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Abstract:

A series of experiments on the heat and mass transfer of millet particles are conducted in order to demonstrate
the effects on drying characteristics of particles in this work. Experimental results illustrate that thermal con-
ductivity between particles is significantly influenced by temperature and moisture content of millet particles.
The temperature of particles in axial and radial direction increases because of the increase of inner wall temper-
ature and decreases with the increase of air flow velocity. Moreover, the moisture content of particles near the
inner wall has experienced a significant drop with the increase of inner wall temperature. As a consequence, the
increase of air flow velocity results from the decrease of particles moisture content and drying rate of particles
increases due to the increase of air flow velocity. Furthermore, the accumulated height of particles has barely
influenced on the drying characteristics of millet particles.
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1 Introduction

In general, drying processes are commonly applied in the fields of chemical, cement, coal, pharmaceuticals,
microbiological, energy, food and other industries [1-3]. The drying processes are extremely complicated and
incorporated. Inter-component heat and mass transfer usually occurs between the gas phase and solid phase
during drying processes [4]. Furthermore, the drying process is also of significance to granular particles which
are loosely piled in gas or fluid phase. The particles can be moist removed, heated, and mixed in the drying
equipment. Moreover, drying methods are widely used to store food by removing the moisture from materials
through thermal treatment and keeping materials in an optimal temperature as well. It is well known that the
internal self-heating starts to take place at a storage temperature from 30 °C to 50 °C [5-7].

The whole drying process constitutes a sequence of periods, for instance, preheating period, constant drying
rate period, falling drying rate period and lag drying rate period [8]. During these drying periods, the energy
obtained from outside can be transferred to the particles. As a consequence, free water flows from the lower
moisture content region to the higher within a particle. Generally, the moisture near the surface region can be
firstly removed. Hence, the moisture content at the region that farther from the surface is higher than other re-
gions in a particle [9]. During the preheating period, wet material particles are heated and the surface moisture
on the particles is evaporated at the beginning of a drying process. However, the moisture in the particles can
be hardly transported to the surface due to temperature gradient between particles and the surrounding atmo-
sphere. Hence, the moisture content of particles slightly decreases, and the temperature marginally increases.
The duration of preheating period depends on the thickness of material particles and the temperature gradient
gradually reduces in the constant drying rate period. Furthermore, the surface water vapor pressure of particle
stays in a saturation state. The heat obtained from the outside totally meets the requirements of vaporization.
The temperature even decreases in some operational conditions in this period. Free water (including capil-
lary water and permeability water) in particles is more freely moved towards the surface and then evaporated.
Generally, the temperature of particles in this period remains steady and the moisture content dramatically de-
clines. The speed of drying rate slightly drops until the value of moisture content reaches to a lower point. The
particles characteristics mentioned above mean that the falling drying rate period comes. A majority of water
in particles is the multi-layer adsorption water in the falling drying rate period and few moisture is evaporated.
The value of particle moisture content is equal to the critical moisture content. In addition, the drying process
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finishes until the value of particle drying rate gradually reaches to the minimum and keeps its stability in the
lag drying period. Finally, the moisture content of material particle is the same as equilibrium moisture content,
which is critically controlled by the temperature and humidity of the air in the surrounding atmosphere, and
so on. Furthermore, material particles, like sand, glass beads, are reported to have longer duration of constant
drying rate period and shorter linear falling drying rater period. However, fibrous materials and food grains
have a shorter constant falling drying period and longer curvy linear falling drying rate period [10, 11].

