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Abstract: Fluidized bed dryer is used for the drying process because it has a high rate of mass
and heat transfer. The purpose of this study is to analyze heat and mass transfer caused by the inlet
velocity of airflow. CFD was used to study hydrodynamic phenomena in modeling fluidized bed
dryers. This study used Eulerian-Eulerian (gas-solid) multiphase approach and used laminar flow to
examine the phenomenon of mass and heat transfer. The simulation varied the inlet velocity of air at
1.6, 1.8, 2.1, and 2.3 m/s with a constant temperature at 403 K. At the lowest velocity, 1.6 m/s, the
solid-gas heat transfer coefficient is 344.2 W/m?> K, and the coefficient of the mass transfer is
0.98 X107, while at the highest velocity, 2.3 m/s, the solid-gas heat transfer coefficient is 353.3
W/m?.K and the coefficient of the mass transfer is 2.55X 107 The results of the analysis show that
the tea drying rate will be higher if it has a high velocity.

Keywords: fluidized bed dryer; CFD; drying; inlet velocity

1. Introduction

Drying constitutes a pivotal process within numerous
industries, holding significant importance. Drying a solid
object is useful to reduce or remove moisture into an
acceptable value. Many agricultural products need to be
dried to reduce their moisture content to reach a humidity
point that is safe for storage". Even in some agricultural
products, for example, tea, the drying process is also
important not only to reduce the moisture content but also
to improve the quality of the aroma of the product?. One
of the many tools that are usually used in the process of
drying is a fluidized bed dryer (FBD). Fluidized bed
dryers are broadly applied in industries such as mining and
pharmaceutical fields. The utilization of FBD is common
in drying of solid substances, primarily owing to its ability
to process materials with a wide particle size distribution®,
and its notable efficacy in mass and heat transfer?, thereby
contributing to an overall drying time reduction. This

study centers on the drying process of tea particles, which
are conceptualized and modeled as solid particles. There
have been many previous studies discussing tea drying
methods, one of which is the tea drying method proposed
by Gunawan et al.”, which utilizes geothermal heat and
zeolite in the withering tea process. In the context of
drying tea leaves, FBD is employed to extract moisture or
water from the tea leaves, facilitating the drying process.
It is imperative to establish appropriate FBD parameters
to ensure that the leaves achieve sufficient dryness while
preserving the quality of taste, color, and aroma®.

In contrast to other applications of Fluidized Bed
Dryers (FBD), the drying of food ingredients, specifically
tea in this study, necessitates careful consideration of its
organic composition. Consequently, the drying
temperature was restricted to not exceed 403 K, aiming to
preserve the organic constituents in tea, including catechin,
and also keep the liquoring quality of the tea”. But still try
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to keep the tea at a good level of dryness for storage
purposes.

Although Fluidized Bed Dryers (FBD) are commonly
used for drying tea leaves, there is a need for simulation
models to design operational settings and control
systems®), providing a deeper understanding of the FBD
system in the context of tea leaf drying. Among the
significant variables influencing FBD settings, the
velocity value stands out. Consequently, this research
aims to conduct simulations of the FBD system,
specifically exploring variations in inlet air speed values.

A great perceptivity of heat transfer and flow
characteristics is needed to optimize the control and
analysis of FBD. The fluidization quality in FBD is
subject to influence from various factors, including
geometry, operating conditions, and the physical
characteristics of solid particles. Alterations in these
parameters can result in hydrodynamic changes within the
system”. Many factors affect the bed and the wall heat
transfer, in example, the particle size and speed of
airflow'?. Bakshi et al.!" have researched the impact of
the coefficient of specularity using the Eulerian-Eulerian
model on the hydrodynamics of FBD in a three-
dimensional model. A comparative analysis between the
simulation outcomes and experimental findings is
conducted to ascertain their respective effects. Schmidt
and Renz'? perform numerical studies of heat transfer in
FBD walls and solid particles. Different models for solid-
solid thermal conductivity, using the conventional
approach and kinetic theory for granular flow (KTGF).
Dong et al.'¥ simulate multiphase flow dynamics within
FBD using the Eulerian-Eulerian model. They found that
the characteristics of the flow and the heat transfer that
occur in the FBD were impacted by the effect of different
tube shapes and effective thermal conductivity. In this
study, granular modeling of particles in tea particles was
adopted to determine the heat transfer between particles
with the wall'¥. The governing equations for the two-fluid
models were completed and solved employing the KTGF.
This theory assumes that the random movement of the
particles caused by the impact is parallel to the thermal
movement of gas molecules'®.

