slices' drying and surface temperature kinetics (Keneni
etal., 2019).

N . .
100 MR, ,i— MR, pre,
EMD = _ZI exp,i pre, i| (16)
N i=1

MR, exp,i

1
N 2
1
ERMS = NZ(MR, exp,i— MR, pre, i)z} (17)

i=1

_— 2
B Z{L (MR, exp,i— MR, pre, i)
B N-n

N . N

(MR, pre,i— MR, exp,i)
R=1- 19
{; (MR, exp,i— MR, exp)? (19

X (18)

Where MR represents the moisture ratio, pre i denotes
the predicted data for the moisture ratio, exp i
represents the corresponding experimental data, N is
the total number of observations, and 7 is the number
of constants of the tested mathematical model.
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Figure 1. (a) Flow chart describing sample preparation
for drying at different times. (b) 3D diagram of
the drying tunnel with their parts indicated, (c)
Arrangement of digital and thermal cameras to obtain
images from top and lateral views during the drying of
potato slices.

2.8 Evaluation of the quality parameters
employing image and color analysis

During potato slice drying, two digital cameras
(PowerShot SX110 IS, Canon Inc, China) were used,
which were located at 31 cm from the samples to
obtain in-situ images from the top and lateral views of
the slices (Figure 1c). An LED light ring (Tecnolite,
China) of 14 W, daylight, and 26 cm diameter
illuminated the section inspection. The obtained
images from both the top and lateral views were
used to extract specific geometric parameters such as
projected area (A), Feret diameter (D), circularity, and
color to evaluate the changes in the size, shape, and
color of the potato slices during the drying process.
Binary images were used for this task, obtained
from the original color images, and then converted
to a grayscale format using manual thresholding.
Previously, the digital cameras were calibrated into
the dryer using color charts, as reported by Arzate-
Vazquez et al. (2011). The original RGB images were
converted to CIELab color space using the color space
convert plug-in for ImageJ software for the color
analysis. In addition, color parameters (L*, a*, and
b*) were estimated as average values obtained from
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Figure 2. a) Moisture ratio (MR) kinetics, the best
mathematical model is indicated (Page model), b) In
(MR) vs. time to evaluate the effective diffusivity
coefficient values at different drying temperatures
and c) Arrehenius-type relationship for evaluating the
energy activation (Ea). Only mean values from three
repetitions are shown. Error bars are omitted for a
better adjustment.

each separate image and its corresponding frequency
histogram. Then, the total color difference (AE) was
calculated with the following :

AE = \/(AL*)Z + (Aax)? + (Abx)? (20)

Where AL* =L*-Lg*, Aa*=a*-ap*, Ab*=b*-by*,
where L*, a* and by * are the color parameter values at
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time t of the drying kinetics, while Lo*, ap*, and bp*
are color values of the potato slices at the initial time
(to). The entire image analysis process was carried
out using ImageJ software, and all measurements
were replicated in triplicate for each sample (Arzate-
Vazquez et al., 2011; Jaubert-Garibay et al., 2023).

2.9 Statistical analysis

All modeling and statistical analyses were performed
in SigmaPlot v. 15.0 (Systat, Inc. USA).

3 Results and discussion

3.1 Drying kinetics analysis

The drying kinetics of potato slices showed the
standard dependence on the air-drying temperature
(Geng et al., 2023; Wang et al., 2020). MR kinetics
reduced substantially as the drying time elapsed and
decreased as the dryer temperature increased. In
contrast, the drying time to reach the equilibrium
moisture state was diminished with the temperature
(Figure 2a). In this study, at 40 °C, the equilibrium
condition was reached after 140 min, while at 50,
60, and 70 °C, it was reached after 120, 100, and
80 min of drying, respectively. Similar to those
previously reported, these findings are due to the mass
transfer's driving force, which significantly increases
with drying temperature (Deng et al., 2018).

