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Abstract The present research aims to estimate the thermal performances of an
evacuated tube solar dryer (ETSD) and analysis of thin-layer drying kinetics of
garlic clove. The experiment of the drying was conducted at individual air veloc-
ities, viz. 1, 2, and 3 m/s to evaluate the moisture ratio during the drying pro-
gression. The solar intensity and collector outlet temperature were increased up to 2
PM and found to be 964 W/m2 and 85.5 °C, respectively, and thereafter both are
decreased. The maximum drying chamber temperature was noted 76.5 °C for
drying of the garlic clove. Five thin-layer drying kinetic models were selected and
fitted with experimental values of moisture ratio for the identification of the best
appropriate drying model. Among the different mathematical models, Weibull
model was identified to be best-fitting curve capable for described the drying
kinetics at 2 m/s as well as 3 m/s air velocity with highest coefficient of determi-
nation (R2) values, least chi-square (v2) and root mean square error (RMSE) values.
However, Modified Page model was showed the best-fitted model at 1 m/s air
velocity to describe the drying behavior of garlic clove.

Keywords Drying kinetics � ETSD �Moisture ratio � Thin layer drying � Thermal
performance

1 Introduction

Renewable energy sources have the potential to provide solutions to the possible
energy requirement being faced by developing countries. Solar energy could play a
very vital role in the drying of food products and helping to decrease the postharvest
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losses and thereby increases the availability of food products [1]. The potential
application of solar radiation energy in food processing is mostly emphasized on
drying operation. Drying is a method of removing moisture content of food
materials by virtue of heat as well as mass transfer occurred simultaneously during
the process. Garlic clove is highly perishable which can be spoilage due to the
presence of a high amount of moisture content [2]. To overcome the spoilage, the
garlic clove is dried and its moisture content is reduced up to the desired level for
safe storage. Therefore, the reduction of moisture content for safe storage is per-
formed by drying applications. Mainly direct and indirect solar dryers are used to
drying of the food materials. Solar energy is absorbed either by flat plate collector
(FPC) or evacuated tube collector (ETC) and the energy transfer to the drying
chamber for drying of food materials. ETC is higher thermal efficiency in com-
parison with the normal FPC for drying of food materials [3]. Indirect solar dryer
mainly comprises solar collectors, blower assembly and drying chamber, etc.

The drying kinetic behavior of the food materials is a complex heat and mass
transport phenomenon that involves the representation of the prediction of the
drying process behavior and to the optimization of the drying process parameters
[4]. Shringi et al. [5] investigated the thermal profile performance of developed
solar dryer and found that the temperature 342 K was achieved at drying chamber,
and the efficiency of energy varied from 43.06 to 83.73%. Moreover, it has been
found that the Midilli model was finest fitted to experimental values of moisture
ratio. The outlet temperature of the solar collector was varying from 47.4 to 91 °C
in ETC-based solar drying system, and the efficiency of the dryer was estimated
from 26.68 to 54.72% [6]. Page’s model was showed the best-fitted model to
describing the drying behavior of mango slice dried at ETC-based solar dryer [7].

Thin-layer drying kinetic models were applied to predict the moisture ratio
(MR) and drying time for the simplification of drying curves. Limited research in
drying characteristics of garlic was reported based on ETSD. The purposes of the
research were to investigate thermal performance of ETSD and to study the drying
kinetics of garlic cloves to identify the best-fitted model of the thin-layer drying
process.

2 Materials and Methods

2.1 Sample Collection

Garlic cloves were procured from the local market Narela, Delhi, India, and sep-
arated the cloves from the whole garlic. The cloves were soaked for 5 h in mild hot
water to remove the peel for the further drying process. The initial moisture content
was determined and found to be 69%, and almost equal size of garlic cloves are
selected for the further drying process.

814 S. Malakar and V. K. Arora



2.2 Drying Equipment and Experiments

The solar dryer based on ETC was considered to evaluate the performance and
study the drying kinetics of garlic clove. The experimental setup of ETC-based
solar dryer is as shown in Fig. 1. The dryer consists of a series of 15 evacuated
tubes mounted on a common manifold, and centrifugal blower of 0.2 hp is attached
for airflow through manifold and drying chamber with the dimension of
(0.78 � 0.70 � 1.36) m3.

