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Abstract

The objective of this work is to investigate the air flow distribution in conventional tray dryer and modified dryer using computational
fluid dynamics. Simplified model of drying chamber with assumptions was used for simulation. Grid independence study and model
validation were performed with the model of conventional tray dryer. Relative error of models was acceptable for all simulations. The
shape of front and rear walls of drying chamber was varied. The results showed that the reason of poor air distribution inside
conventional tray dryer was improper installation of air baffle resulting in air flow obstruction. Flow pattern inside the modified drying
chamber highly depends on the front wall, while effect of rear wall on flow was insignificant. The critical zones occur at the top of
drying chamber for both conventional and modified tray dryers.
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1. Introduction

Agricultural products are important goods in the global markets. A supply of agricultural product is abundant during the harvest.
To preserve and add value of products, hot air drying is most favorite. The multi-purpose tray dryer or fixed-bed dryer is widely used
with ranges of operating and reasonable cost, especially in small business. However, heterogeneity of air flow inside dryer is usually
observed in the dryer resulted poor products [ 1, 2]. Switching of tray during drying process is required to improve air distribution in
the practical use. It is clear that the air flow distribution inside dryers plays an important role in quality of product. Several works
experimentally introduced new techniques for improving air distribution, e.g. hot air recirculation [3-5], diagonal-airflow batch dryer
[6], the combination of various heat sources, including heat pump, solar and infrared, for a drying system [ 7], the dryer mixed with
solar [8] and dryer combined with geothermal system [9]. Unfortunately, the experimental studies for improving air flow distribution
in dryers are tough, costly and time consuming [10, 11].

To reduce the limitation of flow study by experiment, computational fluid dynamics (CFD) is used as a tool for predicting flow
behavior with low cost and short time [12-14]. CFD was introduced in the drying areas with varieties of study. Results from CFD
analyzing showed that shape parameters caused uneven air distribution in dryer [1, 2, 15-17]. Different complex geometry of full-scale
industrial dryer affected on quality of dried product and energy consumption. The optimal parameter of dryer shapes increased 23% in
the uniformity of final product moisture [18]. The improvement of air distribution in a tray dryer can be done by new design with the
expanded inlet, resulting 50% reduction of span of moisture content compared to the convention tray dryer [2]. The air baffles or air
guides at entrance also showed good drying uniformity [11]. Air flow rate controls not only drying time but also uneven drying [ 19,
20]. From the literature, it can be summarized that the dryer geometry are important parameters. The distribution of air flow depending
on design has influence on drying quality. New design of drying chamber, especially entrance and exit walls, is necessary. The optimum
parameters vary from case to case shown in the literature. It is difficult to apply the same optimum parameters to the others which have
the different sizes, shapes, products and functions of operating. This is a limitation of tray dryer in practice. In addition, there have not
been previous works that investigate the effect of the entrance and rear walls with the simple stack of tray in the regular compact tray
dryer on air flow distribution. Therefore, the objective of this work is to investigate effect of wall shapes on the air flow distribution of
the modified dryer. Flow characteristics can be used to improve the overall performance of the tray dryer leading to decreasing of time
and operating cost.
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2. Materials and methods

2.1 Conventional tray dryer and 3D model

Figure 1 (a) and (b) show the multi-purpose conventional tray dryer and its diagram, respectively, consisting of inlet, outlet, burner,
controller, blower, drying chamber and stacks of tray. Air flow rate and temperature were automatically controlled by a controller.
Drying capacity of dryer is in the range of 90-100 kg depending on agricultural products, e.g. longan, mango, banana and lychee.
During drying process, air moves into tray dryer at the top. Then, air is heated at the plenum by burner before it moves into drying
chamber where it contains separately 18 trays shown in Figure 2. Heated air passes through stacks of tray, and it shifts upward moving
out of dryer at the exit on the top. To reduce complexity of CFD model and computational time, only drying chamber (dimensions
114.5%239.0x90.0 cm) will be considered as CFD model shown in Figure 3 (a). Afterwards, model discretization is performed to
generate mesh in Figure 3 (b).
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Figure 3 Tray dryer model for CFD simulation
2.2 Computational fluid dynamics

Flow simulations in this work were performed by the CFDRC V2004. The governing equations for simulation are shown in
equation (1)-(3) [21]. The standard k-& model was employed for turbulent flow calculation based on transport equation for the
turbulence kinetic energy (k) and its dissipation rate (&) shown in [22]. In simulation, the assumptions to reduce the complexity of
calculation are made following:
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- Air flow in the dryer is steady state-steady flow condition.