Drying kinetics is observed mainly during the
falling drying period (Figure 2a) because the slices
are thin with higher airflow (3 m/s), and its
dehydration can be described as thin-layer drying
(Yi et al., 2012), where water diffusion through the

food solid matrix is the primary mechanism that
controls potato slice drying. For this reason, the
effective diffusivity coefficients (D.g) were estimated
for different temperature conditions using Fick's
second law for slab geometry. Figure 2b shows that
the In(MR) values vs. time had a good fit (R2>0.98)
with Fick's second law equation, and the obtained
Deg values in function of temperature are presented
in Table 1. In particular, the results are similar to
the data reported by Silva Junior et al. (2023) for
potato cylinders. Lower values were also reported
compared to another thermal technology used for
potato processing (Table 1).

In addition, D.g values increased as drying
temperature increased, and this relationship can be
evaluated using an Arrhenius-type equation. Figure 1c
shows the linear correspondence between In (Deg) vs.
the inverse of the absolute drying temperatures (in
K) with an R> = 0.9894, with the slope of the plot
facilitating the estimation of the activation energy (Ea)
necessary for moisture diffusion through potato slices,
and equation 21 characterizes this dependence:

1659.4
(_ T)

Deff =159 x 10~ exp 1)

Where diffusivity constant (Do) and Ea were
1.59 x 1073 mz/s of 13.79 kJ/mol, respectively, the
obtained Ea values for potato slices were in the
reported ranges (10.59-54.93 KJ/mol) for other food
materials (Doymaz, 2017; Perea-Flores et al., 2012;
Thuy et al., 2023). The results obtained in the
current study regarding drying potato slices at the
laboratory level were updated. These are valuable
data for understanding drying in a transient state and
estimating the time process by batch and scaling of
drying equipment in thin food slices.

Table 1. Compares the effective moisture diffusivity of potato samples under various conditions with that in the

present study.

Samples Specific conditions Effective moisture diffusivity (m?/s) Drying conditions References
40 °C 6.12x 10710 Convective dryer at 3 m/s,
. 50 °C 7.55x 10710 slices with 40-mm diameter .
Potato slices 60 °C 8.61 x 10710 and 3-mm thickness This work
70 °C 9.71 x 10°1°
40 °C 4.33x 10710 Convective drying, Silva Junior
Potato cylinder 60 °C 8.63 x 10710 airflow at 0.5 m/s, and et al., (2023)
80 °C 13.13x 10710 equivalent diameter of 1.27 cm
Air impingement drying 0.09 x10° Length of 130 mm Wang
Potato cylinders  Infrared heating-assisted 1.18 x 10 and diameter of 70 mm. et al., (2020)
Hot air drying 1.35 x10° Hot air at 60 °C
40 °C 7.43x 107 Fluidized bed dryer at 1.5 m/s,  Kaveh
Potato cubes 50 °C 8.66 x 107 in a range 40 - 70 °C, etal., (2018)
60 °C 9.25x 107 40 g cubes
70 °C 9.76 x 107
200 W 1.55x 108 Microwave oven, Azimi-Nejadian
Potato slices 400 W 1.55x 108 thickness of 3.5 mm & Hoseini,
600 W 2.20x 108 (2019)
800 W 2.82x 108
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Table 2. Statistical analysis was conducted based on five mathematical models applied to the drying kinetics of

potatoes.

Model Temperature (°C) Constants d Erms X2 R2
40 k 0.023 11.895 0.058 0.0031 0.9971
Lewis 50 k 0.032 3.089 0.018 0.0004 0.9989
60 k 0.034 13.274 0.054 0.0031 0.9963
70 k 0.045 19.212 0.061 0.0044 0.9932
40 k 0.015 n:  1.069 6.952  0.039 0.0015 0.9979
*Page 50 k 0.029 n:  1.031 2.093 0.017 0.0003 0.9992
60 k: 0.024 n:  1.101 2.597 0.014 0.0002 0.9990
70 k: 0.033 n: 1.108 7.270  0.034 0.0015 0.9961
40 a: 1.047 k:  0.020 10.614 0.053 0.0028 0.9946
Henderson and Pabis 50 a 1.012 k:  0.032 2.350 0.018 0.0003 0.9991
60 a 1.027 k:  0.035 10.336  0.040 0.0019 0.9975
70 a 1.025 k:  0.047 16.154 0.053 0.0036 0.9942
40 a 1.065 k: 0.018 c: -0.062 2238 0.026 0.0007 0.9973
Logarithmic 50 a 1.016 k: 0.032 c: -0.006 3.089 0.018 0.0004 0.9992
60 a 1.054 k: 0.032 c: -0.036 7434  0.026 0.0008 0.9985
70 a 1.025 ki 0.047 ¢ 9.49x103 16368 0.042 0.0024 0.9958
40 a 1.112 k: 0.042 «c: -0.042 2.109  0.025 0.0007 0.9963
Diffusion 50 a 1.019 k: 0.033 ¢ 450.228 1.994 0.014 0.0002 0.9993
60 a: -96.774 k. 0.022 c: 1.004 7.776  0.029 0.0011 0.9984
70 a: -144474 k. 0.029 c: 0.029 14452 0.038 0.0020 0.9961

