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Drying is one of the most important steps in tobacco processing because it determines the
color, taste, and micronutrients in tobacco. The loading density and the arrangement of
tobacco leaves in the drying chamber affect the temperature and humidity distribution of
the air, thereby affecting the drying quality. In this paper, three drying cases with different
tobacco weights were studied by computational fluid dynamics (CFD) simulation as well
as experimental. The results show that when the loading density of the tobacco drying
chamber increases, the local resistance of tobacco leaves increases sharply, and the velocity

difference and temperature difference of the air in the tobacco drying chamber increases.
The maximum temperature difference in the highest loading density reaches 10 K. The
uneven temperature distribution of the air reduces the quality of the dried tobacco.

1. INTRODUCTION

Tobacco is an agricultural plant widely grown in Vietnam
and brings great economic value to farmers. The price of
tobacco depends a lot on the processing process. Tobacco
leaves must undergo a drying process before stored or used.
This process is also known as curing. During the drying
process, the weight of tobacco leaves can be reduced by as
much as 85 percent due to the reduction of moisture from the
leaves [1]. This is one of the most important steps in tobacco
processing because it determines tobacco's colour, taste, and
micronutrients [2-7]. In Vietnam, tobacco is often dried in
manual drying chambers using wood fuel. It works based on
natural convection, in which fresh tobacco leaves are hung
inside a drying chamber, and heat is provided from a hot flue
pipe connected to a wood-burning furnace [8]. In the tobacco
harvest season, the demand for firewood for drying is high,
leading to overexploitation of some forests. In order to reduce
deforestation, tobacco drying systems that do not use wood are
researched and manufactured for use. These drying systems
have a forced air circulation system and automatic control
system to save energy and reduce labour [9, 10].

The tobacco drying process is usually divided into three
stages: yellowing, leaf drying, and stem drying [11]. The
changes in tobacco in each stage are mainly due to water
evaporation and enzymatic reactions [12, 13]. The quality of
tobacco drying is affected by airflow, temperature and
humidity distribution in the drying chamber. For high drying
quality, the temperature and humidity of the air in each drying
stage must be precisely controlled according to the drying
process. Therefore, many studies have been carried out to
study the drying chamber's flow and heat transfer process.
Studies are usually performed experimentally or using CFD

1093

simulations. In recent years, CFD simulation studies on
tobacco drying have increased and yielded many beneficial
results. CFD models have been built based on porous, heat
transfer, and turbulence models from which to study the
temperature and humidity fields in the drying chamber [14-17].
The simulation results are consistent with the experimental
data and are used to study energy saving, design optimization
and improve the quality of the drying process.

A new tobacco drying system using a boiler to heat the air
has been built and used for experimental research. An
unstable-mode CFD simulation of the drying chamber was
also built to investigate the temperature distribution as well as
the air velocity in the drying chamber under different load and
leaf arrangements. The research process was carried out
through the following steps: Validate the CFD model with
measured data in experimental; Study the distribution of air
temperature and the flow of air in the drying chamber; Study
temperature distribution when drying different volumes of
tobacco. The research results can be used to optimize the
operation and improve the quality of tobacco drying.

2. MATERIAL AND METHODS
2.1 Description of the tobacco drying system

The tobacco drying system consists of a drying chamber and
frame, a boiler with a water tank, a heater, a fan, and a control
box, as shown in Figure 1. The nominal pressure of the boiler
is 5 bar, corresponding to a saturated steam temperature of
152°C. The heater power depends on the passing steam's
temperature and mass flow rate; its maximum power is 30 kW.
A water tank with a volume of 1 m? is used to supply water to



https://crossmark.crossref.org/dialog/?doi=10.18280/ijht.400428&domain=pdf

the boiler. The drying chamber is a 20-feet container with a
length of 6.06 m, 2.44 m wide and 2.59 m high, and its total
volume is 32.58 m2. This drying chamber is suitable for drying
from 800 kg to 1000 kg of fresh tobacco leaves at a time. In
the drying chamber, there is a steel frame to arrange tobacco
leaves and a partition wall to distribute the air (Figure 2). The
steel frame is made of stainless steel, divided into three floors
to hang tobacco leaves. The lowest floor has a height of 0.78m;
the upper floors have a height of 0.7m. The frame is fixed
inside the drying chamber, 0.5m from the door. Tobacco
leaves were tied along with sticks before being placed on the
steel frame.

drying
chamber
and frame

Figure 2. Structure of steel frame and partition wall

The air will be recirculated in the drying chamber, as shown
in Figure 3. The fan pushes the air through the heater at the
end of the drying system to become hotter and then enters the
drying chamber. In the drying chamber, air passes through the
tobacco leaves to receive moisture, moves around the partition
wall, and returns to the heat exchanger. Some air will go out
of the drying chamber through the doors on the side and top of
the drying chamber, carrying heat and moisture. Outdoor air is
supplemented through the intakes and circulated by the fan in
the system. This air receives heat from the heater and moisture
from the tobacco leaves and is then also pushed outdoors.

