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Abstract

The use of a spray-dryer is very popular in the drying process in
the food and beverage industry. However, due to the properties of
the sensitive product that the quality will degrade in drying at high
temperature, the innovative design of spray-dryer is developed
which can increase the heat transfer rate at moderate temperature.
This research was conducted to develop a spray-dryer design to
improve thermal-hydraulic performance, with a high transfer rate
and low-pressure drop at such a temperature. The design varies by
several inlets categorized as design A with one inlet, design B with
two inlets, and design C with three inlets. This simulation uses
ANSYS FLUENT17, and the independence of the mesh was
evaluated to improve the result of the simulation. The efficient
mesh number is obtained from the independence of the mesh at
around one million. The result shows that design C has the lowest
pressure loss and the highest transfer rate due to high vortex and
swirl flow generation, improving the mixture quality and direct
contact between droplet and dry-air.
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INTRODUCTION

Spray dryers have been used widely in
many industries such as food [1, 2, 3], beverage,
and dairy [4]. As a result, many applications have
been made using spray-dryers, such as
encapsulation [1, 5, 6, 7], drying, and even
cooling. However, the drying process using a
spray-dryer has been challenging since a volatile
product would degrade at drying high
temperatures.

The advantages of spray dryers regarding
the drying process are about eight times more
economical than freeze-drying and four times
more than vacuum drying [8] since less electric
power consumption. Moreover, the other benefit
is short, direct contact, which is important for
preserving sensitive quality attributes such as
nutrients, colour, and flavours [7][9].

Furthermore, the final product of the spray-
dryer is very stable because of low moisture
content and water activity [7]. Under this
condition, it would reduce microbiological and
degradation of oxidation [7][10].

The operating temperature in some
applications industry operates between 150-
2200C for inlet air dryer and outlet 50-800C
which could damage sensitive and volatile
compounds, i.e., vitamin C, anthocyanins,
lycopene, colours and flavours [11, 12, 13] even
for cheese industry its operating temperature is
between 180-190°C [4].

Many innovative designs have been
proposed using Computational Fluid Dynamics
(CFD) to study and examine their performance
on various models [14][15]. The previous study
investigated different configurations of chamber
design in spray dryers [2]. This study provides
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that most studies recently used the k-¢ model as
turbulence modelling, especially in 3D. Some
chamber configuration developments were
elaborated, such as a spray-dryer with a rotary
atomizer [1, 16, 17]. The advantage of using a
rotary atomizer compared to pressure nozzle
spray is that more drying chamber volume is
effectively used since its rotation helps the
dispersion of droplets. In some cases, pressure
or twin fluid nozzles produce a larger volume of
distribution than rotary [7].

The other study examines four stages of
spray-dryer using simulation, then the results are
compared against validation of experiment [18].
The result shows good agreement between
simulation and experiment. However, despite the
agreement, the study did not explain the thermal-
hydraulic performance of spray dryers.

Another case of investigation is about
cyclone performance that uses CFD. It shows
that increasing inlet number could decrease
pressure loss and increase vortex and swirl
generation [19]. The other research shows that
increasing vortex and swirl generation could
increase mixing compounds and heat transfer
rate [17, 20, 21, 22].

Based upon the sensitive product
problem and the effect of vortex-swirl flow that
could enhance heat transfer, the novel design of
spray-dryer was proposed in this study. The
study was conducted to examine the design of a
spray-dryer whether a varying number of inlets
could increase heat transfer at moderate
temperature by generating vortex and swirl flow
enhancement. This study is also analyzing the
thermal-hydraulic performance of spray-dryers.

METHOD

This part will discuss mathematical
modelling, boundary condition, geometry
variation and boundary condition, mesh

generation and independence of mesh.

Mathematical Modeling

In this study, some equations are used.
Since the modelling uses Discrete Phase
Material (DPM), the modelling is divided into two
parts. The first part is the continuous phase, and
the other part is the discrete phase. After each
part has been defined, the interaction between
them is explained.