To analyze the heat transfer between the bed and the
wall, a numerical method is needed and interacts with the
fluidized bed. CFD simulation was chosen because it
makes it easier for researchers to be able to determine the
characteristics of a model without having to make it
directly. CFD simulations are commonly used to compare
with actual conditions of tools or machines, such as
research conducted by Bahar et al.'® in their research
comparing actual and simulated air conditions in a
chamber. Computational Fluid Dynamics (CFD) has been
formed as an excellent approach to simulating fluid and
systems of multiphase!”. CFD simulation can also
provide a much deeper view of understanding gas-solid
flows in a fluidized bed dryer and provide more detailed
data down to a very small size that experiments cannot

provide!®. In this research, the Eulerian-Eulerian
approach employed to study heat transfer between the bed
and the wall in different operations, such as the velocity
of airflow, drag model, and particle diameter size. The
KTGF was employed to estimate the properties of solid
particles, such as viscosity, shear viscosity, and pressure'?.
This study analyzes the results of heat transfer and mass
transfer in the airflow in the fluidized bed using numerical
methods. The drag model used in the simulation is
Syamlal-O'Brien because it is suitable on high fluidization
rate?”. The Syamlal-O'Brien drag model was also found
to have high accuracy among several other drag models
that can be used in gas-solid flow hydrodynamic modeling
for fluidized beds, such as Wen-Yu and Gidaspow drag
model?V.

Three-dimensional models provide better results and
simulations that approach actual conditions compared to
two-dimensional models. There are lots of uses that can
be generated by simulating the operating parameters of the
fluidized bed dryer; for example, in the velocity parameter,
we can find out what the minimum velocity value is for
fluidization to occur on the fluidized bed dryer by using
CFD simulations as done by Gosavi et al.??, besides that,
we can find out the fluidized bed dryer overall flow
characteristics as was done in this study which tries to
provide variations in the inlet air velocity to see the
influences of the flow formed on the FBD.

The purpose of this study was to present the results of a
three-dimensional model numerical simulations so that
the data can be obtained in the form of graphs to find the
effect of variations in air velocity on mass and heat
transfer that occur in FBD. Most of the studies that have
been done previously focused on finding the minimum
fluidization velocity; there is still no other study that
specifically simulates how the inlet air velocity affects the
value of the heat and mass transfer coefficient in a FBD.
For this reason, this study will be discussed and analyzed
specifically concerning variations in inlet air velocity to
heat and mass transfer values. Studies varying the air inlet
velocity are required to be able to demonstrate the flow of
gas-solid characteristics?®. The inlet air temperature will
be maintained as a constant parameter throughout the
simulation runs. This approach allows for a clear
observation of the impact of variations in inlet air velocity,
without any confounding influence from changes in
incoming air temperature. Even though this is something
that is quite important and fundamental to see how one of
the main parameters of the fluidized bed dryer, which is
inlet air velocity, can affect the overall flow characteristics
in the fluidized bed dryer, this study will analyze heat and
mass transfer, this is discernible through the examination
of the solid volume fraction within the fluidized bed dryer,
a process facilitated by the Computational Fluid
Dynamics (CFD) methodology, and analyze how the
variations in inlet flow velocity will affect on fluidization
phenomena in a fluidized bed dryer.
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2. Methodology