- Inlet air has a uniform velocity.

- Incompressible flow and constant air density are reasonably used for the models, because maximum air velocity in the dryer is
much far from sound speed in the air. This means that Mach number of air flow in dryer is much smaller than 0.1 [2]. Viscosity of air
in dryer is also kept constant for the models.

- No-slip wall condition is considered at the wall surface.

- When the product is fully loaded to the trays, very small amount of air can vertically pass through the trays. Therefore, air flow
in the parallel direction to the trays is only considered. In the simulation model, the trays are considered as impenetrable trays.

Continuity equation: ‘;—‘; +V-(pv) =0 (1)
Momentum equation % (pD) + V- (pv9) = —Vp+ V- (D) + pg+ F ?2)
Energy equation % (PE) + V- (5(pE + p)) = V- (kepsVT) + Sy, 3)

Where p,t,7,p,7,8, F,E, kes, T and Sy, are, respectively, density (kg/m?), time (sec), flow velocity (m/sec), pressure (Pa), stress
tensor (Pa), gravity (m/sec?), momentum sink term (Pa), total energy (J), effective conductivity (J/mK), temperature (K) and
volumetric heat source (Pa/sec).

2.3 Conditions for simulation

To study the flow inside the air dryer by CFD, some processes are required before the model simulation. Grid independence study
is initially performed. Then model validation are carried out. Finally, air flow distribution of modified tray dryer is investigated.

2.3.1 Grid independence study

Grid independence have to be studied initially for the simulation model of the conventional tray dryer. The optimum grid cells in
the model not only play an important role on reliable results but also affect computational time [23]. Different grid cells were refined
from 42,504 to 707,486 cells. The result for each number of cells was averaged from all data on the center plane of model. Grid
independence will be obtained when insignificant change in the results is noticed with the increase of number of grid cells. The optimum
grid cells will be used throughout the simulations including validation and modified tray dryer.

2.3.2 Model validation

Model validation can be performed by comparison of extracted data between experiments and simulations at the same operating
conditions of the conventional tray dryer. In experiment, air velocities were measured by hot wire anemometer Jedto model AFM029
with accuracy £3%. The measurement positions of air velocity is shown in Figure 4. Measurement for each point was repeated 5 times
to find the average velocity.

The experimental data at inlet and outlet of dryer was used for the boundary conditions of the model shown in Table 1. At inlet, air
velocity in y-direction and temperature were kept constant at 6.17 m/s and 343 K, respectively. Air exits the outlet where atmospheric
pressure and ambient temperature were assigned. Turbulence kinetic energy and dissipation rate of inlet and outlet were 0.01713 m?/s?
and 0.002631 m%s3, respectively. The convergence of numerical solutions will be obtained by 2 criteria, i.e. the number of iterations
of 5,000 cycles and the residual values of 0.0001 for all variables.
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Figure 4 Positions for measuring velocity inside the drying chamber

Table 1 Boundary conditions for model validation

Inlet Outlet
Cartesian (X,Y,2) Fixed Pressure
U=0m/s,V=6.17m/s W=0m/s Gauge Pressure =0
T=343K T =300K
Standard k- Standard k-¢
Turbulence kinetic energy 0.01713 m?/s? Turbulence kinetic energy 0.01713 m?/s?