Governing equation of mass continuity,
momentum and energy for a continuous phase is
defined as follows:
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For Newtonian Fluid, the stress tensor in
(2) and (3) are defined in the following:
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Governing equations for discrete/dispersed
phase are described in the following:
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Reynold number and drag coefficient are
computed using these equations:
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Modelling for the interaction between two phases
is evaluated in the following, the rate of
evaporation is governed by gradient diffusion:

Ni = kc(ci,s - Ci,oo) (9)
Cis is a droplet in the surface while Ci~- is a
droplet in the bulk gas, both of them for vapour

concentration is defined as 2272 anq X; mep)

r r
For finding k, value, Nusselt number correlation
can be used:

Nty = "2 = 20 + 0.6Re}/ S/ (10)
Heat transfer from dry air to droplet is updated
with the energy balances as it follows:
dm
mpCzu dt = hAzu(Too - Tp) + d_tphfg

(11)

Droplet boiling is formulated to predict boiling rate
when the droplet has reached temperature
boiling while the mass excess non-volatile
fraction [23].
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Turbulence modelling that is used in this study is
K-€ standard model because some researchers
have used it and its results meet good
agreement against experiment validation [2].
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Geometry Variation and Boundary Condition

The geometry of the spray-dryer in this
study is shown in Figure 1. The geometry
dimension in centimetres and the spray dryer are
divided into three parts: Upper part, middle part,
and bottom part. The upper part has a function to
generate vortex flow. The number inlet at this
part is varied with 1,2,3 inlet or variation A, B and
C respectively. In the middle part where the
drying process takes place. The nozzle is placed
at the centre so the droplet can contact to air
dryer. The last is the bottom part, where dry air
and droplet vapour come out from the outlet.

In this study, variation A has 0.003 kg/m,
whereas B and C have 0.0015 kg/s and 0.001
kg/s of dry air. This difference arises to maintain
the total mass flow rate at each variation (0.003
kg/s). The properties of the fluid are completely
shown in Table 1.

The diameter inlet of each variation is
different from having equal inlet velocity. For
variation, A has 2.7 cm, and B and C have 1.35
cm and 0.9 cm, respectively.

In terms of the total mass flow rate being
constant, it is to make sure that the sum of
energy by mass from the air dryer for the drying
process is equal.

Mesh Generation and Independency of Mesh

In terms of mesh generation, the three
parts of the spray dryer are divided into three
parts: the upper and middle parts are hex mesh,
whereas the bottom part is tetrahedral mesh. The
mesh generation is shown in Figure 2.

The concern of this study is to investigate
vortex flow and the drying process that takes
place in the upper and middle parts. Therefore,
mesh generation in those places has to be hex
mesh to reduce the error.

Despite the mesh generation,
independence of the mesh must be conducted to
increase the result of the simulation. This
evaluation is conducted by comparing the

temperature average of the middle part at
different sizes of mesh.

Inletl

o Upper Part

AGddlePart

Figure 2. Mesh generation
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Table 1. Properties of Fluid

Variation

Fluid A

B C

0.003
kg/s

0.0015 0.001
kgls ka/s

Dry Air

60 C

1.225 kg/m3

0.0242 w/mK
1006.43 J/kgK

Water Droplet

998.2 kg/m3
4182 J/kgK
10.85001 CVap T

0.8 m/s

0.0003 kg/s

27C

Table 2. Evaluation of Independency of Mesh

Mesh Number

Temperature average of the middle part

(C)
234000 46.08
234000 46.08
444000 39.4234
1054000 45.937
4000000 46.261

Table 2 shows the evaluation of the
independence of mesh. For example, when the
number of mesh is 234000, the temperature
average is 46.08 °C. Therefore, the number of
mesh that is used in this study is 1054000 since
there is a slightly different temperature average
at 4 million mesh.

RESULTS AND DISCUSSION

This session will discuss the observation of
velocity, temperature and pressure. Regarding on
observation of velocity in the spray dryer, radial
velocity contour is presented in Figure 3.

Figure 3 shows that variation C has the
most uniform radial velocity distribution compared
to other variations. By increasing the number of

Figure 4 shows the temperature contour in
the axial direction. Gradient temperature shows
in the middle part of the spray dryer, whereas
evaporation occurs. This gradient temperature
indicates a heat transfer from dry air to the
droplet water throughout their interface while they
contact each other. As a result, the droplet water
phase changes into a vapour.

Gradient temperature will fade as the water
droplet becomes vapour or temperature
equilibrium between the droplet and dry air. For
example, Figure 4 shows temperature equilibrium
as the droplet is far away from the inlet. This is
because dry air keeps transferring heat to
droplets throughout the outlet.

inlets, the flow could reach all around the upper Tert el
part of the spray dryer then it could improve the ' ——
distribution of radial velocity. 1“:1“,::,1
S &t
Ran 42006
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Figure 3. Radial Velocity Contour Figure 4. Axial Temperature Contour
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The contour of radial temperature is
presented in Figure 5. This contour is taken at
the same height of each variation. It shows that
the rate of drying process at variation C is the
highest since the size of circular gradient
temperature is the smallest. The same result for
variation B occurs, as shown in Figure 5, that the
evaporation rate is higher than variation A.