2.1 General Equations

In this study, fluidized bed dryers were carried out using
the method produced by Hamada Mohammed
Abdelmotalib and Im*?. CFD was used to study
hydrodynamic and counterfeit phenomena in 3D gas-solid
modeling fluidized bed dryers. The present investigation
employs the Eulerian-Eulerian (gas-solid) multiphase
methodology, utilizing laminar flow to scrutinize the
hydrodynamic and heat transfer phenomena. The use of
laminar flow model in this investigation is justified by the
fact that the maximum Reynolds number of the particles
is determined to be 83.10, thereby classifying the flow as
laminar. While laminar flow is not conventionally
employed in Fluidized Bed Dryer (FBD) studies, the
decision is supported by Abdelmotalib and Im's research.
Their work demonstrated the reliability of employing
laminar flow models in studying FBD under conditions
characterized by relatively low velocities and particles of
substantial weight.

Within the Eulerian-Eulerian framework, both solid and
gas phases are delineated employing a continuous
mathematical equation approach, each accompanied by a
corresponding conservation equation. The CFD software
is deployed for the simultaneous resolution of energy,
momentum, and mass equations. The derivation of phase
properties in a granular flow is facilitated through the
application of kinetic theory. The continuity equations for
the gas phase (g) and solid phase (s) are expressed as Eq.
1 and Eq. 2, respectively.

0
5(pg€g)+v(pg€gvg) =0 (1)

0
S pE) V(e pv) =0 @

Total volume fraction of gas, €s, and solid, &, is equal
to 1. p is density and v is velocity. Eq. 3 and Eq. 4 show
the equation of momentum for solid and gas phases.

8
—_— V =
Py 3)

-VP ¢ +p ¢ ¢+Vr +a (v -v
g% P8tV Ty Tl V,)

0
g(vspsgs)+v(vsvsgsps): &)

—ggVPg —VPS +VTS +ep g +ags (vg -V

)

In the equation of momentum, oy is the interphase drag
exchange coefficient given by the Syamlal-O’Brien drag
model, g is the acceleration of gravitational, z is the
Reynolds tensor stress, and the force of interaction
(buoyancy and tensile) describes the transfer of
momentum between the gas and solid phase indicated by
Eq. 5.

[—gSVPg + ags (vg —V )] (5)

Where Pg is the pressure on the fluidized bed. The
energy equations for the gas phase and solid phase are
expressed as Eq. 6 and Eq. 7, respectively.

8
SH Vo H _V(k & VT )=6,(T -
5 gPale) t Vgl Pyt ) = Vikee VTg) =0Ty =v) (6)

0
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H is the enthalpy, k is thermal conductivity, and J. is the
volumetric interphase heat transfer coefficient. Reynolds
number is a value for determining the fluid flow type in
FBD. For particles (solid), Re; can be calculated using Eq.
8.

_ psds ‘Vs _Vg

Re ®)

s

e

d; is the diameter of the particle, and u is the viscosity

of the fluid flow. A constitutive equation is employed to

augment the equation, wherein the tensor stress of the
solid pahse, denoted ad z,, is defined according to Eq.9.

2
ro=e p (Vv +vaT)+gS(,1S ~SHIVVL )

Where I is the inertia and u; is the solid phase shear
stress, given according to Eq. 10.

Hg :'us,col+'us,kin+ys,fr (10)

Eq. 11 shows the particle collision viscosity, i cor.

4 1/2
_ _S
#s,col T3 gspsdsgo,ss(l+ess)[ ”J (n

The equation used to find the pressure drop is Eq. 12 as
follows,

APS=(SLye)(1-60)py-pp)e (12)

Lus represents fluidized bed height and &, is the
fraction of volume. The pressure of the solid particles in
the fluidized bed has its own pressure, which is shown in
Eq.13. Pressure of the particle (solid pressure) is
characterized as a function of kinetic time (g, ;, ps) and
(2ps (1+e) es°g0b;) states the effect of particle collisions.

_ 2
ps—gs.ps.®s+2ps (1+e)£S g0 G)S (13)
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In the specific scenario granular flow, pressure of the
particle can be independently determined, with the
coefficient of restitution for temporary colliding particles
as a radial distribution function represented by e. Term go
is the radial distribution which state according to Eq.14.

