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Featured Application: Postharvest processing, low-temperature drying, aeration and cooling of
in-store grain bulks, mathematical modeling.

Abstract: The management of moisture is one of the main challenges in anticipating and averting
food decay and food losses during postharvest processing and storage. Hence, it is imperative
to reduce the moisture of freshly harvested products to safe-storage limits in order to inhibit the
occurrence of diverse biochemical, microbiological and other moisture-related deteriorative reactions
which can contribute to quality degradation. A viable alternative to conventional hot-air drying
is the application of low temperatures for drying, which has scarcely been investigated. In this
regard, experimental-based modeling is a requisite to gain insights into drying processes. Thus,
this study focused on investigating the drying kinetics of wheat (Triticum aestivum L.) cv. ‘Pionier’
under a coherent set of drying air temperatures (T = 10–50 ◦C), relative humidity (RH = 20–60%),
and airflow velocity (v = 0.15–1.00 ms−1). A robust and automated measurement system using a high
precision balance was utilized as a basis for the real-time and continuous acquisition of drying data.
The analysis of the experimental results facilitated the establishment of generalized drying model for
low temperatures able to describe at a high accuracy the behavior of moisture ratio X* (R2 = 0.997,
RMSE = 1.285 × 10−2, MAPE = 6.5%). An analytical model for predicting the effective diffusion
coefficients D (R2 = 0.988, RMSE = 4.239 × 10−2, MAPE = 7.7%) was also developed. In conclusion,
the anticipated drying model has demonstrated the capability of modeling the drying behavior of
wheat at low temperatures with a high temporal resolution and should be employed in the design,
analysis and modeling of cooling, aeration and low-temperature drying processes of wheat bulks.

Keywords: wheat; aeration; cooling; low-temperature drying; high-precision dryer; modeling

1. Introduction

Wheat is one of the major staple foods cultivated and consumed worldwide with
an annual production quantity of 765.7 million metric tons in 2019 [1]. It is the second
most-produced cereal worldwide after maize and accounts for nearly 28.6% of world
cereal production. Wheat and its end-products are characterized by excellent organoleptic
properties and stand as rich sources of carbohydrates, protein, vitamins, minerals, dietary
fibers, and phytochemicals which are essential for human wellbeing and their nutritional
balance [2,3]. However, when wheat is harvested at moisture contents above the safe
level of 14% w.b., it is subjected to numerous biochemical, microbiological, and other
moisture-related deteriorative reactions which can contribute to quality degradation [4,5].
Hence, a viable solution to counteract these problems is the application of low temperatures
for cooling and drying which encompasses artificial aeration of grain with refrigerated
air (ca. 10–20 ◦C), aeration with ambient air (ca. 20–35 ◦C), or low-temperature drying
with additional heat supply (ca. 40–50 ◦C) [4,6–9]. These approaches allow grain to
be retained within the safe limits for the occurrence of thermophilic insect attacks and
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mite infestation by avoiding the application of chemical agents [10,11]. During aeration,
moisture is removed even at low temperatures, which in turn contributes to the inhibition of
contaminant microorganisms such as fungi, yeasts, actinomycetes, and bacteria which are
vulnerable to xerophilic conditions [4]. In contrast to high-temperature drying (T > 50 ◦C),
low temperatures entail longer drying time due to the lower water vapor diffusivity in
the drying product and lower water-uptake capacity of drying air [12]. However, the
application of low temperatures for drying has proved to significantly enhance the quality
retention of various agricultural products [13–15].

The conventional drying methods are commonly employed in practice as an easy-
to-use approach that utilize high drying temperatures to obtain high drying rates [16,17].
Various drying methods such as convective drying [18], fluidized bed drying [19], cross-
flow drying [20], mixed-flow drying [21] which apply high temperatures (T = 50–100 ◦C)
for drying have been developed. Nevertheless, the high temperatures imparted to the
grain during drying contribute to a series of undesirable changes in nutritional-functional
properties such as denaturation of proteins, reduction of starch and nitrogen concentra-
tions [22,23]; structural and textural properties such as transformation of starch granule
sizes/shapes, damage of endosperm structure due to lower adhesion of starch granules
and protein matrix, occurrence of kernels fissures and color changes [24,25]; cooking and
sensory qualities of wheat end-products [26–28]. Henceforth, the application of low tem-
peratures is a highly relevant alternative for rendering the grain safe from all risks and
sustaining quality preservation [4,7].

However, drying remains an intricate process composed of simultaneous heat and
moisture transfers. For this reason, the thin-layer models are used to provide an in-depth
understanding of the air-product interaction and gain insights into drying processes. These
models are analytical series solutions of the Fickian theory of diffusion and are essential for
the process designing, and performance optimization. Several experimental-based models
for describing the drying characteristics of wheat in thin-layers under specified laboratory
conditions were employed in literature [29–33]. Nevertheless, substantial differences were
observed among the developed models. An important factor having an effect may be the
systems utilized for the acquisition of drying data. Discontinuous measurements using
external balances or balances installed inside the test chambers have been employed, which
may have potentially contributed to experimental errors or biased data [29,30,34]. Hence,
robust and automated systems that ensure reliable and real-time acquisition of drying data
using high precision balances should be adopted to lessen these effects [35,36]. Besides,
different wheat varieties and/or harvest years were used to provide the empirical basis
for the development of drying models [33,37]. The majority of models developed for
describing the moisture transfer characteristics of wheat were carried out at temperatures
of drying air from 30 to 70 ◦C [30,31,38–40]. However, the application of low temperatures
has scarcely been investigated or constrained information was given in terms of drying
conditions and their range of applicability [41,42].

Therefore, the objectives of this study were (i) to assess experimentally the drying
behavior of wheat under a coherent set of low-temperature conditions applicable for
cooling, aeration and drying of grain bulks, (ii) to characterize drying behavior using
a semi-empirical modeling approach, and (iii) to establish a generalized drying model in
which the drying air conditions are embodied in model parameters.