Drying characteristics of some particles, for instant, gypsum, silica gel and millet, were measured by a ther-
mogravimetric analyser [12]. The results were obtained by the approach mentioned above, which indicated
that the equilibrium moisture content of solid particles decreased with the increasing of gas temperature. The
critical moisture content and the effective dispersion coefficient increased. A series of equations was used to
calculated the temperature distribution in a spherical particle in gaseous medium under different operating
conditions during convective drying processes [13]. A second order partial differential equation was used to
calculate the transient temperature distribution within a container [14]. Millet particles were traditionally pro-
cessed with the germination and fermentation prior to consumption. Various experiments were conducted to
determine their drying behaviors on the millet in a laboratory-scale fluidized bed dryer [15]. It usually can
be described as a crucial and industrial preservation method. Moreover, the moisture content and activity of
agricultural and biological products were reduced to the optimal deterioration in biochemical, chemical, and
microbiological processes. The effects of solid feed rate, velocity and temperature of gas flow on the millet dry-
ing efficiency were researched in a rectangular multistage fluidized bed [16]. In general, fixed and fluidized beds
were described as the most apparent devices for measuring single particle drying kinetics because of the same
residence time, which all particles stay in the operating equipment [17, 18]. The drying processes are usually
influenced by the structure characteristics of material particles, vaporization rate of surface and internal mois-
ture diffusion rate. In addition, a number of typical drying equipment, such as fixed bed dryers, fluidized bed
dryers, rotary dryers and microwave dryers have been used to deal with particles in many attempts. Moreover,
several researchers found out the investigations on the heat and mass transfer between material particles and
gas flow. Myklestad firstly predicted product moisture content of particles throughout a single pass dryer [19].
A series of parameters, for example, the temperature of drying gas flow, initial moisture content of particles
and the feed rate of product, has been taken into account. Arrhenius equation was used to calculate the correla-
tion between particles temperature and the efficient coefficient in mass transfer [20, 21]. Therefore, the moisture
content and temperature of wood particles were studied based on the theories of heat and mass transfer [22].

Sharples have established a model to study and simulate the heat and mass transfer during drying processes
in rotary dryers [23]. It could be assumed that gas flow among particles was stationary and the heat transfer
between gas phase and solid phase was negligible when the heat conduction in granular materials was stud-
ied. The Thermal Particle Dynamics (TPD) model was put forward in that study [24]. The experimental results
on the drying kinetics of millet particles were obtained in fluidized beds. It indicated that the drying rate sig-
nificantly grew with the increase of temperature and marginally rose with flow rate of the heating medium.
However, the decrease of drying rate resulted from the increase of solids holdup [25]. Various experiments were
carried out on drying characteristics of coal particles at different kinds of particle bed height in fixed beds. The
results illustrated that the material particles had a long falling drying rate period rather than a constant drying
rate period [26]. The thin-layer method is employed for large particles and the moisture loss during drying
process can be easily measured. However, for smaller particles, the approach mentioned above hardly meets
the measuring requirement due to the disturbing and wobbling of particle by the effects of gas flow. The drying
kinetics of particle are represented by the diffusion coefficient instead of characteristics drying curve. Mean-
while, the method fails to accurately investigate the drying characteristics in a broad range of particle sizes [27,
28]. Shapes of biomass particles were modeled and proposed to analyze the heat and mass transfer in a vertical
cylindrical laboratory furnace [29]. An overview of emerging and innovative thermal drying technologies was
taken, which was commercialized the potential for industrial exploitation [30]. Furthermore, a one-dimensional
model for pneumatic drying of food was presented in order to study the effects of mass flow rate, velocity and
temperature of gas flow, and shape of particle on the drying time and moisture content of material particles
[31]. A theoretical model on a single wet particle was explored to calculate the unsteady characteristics of heat
and mass transfer during the drying process [32]. These researches played an crucially significant role on the
drying processes.

Although the considerable works on drying characteristics have been done, there is still lacking scientific
and appropriate information on drying behaviors of granular particles. Furthermore, the heat and mass transfer
commonly takes place between material particles and gas flow in the industrial drying processes. Therefore, in
order to improve drying efficiency and provide more reasonable information, it is necessary to experimentally
investigate and analyze the heat and mass transfer on particles. In this work, a series of experiments has been
performed by varying the wall temperature, velocity of gas flow and particle pile height, to study the drying
characteristics on granular particles.
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2 Material and methods

2.1 Setup

The heat transfer and mass transfer on natural packing structure of granular particles within a fixed furnace
were experimentally studied. In addition, the thermal conduction between particles and inner wall of the fur-
nace, particles to particles, convection heat and mass transfer between particle to gas flow were taken into
account. The experimental apparatus used in this study was derived, which was composed of four main sys-
tems, heating system, air supply system, data collection system and circulation water system, as can be seen
in Figure 1. A schematic diagram of this experimental furnace is shown in Figure 2. Physical parameters of the
fixed furnace are listed in Table 1. The inner wall of the furnace was heated by oil bath method, and the tem-
perature was controlled by the heating system. Material particles were heated transferred from the inner wall
at a certain temperature. The approach was applied to these experiments due to the good maneuverability and
uniformity. The oil bath was surrounded by thermal insulation materials so that the heat loss could be reduced
to the minimum. The value of heated height was 220 mm. In order to meet the requirements of a uniform ex-
perimental atmosphere on air flow, an air distribution plate was setup at the bottom of the furnace. It covered
a large number of holes with the diameter of 1 mm. As a consequence, air flow was uniformly supplied to the
heated region through the air distribution plate.