*Denotes the best-fitting model that aligns with the experimental kinetics.

3.2 Semi-empirical mathematical models
applied to dry kinetics

Fick's second law has been widely applied to
understand the drying phenomena and obtain Deff
values at different temperatures when the entire
food drying process occurs during the falling rate
period (Doymaz, 2017; Silva Jinior et al., 2023;
Thuy et al., 2023). However, its application requires
several assumptions and simplifications, such as
considering regular geometries (sphere, cylinder, and
slabs), neglect shrinkage, constant water diffusivity,
homogeneous temperature distribution on the surface
and into samples, and when the drying kinetics
occasionally show a non-Fickian behavior, remarkable
bias can be observed between the experimental and
calculated data (Miihlbauer & Miiller, 2020; Valdés-
Parada et al., 2023).

Alternatively, = semi-empirical =~ mathematical
models derived from Newton's law of cooling can
be used to quickly characterize the drying kinetics,
thereby avoiding the restrictions of the Fickian
models. The drying kinetics of potato slices were
modeled using different mathematical functions, and
the results are presented in Table 2. All applied models
showed an excellent fit, and high determination
coefficient values (R2>0.99) were found. However,
the other goodness-of-fit parameters showed more
comprehensive variation ranges than R? values. Thus,
Emp ranged from 19.77 to 1.99, Erms ranged between
0.062 and 0.014, and X2 varied from 0.0040 to
0.0002. These data meant that the best semi-empirical

mathematical model for evaluating drying kinetics
behavior was selected. Thus, considering all goodness-
of-fit parameters, the Page model was selected as
the best model to fit drying curves at different
temperatures as it showed the lowest bias compared
with other mathematical models. Additionally, this
model is characterized by its simplicity compared to
other models, except for the Lewis model.

Figure 2a shows the experimental MR data fitted
to the Page model, and a strong connection can be
seen between experimental and model-derived data.
However, this approach only involves a mathematical
fit of the experimental data without considering
the diffusion drying mechanism, while the obtained
parameters have no physical meaning (Miihlbauer &
Miiller, 2020). Only k represents a drying coefficient
that usually increases with drying temperature, which
can sometimes be linked with the drying rate, as with
the Deg values. Even so, these models are helpful
because they are straightforward and can be applied
without any restrictions imposed by Fick's second law.
They could also be beneficial for the modeling and
simulating the drying processes.

Moreover, all thin-layer models based on Fick's
second law or Newton's law of cooling provide
information regarding the changes in the product
temperature during drying, an essential parameter
in the final quality of dehydrated foods. For this
reason, a complementary study of the changes in the
samples' surface temperature, size, shape, and color
was conducted in real-time better to understand the
convective drying of the potato slices.
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Figure 3. Thermographic images in real time along the drying process of potato slices at 40, 50, 60, and 70 °C. The
upper bars correspond to the recorded surface temperature range. *Indicates the time needed to reach equilibrium.
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Figure 4. 3D plots of the surface temperatures at selected times (initial, medium, and equilibrium) obtained from
thermographic images (to the right of 3D plots) of the potato slices drying at indicated temperatures. ET indicates

the entropy of the thermographic images.

