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Abstract

A novel model of ceramic particle drying by superheated steam in the packed bed dryer is applied to
examine the effects of operating conditions on the drying process. It is shown that the drying kinetic has two
drying stages: the evaporation flux firstly increases to the maximum value while particle temperature is
remained as saturation temperature, then the evaporation flux decreases to the zero, and particle
temperature rises to the equilibrium temperature. Results also illustrate that the drying process is faster at
the thinner bed layer, smaller particle diameter, and higher initial vapor velocity and temperature.
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1. Introduction

Super-heated steam drying (SSD) has been
applied in many industrial fields such as chemical
engineering, food engineering, coal, etc. because it is
cheaper and more friendly than the hot air drying
(HAD) technique [1]. In SSD, super-heated steam is
used as a drying agent so the exhausted agent can be
reused or recycled. Thus, SSD gives higher energy
efficiency and lower carbon dioxide emission. At
temperature above the inversion temperature, the
drying rate in SSD is higher than that in HAD.
Additionally, due to no oxygen, the quality of product
dried in SSD is better than that in HAD [2,3]. In
terms of dryer system, a packed bed dryer is one of
the common techniques because it is a simple
operation and low mechanical damage to the material

[4].

The study of individual particle drying kinetic
has been concerned as a solution to complex
transports occurring inside the packed bed. There
have been several models that can be categorized into
empirical models and theoretical models. The
empirical models are easy to implement in the macro-
scale model [5,6]. However, these were obtained
from several sets of the experiment so the application
ability is limited in the experiment condition.
Regarding theoretical models, the partial distributions
of temperature and moisture content in the particle
often are considered [7-9]. In these theoretical
models, moisture content gradient is driving force of
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only water or both liquid water and water vapor
transport inside particle. In the previous own work
[10], a novel model was applied and validated for the
multiscale model of ceramic particles drying in the
packed bed dryer by super-heated steam. In this work,
Reaction Engineering Approach (REA) applied for
drying is analogy with chemical reaction kinetics.
This model has the advantage that the model
parameters are determined from one set of
experimental data, but it was successful validated for
other conditions. After that, the macro-scale model of
super-heated steam packed bed drying is built by
volume averaging technique.

In this work, the built model is simulated for a
range of operating conditions to examines the effects
of drying conditions on the drying process of ceramic
particles in a packed bed dryer. From this, advice will
be given to increase the energy efficiency of the
system.

2. Mathematical model
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Fig. 1. Geometry of packed bed
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The packed bed dryer is composed of uniform
spherical ceramic particles and a super-heated steam
phase as Fig.1. It is assumed that the particle porosity
is uniform, and flow is plug flow, viscous dissipation
and compression are negligible, vapor evaporated
from particles is much smaller than the inlet steam
flow, the bed is isotropic and homogeneous porous
media.

The mathematical model is developed and
verified in Ref. [10] in detail. In this paper, the model
is only recalled briefly in following sections.

2.1. Heat and mass transfer

Heat and mass conservation equations were
developed based on volume averaging technique
[9,11]. For the fluid phase, the temperature change is
the result of enthalpy flow from the vapor phase, heat
flow from evaporated vapor, convective heat transfer
from drying particles as Eq. 1:
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where, y is bed porosity; ¢, [J/kgK], p, [kg/m?], v,

[m/s], Aney [W/mK] are heat capacity, density,
velocity, effective heat conductivity of vapor,
respectively; T, and T [K] are vapor temperature and
solid temperature, respectively. 4, [m*m?] is specific
area. o [W/m?K] is the heat transfer coefficient. The
evaporation flux m, [kg/m’s] is calculated as in

Section 2.3.

The enthalpy flow change and mass
conservation of solid phase are expressed as:
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in which ¢, gep [J/kgK], psep [kg/m?], Asey [W/mK]
and 7, [K] are effective heat capacity, effective
density, and effective heat conductivity, temperature
of solid phase, respectively. Ah, [J/kg] is the
evaporation latent heat. These effective physical

properties in the above equations of the packed bed
are calculated from:
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in which, X is moisture content (kg water / kg dry
basis) of the bed.

2.2. Thermal boundary conditions

The temperature of vapor is assumed as constant
at the packed bed inlet:

oT,
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Particle temperature at inlet is calculated by:
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At the outlet, energy conservation for particles
and vapor is calculated as:
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In the above equations, evaporation flux m, is

determined by Reaction Engineering Approach
developed for super-heated steam drying.

2.3. Drying kinetic

Drying dynamic is the difference of vapor
density at the particle surface and bulk vapor

pv,s'm:f' > pv‘b (kg Vapor/mz) as

rhv :_ﬂ(lov,smf_pv,b) (11)
where £ (m/s) is the mass transfer coefficient. The
relationship between vapor density at the particle
surface and at the pure water droplet surface is:

AE
pv,xurf' = exp [_vJ pv,.mt (Tt )

RT (12)

where the activation energy AE, of the particle and

the equilibrium activation energy AE , s

determined by experimental data [10]:

AE, 7.42x107°
—= (13)
AE,, (X-X,)+7.63x107
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pv,b

AE , =RT,,1
" o pv,sat(Tv,b)

(14)

Heat and mass transfer coefficients between

particle and vapor are calculated as
1

Nu=2+0.616Re"* Pr3 (15)

Sh=0.144+0.579 Re"* Sc'”* (16)

3. Results and discussion

As mentioned, the mathematical model was
successful validated by a comparison between
predictive and experimental data in terms of drying
rate and outlet vapor temperature as Fig.2 and Fig.3
as shown in [11].