The experiment was conducted to evaluate the thermal profile of the ETSD
during clear sunny days in the month of July, 2019, at NIFTEM, Kundli, India,
situated at 28.8676°N, 77.1180°E. The solar dryer was placed in southwest facing
at a tilt angle of 45o. The different parameter of thermal profile, viz. solar radiation
intensity, drying chamber inlet and outlet temperature, ambient temperature and
relative humidity was noted at one-hour interval during 9 AM to 5 PM. The drying
experiment was performed at different air flow velocities, viz., 1, 2, and 3 m/s
measured by digital Anemometer (±0.17), to evaluate the changes of moisture
ratio throughout the drying process. The moisture ratio data was fitted at different
thin layers model equations to identify the best-fitted model of the drying curve.

2.3 Drying Kinetics

The drying behavior of garlic clove was expressed in terms moisture ratio which is
determined based on the initial and final moisture contents and also the equilibrium
moisture content (EMC).

The moisture ratio (MR) is expressed as by this equation given below [8].

MR ¼ Mt �Me

Mi �Me
ð1Þ

where Mt is the MC at time t, Mi and Me are the initial and EMC, respectively.

Fig. 1 Experimental setup of
developed ETSD
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2.4 Mathematical Modeling of Thin Layer Drying

The moisture ratio of the garlic cloves was estimated experimentally and fitted with
different models to identify the best fitted suitable model of drying kinetics of garlic
clove in different drying techniques. The following models are considered and were
applied to moisture ratio to describe the drying curves and to estimate the different
coefficients of the thin-layer model by fitting the data obtained from drying
experiments as shown in Table 1.

A non-linear regression modeling was carried out using ‘Origin 18’ (version
2018) to estimate the drying rate constant (k) and various coefficients of the above
semi-empirical and empirical models. The identification of best model was done
based on the higher value coefficient of determination (R2), the lowest value of
chi-square (v2), and RMSE values for identifying the best the drying curve of food
materials. These parameters can be calculated by Eqs. 2, 3 and 4 [9]

R2 ¼ 1�
PN

i¼1 M�Rpre;i �M�Rexp;i
� �2

PN
i¼1

Pn

k¼1
M�Rpre;i

N �M�Rpre;i

� �2 ð2Þ

v2 ¼
PN

i¼1 M�Rexp;i �M�Rpre;i
� �2

N � n
ð3Þ

RMSE ¼ 1
N

XN

i¼1

M�Rpre;i �M�Rexp;i
� �2

" #1=2

ð4Þ

where MRexp, i is the experimental MR of the ith data, MRpre,i is the predicted MR
of the ith data, N and n are the number of experimentation and drying constant,
respectively.

Table 1 Mathematical
models for drying kinetics

Model name Model equation

Page MR ¼ exp �ktnð Þ
Modified page MR ¼ exp �ktð Þn
Newton MR ¼ exp �ktð Þ
Henderson and Pabis MR ¼ a exp �ktð Þ
Weibull MR ¼ a� b exp �kotnð Þ
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3 Results and Discussion

3.1 Thermal Performance of ETSD

The performance of the solar drying system based on ETC was investigated and
represented graphically as shown in Fig. 2. The thermal attributes, viz. solar radi-
ation intensity, collector outlet temperature, relative humidity, drying chamber
temperature and atmospheric temperature were noted on an hourly basis throughout
the experiment. The solar intensity varied from 606 to 964 W/m2 throughout the
days. The solar intensity and collector outlet temperature were increased up to 2 PM
and found to be 964 W/m2 and 85.5 °C, respectively, and thereafter, both decreased
with the drying time.

Similarly, the ambient temperature and relative humidity are varied slightly and
recorded 30.5–42.5 °C and 42–54%, respectively, during the experimentation. The
results of the experiment revealed that the temperature of the collector outlet was
raised with the increase of solar radiation intensity. A similar variation of thermal
parameters was found by Wang W and Umayal Sundari AR. [7, 10].

