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Analysis of drying characteristic,
effective moisture diffusivity and
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performance indicators during
thin layer drying of tea in a
convective-hot air dryer
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The objective of this study is mainly to analyze the drying kinetic parameters,
effective diffusivity, and thermodynamic performance indicators (energy, exergy,
heat, and mass transfer coefficients) of tea under different drying conditions of
different drying temperatures (DT) and thin layer thicknesses (TT). Experimental
drying was conducted at drying temperatures of 70°C, 80°C, and 90°C with thin
layer thicknesses of 10 mm, 15mm, and 20 mm. The results show that a higher
drying temperature and a lower thin layer thickness can increase evaporation
moisture content and shorten drying time. By evaluating and comparing the
fitting of five drying models adopted by the coefficient of determination (R?) and
chi-square (y?), it can be found that the logarithmic model is the best to describe
drying behavior. The effective moisture diffusivity shows a positively correlated
trend with the increase in DT and TT, with the value of activation energy
ranging from 14.030 to 22.344 kI mol-! K-1. The specific moisture evaporation
rate (SMER), energy efficiency, exergy efficiency, and sustainability index (S/)
descend as the TT increases at all DT; the specific energy consumption (SEC)
and improvement potential (/P) rate perform in an opposite manner, but the TT
remains unchange. The conclusion drawn from the thermodynamic parameters
is opposite to the aforementioned. As the TT increases, the heat and mass
transfer coefficients show a significant decrease trend. In addition, the heat
and mass transfer coefficients are given as functions of DT and TT, and further
knowledge shows that the mass transfer coefficient is positively correlated with
DT but the heat transfer coefficient is negatively correlated. In conclusion, this
article provides new insights into the effects of drying characteristics, energy
consumption characteristics and heat and mass transfer characteristics in the
process of tea drying under different drying conditions, and provides certain
theoretical reference bases for promoting the optimization of industrialized tea
drying production machinery design and drying process optimization.
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1 Introduction

As an emerging healthy green beverage, tea is gradually gaining
ubiquitous popularity among the public (Yu et al., 2020). Tea is rich in
many trace elements that are beneficial to human health, such as
non-protein-derived amino acids, polyphenols, and proteins (Vi et al.,
2019).
significantly reduce the risk of cardiovascular disease, high cholesterol,

Many researchers reported that these trace elements

diabetes, and osteoporosis (Tang et al., 2011). China is one of the six
major tea producing countries in the world, accounting for
approximately 42% of the global production. According to research
reports from some relevant institutions, the production of tea reached
2.97 million tons in 2020 (Jiang et al., 2023; Shu et al., 2023; Zhang
etal., 2023). However, freshly harvested tea has high moisture content
and needs to be dried and dehydrated through the drying process to
reduce the moisture content below 5%. Drying to remove water is a
traditional operation that extends food storage time. Its main function
is to inhibit the activity of microorganisms and enzymes, to ensure the
safety of storage quality and extend the storage time of agricultural
products (Mujumdar, 2006; Khalloufi et al., 2014; Datta, 2015).

Thin-layer drying is a commonly used drying method in
laboratory-level experiments, with a thickness of generally 1-3cm
(Fathi et al., 2016). Because drying is an energy-intensive behavior
involving heat and mass transfer (Erbay and Icier, 2010), thin-layer
drying can provide a more straightforward analysis of the drying
mechanism of materials. Therefore, based on thin-layer drying, some
models describing drying kinetics have been developed, which can
further analyze the development of drying systems, parameter
optimization, data prediction, effective moisture diffusion coefficient,
and activation energy (Franco et al., 2017; Mishra et al,, 2021). At
present, the models commonly used to describe thin layer drying
dynamics and drying characteristics include the Lewis model, the
Page model, the Modified Page model, the Logarithmic model, the
Henderson and Pabis model, the Exponential model, and the Modified
Exponential model (Onwude et al., 2016; Duc Pham et al., 2019). The
development of a thin layer drying model can help researchers to gain
further knowledge and analyze the mechanisms of heat and mass
transfer during the drying process and also provide more accurate
prediction results for designers, which is more conducive to the design
of the dryer. The findings of this study can serve as a guide for tea’s
thin-layer drying technique.