2. Materials and Methods
2.1. Raw Material and Sample Preparation

For this study, 100 kg of wheat (Triticum aestivum L.) cv. ‘Pionier’ (I.G. Pflanzenzucht
GmbH, Ismaning, Germany), a representative high-quality cultivar in western Europe,
was obtained from the Heidfeldhof experimental farm of University of Hohenheim, lo-
cated in Stuttgart, Germany. A pneumatic conveyor was employed to remove the foreign
substances such as dust, dirt, impurities as well as broken and immature kernels from
the aggregate mass [43]. The moisture content was analyzed in triplicates using the
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thermogravimetric analysis in a convective oven (UM 700, Memmert GmbH & CO. KG,
Schwabach, Germany) at 105 ± 1 ◦C for 24 h according to the AOAC [44]. The dried
samples were cooled for 20 min in an airtight enclosure containing a desiccant substance
and the final mass was measured via a laboratory balance (Sartorius BP221S, Sartorius
AG, Göttingen, Germany) with an accuracy of ± 0.0001 g. An average moisture content of
0.159 ± 0.001 kg kg−1 d.b was observed. Afterwards, the wheat samples were remoistened
to a level of 0.282 ± 0.015 kg kg−1 d.b. as described by Nimkar and Chattopadhyay [45]
and Sacilik et al. [46] to increase the range of the envisaged drying curves. Thereafter, the
samples were vacuum-sealed in transparent polyethylene (HDPE) bags of 500 g and stored
in a refrigerator at 3.90± 0.28 ◦C for two weeks to guarantee uniform migration of moisture
within kernels. Systematic visual inspections of samples for incidence of microbial growth
were carried out during storage. After tempering, the samples were taken out to room
temperature for 24 h to avert condensation prior to drying experiments. The principal
dimensions length, width, and thickness of wheat kernels were measured using a Vernier
caliper (Minutolo Co, Kawasaki, Japan) with a precision of ± 0.01 mm, and values of
6.12 ± 0.28, 3.50 ± 0.26, 3.13 ± 0.23 mm were observed accordingly.

2.2. Drying Experiments

Drying experiments were performed using a robust and automated system (HPD–TF1)
designed at Institute of Agricultural Engineering, University of Hohenheim in Stuttgart,
Germany. The CAD schematic design of the system is illustrated in Figure 1.

Figure 1. (a) Cutaway view of the automated drying system and (b) magnified view of the system interior; (1) vibration
damping support, (2) mechanical door closer, (3) laboratory computer, (4) climatic test chamber, (5) drying column unit,
(6) nylon string, (7) spindle drive, (8) load cell, (9) cooler, (10) air circulation fan, (11) axial fan, (12) vane anemometer,
(13) airflow straightener, (14) thin-layer of wheat kernels, (15) acrylic sample holder.

The HPD–TF1 consisted of a climatic test chamber, a column drying unit and a
weighing system. The drying air was conditioned through a climatic test chamber (CTS
C-20/1000, CTS Clima Temperatur Systeme GmbH, Hechingen, Germany) with precise
control of temperature (±0.1 ◦C) and relative humidity (±1.0%). Afterwards, the con-
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ditioned air was sucked by an axial fan (ebm-papst 8212J/2H4P, EBM-Papst Mulfingen
GmbH & Co. KG, Mulfingen, Germany) through a column drying unit in a downwards
direction. The corresponding air velocity was measured by means of a vane anemometer
(Lambrecht 1468, Lambrecht meteo GmbH, Göttingen, Germany). In order to straighten the
airflow and allow stable readings from the anemometer, an airflow straightener with a hon-
eycomb configuration was employed. An automated and high-precision weighing system
consisting of a load cell (AR 0.6 kg, Lorenz Messtechnik GmbH, Alfdorf, Germany) with
a precision of ±0.02%, was mounted at the chamber ceiling. It allowed the sample holder
(d = 70 mm, h =100 mm) to be suspended and weighed periodically during the drying
experiments. At the bottom of the sample holder, a perforated floor (2 × 2 mm apertures)
was used to allow the seamless flowing of drying air within the pore volume of kernels
and hold them from falling. To prevent the buoyancy of air flow on the sample holder, the
fan was stopped during the periodic weighing. The operating conditions and mass data
were recorded in real-time and saved on a laboratory computer. A detailed portrayal of
the system, its components, operating conditions, as well as measurement consistency, are
described in-depth by Reyer et al. [47].

For the drying experiments, the conditions of the climatic chamber were set at temper-
atures T of 10, 20, 30, 40 and 50 ◦C, relative humidity RH of 20, 40 and 60% and airflow
velocity v of 0.15, 0.50 and 1.00 ms−1. The drying conditions are represented by codes such
as T30/RH40/V05, which are ordered by T, RH and v, respectively. Prior to drying tests,
the dryer was operated until the stability of set-conditions was reached. Afterwards, an
aggregate mass of 85.41 ± 4.35 g of randomly selected wheat kernels was evenly loaded
in the sample holder in a layer thickness of 0.04 m. The drying data were recorded at
intervals of 720 s for a total of 1194.22 ± 239.63 min. At the end of each drying experiment,
the final moisture content was re-analyzed using the thermogravimetric analysis. Each
drying test was carried out in triplicates and for the drying characteristics, the mean values
of the experimental moisture content were used. The equilibrium moisture content of
wheat was assessed experimentally using the gravimetric salt method as described by
Udomkun et al. [48]. Temperatures of 10, 30 and 50 ◦C and 8 sets of relative humidity
produced from the saturated salt solutions ranging from 12.3 to 86.8% were used for the
determination of the equilibrium moisture content Xeq. A laboratory balance (Sartorius
BP221S, Sartorius AG, Göttingen, Germany) was employed to measure the changes in
the weight with an accuracy of ±0.0001 g. The equilibrium state was deemed once these
changes were less than 0.1% in the last three consecutive measurements. The experi-
ments were carried out in triplicates. The Modified Oswin model was used to fit Xeq from
experimental data, as shown in Equation (1).

Xeq = (C1 + C2T)
(

RH/100
1− RH/100

)1/C3

(1)

where Xeq (kg kg−1 d.b.) is the equilibrium moisture content, T (◦C) is the temperature of
air, RH (%) is the relative humidity of air and C1, C2 and C3 are the model coefficients.