3.3 Analysis of thermographic images

A selection of the thermographic images of the potato
slices during their convective drying at different air-
drying conditions is shown in Figure 3. It is clear
that the drying temperature influences the surface
temperature distribution of potato slices at a low
operating temperature (40 °C) during the first 9 min of
drying. The whole surface temperatures of the slices
remain constant and close to 20 °C (see dashed line
in Figure 3), therefore indicating that the surface is
water vapor saturated over this period caused by the
wet bulb temperature (Tyyp) of air-drying at 20 °C with

a dry bulb temperature of 40 °C (Y= 0.008 kg water
vapor/kg air dry). According to the classical drying
theory, this period is called the constant rate drying
period (Santacruz-Vazquez et al., 2008), where it is
expected that the surface temperatures of the slices
tend to remain constant, homogenous, and close to
the Typ value or the temperature of saturated air.
This behavior was also observed at 50 and 60 °C for
the air-drying temperature, although the constant rate
drying period was reduced to around 6 and 3 min,
respectively (see dashed lines in Figure 3). After this
period, the slices are dehydrated during the falling
rate period, where surface temperatures gradually
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increase until they reach a temperature close to the
air used for drying (40, 50, and 60 °C). The constant
drying rate was not detected at 70 °C as the thermal
gradient was higher under this drying condition, and
water vapor transfer occurred faster than in the other
drying conditions studied. Thus, at this temperature,
the drying occurs entirely during the falling rate period
until it reaches a constant temperature close to thermic
equilibrium (70 °C) after 80 min of drying.

Meanwhile, at 40, 50, and 60 °C, the equilibrium
temperature is reached after approximately 140, 120,
and 100 min thermal processing, respectively (Figure
3). These times are similar to those observed for
MR kinetics when reaching the equilibrium moisture,
where there is no further mass transfer to the air of the
dryer (Figure 2). In all drying conditions during the
falling rate period, the surface temperatures showed
a heterogeneous distribution where their changes are
more drastic at higher drying temperatures (Figure 3)
due to initial temperature gradients between slices and
drying air.

An analysis of the heterogeneity of the surface
temperature distribution is shown in Figure 4. The
3D plots of the surface temperatures at different times
(initial, medium, and equilibrium) were obtained from
thermographic images of the potato slices (to the right
of 3D plots) drying at the indicated temperatures. In
this analysis, regions of interest of the 31x31 pixels

(on average 62 measurements) from the thermographic
images were cropped and converted to grayscale
images to be analyzed employing the entropy (ET)
parameter. This approach facilitates estimating the
image heterogeneity, with high ET values indicating
that the pixel’s distribution is heterogeneous (Arzate-
Vazquez et al., 2011). In this case, ET values were
associated with the heterogeneity of the surface
temperature distribution. Figure 4 shows that during
the falling rate period at 30 min, ET values were
higher than initial and equilibrium times, indicating
that surface temperatures fluctuate more drastically
than the constant rate (initial) and equilibrium periods.

Temperature values can also be expressed as
thermal kinetics (Figure 5), where it is possible to
observe that the standard deviations during the falling
rate period were higher than the other two drying
periods, which is in line with those observed in the
3D plots and ET values (Figure 4). In addition, the
drastic thermal gradients to which the potato slices
are exposed during their drying at high temperatures
(from 50 to 70 °C) cause severe deformation and
shrinkage in the samples (see the lateral view in Figure
3) and heterogeneous distribution of moisture, as has
been demonstrated in other studies for food samples
and similar drying conditions (Gumeta-Chavez et al.,
2011; Santacruz-Vazquez et al., 2008).
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- 43
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Figure 5. Thermal kinetics of the potato slices when dried at 40, 50, 60, and 70 °C after fitting with the M, model.
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Figure 6. Selected binary images for evaluation of changes in size and shape of the potato slices dried under different

temperatures.

Table 3. Statistical results were obtained from the mathematical models based on the second Fourier’s law and

kinetic parameters for potato slices.

Model Temperature (°C) Constants Eyvp (%) Erwms X2 R2

40 yo: 20.266 a: 26815 k: 0.008 2.094 2.883  7.2737 0.9394

M, 50 yo: 19.777 a: 31537 k: 0.018 2.291 3.595 11.3063 0.9996
60 yo: 24.022 a: 35070 k: 0.023 1.775 3402 10.1256 0.9502

