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Abstract

In the traditional tobacco drying process, there is often a problem of uneven drying, which is closely related to drying con-
ditions such as air velocity and temperature. To better understand the drying characteristics of tobacco, its drying kinetic
performance were experimentally studied and predicted in this paper. In the drying experiment, the range of air temperature
and velocity is 20—60°C and 0.95-4.93 m/s, respectively. The results show that the effective diffusion coefficient increases
with the increase of air temperature and decreases with the increase of air velocity. The effective moisture diffusivity(D,z)
ranges from 2.077x 1077 to 9.136 x 10”7 m?/s. Additionally, the activation energy (E,) is between 14.292 and 21.032 kJ/
mol according to Arrhenius law. Among the six commonly used empirical correlations, the logarithmic model has higher
prediction accuracy, but it has a prediction deviation of more than 20% in the later stage of drying. Based on the logarithmic
model and the two models, a new prediction model of tobacco drying characteristics was proposed with a maximum relative

deviation error of less than 1%.

Nomenclature

v Volume(m?)

Dejf Effective moisture diffusivity (m?/s)

D, The pre-exponential factor of the Arrhenius
equation(m2/s)

n The number of terms taken into consideration

E, Energy of activation (kJ/mol)

kiky Slop of straight line

M, Equilibrium moisture content of the sample
(kg water/kg dry solid)

M, The initial moisture content (kg water/kg dry
solid)

M(t) The moisture content at any time (kg water/kg
dry solid)

MR Moisture ratio

Rg Universal gas constant (8.3143 kJ/mol)

T, Absolute air temperature (K)

t Drying time(s)

¢* Coefficient of determined

CRMSE Mean bias error

72 Chi-square

R, Correlation coefficient

4 Zhigi Wang
wangzhiqi @xtu.edu.cn

School of Mechanical Engineering and Mechanics,
XiangTan University, Xiangtan 411105, Hunan, China

T Air temperature (°C)
A Air velocity (m/s)

r, Equal radius (m)
k.a,b,c,d,e Drying constant

1 Introduction

China is the largest country in the manufacture and consump-
tion of cigarettes, with more than 300 million smokers, which
accounts for more than one-third of the total number of smok-
ers in the world [1]. A large number of smokers and the high
daily smoking volume directly contribute to the huge con-
sumption of cigarettes. Therefore, improving the quality of
tobacco is a key issue for tobacco enterprises. At present, the
main tobacco drying technology mainly includes drum drying
and airflow drying [2]. Compared with drum drying, airflow
drying has the characteristics of short drying time, wide oper-
ating range, high drying efficiency and good expansion effect,
which can improve the production efficiency and quality of
tobacco. Therefore, the airflow drying method is widely used
in tobacco enterprises. However, the variation of temperature
and humidity during drying have a great impact on the qual-
ity of cigarettes [3]. In order to control moisture content and
improve drying efficiency of tobacco in the dryers, it is of great
significance to investigate the drying kinetics and modeling of
shredded tobacco during the hot airflow drying process.
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In order to accurately predict the whole drying process
of materials, some scholars have proposed different dry-
ing models. Drying models are generally divided into three
types: theoretical model, semi-empirical model and empiri-
cal model [4—7]. Although the theoretical model explains
the mechanism of water transfer in detail, it is complicated
and difficult to obtain some characteristic parameters, which
seriously affects the practical application of the theoretical
model. The Lewis model [8], the Logarithmic model [9] and
the Midilli Kucuk model [10] are several commonly used
semi-empirical models, which have good applicability by
combining certain theoretical basis and drying kinetics test.
At the same time, the semi-empirical model has the advan-
tage of high prediction accuracy, so it is widely used [11].
Safa et al. [12] studied the drying characteristics of rosemary
in Morocco at different air temperatures and air flows, and it
was proved that Midilli Kucuk model was the most suitable
thin-layer drying model when nine models tried for simu-
lation was calculated for the drying data. Panchariya et al.
[13] conducted an experimental study on the drying model
of black tea and found that the Lewis model had the best
prediction effect. Ashtiani et al. [14] studied the drying char-
acteristics and thermodynamic model of mint leaves through
hot wind and infrared drying. They found that the best model
for predicting the drying characteristics of mint leaves was
the Midilli Kucuk model. Although there are many studies on
crop drying characteristics and thermodynamic models, the
drying methods and materials have a direct impact on drying
kinetics and corresponding models. Li et al. [15] onducted
a study on the variations in moisture content of cigarettes
at different temperatures and predicted these changes using
several empirical models. They found that the Midilli and
Kucuk model had the highest prediction accuracy. Based on
experimental data on the moisture content of tobacco during
drying, Duan et al. [16] reported that the Midilli and Kucuk
models exhibited a favorable predictive performance. Xin
et al. [17] compared five empirical models of tobacco dry-
ing kinetics and found that the predictions of the logarithmic
model were more consistent with the experimental data.