2.3. Modeling of Drying Behavior

From the acquisition of drying data, moisture ratio X* and drying rate dXdt−1 were
calculated as follows:

X∗ =
Xt − Xeq

X0 − Xeq
(2)

dX
dt

=
Xt − Xt+∆t

∆t
(3)

where X* is the moisture ratio, Xt (kg kg−1 d.b.) is the instantaneous moisture content at
time t during drying, Xt+∆t (kg kg−1 d.b.) is initial moisture content at time t + ∆t, t (min) is
the drying time and ∆t (min) is the time difference. The calculations for Equations (2) and (3)
were performed stepwise for the measuring interval. Afterwards, the experimentally
observed data of moisture ratio and drying time was fitted using the semi-empirical
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models given in Table 1 [49–53]. These models are derived as simplification forms of the
general series solution of Fickian moisture transport theory which require less assumptions
in contrast to the theoretical models [54–56]. However, semi-empirical models offer a
decent compromise between the physical theory and ease of use [54]. From Table 1,
k (min−1) is the drying constant and A0, A1, n are the empirical coefficients of drying
models. The perceived drying constant and/or coefficients from the best-fitting model
were used to develop generalized models in relation to the drying conditions (temperature
T, relative humidity RH, airflow velocity v) via a nonlinear regression analysis as described
by Udomkun et al. [57] and Munder, Argyropoulos and Müller [36].

Table 1. Moisture ratio (X*) and drying rate (dXdt−1) expressions obtained from the semi-empirical models employed for
modeling the drying behavior of wheat cv. ‘Pionier’.

Model Expression Equation Expression Equation

Newton X∗ = e−kt (4) dXdt−1 = −ke−kt (5)
Page X∗ = e−ktn (6) dXdt−1 = −kntn−1e−ktn (7)
Henderson X∗ = A0e−kt (8) dXdt−1 = −kA0e−kt (9)
Ademiluyi X∗ = A0e−ktn (10) dXdt−1 = −kA0ntn−1e−ktn (11)
Logarithmic X∗ = A0 e−kt + A1 (12) dXdt−1 = −ke−kt (13)
Midili X∗ = A0 e−kt + A1t (14) dXdt−1 = −ke−kt + A1 (15)
Peleg X∗ = 1− t/(A0 + A1t) (16) dXdt−1 = −A0/(A0 + A1t)2 (17)
Weibull X∗ = e−(t/A0)

A1 (18) dXdt−1 = −
(

A0(t/A0)
A0 e−(t/A0)

A1
)

/t (19)

2.4. Analytical Estimation of Moisture Diffusion Coefficients

During drying process, diffusion is assumed to be a complex mechanism which
transfers the internal moisture towards the surface of the product. With a lumped parameter
model concept, all its phenomena are combined in one term named effective moisture
diffusivity which remains constant for sufficiently long drying time [36,55]. Based on
assumption of spherical, homogeneous and isotropic wheat kernels, negligible volumetric
shrinkage, unidimensional moisture removal, and constant moisture diffusion during
drying, the long times analytical solution of diffusion equation is expressed as [58]:

X∗ =
Xt − Xeq

X0 − Xeq
=

6
π2

N

∑
i=1

1
N2 e

(−n2π2 Dt
R2

e
)

(20)

where D (m2s−1) is the effective moisture diffusion coefficient and Re (m) is the equiv-
alent radius of the wheat kernel. The infinite series have been simplified by Giner and
Mascheroni [59] without losing the accuracy and physical meaning. The simplified an-
alytical solution of the diffusion equation for short times has a range of applicability
(1 ≤ X* ≤ 0.2) corresponding to the fast-drying phase. It is based on the assumption that
changes in moisture are constrained to the vicinity of the surface. Hence, the analytical
solution for short times is expressed as:

X∗ = 1− 2√
π

αv
√

Dt + 0.331αv
2Dt (21)

where αv (m2m−3) is the kernel-specific surface area. The kernel-specific surface area
(αv = 6/de) is determined based on the kernel equivalent diameter (de = 4.06 ± 0.21 mm)
according to Giner and Mascheroni [30].

2.5. Statistical Analysis

Software SAS 9.4 (SAS Inst., Cary, NC, USA) was used to perform the analysis of
variance (ANOVA). The graphical presentation and fitting of drying data were carried
out using the nonlinear least-squares solver of curve fitting toolbox of MATLAB 2019a
(MathWorks Inc., Natick, MA, USA) at the significance level of 95% (p ≤ 0.05). The
coefficient of determination R2, the root means square error RMSE and mean absolute
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percentage error MAPE were used to assess statistically the goodness of fit based on the
observed X∗exp and predicted X∗pred moisture ratio for N observations [55].

R2 = 1−

∑N
i=1

(
X∗exp − X∗pred

)2

∑N
i=1

(
X∗exp − X∗exp

)2

 (22)

RMSE =

√√√√∑N
i=1

(
X∗exp − X∗pred

)2

N
(23)

MAPE =
100
N

N

∑
i=1

∣∣∣∣∣X
∗
exp − X∗pred

X∗exp

∣∣∣∣∣ (24)

The same statistical indicators were used to evaluate the quality of fit for equilibrium
moisture content Xeq and drying constant k. A sensitivity analysis by MATLAB/Simulink 2019a
(MathWorks Inc., Natick, MA, USA) was utilized to test the effect of drying conditions on
drying behavior. The standardized regression coefficients were reported accordingly.

3. Results and Discussion
3.1. Equilibrium Moisture Content

Figure 2 presents the experimentally observed data of the equilibrium moisture content
Xeq depending on temperature T and relative humidity RH of the surrounding air and fitted
curves predicted from the Modified Oswin model. Results demonstrated a decrease of
moisture content Xeq as the temperature of the surrounding air increases at a given constant
relative humidity, implying less hygroscopic capacity due to structural changes induced by
temperatures and increased excitation of water molecules breaking off from the product.
Moreover, at a constant temperature the moisture content Xeq increased with the increment
of the relative humidity and experienced a large degree of upturn at RH > 85% [54,60].
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Figure 2. (a) Sorption isotherm for wheat cv. ‘Pionier’ at 10, 30, and 50 ◦C. Dashed lines reflect extrapolations beyond the
dataset used for fitting; (b) scatter plot of predicted Xpred versus observed moisture content Xobs.