The aforementioned models have been used in research on tea’s
thin-layer drying technique to characterize its properties. For example,
Panchariya et al. studied and determined black tea’s thin-layer drying
kinetic characteristics by developing an experimental dryer in the
temperature range of 80-120°C. Compared with models such as Page,
the Lewis model can better describe the thin-layer drying
characteristics of black tea (Panchariya et al., 2002). Weiwei et al.
studied the effects of vacuum pressure and microwave power on the
drying characteristics of green tea. They found that the page model is
the best model to describe the microwave vacuum drying of green tea
(Wei et al,, 2010). Similar findings were also reported by Dutta and
Baruah (2014). In addition, the thin layer model has also been applied
to demonstrate and evaluate the drying characteristics of other plant-
based leaves, such as Malabar spinach leaves (Kumar et al., 2023) and
mint leaves (Taheri-Garavand et al., 2021). However, few literature
reports explore the effects of different drying temperatures and thin
layer thicknesses on drying kinetics and thermodynamic performance
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indicators, whether the thin layer drying of tea leaves and other plant-
based leaves. Thermodynamic performance indicators, such as energy
efficiency, exergy efficiency, and heat and mass transfer coefficient,
play an important role in evaluating the design of drying machinery
and the optimization of drying processes. According to the
introduction from some reports, the energy consumption of the food
drying industry, especially the industrial food drying industry,
accounts for approximately 10% of the overall energy demand (Li
etal, 2019; Yahya et al., 2022). Therefore, it is of great significance to
analyze the effects of different drying temperatures and thin layer
thickness conditions on teas drying characteristics and
thermodynamic performance indicators during the drying process,
further promoting its mechanical design optimization and drying
process optimization in industrial tea drying production.

The major objectives of this study are summarized as follows: (1)
exploring the effects of different drying temperatures and tea layer
thickness on drying kinetic parameters, effective moisture diffusivity,
and activation energy; (2) determining the best model for describing
and fitting experimental data among the Lewis model, Logarithmic
model, Page model, Modified Page model, and Wang & Singh model;
and (3) determining the effects of different drying temperatures on
thermodynamic performance indicators, including energy efficiency,

exergy efficiency, heat, and mass transfer coeflicient.

2 Materials and methods
2.1 Raw materials

Raw materials adopted for the present study were fresh tea leaves,
one bud with two leaves, or one bud (Varieties “Fuyun No.6”), which
were purchased from a local farmer in Shaoping County, Guangxi
Zhuang Autonomous Region.

2.2 Sample preparation

Since the moisture content of fresh tea was commonly 72-73%,
sample preparation for drying experiments required a series of
pretreatments before drying. (1) Fresh tea leaves: one bud and two
leaves, undamaged. (2) Withering: the tea leaves were spread on the
withering board and placed in a calm and ventilated place; the ambient
temperature was 8-20°C, and the withering time was 16 h. (3) Rolling:
The length of the kneading operation was 60 min. (4) Fermentation:
the tea leaves were placed on the fermentation board after kneading,
and the pile of leaves was 5-12cm thick. It was put in a constant-
temperature and constant-humidity environment, in which the
temperature was 25°C, the humidity was 90%, and the duration of the
fermentation time was 10h. Tea leaves at the end of fermentation were
used for drying test.

2.3 Experimental method and equipment

The test equipment selects a laboratory-grade blast type constant
temperature hot air drying oven; the model is shown in Figure 1. The
working principle of the blast type constant temperature drying oven
includes setting the target temperature, the blower at the bottom of the
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FIGURE 2
Diagram of tea drying process and test site.

(e) Dry tea

(d) Fermente

drying chamber introduces the outside natural air into the drying
chamber, and heats the materials in the drying chamber, the exhaust air
is discharged from the rear exhaust port at the upper end of the drying
chamber, and the air velocity is 1.26 m/s, measured by the anemometer,
and the parameters in the drying chamber are displayed in real time by
the anemometer. A paperless recorder displays the parameters in the
drying chamber in real time. The sample preparation and test procedure
are shown in Figure 2. The ambient temperature of the test is 8-20°C, and
the humidity of the air is 60-70%, which is in line with the working
environment conditions of the blast constant temperature drying oven.

Frontiers in Sustainable Food Systems

Preheating the drying cabinet before conducting the drying
experiment is to reduce the impact of the thermal inertia on the
drying experiment (Zeng et al., 2022). A laboratory scale constant
temperature hot air cabinet drier was applied to conduct the drying
experiment with the hot air temperatures of 70°C, 80°C, and
90°C. The fermented tea sample was spread with the thickness of the
thin layer of 10 mm, 15mm, and 20 mm in food grade circular trays
(note: diameter of trays is 200 mm) and placed on a cabinet drier for
drying experiment. The initial moisture content of each experimental
group was determined by adopting a halogen lamp moisture detector.
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TABLE 1 Detail description of the relevant experimental equipment.

10.3389/fsufs.2024.1371696

Experimental equipment Model Manufacturer

Constant temperature hot air cabinet drier DGG-9070A Shanghai Senxin Experimental Instrumentation Co., Ltd., China
Electronic precision scale JA5002 Shanghai Jingtian Electronic Instrumentation Co., Ltd., China
Halogen lamp moisture detector DHS-10A Shanghai Shengping Instrumentation Co., Ltd., China
Intelligent anemometer DP2000 Yacheng Instrumentation Co., Ltd., China

Paperless recorder GTM302C Inoac Co., Ltd., Japan

An electronic precision balance was applied to measure the weight of
the sample during the drying process with an interval of 5 min. Until
the error between two consecutive weightings was less than 0.1g
(moisture content of less than 5%), the present group of the drying
experiment was over. Each set of the above tests was repeated three
times, and the recorded data were averaged. The detailed information
on the relevant equipment used in the present study is shown in
Table 1.