Data collection

system
Thermocouple )
| Heating system
Air compressor /,;
i Fixed
C O | fornace oo
\“"x
QOO

= i

Figure 1: A schematic diagram of experimental setup.

Circulation water
system
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Figure 2: A structural diagram of laboratory-scale furnace. 1. Thermal insulation materials; 2. Oil bath; 3. Air distribution
plate; 4. Air duct; 5. Cover.
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Table 1: Physical parameters used in this study.

Properties Value
Diameter of fixed furnace, mm 260
Diameter of heated inner wall, mm 72
Height of heated region, mm 220
Thickness of oil bath, mm 75
Diameter of the air distribution, mm 71
Diameter of millet particle, mm 1.2
Diameter of air supply cross-section, mm 8

2.2 Materials

A series of experiments were performed by using 1.2 mm millet particles, which were strictly selected by a vi-
brator. The air flow was compressed from outside and the inlet temperature of air flow was the same as the
temperature of atmosphere in the room. The moisture content of cereals and cereal products can be deter-
mined by the routine reference method [33]. Therefore, the moisture content of millet particles were accurately
measured by the oven method. Experimental millet particles can not be broken up into powders because the
diameter of particles was selected and the value of below 1.7 mm. All experimental millet particles were stored
and balanced in a room with the constant temperature (22+1 °C) and humidity (60 %=2 %) for 48 h before being
used. Approximately 5g sample of millet particles were scooped out of a tight store box. In addition, sam-
ple particles were stored in air tight container that were weighed before drying in a convective air oven for 2
h at 130°C+3°C. Adding a certain quality of water or experimental particles into boxes with the purpose of
satisfying with experimental requirements.
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2.3 Methods and procedures

Radiation heat transfer is negligible in dense granular particles below 600 °C [34]. The thermal conduction
differential equations [35] are performed under the experimental conditions without gas flow in this paper,
which are given by

ot .
pcpg = Adiv(gradt) + @ @)
where
A )
a=—
PG,

Equation (2) can be also simplified as follow

ot 2 o 3
5. =a t+pCp (©)]

The thermal conduction differential equation can be described by cylindrical coordinates, is given by

o 19 ot 10 ot Jd (. odt -
pcpg—;g (/\I’E)-Fﬁ% (/\%>+£(A£)+® 4)
where, physical parameters 4, p and C, represent the thermal conductivity, density and heat capacity of a
particle, which are determined by the complex nature of the particle. Hence, ¢ is the source term, a is introduced
and represents the thermal diffusivity of particle, t and V?t are the temperature and Laplacian operator of
temperature, respectively.

The air flow was supplied from the bottom of the furnace by an air compressor and the velocity of air flow
was completely controlled by a DO8-1F rotameter. The experimental atmosphere reached to a stable state for 30
min, then millet particles were naturally and rapidly accumulated to a certain height, which could be controlled
by a scalable stent. The thermocouples were distributed in the accumulation body of millet particles in a short
time, and the thermocouples distribution are presented in Figure 3. Millet particles were heated for 45 min
in the fixed furnace and the temperature data of each point was collected and reported by a data acquisition
computer. Furthermore, the experimental steps above were repeated for three times and the mean temperatures
obtained were considered to the temperatures of millet particles at each point. However, it is extremely difficult
to measure the moisture content of millet particle on time in an experimental condition due to the change of
particles accumulated height, which results in large errors of the moisture content. Therefore, the moisture
content of millet particles was measured every 5 min. Moreover, the accumulation body of millet particles
was divided into five layers and the particles at each layer were separately measured. The measuring points
of moisture content distribution were shown at Figure 4. Approximately 5g sample of millet particles were
scooped out of each measuring point within the packing millet particles. In addition, sample particles were

stored in a responding air tight container, and then they were weighed after drying in a convective air oven for
2hat 130°C+3°C.
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Figure 3: The distribution of thermocouples measuring points in axial and radial direction. (a) Axial direction, (b) Radial
direction.
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Figure 4: The distribution of moisture content measuring points in axial and radial direction. (a) Axial direction, (b) Ra-
dial direction.