The experimentally observed data matched the characteristic sigmoid relationship
type-II sorption isotherm based on the categorization of Brunauer [61] for biological and
food materials. From the analysis of variance, both the relative humidity RH and tempera-
ture T were found to significantly affect the changes of equilibrium moisture content Xeq at
p ≤ 0.05. The mean values of Xeq and corresponding standard deviations among the repli-
cates for all sets of temperature and relative humidity are summarized in Appendix A. The
fitting analysis revealed that the Modified Oswin model (Equation 1) was able to predict the
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relationship of Xeq with T and RH with an accuracy of R2 = 0.973, RMSE = 8.911 × 10−3 and
MAPE = 3.3% in the range of applicability of 10 ≤ T ≤ 50 ◦C and 5.7 ≤ RH ≤ 86.8%. The
empirical coefficients derived from the fitting analysis were C1 = 0.129, C2 = −6.460 × 10−4

and C3 = 2.944, respectively. The relationship between the predicted and observed Xeq is
shown graphically in Figure 2b. The data were dispersed around the straight line (Xpred = Xobs),
indicating a high prediction from the employed model.

3.2. Evaluation of the Drying Models

The drying data measured in each drying setting were converted into the moisture
ratio X* and then the moisture ratio as a function of drying time was fitted by the semi-
empirical models given in Table 1. Table 2 presents a summary of the drying constant k,
empirical coefficients n, A0 and A1, as well as the coefficient of determination R2, root means
square error RMSE and mean absolute percentage error MAPE acquired from individual
fittings at each drying condition. The inspection of the statistical indicators showed that
the employed models had the capability to depict the drying behavior of wheat cv. ‘Pionier’
with an R2, RMSE and MAPE ranging from 0.948 to 0.999, 5.514 × 10−3 to 5.021 × 10−2

and 1.2 to 37.1%. The selection of the most suitable model was determined based on
the statistical criteria [55]. From the analysis of Table 2 it was revealed that increase of
the complexity of the model and numbers of terms did not meaningfully improve the
fit accuracy. Hence, the Page model was selected as the most suitable model to fit the
experimental data with the statistical indicators R2 ranging from 0.995 to 0.999, RMSE
ranging from 7.608 × 10−3 to 1.559 × 10−2 and MAPE from 1.2 to 18.2%, which assured
high accuracy of prediction by maintaining an acceptable level of complexity. The model
revealed the capability to accurately describe the drying kinetics for temperatures above
30 ◦C, which stands in line with literature [33,38]. This study demonstrated that the Page
model also can be used to predict with a high accuracy (R2 ≥ 0.997, RMSE ≤ 1.193 × 10−2

and MAPE ≤ 4.6%) the drying behavior of wheat subjected to low-temperature ranges of
10–30 ◦C, which has scarcely been investigated to date. Thereby, it gave the opportunity
for the creation of a generalized drying model that allows characterization of wheat
drying kinetics under a coherent set of low temperatures (T = 10–50 ◦C) suitable for
cooling, aeration, and drying of wheat. Moreover, the Page model proved to be effective in
predicting the drying behavior for different relative humidities and velocities of drying air
applied in this study.

3.3. Drying Characteristics

Figure 3a displays the drying characteristics of wheat at T ranging from 10 to 50 ◦C,
whereas maintaining the RH and v at fixed values of 40% and 0.15 ms−1. The Xeq was
calculated from the Modified Oswin model for T of 10, 20, 30, 40 and 50 ◦C where values
of 0.107, 0.101, 0.096, 0.090 and 0.084, were observed, respectively. From the inspection of
Figure 3a, for all temperatures the data of X* exhibited a decreasing rate with the drying
time t with the increment of T. Significant differences were observed among drying kinetics
at p ≤ 0.05. At the inception of drying (t < 400 min), the course of X* is characterized by
a steep drying gradient ascribed to superficial moisture removal, which accelerated the
drying process. At t ≥ 400 min, a descent and downward gradient was observed.
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Table 2. Summary of drying constant k, coefficients n, A0, A1, coefficient of determination R2, root means square error RMSE and mean absolute percentage error MAPE observed from fitting of
semi-empirical models with the experimental data.

Code Model Parameters,
Statistical Indicators Newton Page Henderson Ademiluyi Logarithmic Midili Peleg Weibull

T10/RH40/V015 k, min−1 8.657 × 10−4 4.380 × 10−3 7.497 × 10−4 4.168 × 10−3 1.239 × 10−3 9.941 × 10−3 – –
n, – – 0.757 – 0.763 – – – –
A0, – – – 0.922 0.993 0.724 0.949 784.2 1309
A1, – – – – – 0.229 8.685 × 10−5 1.006 0.757
R2, – 0.954 0.998 0.988 0.998 0.994 0.994 0.994 0.998
RMSE, – 3.581 × 10−2 7.833 × 10−3 1.819 × 10−2 7.846 × 10−3 1.277 × 10−2 1.348 × 10−2 1.361 × 10−2 7.833 × 10−3

MAPE, % 5.3 1.2 2.2 1.2 1.8 1.8 2.1 1.2

T20/RH40/V015 k, min−1 1.612 × 10−3 5.471 × 10−3 1.449 × 10−3 5.505 × 10−3 1.965 × 10−3 1.755 × 10−3 – –
n, – – 0.811 – 0.810 – – – –
A0, – – – 0.917 1.001 0.849 0.952 439.3 616.9
A1, – – – – – 0.108 6.067 × 10−5 0.859 0.811
R2, – 0.976 0.999 0.992 0.999 0.999 0.998 0.998 0.999
RMSE, – 3.400 × 10−2 7.608 × 10−3 1.983 × 10−2 7.642 × 10−3 8.700 × 10−3 9.240 × 10−3 9.466 × 10−3 7.608 × 10−3