The correspondence between increasing
the number of inlets and heat transfer rate is
shown clearly in the Discrete Phase Material
(DPM) report in FLUENT 17. The results are
presented in Table 3.

Mass evaporation in Table 3. is calculated
by evaluating mass continuity in the inlet and
outlet. Therefore, it must be that the delta of
mass transfer is positive due to the greater mass
at the outlet due to the augment of evaporated
water-droplet.

Table 3 shows that variation C has the
most significant mass evaporation and the
highest heat transfer rate. It indicates that
increasing the number of inlets of the spray dryer
would generate more uniform radial distribution
and more vortex flow in the upper part of the
spray dryer. Higher vortex flow generates swirl
flow throughout the middle part of the spray
dryer. As a consequence, heat transfer rate and
droplet mass would increase.

The trajectories of droplet particles would
describe why a higher transfer rate occurs at
variations B and C, as shown in Figure 6.

Temparalure
Wal
. B.000e+007
5.7480+001
5485007
B AN
4 BEDe+001
4 T 3TerH0
4 482m+001
4.231e+001
3,97 8e+001
I 3.7 26e+001

3473000

=]

C
Figure 5. Radial Temperature Contour

Table 3. DPM Report

Mass Heat Transfer
Evaporation Rate
Variation (kg/s) (W)
A 0.0001219791 308.8667
B 0.0001261506 318.6511
C 0.0001327309 333.0964

A TewlD EE R

BRI

Figure 6. Particle Trajectory

Residence time is one of the reasons why
such a heat transfer rate is achieved. Figure 6
shows that longer residence time occurs at
variation B dan C due to higher vortex flow.
Particle trajectory elaborates the higher vortex
flow would induce and trap the droplet particle to
stay in the middle part for a longer time. As a
result, heat transfer from dry air would be
improved as dry air and droplets would contact
each other longer. However, the residence time
of variation C is faster than variation B. It is
because of the effect of the uniformity of velocity
distribution. Hence, dry air would easily induce all
particles throughout the middle part of the spray
dryer.

Pressure loss will be examined in this
study. The total pressure loss is tabulated in
Table 4, which shows the highest-pressure loss
occurred at variation A and the lowest pressure
loss at variation C. This is because there is a
reduction area due to circular paths making the
flow collide with the wall as shown in the Figure
7. The collision in variation A has a more
significant impact on the pressure gradient than
other variations due to a bigger diameter inlet.
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Table 4. Total Pressure Drop

Variation

Pressure Drop
(Pascal)

A
B
C

42.47
12.14
6.44

Pressure
RAD1

5.842e+001
l 5.078e+001
- 4.314e+001 \
3.550e+001
r 2.786e+001
r 2.022e+001
1.258e+001
4.935e+000
-2.705e+000
I -1.035e+001
-1.799e+001
[Pa]

Figure 7. Radial Pressure Contour
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Figure 8. Total P loss [19]

This study's total pressure drop is aligned with
previous study [19] in Figure 8, where three inlets
have the smallest pressure drop.

CONCLUSION

Numerical simulation on thermal-hydraulic
performance has been presented in this study.
The novel design of spray-dryer has been
proposed to answer the problem of volatile and
sensitive products in the drying process. In which
due to sensitive quality attributes will damage at
a higher temperature. It is shown in this study,
based on thermal-hydraulic performance, that
increasing the number of inlets would improve
heat transfer from dry air. It is shown the highest
heat transfer rate on variation C (333.1 Watt).
This is the consequence of higher vortex and

swirl generation flow that trap droplet particles to
absorb heat from dry air for a longer time.

The best design in this study has thermal-
hydraulic performance, whereas it has the best-
improving heat transfer (333.1 Watt) and the
lowest pressure drop (6.44 Pa) is variation C.
However, another problem would arise: the
resident time is deficient in the study. Therefore,
incoming next research will focus not only on
thermal-hydraulic performance but also on
improving the resident time. The next research
investigates the effect of mass flow rate and
temperature of dry air in the drying process using
three inlets.
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