(14256, +4.59s%+4.52¢)

&
S

£ (14)

(1< )

smax

The Nusselt number, a dimensionless parameter
governing heat transfer within a fluid flow, is expressed
by Eq.15, which is provided by Gunn?¥. This equation is
commonly used to estimate the Nusselt number in a
multiphase case, like in this study.

85,.d
Nu =55 = (7-10g, +5¢,%)(1+0.7Re,* Pr’*) +
kg (15)

(1.33-2.4¢,1.2¢,*)Re,"7 Pr'

Where Pr is the Prandtl number of the air, which is
given in Eq.16, and J,, is the gas-solid interphase heat
transfer coefficient. In this research, the heat transfer
coefficient values are derived from the correlation
provided by Gunn®¥, a commonly employed approach in
multiphase calculations.

Cralt
pr=—2¢ 16
P (16)

a

Sherwood number is a number that shows the mass
transfer operation of a flow. The equation given by
Vepsildinen? is used To find the Sherwood number in
this study, which can be seen in Eq. 17.

Sh=2a+0.69Rel 2 5c1/3 (17)

The diffusivity coefficient is determined according to
the Eq.18 if the air temperature falls within the range of
280 K <T <450 K.

2,072
710T

D, =187x10 7 (18)

The obtained diffusivity coefficient allows for the
determination of the Schmidt number (Sc), a
dimensionless quantity defined as the ratio of momentum
diffusivity (kinematic viscosity) to mass diffusivity. It is
utilized to characterize fluid flow, and its calculation is
governed by the following equation.

= £ (19)

Se=-2
D pD

Due to the laminar flow conditions employed in this
research, the mass transfer coefficient, hmass, 1S calculated
using the Eq. 20.

[ —— (20)

All of these governing equations, along with another
additional equation that closes, forms the basis of
calculations that will be executed on the elements or grids
of the model to later produce the values needed in this
study. All of the governing equations are needed to be used
in the calculation process to find the heat and mass
transfer coefficient that occurs in the FBD.

2.2 CFD Model

The geometry of the FBD was obtained from the cross-
section of the chamber in a tube-shaped fluidized bed
dryer. The design of the fluidized bed dryer model used in
this study is shown in Fig. 1. The dimensions of FBD are:
height H = 500, width D = 24, length L = 90, and particle
height (h particle) = 176. All dimensions are in millimeters.

The multiphase model was set to Eulerian with two
Eulerian phases, and the fraction of volume parameters
formulation was set to implicit. The Eulerian-Eulerian
method in the simulation uses one main phase, namely air,
but this air phase is divided into two types. The first type
is as air, and the second one is as solid, with its material
properties are; gas density = 1.2 kg/m®, particle density =
2520 kg/m?, initial solid packing = 0.6, diameter of
particle = 560 um, fluidization gas temperature = 403 K,
initial particle temperature = 298 K, the thermal
conductivity is 0.25 W/m.K for the particle, and 0.025
W/m.K for the air. The particle specific heat is 800 J/kg.K,
and 1005 J/kg K for the air. Based on the initial speed that
the fluid can enter the steamer chamber, so, the air
velocities in velocity inlet boundary conditions setup
which used are 1.6, 1.8, 2.1 and 2.3 m/s with 403 K
temperature. The solid phase has no velocity, and the
temperature value is 298 K.

Fig. 1: Geometry of fluidized bed dryer.

For the outlet side, the boundary condition used is
pressure outlet, where the pressure value on the outlet side
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has the same value as the surround atm pressure, so for the
air or solid phase, the gauge pressure is set to zero. Wall
boundary condition in simulation is considered no heat
and stationary wall. The wall on the simulation is also
divided into two types, which are the solid and the air
phase. For the air phase, a no-slip condition is defined for
the wall; for the solid phase, a 0.5 specularity coefficient
is defined for the wall. The Syamlal-O’Brien drag model
was set in the drag coefficient of phase interaction, and
Gunn was used in the coefficient of heat transfer of phase
interaction. In this research simulation, the solution
method used is second-order upwind discretization for
momentum and energy, QUICK for volume fraction,
second-order implicit for the transient formulation, and
SIMPLE for pressure-velocity coupling. The SIMPLE
algorithm is used to realize smooth simulation
calculations by simultaneously correcting the pressure and
velocity fields?®.