MAPE, % 9.0 2.1 5.1 2.1 1.6 1.6 2.2 2.1

T30/RH40/V015 k, min−1 2.323 × 10−3 9.502 × 10−3 2.047 × 10−3 1.246 × 10−2 2.945 × 10−3 2.571 × 10−3 – –
n, – – 0.774 – 0.736 – – – –
A0, – – – 0.896 1.040 0.864 0.951 274.4 411.2
A1, – – – – – 0.097 6.707 × 10−5 0.883 0.774
R2, – 0.964 0.997 0.982 0.998 0.998 0.997 0.999 0.997
RMSE, – 4.286 × 10−2 1.193 × 10−2 3.078 × 10−2 1.039 × 10−2 9.684 × 10−3 1.230 × 10−3 7.614 × 10−3 1.193 × 10−2

MAPE, % 18.7 4.6 12.5 3.8 3.1 4.1 3.0 4.6

T40/RH40/V015 k, min−1 5.037 × 10−3 1.566 × 10−2 4.538 × 10−3 1.879 × 10−2 5.779 × 10−3 5.243 × 10−3 – –
n, – – 0.794 – 0.766 – – – –
A0, – – – 0.911 1.033 0.909 0.952 123.2 188.2
A1, – – – – – 0.055 6.151 × 10−5 0.898 0.794
R2, – 0.975 0.995 0.984 0.996 0.999 0.998 0.994 0.995
RMSE, – 3.562 × 10−2 1.559 × 10−2 2.911 × 10−2 1.494 × 10−2 6.810 × 10−3 1.000 × 10−2 1.736 × 10−2 1.559 × 10−2

MAPE, % 34.0 13.9 27.4 6.4 3.6 11.3 13.1 13.9

T50/RH40/V015 k, min−1 1.070 × 10−2 2.193 × 10−2 1.012 × 10−3 2.424 × 10−2 1.151 × 10−2 1.081 × 10−2 – –
n, – – 0.849 – 0.832 – – – –
A0, – – – 0.950 1.019 0.947 0.969 58.3 90.11
A1, – – – – – 0.030 5.744 × 10−5 0.898 0.849
R2, – 0.989 0.997 0.992 0.997 0.992 0.998 0.991 0.997
RMSE, – 2.318 × 10−2 1.254 × 10−2 2.075 × 10−2 1.228 × 10−2 6.450 × 10−3 9.260 × 10−3 2.247 × 10−2 1.254 × 10−2

MAPE, % 37.1 18.2 32.6 17.3 6.6 9.1 22.1 18.2
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Table 2. Cont.

Code Model Parameters,
Statistical Indicators Newton Page Henderson Ademiluyi Logarithmic Midili Peleg Weibull

T30/RH20/V015 k, min−1 2.600 × 10−3 7.901 × 10−3 2.350 × 10−3 8.847 × 10−3 2.873 × 10−3 2.654 × 10−3 – –
n, – – 0.819 – 0.803 – – – –
A0, – – – 0.912 1.016 0.895 0.942 262.8 368.4
A1, – – – – – 0.055 3.659 × 10−5 0.857 0.819
R2, – 0.981 0.999 0.992 0.999 0.997 0.997 0.999 0.999
RMSE, – 3.214 × 10−2 5.510 × 10−2 2.131 × 10−2 5.002 × 10−2 1.194 × 10−3 1.340 × 10−2 5.514 × 10−2 5.550 × 10−3

MAPE, % 17.4 2.6 10.5 2.5 4.9 5.3 3.4 2.6

T30/RH60/V015 k, min−1 2.072 × 10−3 9.077 × 10−3 1.814 × 10−3 1.156 × 10−2 2.755 × 10−3 2.354 × 10−3 – –
n, – – 0.764 – 0.731 – – – –
A0, – – – 0.895 1.033 0.835 0.950 309.2 469.6
A1, – – – – – 0.125 8.626 × 10−5 0.903 0.764
R2, – 0.959 0.998 0.982 0.999 0.998 0.997 0.999 0.998
RMSE, – 4.441 × 10−2 9.974 × 10−3 2.985 × 10−2 8.636 × 10−3 1.054 × 10−2 1.275 × 10−2 5.760 × 10−3 9.974 × 10−3

MAPE, % 14.1 2.8 8.5 2.3 2.6 3.1 1.7 2.8

T30/RH40/V05 k, min−1 2.392 × 10−3 1.201 × 10−3 2.054 × 10−3 1.675 × 10−2 3.182 × 10−3 2.696 × 10−3 – –
n, – – 0.740 – 0.694 – – – –
A0, – – – 0.877 1.054 0.849 0.944 251.1 395.0
A1, – – – – – 0.110 7.738 × 10−5 0.918 0.740
R2, – 0.948 0.996 0.973 0.997 0.998 0.996 0.999 0.996
RMSE, – 5.021 × 10−2 1.418 × 10−2 3.643 × 10−2 1.197 × 10−2 1.111 × 10−2 1.497 × 10−2 6.566 × 10−3 1.418 × 10−2

MAPE, % 22.2 5.4 14.7 4.4 3.8 5.3 2.4 5.4

T30/RH40/V1 k, min−1 2.656 × 10−3 1.237 × 10−3 2.292 × 10−3 1.682 × 10−2 3.367 × 10−3 2.893 × 10−3 – –
n, – – 0.748 – 0.706 – – – –
A0, – – – 0.880 1.052 0.864 0.940 228.7 353.9
A1, – – – – – 0.093 6.559 × 10−5 0.909 0.748
R2, – 0.954 0.996 0.975 0.997 0.996 0.994 0.999 0.996
RMSE, – 4.784 × 10−2 1.406 × 10−2 3.537 × 10−2 1.209 × 10−2 1.416 × 10−2 1.814 × 10−2 7.081 × 10−3 1.406 × 10−2

MAPE, % 25.0 5.6 16.8 4.2 7.1 8.6 2.2 5.3



Appl. Sci. 2021, 11, 9557 10 of 18

Appl. Sci. 2021, 11, x FOR PEER REVIEW 10 of 19 
 

 

3.3. Drying Characteristics 

Figure 3a displays the drying characteristics of wheat at T ranging from 10 to 50 °C, 

whereas maintaining the RH and v at fixed values of 40% and 0.15 ms−1. The Xeq was 

calculated from the Modified Oswin model for T of 10, 20, 30, 40 and 50 °C where values 

of 0.107, 0.101, 0.096, 0.090 and 0.084, were observed, respectively. From the inspection of 

Figure 3a, for all temperatures the data of X* exhibited a decreasing rate with the drying 

time t with the increment of T. Significant differences were observed among drying 

kinetics at p ≤ 0.05. At the inception of drying (t < 400 min), the course of X* is characterized 

by a steep drying gradient ascribed to superficial moisture removal, which accelerated the 

drying process. At t ≥ 400 min, a descent and downward gradient was observed.  