2.4 Drying kinetics analysis of tea drying

2.4.1 Moisture rate determination

The moisture rate (MR) was widely considered action of the thin
layer drying based on Newton's Law for cooling or heating of solids (Izadi
etal,, 2020). Therefore, the MR can be expressed as follows Equation (1)
(Crank, 1979):

MR =(M; - M,)/(My—-M,) (1)

where MR is the moisture rate (%), M, is the moisture content of
tea at any time(%), M, is the initial moisture content(%), and M, is the
equilibrium moisture content(%).

In the present study, M, can be ignored under conditions of high-
temperature hot air drying, owing to that its value was extremely less
than M,and M, (Kamali et al., 2021).

2.4.2 Drying rate determination

The drying rate (DR) of sample is the characterization of the
dehydration rate during the drying process. According to the
definition of drying rate, the determination of drying rate can
be adopted by the following Equation (2) (Ojediran et al., 2021):

DR:(MI‘_MI‘FAI‘)/At (2)

where DR is the drying rate during the drying process, M, 5, is
the moisture content at t+ At, %, and At is the interval time, minute.

2.5 Effective moisture diffusivity and
activation energy analysis of tea drying

The calculation of MR can be adopted from a moisture diffusion

model developed by Crank, (1979) based on Fick’s Second Law, which
is expressed in Equation (3):
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where D4 is the effective moisture diffusivity, and , is the half
thickness of thin layer (Dehghannya et al., 2018).

The drying of materials requires a longer time, the Equation (3)
above can be abbreviated as Equation (4) follows:

(4)

47

MR = iexp -
b2

ﬂzDeﬂt]

Taking the Equation (4) to logarithm and can be simplified into
linearization as shown in Equation (5), and fitting the In (MR) with
drying time (f) to obtain the slope of the linear equation and further
estimate the moisture diffusivity (k), detail Equation (6) as shown
in following:

2
8 T Dﬁt
2
T Deff
k=——->-"
417 ©)

where k denotes the slope.

The relationship between moisture diffusivities and drying
air temperature were indicated by Arrhenius relationship as
shown Equation (7), expression of following Equation (8) was
linearized from Arrhenius relationship and plotted it to
determine the slope and y-intercept, further to obtain the
activation energy of tea and pre-exponential factor (Midilli and

Kucuk, 2003).
E 1
7 R \ Taps @)

E,( 1
1“<D°)‘R7(aj ®

In(Deff’) =
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TABLE 2 Exergy analysis of the present study.

10.3389/fsufs.2024.1371696

Drying exergy analysis Expression equation Eq. no.
Total exergy of drying system Ex total = Fdryer 13)
. . Tde,in
Exergy input to drying chamber Ex,dc,in=Cp,a (Tdc,in - To) -Toln—— (14)
. Tdc,out
Exergy output to drying chamber Ex,de,out = Cp.a (Tdc,out -1y ) -1y lnT (15)
Exergy loss of the drying system Exloss = Ex,total = Ex,p — Ex,dc,out (16)
. T
Exergy use for water evaporation Ex,p=DRx h ' fg X 1- 17)
Tde,in
Ex,p
Exergy efficiency for drying system ex = (18)
Ex.total
The improvement potential IP= (1 —Tex ) x Ex loss (19)
1
The sustainability index SI = (20)
(1 ~TNex )

According to the table, where Ey ., refer to total exergy of dryer, KW; Py, refers to power of dryer, kW; E, 4, and E, g ou refer to exergy input and output the dryer, kW; c,, refers to specific

heat of air, ] kg™ K™; Tyc;, and Ty, refer to air temperature of setting and output for the dryer during the drying processing, K; T, refers to temperature of ambient, K; E, ., refers to exergy loss

of drying system, kW; E, , refers to production exergy, kW; hfg refers to moisture vaporize latent
sustainability index for drying system.

where E, refers to the activation energy of tea, R, refers to the ideal
gas constant, Ty, refers to the kelvin temperature, and D, refers to the
pre-exponential factor.

2.6 Energy—exergy performance indicator
analysis

In the present study, energy consumption for the convective dryer
includes energy of thermal and electrical, can be calculated using
Equation (9):

Epn = Wdryer = Pdryer x At 9)

where P,,., indicates the power of the dryer, and At means interval
time for data collection.