2.3 Grid Generation

Meshing is a process of breaking down a solid model
into small parts or elements so that later the boundary
settings can be imposed to the meshing results?”. In CFD
simulation, the accuracy of the calculation is influenced
by the size of the element?®. A finer grid or smaller-sized
elements in the model contribute to increased accuracy in
the obtained results. As a consequence, it requires much
more computer calculation power and takes more time
than the larger element or grid. Because of that,
simulations with variations on the total of elements are
needed to make sure that the simulation value from the
grid we chose is right and does not rely on the number or
size of the elements. The parameter used as a comparison
to carrying out the grid test and validation later is the
coefficient of the heat transfer value. The element number
and the error percentage of the independence grid test are
shown in Table 1, and Fig.2 shows the grid generation
result.

From Table 1, it is shown that a geometry consisting of
135,000 elements in the simulation results in a minimal
error value. Hence, increasing the number of elements is
unnecessary, as it would yield negligible differences in
results and would not introduce a substantial error
(<5%)?¥; then, this element number is chosen for the grid.
Hence, this research uses a hexahedral grid with 135,000
elements with a 1.32E-10 maximum skewness result and
0,02% error percentage.

Table 1. Grid independence test result.

Elements Skewness h (W/m?K) | Error (%)
102377 1.32E-10 56.26 -
107646 1.32E-10 73.02 0.30
112574 1.32E-10 81.33 0.11
135000 1.32E-10 82.57 0.02
141312 1.32E-10 88.92 0.08

0000 0.200 (m) z/k .
[ ) X
0.100

Fig. 2: Hexahedral grid generation result.

2.4 Validation

Results from numerical simulations must be validated
with experimental data or other research with similar
parameter. The simulation outcomes in this research are
juxtaposed to the study conducted by Abdelmotalib and
Im??. The coefficient of heat transfer on bed-to-wall in the
fluidized bed of this study and reference are compared for
validation. Figure. 3 shows the error of simulated results.
The average of the validation errors found in this study
was 0.99%, with the highest error of 1.34% at 1.6 m/s. The
maximum deviation between CFD results and validation
results which can be accepted must be below 10%2%). Due
to the error that was gained less than 10%, the method in
this study can be used for subsequent simulations.

280

—=— Present study
—e»— Reference( Hamada 2016)

270 4

260

h [W/m? K]
&
o

15 16 17 18 19 20 21 22 23 24
Velocity [m/s]
Fig. 3: Validation result.

3. Result and Discussion

The simulation outcomes are the contours of velocity
distribution, temperature, solid volume fraction,
coefficient of heat transfer, and mass transfer coefficient
that are influenced by the inlet velocity variation. This
study is not concerned with calculating the minimum
velocity, which is the velocity at which the transition
between a fluidized bed and a fixed bed state happens®?.
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All inlet air velocities used as research variations this time
are confirmed to be above the minimum velocity value so
that the simulation results can certainly provide a clear
picture as a comparison of the flow characteristics that are
formed in various inlet air velocity conditions.

3.1 Effect of Velocity Inlet on Solid Volume Fraction

The fluidization process begins when air enters through
the distribution plate, which forms microbubbles in large
numbers at the bottom of the bed. Then these bubbles
merge and form bubbles with larger sizes in the rising
process®). This rising stage occurs at approximately the
initial 0.5 seconds, and this stage is one of the sections that
can be considered to see the fluidized bed dryer’s
performance due to the inlet air velocity variation. In this
stage, the axial velocity and diameter of the air bubbles
gradually increase’?.

The examination focuses on velocity, temperature, and
solid volume fractions distribution to elucidate the
dynamics of heat and mass transfer concerning tea
particles. Figure 4 and Figure 5 depict the contour plots of
volume fraction of the solid at 1.6 m/s. The air temperature
is 403 K, and the particle temperature in this condition is
298 K. The size of the particle is 560 um.