Turbulence dissipation rate 0.002631 m?/s® Turbulence dissipation rate 0.002631 m?/s®
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2.3.3 Flow investigation of modified tray dryer

Initially, flow pattern of the conventional air dryer model showing in Figure 3 was investigated to explain flow behaviors causing
poor drying. Then new design of front (entrance) and rear walls was introduced as shown in Figure 5, while tray positions were fixed
for all simulations. The radius of front and rear walls were varied. The air baffles at entrance using in the conventional tray dryer were
removed in the modified tray dryer. Details of modification are shown in Table 2. Boundary conditions of the modified dryer were
exactly same as the validation case. Flow characteristics deriving from the simulations will be used as parameters for assessing the
improvement of air distributions.

2
Figure 5 New design of tray dryer
Table 2 Geometrical parameters of modified tray dryer
Parameters Case
A B C D E F
Radius of front walls (cm) 48 70 104 - - 70
Radius of rear walls (cm) - - - 30 50 30

Heterogeneity of air flow distribution inside tray dryer can be represented by the velocity span as shown in Figure 6. To assess the
overall performance of the modified tray dryer, the velocity span will be used. Smaller velocity span allows the better air flow
distribution resulting in the uniformity of drying rate and quality of products [18]. It is noticed that tray 1 and 10 were excluded from
the velocity span, because they are critical zones, where they show very low velocity for tray 1 and high variation of velocity for tray

10 in all cases.
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3. Results and discussions
3.1 Grid independence study and model validation

Effect of grid cells on the velocity magnitude is shown in Figure 7 (a). The increase in number of cells directly impacts on velocity
magnitude in the region 1, but it shows insignificant variation of velocity magnitude in the region 2. Grid independence was met in this
region beyond the grid cell of 474,063. Therefore, the present study uses this number of cell to perform throughout simulations.

Model validation was investigated by the comparison of extracted data of the experiment and simulation shown in Figure 7 (b).
Simulation results showed a strong correlation and reasonably match to those of the experiments. Averaged relative error is about of
16.64%. The errors are probably from assumptions made and the local complexity of tray dryer. The accuracy criteria in [24] suggests
that if the relative error is less than 20-30% the simulation results are rated as B and acceptable. Therefore, it can be implied that the
CFD model with 16.64% relative error is suitable to predict flow in the conventional tray dryer.
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Figure 7 (a) Effect of grid cells on the velocity magnitude and (b) Model validation
3.2 Flow investigation of conventional tray dryer

Figure 8 (a) — (d) show the simulation results of the conventional tray dryer. In Figure 8 (a), the simulation reveals that there is a
large difference in velocity between upper and lower trays. The critical or dead zone is above the highest trays, i.e. tray 1 and 10, where
the lowest velocity is in the range of 0.4-1 m/s, on the other hand, the range of highest velocity (3.5-6 m/s) is noticed at the tray 2-5
and 11-13 as shown in Figure 8 (c). The similar observation was reported in other works [11, 13] that studied flow inside tray dryer.
Vorticity, representing the local spinning motion, is a parameter for flow analysis. Low vorticities above tray 1 and 10 showing in
Figure 8 (b) and (d) also confirm that critical zone occurs in these regions. Beside of tray 1 and 10, other critical zones are observed at
the middle of tray stacks, i.e. tray 6, 7, 15 and 16. So, the critical zone could be defined as where it has low velocity and vorticity. The
explanation for critical zone occurrences is postulated that the downward inlet air, containing high inertia force, cannot immediately
change direction to the tray 1 and 10 although air baffles was installed at the entrance. Surprisingly, air baffles at the entrance block
the flow for the others, resulting in the lower critical zones. With this flow behavior, the products located at the critical zone would
receive insufficient energy and could not be dried, while the others receiving overflow are exceedingly dried, because drying air
temperature and velocity play an important role on the dehydration rate [ 25, 26]. These results could be used to explain why
heterogeneous products were obtained when this tray dryer was used for drying of agricultural products.