70 yo: 25257 a: 45308 k: 0.031 1.830 4216 155535 0977

40 yo: 20.266 a: 47.081 k: 0.008 2.094 2.883  7.2737 0.9394

M 50 yo: 19777 a: 51314 k: 0.018 2.355 3.595 11.3063 0.9383

2 60 yo: 23935 a: 59399 k: 0.023 1.608 3408 10.1644 0.9661

70 yo: 25257 a: 70565 k: 0.031 1.665 3.664 11.7459 0.9771

3.4 Modeling of the surface temperatures
kinetics

Furthermore, the surface temperature kinetics showed
an exponential temperature increase, and its rate
increases as the air temperature for drying increases
(Figure 6). Two semi-empirical models based on
the second Fourier’s law were used to fit the
experimental thermal kinetics obtained. The models’
performance is presented in Table 3. It can be
seen that both models had a good fit and suitable
determination coefficient values (R2>0.938), yet the
best performance for evaluating the thermal kinetics
behavior was M, considering the other goodness-of-
fit parameters used (Eyp, Erms, and X2). In addition,
k values can be associated with the heat transfer rate
for increasing the temperature on the surface of the
potato slices during its convective drying. Therefore,
k values increased as the air temperature for drying
increased. The obtained data could help characterize
the surface temperatures during the drying of the
potato slices, validate numerical simulations, and
implement computer vision systems in situ to inspect
the thermal processes of food materials.

3.5 Evaluation of quality parameters in
real-time using image analysis

Image analysis has been extensively applied to
evaluate the shrinkage and color of dry foodstuffs,
although this has usually been limited to final products
and without drying equipment (Gomes & Leta, 2012;
Jaubert-Garibay et al., 2023). Very few studies have
applied image analysis in situ (Bai et al., 2022),
even though the monitoring in real-time provides
essential information about changes in shape, size,
and color during the drying of foods, as well as
on quality and phenomenological aspects of drying.
Figure 6 shows the changes in size and shape of
potato slices for top and lateral views obtained in real-
time during the drying process at indicated times and
temperatures. Binary images of both views (Figure 6a)
show that there is a far more significant presence of
shrinkage and deformation at 50 °C and higher drying
temperatures (50-70 °C) than at lower temperatures
(50 °C). The shrinkage effects on the potato slices are
particularly noticeable from the lateral view at 50 and
60 °C. It was also noted that a pronounced folding
induced by high-rate mass and heat transfer occurred
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(Figures 2a and 5). For the drying at 70 °C, the slices
only showed a slight folding in the central zone. The
rapid dehydration could have caused crust formation
on the surface of the slices, which sealed the surface
and hardened the material's structure, reducing its
shrinkage and deformation compared with the samples
dried at 50 and 60 °C. Meanwhile, at 50 °C, the
shrinkage and deformation were less pronounced and
more homogeneous because mass and heat transfer
rates were slowly controlled (Figure 2a and 5), causing
isotropic shrinkage. Previous studies reported these
findings for other food materials (mango and agave)
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that were dried under convective drying and in the
form of slices (Gumeta-Chavez et al., 2011; Jaubert-
Garibay et al., 2023).

Image analysis quantifies the morphometric
changes in the slices during the drying process; for
both views of the project area, Feret diameter, and
circularity (geometric parameters) were estimated and
expressed as dimensionless values (Figure 7a-f). For
the top view, the projected area (Ai/Ag) and Feret
diameter (Di/Dg) decreased exponentially (Figures 7a
and 7¢).
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Figure 7. Geometrical parameters evaluated in top and lateral view from binary images: projected area (A;/Ag), Feret

diameter (D;/Dy), and circularity parameter.
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Figure 8. (a) Selected potato slice images during the drying process and (b) total color difference (AE) changes at

indicated temperatures.

At 70 °C, the Ai/Ag for the top view was slightly
lower than other drying temperatures, and it tended
to remain constant after around 80 min of drying
(Figure 7a). This is similar to what was observed for
the drying and temperature kinetics, which may be
linked to the occurrence of crust formation. For the
lateral view at all temperatures, the A/AO gradually
increased (Figure 7b). In contrast, the Feret diameter
showed a considerable reduction for both views at 70
°C (Figures 7c and 7d) due to the deformation and
folding of slices caused by thermal stress, anisotropic
shrinkage, and the reduced thickness of samples.
In the case of 40 °C, the Feret diameter from the
top view showed a slight reduction compared with
other temperatures (Figure 7c) as it had the lowest
drying rate. The circularity parameter is a measure
of deformation, the values of which decreased for all
studied temperatures in the top view (Figure 7e) while
the slices lost their circular shape. From the lateral
view, in contrast, the circularity values gradually
increased (Figure 7f). As the slices were thin, they
folded drastically, especially at 50 and 60 °C (Figure
6). These findings correspond with those reported in

other studies related to the same field (Gumeta-Chavez
et al., 2011). Overall, monitoring the size and shape
during drying provided a suitable description of the
shrinkage and deformation of the potato slices, the
parameters linked to their quality, and the drying rate
parameters.