0s 0,25s 055 0,755 1s 1,25s 1,55 1,755 2s
Fig. 4: 3D solid volume fraction at 1.6m/s.

0s 0255 055 0755 1s 13255 155 L1755 25
Fig. 5: 2D solid volume fraction at 1.6m/s.

At low velocity, the lifting of solid particles is slower
than the lifting of the solid particle at high velocity. This
is due to the collision that occurs between the particles
increases when the velocity inlet is higher. Thus causing
the solid particles to lift quickly. Figure 6 shows the solid
volume fraction contour at 1.8 m/s. Compared to 1.6 m/s
variation seen in Fig. 5 and Fig. 6, it appears that the

increase in velocity resulted in a higher collision and
separation effect. It can be seen at 0.25 s. At 1.8 m/s,
particles are lifted higher than at 1.6 m/s.

Figure 7 shows the volume fraction of the solid at 2.1
m/s. In Figure 7, it can be seen that at 0.25s, particles have
reached the upper limit of the chamber when compared
with speeds of 1.6 m/s and 1.8 m/s. Furthermore, particles
descending exhibit higher velocities compared to their
velocities at the preceding speed. This is due to solid
particles have been evaporated faster at 2.1 m/s than at the
previous velocity.

In Figure 8, it appears that with the velocity at 2.3 m/s,
particles are lifted faster than at other velocity variations.
This is due to the momentum resulting at 2.3 m/s having a
higher value than at the other velocity variations. This
causes the tea particles to be easily lifted when the
velocity inlet is higher. At 2.3 m/s, these solid particles
more rapidly evaporated due to the number of solid
volume fractions that were reduced more than the
previous velocity.

0s 025s 05s 075s 1s 1,25s 15s 1,75s 2s

Fig. 6: 2D solid volume fraction at 1.8m/s.

Os 0,25s 05s 0,755 1s

Fig. 7: 2D solid volume fraction at 2.1m/s.

1,25s 1,5s 1,75s 2s

Os 0,255

Fig. 8: 2D solid volume fraction at 2.3m/s.

0,5s 0,755 1s 1,25s 1,55 1,755 2s
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Under the assumption of a fixed inlet area, a rise in air
inlet velocity leads to a subsequent increase in flow rate.
This elevated airflow rate improves the fluidization of
particles, thereby promoting heightened contact among
the particles and between the particles and the walls®?.

3.2 Pressure Drop

The fluidized state was primarily indicated by changes
in the pressure drop across the bed layer’?. There are
several parameters that can affect the fluctuation of the
pressure drop ratio, such as the increase in circulation
flow*Y, the number of particles added, and particle settling
velocity’®. An increase in velocity inlet in a fluidized bed
dryer will affect pressure drop, as in Eq. 12. This
correlation causes the pressure drop (AP) to increase
linearly due to the velocity. Figure 9 shows the drop value
of the pressure with the velocity of inlet air variation on
the FBD. The drop of the pressure escalated with the
fluidization velocity increase.

15 16 17 1I‘B 119 2:0 211 22 23 24
Velocity [m/s]
Fig. 9: Pressure drop on fluidized bed dryer.

3.3 Effect of Velocity Inlet on Heat and Mass
Transfer

t

3 5544000
0006-+000

(a) L6m/s (b} L8 m/s e} 2.1m/s {d) 2.3m/s

Fig. 10: Velocity distribution contour.

The temperature distribution contributes to the heat
transfer within the particles. Figure 10 illustrates the
contour of the magnitude of the inlet velocity, influencing
the temperature distribution within the fluidized bed dryer.
The inlet velocity impacts both the particle velocity and
the velocity vector of particles. A lower velocity results in

a diminished value of the particle velocity vector,
consequently leading to reduced convection heat transfer
on the particles.

354

352

350

348

5[ W/ mK]

346

344

T T T T
15 16 17 18 198 20 21 22 23 24
Velocity

Fig. 11: Heat transfer coefficient between gas and solid.