 

Figure 3. Moisture ratio X* vs. time t; (a) temperature T ranging from 10 to 50 °C at relative humidity 

RH = 40%, airflow velocity v = 0.15 ms−1; (b) RH ranging from 20 to 60% at T = 30 °C, v = 0.15 ms−1; 

(c) v ranging from 0.15 to 1.00 ms−1 at T = 30 °C, RH = 40%. Solid lines represent Page model fitting, 

dashed lines show extrapolation beyond the dataset used for fitting. 

This behavior can be accredited to the lower thermal conductivity and increased 

resistance of the internal moisture migration towards the wheat kernel surface, leading to 

the reduction in drying rates [57]. However, a flatter course was experienced for 

temperatures 10 and 20 °C leaning towards the Xeq compared to other temperatures. These 

results were in line with the literature, especially for T ≥ 30 °C [30,31,33]. However, there 

is limited information available in the literature on temperatures below 30 °C.  

The time required to reduce the X* from 1 to 0.350 is compared, where 1320, 624, 420, 

204, 96 min of drying were observed when drying at temperatures 10, 20, 30, 40, 50 °C, 

respectively. Therefore, a decrease of 92.7% in drying time t was observed when 

increasing T from 10 to 50 °C. From Table 2, the Page model fitted the experimental data 

at a high accuracy with the R2 ranged from 0.995 to 0.999, RMSE from 7.608 × 10−3 to 

Figure 3. Moisture ratio X* vs. time t; (a) temperature T ranging from 10 to 50 ◦C at relative humidity RH = 40%, airflow
velocity v = 0.15 ms−1; (b) RH ranging from 20 to 60% at T = 30 ◦C, v = 0.15 ms−1; (c) v ranging from 0.15 to 1.00 ms−1 at
T = 30 ◦C, RH = 40%. Solid lines represent Page model fitting, dashed lines show extrapolation beyond the dataset used
for fitting.

This behavior can be accredited to the lower thermal conductivity and increased
resistance of the internal moisture migration towards the wheat kernel surface, leading
to the reduction in drying rates [57]. However, a flatter course was experienced for
temperatures 10 and 20 ◦C leaning towards the Xeq compared to other temperatures. These
results were in line with the literature, especially for T ≥ 30 ◦C [30,31,33]. However, there
is limited information available in the literature on temperatures below 30 ◦C.

The time required to reduce the X* from 1 to 0.350 is compared, where 1320, 624,
420, 204, 96 min of drying were observed when drying at temperatures 10, 20, 30, 40,
50 ◦C, respectively. Therefore, a decrease of 92.7% in drying time t was observed when
increasing T from 10 to 50 ◦C. From Table 2, the Page model fitted the experimental data
at a high accuracy with the R2 ranged from 0.995 to 0.999, RMSE from 7.608 × 10−3 to
1.559 × 10−3 and MAPE from 1.1 to 18.2%. The k values comprised between 4.380 × 10−3

and 2.193 × 10−2, whereas n values were between 0.757 and 0.849. The fitted drying curves
presented a good fitting with the experimental data followed by a slight underestimation at
the end of drying, particularly at 40 and 50 ◦C which can be attributed to a minor difference
between the final moisture at equilibrium state attained from the drying system and the
equilibrium Xeq predicted from Equation (1).

In addition, Figure 3b shows the course of X* affected by RH ranging from 20 to 60%
at temperature T = 30 ◦C and airflow velocity v = 0.15 ms−1. The values of Xeq were 0.068,
0.096 and 0.126 for 20, 40 and 60% of RH, respectively. Results indicated that the increase
of RH, decreased X* with the drying time t which was in line with the outcomes of Jayas
and Sokhansanj [62]. In contrast, they disagreed with the findings of Singh, Sokhansanj
and Middleton [42] who stated that RH does not affect the drying characteristics of wheat.
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This can be ascribed to the higher water-holding capacity of air at low RH, which causes
the speeding-up of the moisture transfer over the same drying time.

Precisely, the increment of RH from 20 to 60%, decreases the absolute humidity of
drying air from 5.270 × 10−3 to 1.608 × 10−2 and saturation deficit from 5.800 × 10−3 to
2.550 × 10−4. In this regard, a shorter t of about 28.1% is required to reach a target X* = 0.350
when decreasing the RH from 60 to 20% at the same T and v. Nevertheless, the influence of
the RH was noticeably smaller compared to the T effect. A high prediction was observed by
the Page model (R2 = 0.997–0.999, RMSE = 5.510 × 10−3–1.119 × 10−2, MAPE = 2.6–4.6%).
The k values comprised between 7.901 × 10−3 and 9.502 × 10−3, whereas n values were
falling between 0.764 and 0.819.

Moreover, the effect of v on X* is illustrated in Figure 3c. The v varied from 0.15
to 1.00 ms−1, while RH = 40% and T = 30 ◦C. The results indicated that the increase of
v exhibited a faster reduction of X*, which may be attributed to the faster heat transfer
between the drying air and kernels, hence favored a more rapid drying process. The air
velocity acted as an agent for supplying heat to kernels via convection and enabled the
acceleration of moisture evaporation. At v =1.00 ms−1, the time required to reach a target
X*= 0.350 was 348 min compared to 420 min needed for v = 0.15 ms−1, which resulted in a
reduction of 17.1%. However, it remains evident, that v had the least effect on the drying
behavior compared to T and RH. Alike findings were reported by Watson and Bhargava [34]
and Cao and Yu [39] who agreed that v has a minor impact on the drying behavior of wheat.
The statistical indicators revealed that the fitting model accurately anticipated the drying
data at different v. Particularly, the R2 ≥ 0.996, RMSE ≤ 1.418 × 10−2 and MAPE ≤ 5.6%.
The values of k and n ranged from 9.502 × 10−3 to 1.237 × 10−2 and from 0.740 to 0.774.