3.3 Flow simulation of modified tray dryer

Modification of the drying chamber shape shows significant effect on air velocity distribution illustrated in Figure 9 to Figure 12.
In case A to C, the air baffles occurred in the conventional tray dryer were removed, and the front radius of entrance wall was varied,
while rear walls are same to the conventional dryer. In comparison with the conventional tray dryer, it was found that front radius of
entrance wall without air baffle shows the promising results. Air distribution, showing in Figure 9 and Figure 10, seems more
homogenous throughout the trays except tray 1 and 10, where the critical zones still remain as well as the conventional tray dryer.
There is insignificant difference in air flow results among case A to C. This is confirmed by the comparison of improvement,
determining from air velocity profile in Figure 9 and difference of velocity in Figure 10, for each individual tray between the
conventional and modified tray dryer shown in Table 3. However, if considering vorticity in Figure 11 and Figure 12, case B seems
slightly better than the others particularly tray 1 and 10. it could be implied that more turbulence, increasing in drying rate, occurred in
case B. Case D and E shows effect of rear wall with two different radius on flow characteristics, while front walls are exactly same to
the conventional dryer. Air velocities in case D and E over trays were almost same to that of conventional dryer. On the contrary, air
velocity profile and vorticity over tray 1 were terrible in case E. Case F is the modification of front and rear wall radius. The results
show the improvement of both flow and vorticity inside drying chamber as case A and B. However, the critical zones on tray 1 and 10
still occurred.
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From the simulation results, Case B seems to be better than the others considering from such as the structure, uniformity in air flow
distribution and vorticity. However, the dead zones still remain at the top of drying chamber. A suggestion for the future work is about
other design to improve flow at the critical zone. In addition, the porous model will be applied for trays.
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Figure 9 Air flow pattern inside modified tray dryers
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Figure 11 Contour of vorticity inside modified tray dryers
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Table 3 Comparison of the improvement of velocity profile between the conventional and modified tray dryer
Case Front Rear Tray
(cm) (cm) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
A R=48 Conventional 0 + + + + + + + + 0 + + + + + + + +
wall
B R=70 Conventional 0 + + + + + 4+ 4+ + 0 + + + + + + + +
wall
C R=104 Conventional 0 + + + + + 4+ 4+ + 0 + + + + + + + +
wall
D Conventional R=30 0 0 + 0 0 O o o o o o - 0 o o0 o0 0 0
wall
E Conventional R=50 -0 + 0 0 O o o o o o - 0 o o0 o0 0 0
wall
F R=70 R=30 o + 4+ 4+ + + + + 4+ 0 + + + + 4+ + + +

Note: (-) is worse than the conventional dryer. (0) is no change. (+) is better than the conventional dryer.

Figure 13 shows velocity span of the tray dryers extracted from air velocity profile. In comparison of the velocity span of the
conventional and modified tray dryers, it was found that the tray dryers with modification of entrance wall in case A and B show the
highest reduction of velocity span by 45% and 32% for tray 2-9 and 11-18, respectively, while there is no improvement in case of
modification of rear walls (case D and E) for tray 2-9. In addition, case D and E expands the velocity span for tray 11-18 by 24%.
These results can be postulated that the overall performance of the modified tray dryer will be improved in case of lower velocity span
compared with the conventional tray dryer, because the decrease of velocity span allow the better air flow distribution. In other words,
the similar drying rate for each tray can be obtained by small velocity span resulting in homogeneity of products [2, 11, 18, 19] and

decrease of drying time [19].
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Figure 13 Velocity span of the tray dryers
4. Conclusions

In this study, simulations using computational fluid dynamics were performed to investigate the flow characteristics of tray dryer.
The optimum grid cells were obtained by grid independence study before model validation and simulation of other design of drying
chamber. The average relative error of CFD models is about of 16.64% which is acceptable for simulation. The results showed that in
case of the conventional tray dryer, poor air distribution comes from the obstruction of air baffle located at the entrance. The critical
zones are at the top of drying chamber and the middle of stack of trays, where air flow was blocked by the air baffle. For the modified
tray dryer, it is clear that front wall drastically improves flow characteristics inside drying chamber, while rear wall has slightly effects
on flow. A more uniform air distribution occurred in case B (radius of front wall of 70 cm). However, the critical zones still remain at
the top of drying chamber.
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