Figure 11 illustrates that an increased fluidization
velocity corresponds to higher transfer of the heat from
the tea particles to the air. This is due to the greater air
volume fraction when the fluidization velocity is getting
higher. It corresponds to the correlation with the method
of thermal Gunn?? used in the analysis. Meanwhile, Fig.
12 illustrates that the heat transfer between the wall and
solid particles intensifies with an increase in fluidization
velocity. This phenomenon is attributed to the larger inlet
velocity values, which elevate the volume fraction,
consequently enhancing the heat transfer coefficient.

140

120 4
100
80

50 /.

40

h [W/m?K]

T T T T
1.5 16 17 1.8 19 20 21 22 2.3 24
Velocity [m/s]

Fig. 12: Heat transfer coefficient between wall and solid.

The coefficient of heat transfer experiences an
escalation with the increase in inlet velocity. In this study,
the value of heat transfer between the air and the tea
particles will be compared with the air volume fraction, as
shown in Fig. 13. Observably, the heat transfer coefficient
diminishes in regions characterized by an escalation in the
air volume fraction. This phenomenon happens because
the particle has lower resistance to heat transfer than the
air. The viscous force causes the small value of air volume
fraction of the wall at the no-slip condition of the airflow.

Figure 14 shows a radial profile of the tea particle
temperature and the solid volume fraction for three-
dimensional models at the height of 0.1 m. The elevation
of the solid volume fraction induces a reduction in both
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particle velocity and granular temperature.
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Fig. 13: Heat transfer coefficient on gas-solid and air volume

fraction graph (a) at 1.6 m/s (b) at 2.3 m/s.
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Fig. 14: Volume fraction and granular temperature graph (a)

Figure 15 shows the velocity distribution of particles at

at 1.6 m/s (b) at 2.3 m/s.

various velocity inlets at 0.1 m height. This value indicates
that tea particle velocity elevated in the core of FBD and
diminishes in the wall-close area. The corresponding
profile elucidates a heightened tea particle volume
fraction close to the wall and a deficiency in tea volume
fraction around the center of the fluidized bed, as depicted
in Fig. 13. This phenomenon occurs because the tea
particle velocity on the wall has friction forces with the
walls. As a result, the velocity of tea particles near the wall
is diminished compared to the velocity of tea particles in
the central region of the fluidized bed. This discrepancy
contributes to an increased volume fraction of tea particles
in the vicinity of the wall area.
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Fig.15: Tea particle velocity profile.

Table 2. Reynolds, Prandtl, and Sherwood number.

Velocity Reynolds Prandtl Sherwood
1.6 57.81 0.74772 86.51
1.8 65.03 0.74772 50.44
2.1 75.87 0.74772 48.01
2.3 83.10 0.74772 47.01

In this study, the fluid flow has a maximum Reynolds
number at 83.10, which is less than 200, and the Prandtl
number of the air is all the same at 0.74772, as shown in
Table 2, so the Sherwood number (Sh) can be calculated
with Eq. 17.

From the calculation, it is known at 1.6 m/s, the
Reynolds number is 57.81, the Prandtl number is 0.74772,
and the Sherwood number is 86.51, while at 2.3 m/s, the
Reynolds number is 83.10, the Prandtl number is 0.74772,
and the Sherwood number is 47.01. The velocity variation
of 2.3 m/s has the lowest Sherwood number, which can be
interpreted as an increase in the rate of mass diffusion. The
coefficient of mass transfer exhibits a considerable
magnitude when either the diffusion coefficient or the rate
of mass diffusion is substantial. In this scenario, the rise
in diffusivity is influenced by the air temperature. An
escalation in the airflow rate results in a corresponding
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increase in air temperature. The graphical representation
of the mass and heat transfer coefficients is depicted in Fig.
16.
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Fig. 16: Mass and heat transfer coefficient between gas and
solid in air inlet velocity variation.