Since tobacco is quite different from other plants, some
researchers have studied the drying properties of shredded
tobacco. For example, Zhu et al. [ 18] simulated temperature
and moisture evolution of shredded tobacco under single-
stage and two-stage drying in a dual fixed bed dryer by an
established heat and mass transfer model and found it had a
good prediction accuracy. Duan et al. [16] studied the tem-
perature-changing drying process of shredded tobacco by
experimental equipment and found that the Midilli model
could better describe the temperature-changing drying
kinetics. However, the effect of airflow speed on the drying
process of tobacco was ignored. Gu et al. [19] developed
a mathematical model which could describe the heat and
mass transfer in a rotary dryer for shredded tobacco. Based
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on the numerical simulation method, Nie et al. [20] studied
the distribution of temperature, humidity and velocity dur-
ing the drying process of cut tobacco in a drum, and the
research results provided a basis for the structure optimiza-
tion of the cut tobacco drum. Xie et al. [21] found that the
increase of drum wall temperature and hot air temperature
led to the increase of thermal working strength in the dry-
ing process of tobacco. Liu et al. [22] studied the influence
of steam injection position on tobacco quality. Chen et al.
[23] experimentally studied the isothermal drying kinetics
of three typical tobacco. It is found that isothermal drying
can be divided into three processes and deceleration drying
is the main process. Jiang [24] simulated the variation of
temperature, velocity, and moisture content of tobacco dur-
ing the drying process in a convective drying equipment.

From the above literature review, although some studies
have investigated the drying process of tobacco in the drum,
the drying kinetics of tobacco still need to be further studied.
In addition, it is not clear which empirical correlation is
suitable for predicting the drying characteristics of tobacco.
To fill this gap, the drying kinetics and mathematical model
of tobacco were studied experimentally in this paper. The
drying characteristics of shredded tobacco were predicted by
using several selected corrections. Finally, a new prediction
correlation was proposed to improve the prediction accuracy
of drying characteristics of tobacco. This study contributes
to the understanding the drying characteristics of shredded
tobacco, which can be used in the design and improvement
of drum drying equipment.

2 Materials and methods
2.1 Materials and experimental device

The wet shredded tobacco sample was provided by the
Tobacco Company in Fujian Province, which had a mois-
ture content of 30% and a density of 120 kg/m® at ambient
temperature. To prevent the undesirable effect from the sur-
rounding, the samples were stored in a dry box.

The experimental equipment consists of a hot-air dryer
(Fig. 1). The dryer was placed in an environment where the
relative air humidity was about 40-50% and the ambient
temperature was about 18-22 °C. Air was heated by the
electric heater from ambient temperature to the predeter-
mined temperature, then the hot air flowed through the
sample and the tobacco was continuously dried. The heat-
ing power was regulated by a voltage regulator and the hot
air outlet temperature fluctuations were within+0.1 °C.
A FLUKE 923 anemometer enabling +0.01 m/s accuracy
was employed to measure the air velocity. An AQ3020Y
temperature and humidity sensor with an accuracy of 0.1%
was used for measuring temperature and humidity. During
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Fig. 1 Diagram of hot-air dryer:
(1) centrifugal fan, (2) inlet

air temperature and humidity
sensor, (3)flow regulating valve,
(4)variable diameter joint, (5)
air heater, (6) voltage regula-
tor, (7)variable diameter elbow,
(8) sample tray, (9) hot ball
anemometer, (10) outlet air tem-
perature and humidity sensor,

(11) post-processing computer

the experimental drying process, tobacco weighing was
made approximately every 0.5 min through a precision
balance with an accuracy of 0.001 g. The experiments con-
tinued until the mass of the shredded tobacco between the
two weighing was less than 0.001 g in 3 min. At the same
time, the connected computer could record the ambient
temperature, humidity and the temperature of drying air
in the entrance and exit of the dryer chamber.