Figure 4a presents the distribution of the residuals in a histogram chart computed as
the difference between observed X*obs and predicted X*pred by Page model. The distribution
of the residuals was soundly symmetric and unimodal around the abundant value 0 and
suggesting a fairly normal distribution, which supported the validity of the selected model.
The residuals were randomly scattered between −0.045 and 0.025. However, the majority
of residuals (frequency from 31.86 to 34.13%) fell between 1.667 × 10−3 and 7.50 × 10−3.
The observed versus predicted plot in Figure 4b displays a closely straight-line distribution
of data which signposts a high accuracy prediction with R2 = 0.998, RMSE = 1.110 × 10−2

and MAPE = 5.8%.
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Moreover, the variation of the drying rate dXdt−1 over drying time t for the selected
drying conditions is shown graphically in Figure 5. Overall, the highest changes of dXdt−1

were observed within the time-period (t < 400 min), where the migration of a large amount
of moisture occurred. Afterwards, a progressive decrease over a more extended period was
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observed which can be ascribed to the greater internal resistance for water removal. The
maximum values ranged from 2.678 × 10−4 to 2.426 × 10−3 kg kg−1 min−1 for T from 10
to 50 ◦C, 9.087 × 10−4 to 6.449 × 10−4 kg kg−1 min−1 for RH from 20 to 60%, 6.732 × 10−4

to 8.526 × 10−4 kg kg−1 min−1 for v from 0.15 to 1.00 ms−1, respectively. In analogy with
X*, the T was the more profound parameter which affected the drying rate, followed by
RH and v.
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3.4. Generalized Model

For the drying conditions used in this study, a generalized model was developed
using the Page model by fixing n and therefore employing k as a single drying parameter.
As n value variation was relatively small, a modification was introduced by averaging the

n values (
N
∑

i=1
n/N ) of all drying trials after the first fitting. Once the n value was fixed

at the mean value (n = 0.784), the experimental data were fitted again for each drying
condition in order to re-adjust the k value. This modification was proposed by Prakash and
Siebenmorgen [63] and it was concluded that the model predictability was slightly reduced
whereas the complexity of the generalized model was condensed. Hence, a variation of k
between 3.660 × 10−3 and 2.998 × 10−2 for T = 10–50 ◦C, 9.820 × 10−3 and 8.025 × 10−3

for RH = 20–60% and 8.904× 10−3 and 9.940× 10−3 for v = 0.15–1.00 ms−1 was ascertained
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accordingly. The perceived drying constants k were modeled based on an Arrhenius-type
relationship as affected by the drying air conditions k = f (T, RH, v).

k = 2.80× 10−3 × e0.059 T × RH−0.139 × v0.025

R2 = 0.989, RMSE = 6.202× 10−4, MAPE = 7.4%
(25)

The inclusion of Equation (25) in Equation (6) yielded a generalized model able
to describe with high accuracy the temporal behavior of moisture ratio X* (R2 = 0.997,
RMSE = 1.285 × 10−2, MAPE = 6.5%). The resulting course of the drying constant k as
a function of temperature T, relative humidity RH, and airflow velocity v is displayed
graphically in Figure 6.
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3.5. Effective Moisture Diffusion

Table 3 outlays the values of effective diffusion coefficient D as well as the coefficient
of determination, root means square error, and mean absolute percentage error acquired
from individual fittings at each drying condition. The statistics confirmed the capability of
the short time equation for 1 ≤ X* ≤ 0.2 to predict closely the experimental data at a high
accuracy of R2 ≥ 0.941, RMSE ≤ 5.595 × 10−2 and MAPE ≤ 10.8%. From the inspection
of Table 3, values of D increased with the increase of T, v and decrease of RH. The values
of D varied from 2.474 × 10−12 to 3.921 × 10−11 for T from 10 to 50 ◦C, 7.843 × 10−11 to
9.822 × 10−12 for RH from 20 to 60% and 8.963 × 10−12 to 1.063 × 10−11 for v from 0.15
to 1.00 ms−1. This can be ascribed to the higher energy of molecules at high T, low RH



Appl. Sci. 2021, 11, 9557 14 of 18

and high v, which in turn increases the mobility of molecules, resulting in a faster rate of
moisture transfer via diffusion. The derived values of effective diffusion coefficient D are
in the similar range with the findings of Gastón, Abalone and Giner [29] and Giner and
Mascheroni [30] particularly at T ≥ 30 ◦C.

Moreover, the observed values were slightly lower compared to the values reported
by Rafiee, Keyhani and Jafari [33] at the same range of drying temperatures which can
be attributed to differences in wheat varieties and systems used for drying. However,
the effective diffusion coefficient subjected to temperatures lower than 30 ◦C, as well as
various sets of RH and v, has not been studied to date. In an analogy with Equation (25),
an analytical model with embodied drying air conditions D = f (T, RH, v) was established
for describing the effective moisture diffusion coefficients (Equation 26).

k = 2.077× 10−12 × e0.073×T × RH−0.156 × v0.066

R2 = 0.997, RMSE = 5.828× 10−13, MAPE = 6.8%
(26)

The insertion of Equation (26) in Equation (21) yielded a generalized model based on
short time diffusive solution able to depict the drying behavior of wheat cv. ‘Pionier’ at an
accuracy of R2 = 0.988, RMSE = 4.239 × 10−2 and MAPE = 7.7%.

Table 3. Effective moisture diffusion coefficients D for short times (1 ≤ X* ≤ 0.2) depending on the
drying conditions (T, RH, v) and statistical results (R2, RMSE, MAPE).