Figure 16 illustrates that there is a substantial increase
in mass transfer when the fluidization velocity is elevated.
At 1.6 m/s, the coefficient of the heat transfer is 344.2
W/m?.K, and the coefficient of mass transfer is 0.98 X 10-
7, while at 2.3 m/s, the coefficient of the heat transfer is
353.3 W/m*K and the coefficient of mass transfer is
2.55%X107. These values indicates that increasing the inlet
air velocity maximizes the utilization of heat from the
drying air. In the context of this study, it is noteworthy that
despite maintaining a consistent drying air temperature at
403 K, distinct heat and mass transfer values were
obtained.

Increasing the mass flow rate corresponds to an
increase in the resultant heat transfer rate’”. The findings
in this study align with this principle, as demonstrated by
the positive correlation observed between the velocity of
the inlet air and the coefficient of heat transfer. This
relationship is proportional to the escalation in mass flow
rate, under the assumption of a constant inlet area.
Consequently, it can be inferred that tea drying rates are
accelerated with higher air velocities. This phenomenon is
attributed to the escalation in air velocity within the
fluidized bed, resulting in heightened mass and heat
transfer rates. Consequently, this acceleration can
expedite the process of tea drying. At the same drying air
temperature, an increased air velocity facilitates an
improved mass transfer process. This enhancement
contributes to achieving a superior degree of dryness in
the tea without necessitating a higher temperature which
can damage the organic content in the tea leaves.

4. Conclusion

Fluidized bed dryers are widely applied in the industries
such as mining and pharmaceuticals. Fluidized bed dryers
are commonly used in the process of drying solid objects
since it has a large heat and mass transfer rate that can

reduce drying time. The value of inlet velocity influences
the coefficients of the mass and heat transfer that occur in
the FBD. Qualitative simulation results which describe the
characteristics of the flow that occurs in the fluidized bed
dryer due to variations in air inlet velocity can be seen in
the 2D solid fraction contour. In this context, it is evident
that with an increase in air inlet velocity, particles undergo
a more rapid and elevated ascent during the rising stage.
This is due to micro bubbles, which are formed at the base
of the plate bed, having a high velocity so that when these
bubbles gather, they will be able to lift the particles
quickly and high. From the pressure drop result, it is
known that the drop of the pressure escalated with the
fluidization velocity increase.

From the results of the analysis, at 1.6 m/s, the
coefficient of heat transfer is 344.2 W/m>.K, and the
coefficient of mass transfer is 0.98 X 10”7, while at 2.3 m/s,
the coefficient of heat transfer is 353.3 W/m?.K and the
coefficient of mass transfer is 2.55X 1077, in conclusion,
an increase in the air velocity within the fluidized bed
leads to an increase in both heat and mass transfer rates,
thereby speed up the tea drying process. The elevation in
both coefficient of the mass and the heat transfer can be
attributed to the temperature distribution exhibited by the
tea particles.

This research only focuses on the influence of the inlet
air velocity on the flow characteristics that are formed,
and this study does not carry out further on how the flow
characteristics can occur if the inlet velocity becomes too
high. To be directly implemented in the tea drying process,
further studies can be carried out in the future to find out
whether there are different flow characteristics or a critical
turning point when the inlet air velocity becomes too high.
This further research can also be related to fluidization
efficiency. In summary, the Fluidized Bed Dryer (FBD)
configuration with this velocity and temperature can
effectively dry tea products. This process ensures the
preservation of organic content quality in the tea while
achieving an optimal dryness level suitable for storage
purposes.
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Nomenclature
v velocity (m s™)
T temperature (K)
Sc Schmidt number (-)
S surface area (m?)
P pressure (Pa)
L height (m)
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1 inertia (-)
2 radial distribution defined by Eq. 14
e coefficient of restitution (-)
ds particle diameter (m)
Greek symbols
o interphase drag coefficient (-)
) heat transfer coefficient (W m?2 K-")
e volume fraction (-)
C) granular temperature (m?s2)
U viscosity, shear stress (N s m™')
p density (kg m)
T Reynolds tensor stress (N m™)
Subscripts
s solid
mf minimum fluidizng
kin kinetic
g gas
fr friction
col collision
a air
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