Figure 3. Direction of air flow in the drying chamber
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2.2 Experimental setup

The tobacco drying system has been manufactured
according to the design shown in Figure 4. The system has
been used to study the experimental drying of tobacco.
Integrated temperature and humidity sensors have been
installed in the drying chamber to get control signals. The
temperature and humidity accuracy of the sensors is 0.5 K and
5% RH, respectively. Signals were obtained from sensors used
to control the fan, air doors and heater. Six sensors have been
arranged relatively evenly in the space of the drying chamber.
The details of the location of the sensors are shown in Figure
5. The sensors can be moved to measure the temperature
distribution of the air in the drying chamber.

Figure 5. Distribution of integrated temperature and
humidity sensors

Figure 6. Arrangement of tobacco leaves in the drying
chamber

In the drying chamber, tobacco leaves were tied along with
sticks before being placed on a steel frame, as shown in Figure
6. Three tobacco drying cases with different fresh tobacco
weights were studied. Experiment cases 1, 2, and 3 were dried
at 800kg, 1600kg, and 2000kg, respectively. With different
amounts of dried tobacco, the resistance of the tobacco block
has changed, affecting the ventilation and temperature
distribution in the drying chamber. The drying time is also



different in each case. With the weight of fresh tobacco leaves
to be dried at 800kg, 1600kg, and 2000kg, the drying time is
96 hours, 112 hours, and 116 hours respectively. They directly
affect the quality of tobacco leaves after drying.

2.3 Mathematical modeling

The model of tobacco drying is based on the following
assumptions: The tobacco leaf regions are assumed to be
porous material; the respiration of tobacco leaves during
processing has been neglected; the airflow in the tobacco leaf
zone was considered incompressible; the heater was described
as a volumetric heat source, the fan model in the ANSYS CFX
was used. The heat loss g from the drying chamber to the
atmosphere is calculated using the total heat transfer
coefficient and the ambient temperature by the formula:

Qioss = Uove (tdry _tamb) (1)

where, Uo. is the overall heat transfer coefficient, #4, is the air
temperature in the drying chamber, f,.» is the ambient
temperature.

The porous model is both a generalization of the Navier-
Stokes equations and Darcy's law commonly used for flows in
porous regions. It can model flows where the geometry is too
complex to resolve with a grid. The model retains both
advection and diffusion terms and can be used where such
effects are important. The porosity model is solved based on
the volume porosity concept and the equations: the general
scalar advection-diffusion equation in a porous and the
equations for conservation of mass and momentum.

The volume porosity y at a point is the ratio of the volume
V" available to flow in an infinitesimal control cell surrounding
the point, and the physical volume V of the cell [18]:

2

v
4 \
The general scalar advection-diffusion equation in a porous,

the equations for conservation of mass and momentum
according to [18] are described as follows, respectively.

g(ypcb)+v~(pK~UCD)—V~(FK-V¢):;/S (3)
2;/,0+V-(,0K-U):O 4)
ot

2 (m0)+V - (p(K U)oU)~
)
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where, p is density, K is the area porosity tensor, U is the true
velocity, i is the effective viscosity - either the laminar

viscosity or a turbulent quantity, and Sy is a momentum source.

3. CFD SIMULATION

A computational fluid dynamic package ANSYS-CFX was
used for the CFD simulation of processes in the tobacco drying
system, which uses the Finite Volume Method (FVM) [19].
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3.1 Geometry and meshing

The tobacco drying system model depicted in Figure 1 has
been built and meshed in ICEM CFX. The simulation domain
includes both the tobacco drying chamber and the air heating
chamber where the fan and heater are located. The meshing
method, size, and a number of mesh elements greatly affect the
simulation results. Structured grids are used in the model to
speed up the solver. The maximum mesh size is 100mm, and
small volume areas and significant variation in temperature or
air velocity are finer meshed. In this study, three types of grids
with different elements (Table 1) were created and researched
to determine the appropriate number of elements. Simulations
with three mesh types have been initialized. The temperature
distribution in each case is studied and compared with the
experiment. The maximum temperature difference between
simulation and experiment in the case of mesh 1 is 3.5 K, mesh
2 is 1.5 K, and mesh 3 is 1.4 K. This result shows that the
number of elements such as mesh 2 is appropriate. A finer
mesh does not increase accuracy much but greatly increases
computation time.