Color is a crucial organoleptic characteristic
influencing consumer choice. Therefore, evaluating
colorimetric changes in potato slices throughout the
drying kinetics is of utmost importance (Wang et
al., 2020). Figure 8a shows selected color images
to illustrate the color changes in real-time of
the potato slices during their drying at different
temperatures. Only the top views were used for color
analysis due to the main area of slices. Despite
the blanching of the samples neutralizing browning-
causing enzymes during the drying of potato slices,
color changes were observed, which may be attributed
to non-enzymatic browning, such as carbohydrate
caramelization and the Maillard reactions (Garcia-
Moreira et al., 2024; Leeratanarak et al., 2006).
Figure 8a shows that at 40 °C, the browning
was more pronounced than other drying conditions
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due to the slow drying rate and the extended
processing time required to reach the moisture
and temperature of equilibrium. Consequently, more
non-enzymatic browning reactions are induced. In
contrast, higher drying temperatures (50 and 70 °C)
result in less browning in the samples, meaning
that fast dehydration produces shorter drying times,
minimizing thermal damage and delaying the onset
of darkening reactions. Total color change (Figure
8b) during drying was evaluated using AE (equation
22) values of the whole slices, where the color
changes observed in the color images were quantified.
In the case of 60 °C, the excessive shrinkage and
deformation induced more browning, and the over-
processing produced high AE values, considering that
the moisture and thermic equilibrium is reached at 100
min.

In summary, geometric and color parameters
provide valuable information about product quality
and the most suitable time to halt the drying kinetics
to avoid over-processing without compromising food
quality. These parameters coincide with the times
required to reach equilibrium conditions in drying and
temperature kinetics. Thus, considering the observed
drying rates and temperature kinetics, the time for
drying, shrinkage, deformation, and color changes, 70
°C was the most suitable temperature for drying potato
slices.

Conclusion

The drying air temperature effect in the 40-70 °C
range was studied in potato slices, and their Deg
was directly related to temperature increases ranging
from 6.12 x 1071% to 9.71 x 10719 m?/s. In addition,
the Arrhenius equation characterized the temperature
dependence of D¢g values, which yielded an activation
energy for moisture diffusion of 13.79 kJ/mol. Drying
kinetics were correctly fitted using semi-empirical
mathematical models, and Page’s model provided
the best performance based on statistical comparison
parameters such as Enp, Erms, X3, and R2. The
thermographic images of the potato slices showed a
short, constant rate drying period at 40, 50, and 60
°C. They confirmed that the potato slices were dried
for the most part during the falling-rate period, where
the moisture transfer was controlled mainly by internal
diffusion. Surface temperature profiles for all studied
temperatures showed a heterogeneous distribution
suitably characterized by entropy parameters. Also,
thermal kinetics behavior was well described using
semi-empirical models based on Fourier’s second
law, and an exponential function of three parameters
showed the best performance. Image analysis allowed
for the characterization of the shrinkage and color
changes in real-time, which correlated well with

the MR and surface temperature kinetic. These data
played an important role in selecting 70 °C as
the best temperature for drying the potato slices.
The evaluation of in situ drying, thermal, shrinkage,
deformation, and color kinetics using thermal and
digital imaging could be powerful and non-invasive
tools to comprehensively characterize and control the
convective drying processes of potato slices in real-
time.

This research provides valuable information that
could be useful for better understanding mass and
heat transfer phenomena that occur during food
drying and selecting the best drying times in batch
cycles to obtain food products with a controlled
quality in real-time. This study will also provide an
increased understanding of the design and scaling of
drying equipment used for processing food slices and
some data suitable for automating the drying process
utilizing computer vision systems and for validating
thermal phenomena simulations by computer fluid
dynamics.
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