In a practical drying process, the heat and mass transfer characteristics were apparently presented by the
temperature and moisture content. As a consequence, a series of experimental conditions, including inner wall
temperature, velocity of air flow and accumulated height of particles, was taken into account in order to com-
pletely analyze the drying characteristics of millet granular particles. Table 2 reports the experimental condi-
tions that are used in this paper.

Table 2: Experimental conditions that were used in this paper.

Conditions Value
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Diameter of particle, mm 1.2
Environment temperature, °C 20
Initial temperature of particle, °C 20
Initial moisture content of particle, % 0.21
Drying time, min 45
Inner wall temperature, °C 90,100,110,120,130
Velocity of air flow, m/s 1,2,3
accumulated height of particles, mm 160,180,200

3 Results and discussion

3.1 Effects ofinner wall temperature

The heat and mass transfer on natural packing millet particles in a static state have been studied. The results
indicate that particles near the inner wall of furnace are firstly and directly heated. In addition, a part of the heat
obtained from the inner wall is transported to the particles next to them through thermal contact conductance.
Then, the heat is gradually transported to the particles at the center. In order to investigate the significant
effect on the heat conduction of millet particles, a series of operating conditions on inner wall temperatures,
90, 100, 110, 120 and 130°C, is performed. Furthermore, no air flow is compressed into the furnace under
these experimental conditions. Temperature measuring points are marked as Tc-L1, Tc-L2, Te-L3, Te-L4, Te-L5,
respectively, in the axial direction. Temperature measuring points are marked as Tc-R1, Tc-R2, Tc-R3, Tc-R4,
Tc-R5, respectively, in the radial direction.

The temperature of each measuring point in axial direction (L1, L3 and L5) is plotted in Figure 5. It shows
that the temperature of particles in axial direction increases with the increase of inner wall temperature. From
Figure 5, it can be found that the temperature profiles under the condition of 110 °C is different from the other
conditions. At the L1 measuring point, the particles obtain a large number of heat to improve the temperature.
The moisture from the particles at the bottom of the fixed bed is diffused to the top by the air flow when the
wall temperature is less than 110 °C. Therefore, amount of moisture is accumulated at the top, which leads to
the temperature of particles fast increasing. The temperature distribution of particles is inhomogeneous in the
fixed bed, especially for the particles at the top. Particles within 100 mm of accumulation body, the temperature
of particles fluctuates frequently during the preheating drying period. Specifically, at 120°C and 130°C, the
temperature of particles tends to the consistent. The millet particles at the L1 measuring point stay in the con-
stant drying rate period for nearly 300 s. However, at the L2 and L3 measuring point, particles stays for 600 s and
720 s, respectively. The natural convection occurs between particles at the surface of millet accumulation body
and the air under the top cover. Therefore, the temperature of particles at the top is marginally lower than the
particles at the bottom of accumulation body. Compared with the temperatures of particles at measuring point
L1 and L2, the rising speed of particles temperature at L3 is the highest, as shown in Figure 5(a) and Figure
5(b). The results for L3 and L4 measure point illustrate that the heat conduction between particles and inner
wall plays a vital role on the particles, especially for the particles at lower half of millet accumulation body.
With a higher inner wall temperature, more heat is transferred from the particles near inner wall to the center.
As a result, the period of constant drying rate for those millet particles is shorter and the value of constant
drying rate period is 120 s. Moreover, the mass transfer within the particle is hardly influenced by the intrinsic
characteristics of the particles.
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Figure 5: Temperature of millet particles in axial direction. (a) Te-L1, (b) Tc-L3, (c) Te-L5.
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Temperature variations of millet particles in radial direction (R1, R3 and R5) are shown in Figure 6. The
figures address the effect of inner wall temperature on particles. It obviously illustrates that the temperature
of particles increase with the increase of inner wall temperature in radial direction. In addition, the shorter
distance between particles and the inner wall leads to the increase of rising speed of temperature, as shown in
Figure 6(a) and Figure 6(b). The heat obtained from inner wall is used to improve the temperature of particles
at the upper half of millet accumulation body. Meanwhile, the heat obtained from the outdoor is not only
used to rise the temperature, but also to transport the moisture among particles at the lower half of millet
accumulation body. As a consequence, the temperature of particles at measuring point R5 is slightly lower
than the temperature of particles at R4 based on the experimental results.
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Figure 6: Temperature of millet particles in radial direction (a) Tc-R1 (b) Tc-R3 (c) Tc-R5.