Table 1. Information on the mesh in the tests

Mesh 1 Mesh 2 Mesh 3
Total elements 266614 727937 3615581
Total nodes 58125 186191 596848

After meshing, the model includes four material regions to
set up computational domains for the air, the porous material,
the fan, and the heater (Figure 7). The details of the number of
elements of each computational domain are shown in Table 2.

fan

heater

air tobacco leaves

A

Figure 7. Geometry and meshing model in ICEM CFD

Table 2. The number of elements in computational domains

Computational domains  Total elements

Air 420531
Tobacco leaves 120944
Heater 12063

Fan 81337

3.2 Simulation setup

After meshed in ICEM CFD, the system model was
transferred to ANSYS CFX for simulation. In ANSYS CFX,
computational domains, porosity models, heat transfer models
and boundary conditions have been set up [18], as shown in
Figure 8.

The initialised transient simulation was developed using the
porous medium, k-g turbulence and heat transfer models [18,
20, 21]. The initial temperature of the system was assumed to



be uniform at 303 K. The time step was chosen to be 5s. The
solution is iterated until convergence is achieved; the residual
for each equation falls below 10, and changes in mass-flow
rates, temperature and energy for airflow become negligible.

Figure 8. Setting simulation parameters in ANSYS CFX

4. RESULTS AND DISCUSSION
4.1 Computational validation

During the stem drying stage, the air temperature in the
drying chamber is the highest, and the temperature difference
between locations in the drying chamber is also the largest.
During this stage, the air temperature is usually set around 343
K. The actual temperature value depends on many factors such
as tobacco type, leaf maturity, and leaf size. To validate the
simulation, the temperature at the sensors during the
experiment was compared with the temperature obtained from
the simulation. Details of the temperatures at measurement
points from the experiment and simulation are shown in Table
3.

The results show the agreement between the simulation and
experimental. The temperature distribution  between
simulation and experiment is analogous. At the end of the
drying zone, due to the high resistance of the tobacco, the air
flow is slow, resulting in a lower temperature than in other
areas. The maximum temperature difference between the
experiment and simulation is 3.5 K in the tobacco region at the
end of the drying chamber. The simulation results are much
lower than the experimental results, possibly because the
simulation has not accurately described the structure of the
heater. More precise construction of the heater's structure will
make the heat transfer simulation in the drying chamber more
accurate.

4.2 Velocity distribution

The velocity distribution of the air in the drying chamber is
shown in Figure 9. The air is drawn by the fan through the

heater into the drying chamber. The hot air enters the drying
chamber space, passes through the tobacco leaf, considered a
porous material, and then returns to the heating chamber. Due
to the baffle in the middle of the drying chamber, the air flow
moves into a closed loop. Details of the distribution of air
velocity vectors starting at the cross-section of the drying
chamber at z=1,295 are shown in Figure 10. Accordingly, the
air velocity in front of the fan is the highest, up to 10 m/s. The
air velocity in the porous domain is very small because the
local resistance of the porous domain is considerable. The air
velocity will affect the temperature distribution as well as the
dehumidification process in the drying chamber. Therefore, it
affects the quality of dried tobacco.

Figure 9. Velocity distribution on the streamlines in the
simulation domain

Figure 10. Velocity distribution from the cross-section
(1.295 m from the bottom)

4.3 Temperature distribution

The temperature distribution on the surfaces in the
simulation domains is shown in Figure 11. Accordingly, the
highest temperature is 345 K, and the lowest is 333 K. In
porous materials, the temperature ranges from 333 K to 343 K,
and the maximum temperature difference is 10 K. The
temperature inside this material is lower than outside. Along
the center line of the porous material, in the direction of air
movement, the air temperature decreases gradually due to the
resistance of the tobacco leaves.

Table 3. Comparison of the temperature between CFD simulation and experiment

Case 1: 800kg

Case 2: 1600kg

Case 3: 2000kg

Point  Tep(K) Tsim(K) AT(K) Tep(K) Tsim(K) AT(K) Tee(K) Tsm(K) AT (K)
1 3428 3442 14 3435 3448 13 3432 3453 2.1
2 3424 3436 12 3412 3434 22 3397 3417 2
3 3403 3422 19 3391 3403 12 3394 3378  -16
4 3431 3426 05 3423 3437 14 3414 3431 17
5 3422 342 0.2 3412 3418 06 3416 3403  -13
6 3443 3424 19 3432 3410 22 3428 3393  -35
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Figure 12 shows the temperature distribution at the cross-
sections (1,295 m from the bottom) in three drying simulations
with different weights of fresh tobacco leaves, including (a)
800 kg, (b) 1600 kg, and (c) 2000 kg. According to the figure,
the temperature in the volume of tobacco leaves is lower than
the outside temperature, and the weight of tobacco leaves
being dried significantly affects the temperature distribution in
the drying chamber. In the case of drying 800 kg of fresh
tobacco leaves, the resistance of the tobacco leaves is small,
the air flow through the volume is favorable, and the
temperature in the drying area is nearly uniform. In the volume
of tobacco leaves, the highest temperature is 344.8 K, and the
lowest temperature is 239.2 K; the maximum temperature
difference in the volume of tobacco leaves is 5.6 K. When the
weight of fresh tobacco increases, the resistance of the block
increases, causing the temperature difference in the tobacco
leaves to increase. The maximum temperature difference in the
volume of tobacco leaves is approximately 10 K when drying
2000 kg of fresh tobacco leaves.