At the outlet of the drum drying equipment, the velocity
of the drying air is generally in the range of 1-6 m/s, and
the surface temperature of the tobacco is between 50°C
and 60°C [25, 26]. According to the characteristics of the
drum drying process, the speed range of drying air in the
experiment was set to 0.93 m/s to 4.93 m/s, and its tem-
perature range was set to 20°C to 60°C. During the experi-
ment, tobacco was dried under four air speeds of 0.95, 2.0,
2.65, and 4.93 m/s. At each speed, the drying experiment
was carried out at 5 air temperatures of 20, 30, 40, 50
and 60 °C. The experiment was repeated 3 times under all
drying conditions, and the arithmetic mean of the experi-
mental results was taken. From the experimental tests, we
could study and determine the effect of process variables
of the drying air on the effective moisture diffusivity, acti-
vation energy and energy consumption of the shredded
tobacco drying. Then, the obtained experimental drying
curves are approached by three mathematical models.

2.2 Theoretical analysis of drying characteristics

Many drying dynamics theories are used to evaluate the dry-
ing characteristics of food materials. The most commonly
used theory is diffusion theory [27], and the general form of
the characteristic drying curve is given by f = f(MR) [28].

(=%),

f= ey

_ M- M,
MR(t) = = 2)
0

e

where M(¢) is the moisture content(kg water/kg dry matter)
at a given moment, M, is the initial moisture content, and M,
is the moisture content at the equilibrium time, respectively.

The mechanisms of moisture transport in the spherical
body during the falling rate drying period can be math-
ematically from the Fick’s second law diffusion [29]:
a(% = D,;V*MR 3)
where Dy is the effective moisture diffusivity (m?s), t is the
drying time (s) and MR is the moisture ratio.

Basing on a constant diffusion coefficient and assuming
a uniform initial moisture distribution, negligible tempera-
ture gradients, negligible drying shrinkage, the solution
can be expressed as:

_ 6 — 1 2 2Deﬁ"[
== Z{ ;exp<—n > @)

o

_M@)-M,
T My-M

e

MR

where n can be a positive integer, r;, stands for the radius of
the sphere which the shredded tobacco sample is assumed
as a spherical body in the period of drying.

Volume (v) of a piece of shredded tobacco was deter-
mined by selecting and weighing 50 pieces of shredded
tobacco according to the randomness principle of sam-
ple extraction. The equivalent radius of the tobacco was
found out by equalizing the volume of a piece of shredded
tobacco with the equal volume of a sphere with the radius
r,as 2.09x 107> m [13].

V= gﬂr3 5

e

When the drying time is considerable, the terms other
than the first approach zero, and this equation could be
reduced to:
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MR = ;exp(—JIZT 6)
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Equation (6) is used by several researchers [30, 31] in
order to describe the diffusion. In case that the radius (r,) for
the duration of the drying process is constant. Equation (6)
can be simplified to a straight-line equation as

D,
Ln(MR) = Ln(%) - <n2 rf > %)

0

where the diffusion coefficient k1 is obtained from the slope
of the plot of Ln(MR) verse time.

D .t
g

k== > 8)
o

D,y varying with temperature and activation energy is
calculated by Arrhenius type equation [32]

Ea
Dy = Doexp<—R T ) ©))

g a

where E, is the activation energy, R, is universal gas con-

stant (8.3143 kJ/mol), T, is absolute air temperature (K).

D, is the pre-exponential factor of the Arrhenius equation.