Moisture content is another crucial index that is used to demonstrate the effects of operational conditions
on drying characteristics of the particles. Hence, the moisture content of millet particles at each layer is plotted
under five different inner wall temperatures: 90 °C, 100 °C, 110 °C, 120 °C and 130 °C, as shown in Figure 7. The
moisture content curves illustrate that the moisture content of particles significantly falls during the drying
process. For those particles at the center of the accumulation body, the moisture content of particles reduces by
4 %. Moreover, the moisture content of the first layer particles near the inner wall is reduced to 14.06 % under
inner wall temperature condition of 90 °C, as shown in Figure 7(a). The particles near the inner wall obtain more
heat and the moisture of particles is transported along the radial and axial direction. Therefore, less heat and
more moisture is obtained by the particles near the center. As a result, the moisture content of particles rises
during the drying process. It shows that the moisture content of particles at the bottom of the accumulation
body marginally grows at the beginning of the drying process, as shown in the layer 5 at Figure 7(a). When
the inner wall temperature reaches to 100 °C, the Figure 7(b) addresses that the moisture content of particles
firstly increases and then drops. As a consequence, the millet accumulation body can be hardly uniformly dried.
The moisture content of particles near the inner wall declines from 21 % to 14 % after the particles being dried
for 45 min. The moisture content of particles at the center slightly reduces to nearly 19 %. However, the heat
conduction has a vital impact on the particles under the experimental conditions of 110 °C and 120 °C inner wall
temperature. Therefore, the moisture content of particles at the center decreases at first and then increases due
to the change of moisture, which is gradually obtained from the surrounding particles, as shown in Figure 7(c)
and Figure 7(d). With the increase of inner wall temperature, the moisture content of particles at the surface
of the accumulation body marginally rises because the speed of mass transfer from the bottom to the top of
accumulation body increases, as it can be seen in Figure 7(e). From Figure 7, it indicates that the moisture
content of millet particles at the upper layer is always higher than that of at the lower layer. Meanwhile, the
moisture content of millet particles at the center is higher than that of near the fixed bed wall. The water from
the surface of particles diffused from the lower to the upper, which results in the inhomogeneous distribution
of moisture content inside the fixed bed. Moreover, the heat obtained from the wall conduces to removing the
water of particles, which near the wall. However, for these particles that near the wall, a part of water flows
from the upper to the lower due to the gravity. For these particles at the center, the water can be diffused to the
surrounding environment by the air flow.
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Figure 7: Moisture content of millet particles under different inner wall temperature. (a) 90 °C, (b) 100°C, (c) 110°C, (d)

120°C, (e) 130°C.

Figure 8 reports the effects of temperature and moisture content on the thermal conductivity of millet par-
ticles. The value range of thermal conductivity A is 0.146 0.535 W/ (m2.°C) under the temperature T range of
80°C to 102 °C and the moisture content M of 13.58 % to 16.76 %. A new formula is used to describe the relation

among the thermal conductivity, temperature and moisture content of millet particles as follows,

A = —0.115T + 5.313M + 0.606

®)
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Figure 8: The effects of temperature and moisture content on the thermal conductivity of millet particles.

It demonstrates that the thermal conductivity of particles is significantly influenced by the temperature and
moisture content. Furthermore, the increase of moisture content leads to raising the thermal conductivity of
particles and a higher temperature of particle results in a lower thermal conductivity. The diameter of particles

slightly inclines due to the loss of moisture during the heating process. As a consequence, the thermal heat
transfer between particles is marginally weakened in the furnace.