Specific energy consumption (SEC) for drying the unit mass (1kg)
of the drying tea sample can be calculated by the following equation
(Yahya et al., 2016):

EAI
SEC = ZAL
DR (10)

Except for the parameter of SEC, specific moisture extraction rate
(SMER) is also a significant parameter to depict the drying
characterization, which is defined as per unit energy required to
evaporate the moisture. SMER is expressed as the following equation
(Ibrahim et al., 2015):

SMER = DR

Ep

(1mn
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heat, J/kg; IP refers to improvement potential for drying system, kW; SI refer to the

In addition, another parameter to describe the efficiency of the
energy consumption of the drying system is the efficiency of the
drying process, defined as the ratio of the energy utilized usefully to
remove the moisture content from the materials to the total energy,
which is calculated by the following equation:

B DRx hg,

n
¢ Epr

(12)

where hy, refers to latent of vaporization with a value of 2.26 kJ/kg.

Unlike energy, which denoted “quantity,“exergy was defined
as the “quality” of energy, indicating the most significant
amount of usable work input in the drying system as the system
reached equilibrium with the surrounding environment.
Electricity is the primary source of energy employed in this
endeavor. Since the total beneficial work of the dryer in the
current study can be estimated, the Equations (13-20) utilized is
shown in Table 2.

2.7 Heat and mass transfer performance
indicator analysis

The heat and mass transfer coefficients for thin layer drying of tea
can be obtained via dimensionless numbers, such as the Nusselt
number, Sherwood number, and Schmidt number. Accordingly, the
calculation depicted the correlations for dimensionless as following
Equations (18-20) to estimate the heat and mass transfer coeflicients
for thin layer drying of tea.

_
2

Nu (21)
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Tl
Sh =L 22
D, (22)
Nu=0.664R? P!> (23)
Sh=2.0+0.552R03$2 (24)
Pavalt
R, = Palat (25)
Ha
HaCp,
P = % (26)
a
Ha
S, =_fa_ (27)
¢ PaDy

2.8 Evaluation of model fitting to the
experimental data

Thin layer drying models have been conducted in scientific studies to
describe the drying characteristics of the materials during the drying
process based on FicKs Second Law of moisture content by previous
researchers (Azizpour et al, 2014). In the present study, the most
commonly used classic thin layer models, Equations (30-34) as shown in
Table 3, were selected to fit experimental MR to depict the drying curves.
Applied the data processing software of Origin 2023b (Student Free Trial
Edition) to fit experimental MR with the thin layer model and adopted
the coefficient of determination (R?) and Chi-Square (*) along with
drying kinetic factors to evaluate the goodness-of-fit of the drying curve
and determine the best descriptive model. Corresponding calculations of
R?and y” have been given as follows Equations (28-29):

Z?:l(MReXPJ - mpre,i )2

27=1 (ﬁexp,i - A/[Rpre,i )2

R*=1- (28)

2 S (MRexpi = MR e )’
x =
N-z

(29)

10.3389/fsufs.2024.1371696

where,

R?is the coefficient of determination;
MR, ; is the experimental moisture rate;
MR,,.; is the predicted moisture rate;
Wexp,i is the mean experimental MR;
x is the chi-square;

z is the number of parameters.

3 Results and analysis

Since this investigation aims to determine how the thin layer
thickness affects the drying kinetics features, there were modest
variations in the initial moisture content of each experimental sample
group in the study. Moisture rate was a dimensionless parameter
which was mainly used to eliminate differences in initial moisture
content and depict the trend of moisture content during the
drying process.

3.1 Analysis of drying temperature and tea
layer thickness on tea moisture rate and
drying ratio

The impact of the relationship between different drying
temperature and different tea layer thickness and tea moisture rate is
shown in Figure 3. As the result shown that increasing drying
temperature and keeping the thin layer thickness unchanged, or
keeping the temperature constant decreasing the thin layer thickness
can significantly to accelerate moisture transfer, decreasing drying
time and improving drying efficiency simultaneously. Taking
Figures 3A,B for instance, when thin layer at the same thickness of
10mm and at the drying temperature of 90°C, 80°C, and 70°C, time
required for the experimental group to complete drying was 45 min,
65min, and 85min, respectively. Similarly, completing the drying
process need to consume 40 min and 55min at 10 mm and 15mm
thickness under the same temperature of 80°C. Therefore, it can
be also put in the other word, lower thickness thin layer and higher
drying temperature may be providing an environment exist pressure
difference to develop driving force of the moisture content migration
to accelerate migrating rate of the moisture content result in rapid
moisture content evaporation. Similar study in tobacco leaves have
been reported (Chen et al., 2019).

TABLE 3 A thin layer drying model adopted to descript drying process of the present study.