Drying Conditions D, m2s−1 R2, – RMSE, – MAPE, %

T10/RH40/V015 2.474 × 10−12 0.941 3.281 × 10−2 4.5
T20/RH40/V015 5.811 × 10−12 0.957 4.403 × 10−2 9.4
T30/RH40/V015 8.963 × 10−12 0.956 4.501 × 10−2 8.2
T40/RH40/V015 1.917 × 10−11 0.946 5.213 × 10−2 10.7
T50/RH40/V015 3.921 × 10−11 0.947 5.595 × 10−2 10.8
T30/RH20/V015 9.822 × 10−12 0.956 4.570 × 10−2 8.6
T30/RH60/V015 7.843 × 10−12 0.964 4.005 × 10−2 7.0
T30/RH40/V05 9.494 × 10−12 0.962 4.186 × 10−2 7.4
T30/RH40/V1 1.061 × 10−11 0.959 4.451 × 10−2 7.8

3.6. Sensitivity Analysis

The sensitivity analysis was performed with the purpose of screening the variance of
moisture content attributed to drying conditions (T, RH, v). The general procedure involves
the inclusion of Equations (2), (6) and (25) and using Monte Carlo simulation to generate
randomized combination of values of drying conditions in order to assess the relation
between the inputs and outputs. Figure 7 presents the tornado plot in which parameters
are ranked by influence. According to the sensitivity analysis, temperature T is the most
significant variable which governs the moisture transport in all cases. A value of −0.799
was observed for the standardized regression coefficient. This means that the increase in
temperature T of drying air has a negative effect in moisture content by reducing it. In
analogy, values of 0.337 and −0.051 were observed for relative humidity RH and velocity v.
Noticeably, drying of wheat can be enhanced by the increase of T, reduction of RH, and
increase of v.
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Figure 7. Standardized regression coefficient from sensitivity analysis comprising temperature T,
relative humidity RH and airflow velocity v.

4. Conclusions

In this study, the drying kinetics of wheat (Triticum aestivum L., cv. ‘Pionier’) under
a coherent set of low-temperature drying conditions were investigated. A robust and
automated measurement system using a high precision balance was employed as the
basis for the real-time and continuous acquisition of drying data. Drying experiments
revealed that temperature T of drying air had the greatest influence on the drying behavior
for the specified range of applicability followed by relative humidity RH and velocity
v. Moreover, the applications of low temperatures for cooling, aeration and drying en-
tailed a slow and gentle drying process due to the low water-uptake capacity as compared
to drying with high temperatures. For the characterization of drying behavior, several
semi-empirical models were employed, out of which Page model was found favorable
to fit the experimental data based on statistical indicators. A generalized model for low-
temperature drying with drying constant k ranging from 3.660 × 10−3 to 2.998 × 10−2

was established, which demonstrated a great potential to portray the drying behavior
of wheat with a high accuracy (R2 = 0.997, RMSE = 1.285 × 10−2, MAPE = 6.5%). The
temperature T, relative humidity RH and velocity v of the drying air were embodied in
the generalized model framework. Furthermore, an analytical approach for predicting
the effective diffusion coefficients was established based on short time diffusive solution
(R2 = 0.988, RMSE = 4.239 × 10−2, MAPE = 7.7%). A variation of effective diffusion coeffi-
cient from 2.474× 10−12 to 4.494 × 10−11 was ascertained for the applied drying conditions
(T = 10–50 ◦C, RH = 20–60% and v = 0.15–1.00 ms−1).

The developed drying model can be employed in the design, modeling and optimiza-
tion of cooling, aeration and low-temperature drying processes of wheat bulks, which apply
the alike range of air conditions. Further investigations should embrace the assessment
of nutritional and structural changes of wheat during the long drying times required for
low-temperature drying. In addition, the evaluation of energy efficiency as compared to
high-temperature drying methods needs to be investigated in further studies.
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Nomenclature

αv Kernel-specific surface area, m2m−3

A0, A1 Coefficients of drying model, –
C1, C2, C3 Coefficients of sorption isotherm model, –
D Effective moisture diffusion coefficient, m2s−1

d Diameter of sample holder, mm
h Height of sample holder, mm
d.b. Dry basis, –
k Drying constant, min−1

kpred Predicted drying constant, min−1

kobs Observed drying constant, min−1

MAPE Mean absolute percentage error, %

N Number of observations, –
n Drying model coefficient, –
p Probability level, –
R2 Coefficient of determination, –
Re Equivalent radius of wheat kernel, m
RH Relative humidity of drying air, %
T Temperature of drying air, ◦C
v Airflow velocity of drying air, ms−1

w.b. Wet basis, %
X* Moisture ratio, –
X*pred Predicted moisture ratio, –
X*obs Observed moisture ratio, –
X0 Initial moisture content, kg kg−1 d.b.
Xeq Equilibrium moisture content, kg kg−1 d.b.
Xt Instantaneous moisture content, kg kg−1 d.b.
Xpred Predicted moisture content, kg kg−1 d.b.
Xobs Observed moisture content, kg kg−1 d.b.
t Drying time, min
t0 Initial drying time, min
∆t Drying time interval, min

Appendix A

Table A1. The experimental mean values of equilibrium moisture content Xeq and standard deviations
for all sets of temperatures T and relative humidity RH observed from the gravimetric salt method.

T = 10 ◦C T = 30 ◦C T = 50 ◦C

RH, % Xeq, kg kg−1 d.b. RH, % Xeq, kg kg−1 d.b. RH, % Xeq, kg kg−1 d.b.

12.3 0.056 ± 0.001 7.4 0.036 ± 0.001 5.7 0.023 ± 0.001
23.4 0.081 ± 0.001 21.6 0.063 ± 0.005 18.9 0.041 ± 0.010
33.5 0.105 ± 0.001 32.4 0.097 ± 0.001 30.5 0.082 ± 0.002
44.1 0.129 ± 0.019 43.2 0.103 ± 0.001 42.7 0.084 ± 0.001
62.2 0.146 ± 0.001 56.0 0.123 ± 0.003 50.9 0.095 ± 0.000
72.1 0.168 ± 0.001 68.9 0.147 ± 0.001 65.3 0.118 ± 0.001
75.7 0.179 ± 0.001 75.3 0.165 ± 0.001 74.5 0.138 ± 0.004
86.8 0.217 ± 0.001 83.6 0.194 ± 0.002 81.2 0.164 ± 0.010
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