3.2 Effects of air flow velocity

Convection heat and mass transfer are of significance to the drying behaviors on natural accumulated millet
particles in a static state. In order to find out the effects of air flow on the convection heat and mass transfer
between millet particles and air flow, the velocity of air flow is taken into account in this study. The values of air
flow are 1m/s,2m/s and 3 m/s, respectively. Two indexes, temperature and moisture content, are represented
to describe the drying characteristics of millet particles under those experimental conditions. The values of
initial temperature and moisture content of particles, inner wall temperature and accumulated height are 20 °C,
21 %, 110°C and 200 mm, respectively. Temperature and moisture content of millet particles along the axial and
radial direction in the fixed furnace are accurately measured. The results are plotted in Figure 9 and Figure 10.
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Figure 9: Temperature of particles under different air flow velocity in axial direction. (a) Te-L1, (b) Tc-L3, (c) Te-L5.

Temperature of partscles C

Temperature of particles”"C

A

k]

-]

B3
&

)

=

40

= Vg=1ms
| = Vg=2ms
L Vg=3mfs
-'!'ll,l|I
L - lll*.l.-..‘
" -u-r,."“".'.".."
-
- N
:"':,"".,..
.
A “"""""H---..n ARy mEEE
."'-a........---iquulloa..---l..‘;;..' ik &
A L i i
o 1] o) 3 a0
Dirying timse/min
(a)
=— Vg = 1m's
Vg =2m's
P -... i
o . a
"u
T TTLLL]
LT —— T T L L
|
.
i ..‘ '."-"'I-I'ﬁ..-'lIll...l'.'.."‘..
! -'_"
-
B L
1- i
[T .
ded Sasisiipsasansatibasatasisdbbiid Bl
.
L i , )
18 ] 3 & )

DIrying timsemin

(<l

Temperuture of pariiches"C

= -
™ 'l;rg=1m'$
+— Vg =2m's
“ Vg =3m's
W0 | Ty
.‘I .‘.i
L - LT
I'- ....'.....'.."lll"l'Iinll
-
f
N -
'-.in..
Fad sast” B
&
il
0 L L L i
L] i 0 . i} ah
Dirving timse/min

(b

Figure 10: Temperature of particles under different air flow velocity in radial direction. (a) Tc-R1, (b) Te-R3, (c) Te-R5.

Millet particles are naturally accumulated in the fixed furnace and there is a little space among the particles.
After being compressed by a compressor, the air flows from the bottom of the furnace to the top through these
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space. Furthermore, the air flow is gradually heated and humidified during the drying process. Therefore,
the convection heat and mass transfer between the air flow and particles at the lower of the accumulation
body are stronger than the particles at the upper of the accumulation body. The particles, which at the top of
accumulation body, are still significantly influenced by the heat conduction from the inner wall, and slightly
affected by the convection heat transfer, as shown in Figure 9(a). The particles at the lower of accumulation body
are heated at the preheating period. The convection heat transfer rate is less than the heat obtained from the
inner wall, which contributes to the increase of particles temperature. In addition, the increase of contact area
between particles and the air flow leads to the enhancement of the convection heat and mass transfer between
the particles and the air flow. It demonstrates that the temperature of particles reduces due to the increase of the
air flow velocity. The maximum of particles temperature is 35 °C under the condition of 1 m/s air flow velocity,
as shown in Figure 9(b) and Figure 9(c).

The temperature of particles in radial direction as a result of the inner wall temperature. It indicates that the
shorter distance between particle and inner wall, the higher temperature of particle is. However, the convection
heat and mass transfer between particles and the air flow are enhanced. The temperature of particles drops
because of the increase of air flow velocity at the same drying time. Moisture in particles is evaporated through
convection heat and mass transfer, especially for those particles near the inner wall. Therefore, more heat is
obtained and used to increase the temperature of the particles. The maximum value of temperature is 53 °C, as
shown in Figure 10.