Models type Expression of model [\[o} References

Lewis model MR =exp(—kt) (30) Azizpour et al. (2014)
Logarithmic model MR =aexp(~kt)+b (31) Odewole and Falua (2021)
Page model MR = eXP(*ktn) (32) Guerrini et al. (2023)
Modified Page model MR = exp(—(kt)n ) (33) Salahi et al. (2015)

Wang & Singh model MR =at + bt2 1 (34) Balasubramanian et al. (2011)

Where, A, B, C, K, and N were the thin layer model constants.
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The entire drying process under various temperatures and drying
lamella thickness conditions is shown in Figures 3C,D. At the start of
drying, the rate of drying stays high. On the other hand, when the
drying temperature rises, or the drying layer thickness decreases, the
drying rate gradually increases. Furthermore, the data shown in
Figure 3D support the idea that the drying rate increases with
decreasing drying layer at a given drying temperature throughout the
drying process. The reason is that a higher temperature or lower
thickness of the layer can encourage the migration of internal moisture
to the material’s surface and accelerate the evaporation of free water
from the material’s surface. As the drying process progresses, the
drying rate for all drying conditions decreases as the moisture content
of the material decreases. This is because most of the water in the
material at the later drying stages is bound to water with a specific
binding force with the internal material, which is difficult to migrate
and evaporate, resulting in a lower drying rate. Similar trends in
drying rate and moisture content have also been reported (Varhan
et al., 2019; Khan et al., 2021).

Frontiers in Sustainable Food Systems

Moreover, Figure 3D shows the variation curve of the drying rate
with moisture content at 20 mm thickness. The reasons for generating
the zig-zag pattern plot are as follows: First, the drying process is
carried out in a constant temperature drying chamber, and the fluid
inside the drying chamber is pressurized by a fan that applies pressure
to pressurize the drying air to flow from the bottom to the top and out
of the drying chamber, and the moisture is taken away by the hot air
as it flows out. This study collected more data because the drying
process is more complicated and takes longer at 20 mm thickness. The
large thickness of the material, and the high drying temperature may
lead to the removal of water through the material layer, there is a
repeat humidification, resulting in large fluctuations in the drying rate,
and the higher the moisture content of the fluctuation is more
significant, in Figure 3D at the horizontal coordinate of the stage of
0.4-1.0 characterizes the stage of the higher moisture content. It can
also be observed that the smaller the thickness, the less the secondary
humidification, the flatter the curve, and the larger the thickness, the
larger the fluctuation; this is the reason why the zig-zag plot is not
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TABLE 4 Average value of statistical parameters of the thin layer drying model.

10.3389/fsufs.2024.1371696

Statistical . . . Modified Page Wang & Singh
Lewis model Logarithmic model Page model

parameters 9 g model model

R 0.97450 0.99877 0.99606 0.99603 0.99790

X 1.87x107 8.80x10° 2.76x107 2.76x107* 1.91x10™ ‘

TABLE 5 Coefficient, statistical parameters, and constants of Logarithmic models under different temperatures and thicknesses.

Model Temp Thickness Drying kinetics parameters Statistical parameters
(°C) (mm) a b c R X

10 1.15422 2.62x107 ~0.17952 0.99856 9.14x107°

70 15 1.29100 1.67x107 —0.22521 0.99867 1.04x 107

20 1.49632 1.01x107 —0.47663 0.99881 8.80x 107

10 1.32661 2.79%107* —0.31325 0.99977 1.59%107°

Logarithmic model 80 15 1.30694 2.31x107 —0.22194 0.99865 1.07x107*
20 1.131586 1.65x 1072 —0.27174 0.99834 1.29x107™*

10 1.39896 2.68x107* —0.40140 0.99969 2.09%107°

90 15 1.18678 2.82x107 —0.17726 0.99691 2.05x 107

20 1.23013 1.84x 107 —0.22498 0.99954 3.06x107

generated at 10 mm thickness because it does not have the secondary
humidification. Second, the moisture content in the process of tea
drying is in the state of non-linear change, when the slight change in
moisture content will cause the drying rate to exist an inevitable
fluctuation due to the existence of systematic errors in the test process,
including the measurement error of the weight of the samples and the
error of the sensor. In conclusion, the overall trend of the curve is that
the drying rate decreases gradually with the decrease in moisture
content, which has proven the drying rate of tea in the drying process
with the change in moisture content, and at the same time proved that
the thickness of the tea spreading would also have a specific effect on
the drying rate.

3.2 Impact of drying temperature and thin
layer thickness on the parameters of tea
drying kinetics model

The present study was applied five thin layer model, namely, Lewis
model, Logarithmic model, Page model, Modified Page model, and
Wang & Singh model, to perform non-linear fitting on the moisture
content measured in the experiment. The statistical parameters,
coefficient of determination (R?) and chi-square ()?) given by the
calculation Equations (7, 8), were adopted to evaluate the goodness of
fit to the model curve. Since existed multiple group experiments that
calculate the average value of coefficient of determination (R*) and
chi-square (x*) and selected the group with the highest average value
of R? and the lowest average value of * to determine the appropriate
model, detailed values of statistical parameters are presented in Table 3
(Madamba et al., 1996; Mishra et al., 2021).