Equation (6) can be linearized by applying the logarithms as
1 E,

LnD gz = LnD, — TR (10)

a’lg
The E, can be calculated from the slope of LnD,; versus
1/Ta as shown in Eq. (7)

ky=— 1)

The determination of the drying kinetics was achieved
using appropriate software calculation. And linear regres-
sion analyses were used to fit the experimental data to the
equation in order to obtain correlation (R?).

3 Results
3.1 Characteristic drying curves

The experimental data for shredded tobacco under hot air
drying at different air conditions was analyzed in terms
of reduction in moisture ratio with drying time presented
in Fig. 2. In the initial stage of drying, the moisture ratio
of shredded tobacco decreases rapidly and the drying
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rate is high. In the later stage of drying, the moisture
ratio of tobacco changes slightly and the drying rate is
low. As we can see in Fig. 2(a), when the air temperature
increases, the moisture ratio of tobacco decreases rap-
idly. When air velocity is 0.95 m/s, it takes about 18 min
for tobacco to reach the equilibrium at air temperature
of 20°C. When air temperature rises to 60°C, the drying
time is shortened to 9 min. The reason is that increas-
ing the air temperature is helpful to remove the moisture
of tobacco sample faster. As shown in Fig. 2(b)-(d), the
variation of moisture ratio of tobacco under different
wind speeds is similar. This result is consistent with that
reported in the literature [29].

On the other hand, since the water vapor can be effec-
tively taken out of the dryer system by flowing air, the
increase in air speed can strengthen convective heat and
mass transfer between the tobacco sample and air flow
during the drying period. However, the drying speed is
mainly restricted by the internal moisture diffusion speed.
When the wind speed is too high, it is difficult for the
internal moisture to diffuse to the tobacco surface in time.
Therefore, as the air speed increases, the moisture content
of tobacco will be lower at equilibrium and it will take
longer time to the equilibrium state. So it can be clearly
found that the influence of air velocity on drying rate is
smaller than that of air temperature.

3.2 Influence of air parameters on D 4

The values of D,; versus temperature at different air
velocities are plotted in Fig. 3. It is obvious that the
minimum D, belongs to the lowest air temperature of
20 °C in Fig. 3, and the value of Deﬁv is lower as the
air velocity increases. Additionally, the higher the tem-
perature, the greater the effective moisture diffusivity.
When the air temperature increases from 20°C to 60°C,
the effective diffusivity increases by 1.95 times and 1.76
times at air speed of 0.95 m/s and 4.93 m/s, respectively.
The effective diffusion coefficient in the present work
is higher than the result of the literature [23], which is
mainly in the range of 0.79 x 107" m%/s to 1.42 x 107’
m?/s. It may be related to the differences in the types
and sources of tobacco.

The fitted equation and correlation coefficient of mois-
ture diffusivity are given in Table 1. From Table 1, it can
be seen that when the air speed is constant, the effective
moisture diffusivity is an exponential function of tem-
perature. And all values of R? are greater than 0.9854.
The maximum value of the correlation coefficient is 0.998
when the air velocity is 4.93 m/s.
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Fig.2 Variations of moisture ratio with drying time at different temperatures and air velocities. a v=0.95 m/s. b v=2.0 m/s. ¢ v=2.65 m/s. d v=4.93 m/s
Figure 4 shows the values of D, versus velocity at dif- 10 -
ferent air temperatures. As can be seen in the diagram, D, » v=0.95m/s
decreases with the increase of air velocity, when the air veloc- v=2.0m/s
ity increases from 0.95 m/s to 4.93 m/s, the effective diffusiv- ~ 81 4 v=2.65m/s
ity decreascs by 34.13%, 33.32%, 33.36%, 37.8% and 38.31% e v v=4.93m/s
at air temperatures of 20, 30, 40, 50 and 60°C, respectively. - 6]
The fitted equation and correlation coefficient R> under dif- IHT
ferent air temperatures are presented in Table 2. While the air S
temperature is constant, the effective moisture diffusivity is a = 4 -
quadratic function of the air velocity, and the maximum corre- /| . e
lation coefficient is 0.9973 when the air temperature is 30 °C. :_ - f
Based on multiple regression analysis, the relationship 2 v
between effective diffusion coefficient and airflow veloc- 20 20 20 0 <0
ity and temperature is shown in Fig. 5. Additionally, the fit- Temperature(°C)

ted equation for D,; and the correlation coefficient R? are
reported as following:

Fig.3 D, versus temperature at different air velocities for tobacco
sample drying
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Table 1 Fitted equation for D, value at different air velocities

Table 2 Fitted equation for D, value at different air temperatures

v(m/s) Equation x 107 R? T(°C) Equation x 107 R?
0.95 D, = 1.738e002827 0.9884 20 D = 0.0434v* — 0.529v + 3.6271 0.996
2.0 D,y = 1.542¢007757 0.9854 30 D,y = 0.0237v? — 0.4616v + 4.1962 0.9973
2.65 D,y = 1506620247 0.9984 40 D,y = 0.2355/ — 1.8509v + 7.1562 0.9967
4.93 D,y = 1.217e002027 0.9980 50 D,y = 02229/ — 2.0047v + 8.9563 0.9846
60 Dy = 02121v> — 2.2011v + 11.395 0.9151
10
D, = (1371 = 0.112T + 0.375v + 4474 x 10772
81 +0.01vT + 0.188v* — 7.355 x 10773 — 3.817
N: X107 — 6.517 x 10°TV? — 0.026V° + 4.515
5 6 x1077T* +1.228 x 1077y — 1.519 x 10772
>
e +9.934 x 107*71*) x 107°(R* = 0.9945)
=
4 _
3.3 Activation energy
24
1 5 3 4 5 The values of E, are determined through Eq. (9) and the
Velocity(m/s) curve about the values of Ln(Deﬁ) versus 1 /Ta shown in

Fig.4 D, versus air velocity at different air temperatures for drying
of shredded tobacco sample
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Fig. 6 is drawn by means of linear fitting.
The value of energy activation E, lies in the general
range of 12.7-110 kJ/mol for material drying process

2.5 4
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Fig.5 Influence of air temperature and velocity on D,; during the shredded tobacco drying process
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Fig.6 Ln (D,;) versus 1/Ta for different air velocities during drying
of shredded tobacco

[33]. Babalis et al. [34] reported E, in the range of 30.8 to
48.47 kJ/mol for figs and Mortaza et al. [35] reported this
value within the range of 110.837-130.61 kJ/mol for Ber-
beris fruit. The values of E, at different air velocities are
contained in Table 3, it shows that the activation energy of
shredded tobacco is within the range of 14.29 to 22.89 kJ/
mol. It was found that the activation energy of tobacco in
this study is similar to that in the references [23, 36]. How-
ever, it is lower than that reported in Ref. [17], with a maxi-
mum of 35.2 kJ/mol. It reflects the influence of tobacco
types and sources on the results. Considering the low initial
moisture which is found to be only 30% and the effects of
other factors such as the form of shredded tobacco, tissue
thickness, the infrequent structure of tobacco and intensive
changes of D, value for different air temperatures at con-
stant air velocity, the activation energy of shredded tobacco
is lower when compared with other food products [37].

The activation energy values versus air velocity is
plotted in Fig. 7. The maximum E, value occurs when air
velocity lies in 1.0-1.5 m/s and the minimum E, occurs
when air velocity lies in 3.5-4.0 m/s. On the other hand,
the activation energy will increase while the air velocity
above 4.0 m/s continues to increase. The three-order equa-
tion fitted with the calculated data is as follows:

E, = 137996V — 10.97538V2 + 22.89642v + 9.77387
(12)

Table 3 The activation energy and correlation coefficient for different
air velocities

v(m/s) 0.95 2.0 2.65 35 4.93
E (kJ /mol) 22.89 22.18 19.79 14.29 21.29
R? 0.9822 0.9667 0.9931 0.9206  0.9808

[\
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Ea(kJ/mol)
— )
) S

—a—

—_
(o)}
1

—_
AN
1
b -
(
\
\

Velocity(m/s)

Fig. 7 The influence of air velocity on activation energy value during
tobacco drying

Table 4 Mathematical models applied to the drying curves

Number Model Equation References
1 Lewis MR = exp(—kt) [8, 38]

2 Logarithmic ~ MR = a - exp(—kt) + ¢ [14,39]
3 Midilli-Kucuk ~ MR = a - exp(—ktn) + bt [12, 40]
4 Hendersonand MR = a - exp(—kt) [41,42]

pabis

5 Parabolic MR = a + bt + ct* [43,44]
6 Verma MR = a - exp(—kt) + (1 — a)exp(—gt) [45,46]

3.4 Modeling of the drying curves

To examine the drying kinetics at different drying conditions,
several semi-theoretical thin-layer drying models in Table 4
are widely employed for determining the drying curves.