The moisture content of particles at each layer under different air flow velocity is represented in the Figure
11. It clearly shows that the moisture content of particles above the layer 5 at the zone A and zone B slightly
changes. The range of moisture content is nearly from 21 % to 18 %. However, the moisture content of particles
near the inner wall obviously declines due to the effect of heat conduction and convection. Moreover, the air
flow results in the rising speed of drying rate, especially for the particles at the lower of the accumulation body.
As the value of air flow velocity is 1 m/s, the moisture content of particles at the center falls to 12.04 % and the
particles near the inner wall declines to 7.5 %. With the increase of air flow velocity, the particles are sharply
heated and dried. Furthermore, the final moisture content of particles ranges from 5.59 % to 8.43 % at the air
flow velocity of 2m/s, as shown in Figure 11(b). When the value of air flow velocity reaches to 3m/s, it can be
clearly found that the particles are more uniformly dried. The difference of moisture content between particles
at the center and the boundary decreases.
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Figure 11: Moisture content of particles under different air flow velocity. (a) 1m/s, (b) 2m/s, (c) 3m/s.
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3.3 Effects of particles accumulated height

The heat and moisture are transported along the axial and radial direction, three accumulated heights, includ-
ing 160 mm, 180 mm and 200 mm, have been explored in this study. The drying behaviors on temperature in
axial and radial direction are given in Figure 12 and Figure 13, respectively. The values of atmosphere, inner
wall and initial particles temperature are 20 °C, 110 °C and 20 °C, respectively. The value of air flow velocity is
2m/s. From Figure 12 and Figure 13, they demonstrate that the temperature of particles at the center slightly
changes in axial direction, which increases at first during the preheating period and then drops to a constant
temperature. However, the temperature difference between the bottom and the top of accumulation body is less
than 5°C. When the value of accumulated height is 180 mm, the temperature of particles in the half height of
the accumulation body is the highest in radial direction compared with the experimental conditions of 160 mm

and 200 mm in height.
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Figure 13: Temperature of particles in radial direction under different accumulated height. (a) Tc-R1, (b) Te-R3, (c) Te-R5.

As can be seen from Figure 14, the effects of particles accumulated height on drying behavior of particles. It
obviously presents that the moisture content of particles at the top of accumulation body marginally decreases
at the accumulated height of 160 mm. However, the particles at the bottom of the accumulation body are barely
influenced by the accumulated height. The moisture of particles obtained from the particles next to them is
nearly equal to the loss by convection mass transfer for the particles at the center so that the moisture content
of particles nearly remains steady. Therefore, the accumulated height of particles has little impact on the heat
and mass transfer of particles under those experimental conditions.
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Figure 14: Moisture content of particles under different accumulated height. (a) 160 mm, (b) 180 mm, (c) 200 mm.

4 Conclusion

A series of experiments are conducted in this study in order to demonstrate the significance of heat and mass
transfer on millet particles. In addition, the temperature and moisture content are two crucial indexes that are
generally used to describe the drying characteristics of millet particles. Therefore, the inner wall temperature,
air flow velocity and accumulated height of millet particles are taken into account and experimentally studied.
The main results are presented as follows:

1. The temperature of particles in axial and radial direction increases due to the increase of inner wall temper-
ature. The moisture content of particles near the inner wall has experienced a significant drop with the rise
of inner wall temperature. However, the moisture content of particles at the center marginally increases un-
der these experimental conditions. The thermal conductivity between particles is significantly influenced
by the temperature and moisture content of particles.

2. The temperature of particles declines in axial and radial direction with the increases of air flow velocity
due to the space in the accumulation body. The heat and mass transfer among the particles are enhanced
by air flow. The increase of air flow velocity leads to the decrease of particles moisture content. Moreover,
the drying rate drops with the decrease of air flow velocity.

3. The accumulated height of particles has barely influenced on the drying characteristics of millet particles
under those experimental conditions in this study.

In summary, results on the heat and mass transfer suggest that it should apply in drying and storing pro-
cesses on food products. Hence, in order to find out more optimal operating conditions, further research will
focus on the heat and mass transfer of moist granular particles by adopting simulation methods in different
structures, such as flexible filamentous particles.
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Nomenclature

r Radius of a fixed bed, (m)

T Time, (s)

A Thermal conductivity of a particle, (W/(m-K))
p Density of a particle, (kg/m?)

C, Heat capacity of a particle, (kJ/(kg-K))

t Temperature, (K)

¢ Source term, (W)

a Thermal diffusivity of a particle, (m?/s)
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