As shown in Table 4, within the five models, the logarithmic
model had excellent performance in fitting the experimental moisture
content, with the highest average value of R* and the lowest average
value of y* being 0.99877 and 8.80 x 10-5, respectively. Therefore, in
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the following analysis of drying behavior, the logarithmic model was
the best option in the present study. Results of the fitting coefficient of
the Logarithmic model fitting experimental data are shown in Table 5.
In addition, with the further and careful observation can clearly reveal
that under the condition of low drying temperature (experimental
group with 70°C), model constant act out certain assured of
correlation with the drying temperature and thickness of thin layer.
However, this correlation was not observed under the drying
temperature of 80°C and 90°C. Similar observation has reported by
previous studies for drying plant porous materials, such as vegetable
and fruits (Brar et al., 2020; Mishra et al., 2021).

To assess the accuracy of the logarithmic model, Figures 4A-C
display the linear correlations between the experimental moisture
content and the moisture content predicted by the model. Under the
same thickness (selected 15mm as an example to demonstrate), the
coefficient of determination (R?) for drying temperature of 70°C,
80°C, and 90°C was 0.99882, 0.99872, and 0.99687, respectively.
Meanwhile, the above results further indicate that the Logarithmic
model was suitable for describing the drying characteristics.

3.3 Analysis of effective moisture diffusivity
and activation energy

The original intention of development of many theories of
effective moisture diffusivity in drying process was to describe the
phenomenon of moisture content diffusion. To obtain the effective
moisture diffusivity, the slope of the line plotted by fitting the natural
logarithmic of moisture rate with drying time should be obtained first.
As shown in the following Figures 4D-I, the linear relationship
plotted between natural logarithmic of moisture rate and drying time
under conditions of drying temperatures and thin layer thickness, the
value of the coefficient of determination (R?) acquired from 0.96499
to 0.98913, and the slope can be further calculated. Description in
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FIGURE 4
(A—C) Experimental and predicted moisture rate of the Logarithmic model. (D—F) Natural logarithmic of moisture rate versus drying time for estimation
of the effective moisture diffusivity.

TABLE 6 Effective moisture diffusivity and activation energy at different
drying conditions of tea.

Temp Thickness Effective Activati
moisture Ztr'l\éartlon R2

(O ) sy gy

70 4.4969x 107 0.98913
80 10 6.0421x107 18.187 0.97327
90 6.4150% 107 0.96810
70 6.8875x 107 0.97630
80 15 9.3018x 107 22.344 0.98470
90 1.0569 x 10 0.98798
70 1.0222x 107 0.96499
80 20 1.3112x 107 14.030 0.97900
90 1.3383x107 0.97404

Figures 4D~ can be obvious to observe that the natural logarithmic
of moisture rate was performance downward trend, especially at the
same thickness higher the temperature with the faster the decrease.
Similar findings also have been reported in a few studied works on
drying dynamics of agricultural products (Doymaz, 2017).
Immediately after, effective moisture diffusivity can be calculated
based on the Equation (6) mentioned above and listed the result in
Table 6. At the same level of drying temperature, the effective moisture
diffusivity presented an increasing trend accompanied by the thickness
of the dry thin layer increases. Similar detection was also found
expression in the same level of thin layer thickness that the water
diffusion coefficient increases with increasing temperature. For
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example, with the condition at 70°C drying temperature, the effective
moisture diffusivity of the 10 mm, 15mm, and 20mm thin layer
thicknesses was 4.4969x 1077 , 6.8875%x1077 m?s7},
1.0222x 107° m*s™', respectively. Similarly, at the level of thickness at

m*s~!

and
10 mm, the maximum effective moisture diffusivity was found at the
level of drying temperature at 90°C, minimum effective moisture
diffusivity appeared at the level of drying temperature at
70°C. Therefore, it can be taken as a deduction that increasing the
thickness and drying temperature of the drying thin layer can increase
the internal pressure of the drying thin layer and improve the activity
of water molecules of the material contributed to increase the diffusion
of moisture and further to improve the drying rate. This deduction
was confirmed from previous some other similar studies reported for
carrot slices (Susanti et al., 2021) and red sorghum (Dehghannya
etal., 2019).