The most suitable model that describing the drying
kinetics form of shredded tobacco is selected on the basis
of the highest coefficient of determination (¢?), the lowest
mean bias error (egysp) and the lowest reduced chi-square
(x?) [47]. These parameters are given as follows:

Table 5 Statistical analysis results of the selected mathematical mod-
els

Models @? €RMSE x

Lewis 0.8508 0.2780 0.0536
Logarithmic 0.9676 0.2322 0.0402
Midilli-Kucuk 0.9628 0.2471 0.0424
Henderson and pabis 0.9421 0.2427 0.0576
Parabolic 0.7679 0.2558 0.3060
Verma 0.8925 0.2516 0.0897
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Fig.8 Comparison of the moisture ratio predicted by Logarithmic
model and experimental data

Table 6 Statistical analysis results of the proposed model

N 2
) Zi:l <MRpre,i - MRexp)
v =— . (13)
Z,‘:] <MRexp,i - MRexp)
N
- (MR, .— MR, _ .
xz — lel ( exp,i pre,t) (14)
N-P
2
N R
_ Zi:] (MRpre,i - MRexp) (15)
€RMSE =~ N

where MR, is the moisture ratio in experiment and MR,,,, is
the predicted moisture ratio, N is the number of measurements,
P is a constant number in a model and i is the number of terms.

Then, the selected empirical model is used to predict the
moisture content under different working conditions. By com-
paring the predicted results with experimental data, the per-
formance indicators of each model are calculated, which are
shown in Table 5.

The results show that the logarithmic model has the largest
¢?* among the selected models. In addition, the logarithmic
model has smaller egygr: and y? than other models. It can be

statistical parameters P? €RMSE 7
value 0.9990 0.0067 5.7232x107°
Fig.9 Experimental data of o
moisture ratio versus drying 7 = Experimental MR T=20°C
time fitted with model © Experimental MR T=30°C
~ 0.8 4 A Experimental MR T=40°C
= v Experimental MR T=50°C
o \ + Experimental MR T=60°C
= 0.6 1 \ MR predicted T=20°C
= i‘i —— MR predicted T=30°C
g 1 L —— MR predicted T=40°C
2 0.4+ ¥ L. MR predicted T=50°C
E‘ \ \‘1. MR predicted T=60°C
e,
0.2 LS o . ‘--
’
0.0 4
0 4 8 12 16 20
Time( min)
(a)v=0.95m/s
1.0
| m  Experimental MR T=20°C
0.8 \“ ® Experimental MR T=30°C
o V07 ] A Experimental MR T=40°C
> \ v Experimental MR T=50°C
2 m ¢ Experimental MR T=60°C
s 061 4 MR predicted T=20°C
= ne MR predicted T=30°C
=04 an .% —— MR predicted T=40°C
V77 A% - MR predicted T=50°C
o— AS : ()9
S A % MR predicted T=60°C
= v A, 0y,
0.2 4 v
* \/
0.0
T T T T T T T
0 4 8 12 16 20 24 28

@ Springer

Time( min)