3.2 Drying Kinetics of Garlic Clove

The moisture ratio of the garlic cloves was determined at different air flow
velocities in an ETSD, and the variations are shown in Fig. 3. The concluding
moisture ratio was found 0.195, 0.0483, and 0.101 at 1, 2 and 3 m/s, respectively, at
the same drying period. It was noted that the optimum diminishing moisture ratio

Fig. 2 Variation of thermal attributes of ETSD

Mathematical Modeling of Drying Kinetics … 817



was observed at 2 m/s fluid velocity in comparison with the other air velocities. The
results showed that the maximum moisture was removed at 2 m/s fluid velocity
followed by 3 m/s and 1 m/s velocity of air during the drying process. A similar
trend was reported that the moisture ratio declines consistently with drying time [5].

3.3 Mathematic Modeling

The moisture ratio of garlic clove dried at different airflow velocities was described
with five various thin-layer drying kinetics models to identify their suitability to
describe the drying behavior. The coefficient of determination (R2) and findings of
statistical analyses like chi-square (v2), RMSE, and different model coefficient
values are obtained from nonlinear regression modelling analysis are given in
Table 2. The best-fitted model to describe the drying kinetics of garlic was iden-
tified in accordance with the highest value of R2 = 0.99891 and the lower value
obtained of v2 = 0.000258 and RSME = 0.00093. From the analysis results, it was
noted that the Weibull model gave the highest value of R2 at 2 m/s velocity of air,
whereas the v2 and RSME values were found lowest during the analysis.

Thus, Weibull model is represented as the best-fitted model for drying kinetic of
garlic clove drying at ETSD. Similarly, Modified Page model and Weibull model
were identified as the best-fitted models to describe the drying kinetics of garlic
clove at 1 and 3 m/s air velocity, respectively. The best-selected-fitted models at
different air velocity by plotting the data of the experimental values of moisture
ratio with that of the predicted values are displayed in Fig. 4a–c. The experimental
values of MR were found to be best aligned to the predicted values with R2=
0.99891 at 2 m/s and R2= 0.99846 at 3 m/s described by Weibull model. The
experimental values of moisture ratio at 1 m/s are very closed to the predicted value
represented by the best suitable Modified Page model with R2= 0.99862.
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Fig. 3 Moisture ratio changes during the drying time in ETSD
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Table 2 Statistical parameters and the coefficients of drying models

Model name Air velocity
(m/s)

R2 v2 RMSE Estimated parameters

a b ko n

Page 1 0.99762 0.00023 0.00211 – – 0.00622 1.04145

2 0.99766 0.00056 0.00175 – – 0.00856 1.1425

3 0.99346 0.00075 0.00588 – – 0.00629 0.8530

Modified
Page

1 0.99862 0.00097 0.00117 – – 0.06488 0.8807

2 0.99419 0.00023 0.00276 – – 0.08351 1.0414

3 0.99602 0.00056 0.00455 – – 0.09698 1.1425

Newton 1 0.99785 0.00169 0.02518 – – 0.00421 –

2 0.99773 0.00097 0.00138 – – 0.00697 –

3 0.99792 0.00136 0.00506 – – 0.00941 –

Henderson
and Pabis

1 0.99179 7.70789 0.00547 1.039 – 0.19767 –

2 0.96428 0.00542 0.03797 1.094 – 0.3147 –

3 0.98383 0.01322 0.00189 1.059 – 0.24416 –

Weibull 1 0.99792 0.00273 0.00137 0.104 −0.89 0.14687 1.3021

2 0.99891 0.000258 0.00093 0.034 −0.97 0.13698 1.6432

3 0.99846 0.00578 0.00289 0.075 −0.93 0.15255 1.4028

Fig. 4 Curve for best-fitted Weibull model for (a) 1 m/s and (b) 2 m/s and Modified Page model
for (c) 3 m/s of thin layer drying kinetics
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4 Conclusion

The thermal performance of an ETSD and drying kinetics of the garlic cloves are
investigated. The maximum temperature achieved at the solar collector outlet was
found to be 85.5 °C at 2 PM; afterward it reduced with the drying time. The
moisture ratio curve was less diminishing at airflow velocity of 2 m/s followed by 3
and 1 m/s. The Modified Page model was found to be the best-fitted model of air
velocity at 1 m/s. The Weibull model showed the best fit through higher coeffi-
cient of determination R2 at 0.998 with low v2 and RSME value both at 2 m/s as
well as 3 m/s air velocity during the drying process of garlic clove.
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