The activation energy can also be calculated using a method
similar to that used to calculate the effective moisture diffusivity.
Applied the value of effective moisture diffusivity obtained above and
plotted linear correlations between them against the reverse of the
values of absolute drying temperature, as shown in the following
Figure 5. Therefore, the activation energy value is determined by
solving the slope of the linear correlations, as shown in Table 6. As
shown in Table 5, in the present study, the activation energy values for
the thickness of 10 mm, 15mm, and 20 mm were 18.187 k] mol~"-K~},
22.344kJmol™"-K™', and 14.030kJ mol~"-K™, respectively. The results
obtained in this study can be considered reasonable due to a few
relevant literature studies have cited that activation energy of
vegetables and other plant-based materials ranged from 12.7 to
110kJ mol™"-K™". Meanwhile, Luthra and Sadaka pointed out that there
is no significant correlation between the increase in grain layer
thickness and activation energy, which can also explain the result
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where the activation energy of moisture does not show a certain ~ SEC decreased significantly as the drying temperature increased.
correlation with drying temperature and thickness obtained in this ~ According to expression of the Equation (10), the growth in SEC
study (Luthra and Sadaka, 2021). probably owing to increase in the tea thin layer thickness while
increasing the drying time to require more energy to complete the
drying operation and decreasing of drying rate while in the final
3.4 Analysis of energy—exergy performance period during drying process. Therefore, this can also be better to
indicator illustrate the reason that SEC decreased with increasing the drying
temperature under the same tea thin layer thickness. In addition, as
The energy-exergy performance indicators, including specific ~ shown in Equation (11) clearly, the SMER is the reciprocal of the SEC
moisture evaporation rate, specific energy consumption, energy  that the trend of changes in SEMR is exactly opposite to that of
efficiency, exergy efficiency, improvement potential rate, and  SEC. Similar findings about SMER and SEC have been reported by
sustainability index during the drying process, were calculated using  drying of olive pomace (Mugi and Chandramohan, 2021).
the equations shown in Table 2 and presented as the average value of

each indicator in Table 7 for convenient analysis. 3.4.2 Energy efficiency and exergy efficiency

The results of energy efficiency and exergy efficiency are shown in
3.4.1 Specific moisture evaporation rate and Table 7. At the same temperature level, energy efficiency performance
specific energy consumption showed a descending trend as the tea thin layer thickness increased at

As shown in Table 7, the SEC increased obviously as the tea thin  all drying temperatures, yet performance showed an ascending trend
layer thickness increased when the drying temperature remain  as the drying temperature increased at the same thin layer thickness
unchanged, whereas keeping the thin layer thickness remaining the  level. A similar change trend also manifested in exergy efficiency. It
can be observed from Equations (12, 18) that the energy efficiency and
exergy efficiency are similar to the SMER, which is directly

proportional to drying rate. The reason for this change in trend may

ST
s (O be due to the low moisture content stage in the later stage of drying,
0.00275 0.00280 0.00285 0.00290 ) . ) )
~134 I L 1 L which demands for more energy and time to get rid of the water with
= ]0mm .. . .
o & e a strong binding force. Analogous research results about the binding

—13.6 1 ® 20um energy with the low moisture content causing the lower energy
i efficiency performance have been reported and confirmed in the
oy - L
e - y=-1687.5x-8.84 literature (Fudholi et al., 2015).
Siao. y=-2687.5x-6.34 R*=(0.80532

R2=0.95408

In(D,¢)

3.4.3 Improvement potential rate and
~14.2 - i sustainability index
Knowledge of the improvement potential rate (IP) and

—14.4 1 y=-2187.5x-8.21 sustainability index (SI) can facilitate a more intuitive understanding
R?=0.87417 and evaluation of the sustainability of drying systems under different

2 = drying conditions. The results of IP and SI during the different tea thin
I layer drying conditions are also presented in Table 7. It can
Natural logarithmic of effective moisture diffusivity versus inverse be intuitively inferred from the Table 7 that the change trend of the IP
absolute temperature for estimation of activation energy. performances insignificantly correlation was observed with the

thickness of the dry thin layer at same level drying temperature.

TABLE 7 Energy and exergy performance indicator at different drying conditions of tea.

Temp Thickness Specific

: Specific Ener Exer . .
moisture P ffici ay fici y Improvement Sustainability

°C) ( ) evaporation energy. < colency < c:ency potential rate index
mm rate consumption (VA (VA

10 7.68921 0.18403 17.377 21.101 0.33877 1.29866

70 15 4.97070 0.24675 11.233 13.641 0.37297 1.16267

20 4.48976 0.25991 10.146 12.321 0.44318 1.14332

10 10.02047 0.11536 22.646 27.498 0.20883 1.40478

80 15 6.90053 0.17617 15.595 18.936 0.29429 1.24353

20 5.27366 0.24362 11.918 14.472 0.27931 1.17475

10 10.59474 0.10460 23.944 29.074 0.27274 1.43645

90 15 8.01061 0.15935 18.103 21.983 0.29745 130519

20 5.46960 0.20962 12.361 15.010 0.13066 1.18189
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TABLE 8 Dimensionless number at different drying conditions of tea.