|
|

(a) weight of tobacco leaves: 800kg

y

[ 336.0

(b) weight of tobacco leaves: 1600kg

333.0 !

\ ) 12

(c) weight of tobacco leaves: 2000kg

[K]

Figure 12. Temperature distribution in the cross-sections
(1.295 m from the bottom) in the three different cases: (a)
800 kg, (b) 1600 kg, and (c) 2000 kg

The temperature distribution in the region of tobacco leaves,
which are considered porous materials, at cross-sections
passing through the region centerline is shown in Figures 13
and 14. Figure 13 shows the temperature at the cross-sections
0.61 m from the left wall, corresponding to the direction of air
movement from the heater into the drying chamber. The effect
of the amount of tobacco leaves dried on the temperature
distribution in this plane is evident. When fresh tobacco leaves
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increased from 800 kg to 1600 kg and 2000 kg, the maximum
temperature difference increased from 3.6 K to 8.5 K and 9.2
K, respectively. Figure 14 depicts the result of the temperature
distribution at the cross-sections 0.61 m from the right wall,
corresponding to the direction of air movement from the
drying chamber to the heater. In this area, varying amounts of
fresh tobacco leaves still alter the temperature distribution but
not as clearly as in the left cross-section. There is more
uniformity in this temperature distribution due to more evenly
distributed air flow in this section and direct heat transfer from
the heating chamber to the drying zone. The maximum
temperature difference is 8.2 K, corresponding to the case of
drying 2000 kg of tobacco leaves.

i

(a) weight of tobacco leaves: 800kg

11 3

i i

: :
- l,«?

, _
i MM-E:“ :

336.0 .
(b) weight of tobacco leaves: 1600kg

i i S

Y

(c) weight of tobacco leaves: 2000kg

Figure 13. Temperature distribution in the cross-section of
porous zone (0.61 m from left wall) in the three different
cases: (a) 800 kg, (b) 1600 kg, and (c) 2000 kg
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(a) weight of tobacco leaves: 800kg

e

s i |

336.0 :
(b) weight of tobacco leaves: 1600kg

.
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333.0
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(¢) weight of tobacco leaves: 2000kg
Figure 14. Temperature distribution in the cross-section of
porous zone (0.61 m from right wall) in the three different
cases: (a) 800 kg, (b) 1600 kg, and (c) 2000 kg
4.4 Quality of tobacco drying

After drying, tobacco leaves have been evaluated for quality.
In terms of organoleptic terms, the dried product from the case



of 800 kg has the best color and taste after drying. In the case
of drying 1600 kg or 2000 kg, exceeding the design load, the
quality of tobacco leaves after drying is uneven, and many
leaves do not meet the requirements for color and taste.
Samples of tobacco leaves after drying were also sent to the
testing center for quality analysis. The analysis results showed
that all indicators of tobacco quality, such as nicotine, glucose,
protein and nitrogen content of the 800 kg sample, had the best
results.

5. CONCLUSIONS

The effect of loading density and tobacco leaf arrangement
on tobacco drying quality was studied by experiment and CFD
simulation. CFD model has been built based on the porous,
heat transfer, and turbulence models. Experiments were used
to validate the model and analyze the quality of the dried
tobacco product. The main conclusions drawn from the study
are as follows:

The CFD model has been validated against the temperature
data measured during the tobacco drying process. The
temperature  distribution  between simulation and
experiment is analogous. The CFD model can provide
temperature and velocity fields throughout the simulation
domain.

The loading density of fresh tobacco leaves dramatically
affects the temperature distribution in the drying chamber.
A large amount of leaves leads to the uneven temperature
distribution. The maximum temperature difference in the
drying zone is approximately 10 K.

When the weight of fresh tobacco leaves exceeds the design
load, the quality of the dried tobacco decreases. Many
tobacco leaves are damaged and cannot be used.

The results can be used in research to save operating costs
as well as improve the quality of the tobacco drying system.
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