(c)v=2.65m/s

1.0
| m  Experimental MR T=20°C
I ® Experimental MR T=30°C
~ 0.8 1 \‘* A Experimental MR T=40°C
E | ¥ v Experimental MR T=50°C
= ‘x ' 4 Experimental MR T=60°C
£ 0.6 | \i —— MR predicted T=20°C
g hl | MR predicted T=30°C
o H !ﬁ —— MR predicted T=40°C
2044 *e L MR predicted T=50°C
.g ¥ -\.- MR predicted T=60°C
¢ L™
Al
=021 " 3:;.. "
. vy Aalp
o, V. Xxn
®00e Y lx
R e¢ ‘ésmi!nm.
0.0 00033337 oo
T T T T T
0 4 8 12 16 20
Time( min)
(b)v=2.0m/s
1.0+
m  Experimental MR T=20°C
| ® Experimental MR T=30°C
~ 0.8 | A Experimental MR T=40°C
= il v Experimental MR T=50°C
- b & Experimental MR T=60°C
= 0.6 . —— MR predicted T=20°C
: e 3 MR predicted T=30°C
= \ —— MR predicted T=40°C
2049 ¢ A-:H'l- MR predicted T=50°C
2 i’ MR predicted T=60°C
=
0.2
0.0
T T T T T T T T
0 4 8 12 16 20 24 28 32
Time( min)

(d)v=4.93m/s



Heat and Mass Transfer (2024) 60:545-555

553

Predicted MR values
(] (=) S (=] —_
o ~ N ) o
o

e
(e}
1

0.0 0.2 0.4 0.6 0.8 1.0

Experimental MR values

Fig. 10 The predicted moisture ratio by the proposed model versus
experimental data

seen that the logarithmic model is the most suitable model to
predict the drying characteristics of tobacco, which is consist-
ent with the results of literature [17].

Taking the air velocity of 2.65 m/s as an example, the
comparison between the experimental MR value and the
logarithmic model is shown in Fig. 8. As shown in Fig. 8, the
Logarithmic model has a good prediction in the initial drying
period. However, the prediction error of the model is over 20%
in the later stage of drying.

In order to improve the prediction accuracy of tobacco dry-
ing characteristics, a new mathematical model is developed
based on the Logarithmic model and the Two-term model. The
expression of the proposed model is as follows:

MR = a - exp(—=bt) + ¢ - exp(—dt) + e (16)

The experimental data are used to fit the proposed model,
and the drying constants of the model under different condi-
tions are obtained. The performance indicators used to evalu-
ate the model are shown in Table 6.

From Table 6, the custom model has a high correlation
coefficient value (¢*=0.999), and a low value of epyg and
2 H(ermse=0.0067, ¥?=5.7232x107).

It can be seen from Figs. 9 and 10 that the moisture ratio pre-
dicted by the proposed model is in good agreement with experi-
mental results at different drying temperatures. Therefore, the
proposed model can be used to predict the drying kinetics char-
acteristics of shredded tobacco in the drying equipment.

4 Conclusion
In this paper, an experimental equipment is developed to investi-

gate the drying kinetics and modeling of shredded tobacco, dif-
ferent air temperatures (20, 30, 40, 50, 60 °C) and air velocities

(0.95, 2.0, 2.65, 4.93 m/s) are examined for the air drying pro-
cess. Several mathematical drying models are analyzed for fitting
the experimental data and a new predictive model is developed.
The following conclusions can be drawn from the present work:

1. The effective moisture diffusivity increases with the
increase of air temperature, while it decreases with the
increase of air velocity. When the air velocity increases
from 0.95 m/s to 4.93 m/s at the temperature of 60°C,
the D, decreases by 39.31%. The activation energy of
shredded tobacco varies from 14.29 to 22.89 kJ/mol.

2. Among several selected mathematical drying models,
the Logarithmic model is the most suitable for shred-
ded tobacco during the preliminary stage. However, this
model has poor predictability in the late drying period
and the maximum deviation is more than 20%.

3. Anew prediction model based on Logarithmic and Two-term
models is proposed. The highest coefficient of determination
of the proposed model is 0.9990, which greatly improves the
prediction accuracy of drying characteristics of tobacco.

This work provides a prediction model to evaluate drying
characteristics of tobacco under different operation conditions.
Based on this model, we will simulate the mass and heat trans-
fer process of tobacco in different drying equipment in the next
study. In addition, it is still a challenge to develop a high preci-
sion drying prediction model to accurately simulate the perfor-
mance of tobacco drying equipment. With the development of
artificial intelligence technology, a data-driven machine learn-
ing method is an effective way to address this challenge.
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