10.3389/fsufs.2024.1371696

Thickness REVE G Prandtl Schmidt Sherwood
(mm) number number number number
10 746.74 0.7252 16.3016 14384 227405
70 15 1120.10 0.7252 19.9653 14384 27.7126
20 1493.47 0.7252 23.0539 14384 31.9478
10 600.29 0.7319 14.6610 16985 215162
80 15 900.43 0.7319 17.9560 16985 26.1948
20 120057 0.7319 207338 16985 30.1799
10 568.37 0.7346 14.2833 17073 20.9914
90 15 852.56 0.7346 17.4934 17073 25.5442
20 113675 0.7346 201997 17073 294222
A s ~’7"'/—/[ ]
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FIGURE 6

Heat transfer coefficients (A) and mass transfer coefficients (B) under different thin layer drying conditions for tea leaves.
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However, at given thin layer, as increasing of the drying temperature,
the IP has shown a slight descending trend, the most obvious
manifestation is in a thin layer thickness of 20 mm with the maximum
value of 0.44318 at 70°C, followed by 0.27931 at 80°C and the
minimum of 0.13066 at 90°C. Different from IP, SI shows similar
trend to exergy efficiency because SI is expressed as an equation of the
exergy efficiency and is proportional to exergy efficiency. IP is also
expressed as a formulation of the exergy efficiency and is inversely
proportional to exergy efficiency but proportional to exergy loss, and
this can illustrate the maximum IP value appeared at drying conditions
of 70°C and a thin layer thickness of 20mm. Applied IP and SI to
evaluate the sustainability of drying systems and obtained similar
results were reported by several literature studies (Atalay, 2019).

3.5 Analysis of heat and mass transfer
performance indicator

In the present study, the results of dimensionless numbers,
including Reynolds number, Prandtl number, Nusselt number,
Schmidt number, and Sherwood number, are obtained according to
Equations (21-27), as presented in Table 8. Additionally, the results of
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the heat and mass transfer coefficients are shown in Figure 6. As
presented in Figures 6A,B, the heat transfer coefficient and mass
transfer coeflicient show a similar trend with changes in drying
temperature and thickness. At the drying condition in the same level
drying temperature, both heat and mass transfer coefficient showed a
significantly opposite correlation with the thickness of the thin layer,
whereas there was no significant change observed with different levels
of drying temperature at the same level of drying thickness. Higher
moisture content and thinner thickness in the early stages of drying
process are beneficial for tea to heating up and accelerate the
evaporation rate of moisture content which may be reasonably
explained the above phenomenon of heat and mass coefficient. In
addition, the water migration has a greater resistance reduced the
drying rate and thus lowers the heat and mass transfer coefficient as
the moisture content is lower at the later stage of drying process.
Similar findings have also been reported in several literature studies
(Kamali et al., 2021).

Description of Figure 6 can be only observed the variation of heat
and mass transfer coefficients with drying temperature and thin layer
thickness from an apparent level. In an effort to take a clearer and
more intuitive knowledge of relationship of the heat and mass transfer
coefficient and drying temperature and thin layer thickness, the
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multivariate linear regression method was applied to give the
functions for the relationship between mass transfer coefficient and
drying temperature and thin layer thickness. The functions were
written as Equations (35, 36), respectively, with corresponding R*
values of 0.967 and 0.951. The functions confirm the finding that heat
and mass transfer coefficient is negatively correlated with the drying
temperature and thin layer thickness. Moreover, the conclusion is
drawn that the mass transfer coefficient is positively correlated with
temperature and the heat transfer coeflicient is negatively correlated
with drying temperature. It should be noted that the heat and mass
transfer coefficients in this study represent average values under a
single drying process at different temperatures.

By =3.265-0.08011x/+0.00231x ¢ (35)

Iy = 69.246 ~1.29336x ~ 0.15878 x 1 (36)

4 Conclusion

The current research examines how drying kinetic parameters,
effective moisture diffusivity, and thermodynamic performance
indicators were affected by drying temperature and thin layer
thickness. Several conclusions can be made in light of the findings
from the analysis above, including:

(1) At the same drying temperature level, increasing the thickness
of the thin layer will increase the drying time; similarly, at the
same thin layer thickness level, increasing the drying
temperature can accelerate the drying process and shorten the
drying time.

Lewis model, Logarithmic model, Page model, Modified Page
model, and Wang & Singh model were applied to describe and
analyze the drying kinetic characteristics. It has been found
that the performance of the Logarithmic model is the most
significant fitting level, with the average values of R* and y*
being 0.99877 and 8.80x 107"

The effective moisture diffusivity presented a certain correlation
with the thickness of the thin layer and the drying temperature.
Increasing the temperature and thickness of the thin layer can
increase the effective moisture diffusion coefficient, but
activation energy has no correlation between the TT and DT.
(4) Energy efficiency, exergy efficiency, SMER, and SI were
negatively correlated with TT at all times; DT, SEC, and IP
performance decreased as TT increased, but at the same level
of TT, the results regarding the above thermodynamic
parameters are opposite.

Additionally, heat and mass transfer coefficients are written as
functions of DT and TT with corresponding R’ values of 0.967
and 0.951, and we found them to have a significant decrease
trend as the TT ascended, but further knowledge revealed that
the mass transfer coefficient is positively correlated with
DT. The heat transfer coeflicient is negatively correlated.
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