Here, the model is applied to examine the effect
of particle diameter d [m], bed height # [m], inlet
vapor temperature T, [°C], and inlet vapor velocity
vin [m/s] on the ceramic particle drying. In each
analysis, there is only one variable, other variables
are kept constant.

3.1. Effect of particle diameter

Evolutions of evaporation flux, vapor
temperature, and solid temperature at the packed bed
outlet over time are presented in Fig.4-6

corresponding with different particle diameters. It is
observed in Fig.4 that, m, increases when particle
diameter reduces resulting in the shorter drying time.
The reason is that the faster heat and mass transfers
ocurrs in drying process of smaller particles. In these
cases, the evaporation flux increases to the maximum

value then it decreases gradually. This trend is
different from the drying kinetic of single particle
which experiences the constant drying period
followed by falling drying period. The increase of
drying flux in the first period can be explained by the
change of vapor temperature flowing through the bed
as Fig.6. The particle water content reduces which
gives the decrease of vapor density on the particle
surface, but the heat and mass transfer coefficient rise
due to the accession of thermal conductivity and
reduction of viscosity of vapor at higher vapor
temperature. This first drying period corresponds
with the constant solid temperature stage (Fig.5).
However, after a certain period, the heat and mass
transfer from vapor are not enough to remain the high
evaporation speed and constant solid temperature, the
evaporation flux goes to the falling period. In this,
evaporation flux drops to zero at the end of the drying
process while the solid temperature increases to the
equilibrium temperature (Fig.5). This is because of
the increase in the evaporation energy barrier
corresponding with the reduction of particle moisture
content.

It can be observed in Fig.5 that the vapor
temperature at bigger particle is higher than that at
smaller particle due to the slower drying speed of big
particle. However, the vapor at big particle drying
bed changes slower to the equilibrium temperature
(for d = 0.015 m, vapor temperature reaches the m,
equilibrium temperature after 800 s while for
d = 0.005 m, this period is about 400 s). The low heat
and mass transfer coefficients are also the reason of
this comparison.
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Fig. 2. Comparisons of drying rates obtained from simulations and measurements.

60



Journal of Science & Technology 146 (2020) 058-064

1.0
.Q\%. ---.con;:;\ -..i‘.m‘fjj
4

r

--.b

Toom [

Exp, T, = 160°C

v,in -
Hageretal., T, =160°C

vin
Present model, T_. = 160°

vin

Exp., T, =210°C

vin

Hageretal., T, =210°C

v.in

Present model, T, = 210°(]

0 200 400 600 800 1000 1200 1400 1600
t[s]

Fig. 3. Comparisons of outlet vapor temperature obtained from experiments and simulations.
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Fig. 4. Evaporation flux at the middle of the bed at T, ;,= 210 °C, vis= 1.5 m/s, X,,,;» = 0.2 kg/kg, h=0.1 m
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Fig. 5. Vapor temperature, 7, at the middle of the bed at T, ;, = 210 °C, v;,= 1.5 m/s, X,,,n= 0.2 kg/kg, h=0.1 m
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Fig. 6. Particle temperature, 7 at the middle of the bed
at T, = 210 °C, viy = 1.5 m/s, Xuin = 0.2 kg/kg,
h=0.1m
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Fig. 8. Vapor temperature, 7, at the middle of the bed
at Ty = 210 °C, vi= 1.5 m/s, Xuin = 0.2 kg/kg,
d=0.01m

Regarding Fig.6, during the first drying period,
particle temperature remains constant because the
heat flow is enough for only evaporation. After the
maximum point of evaporation flux, the solid particle
starts to increase gradually to the vapor temperature
at the end. Besides, smaller particle temperature
reaches the maximum temperature earlier than the
bigger particle; like the vapor temperature change, the
faster heat transfer of smaller particles is the reason
for this observation.

3.2. Effect of bed height

Comparisons of drying of middle bed at
different bed heights are presented in Fig.7-9. It can
be seen in Fig.7 that the thinner particle layer gives
faster drying and shorter drying time. The reason is
that at the thin particle layer, the vapor flows through
the shorter distance so the vapor enthalpy used for
heat and mass transfer is lower resulting in the higher
vapor temperature (Fig.8).

In case of thin bed particle temperature remains
constant corresponding with the increase of
evaporation flux for a shorter time. The particle
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Fig. 7. Evaporation flux, m, at the middle of the bed at
T,in = 210 °C, viy = L5 m/s, Xwin = 0.2 kg/kg,
d=0.01m
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Fig. 9. Particle temperature, 7 at the middle of the bed
at T,m = 210°C, vi, = 1.5 m/s, X, = 0.2 kg/kg,
d=0.01m

temperature and vapor temperature reach the
equilibrium temperature slower at the thicker particle
layer. Thus, to obtain faster drying, a thinner particle
layer is necessary.

3.3. Effect of vapor temperature

Changes of evaporation flux, vapor temperature,
and particle temperature versus time under different
inlet vapor temperatures are shown in Fig.10-12. It is
observed that the drying occurs faster at higher inlet
vapor temperature. Hence, particles drying at lower
inlet vapor temperature need longer time to reach the
equilibrium moisture content. The maximum
evaporate flux at 7,;,= 240 °C is 1.78 kg/m?s while at
Tyim = 180 °C, it is 1.18 kg/m?.s. Vapor temperature
(see Fig.11) drops to minimum temperature then
increases gradually for every case, but at low inlet
vapor temperature, the vapor temperature changes
slower due to the slow heat and mass transfers (curve
slope is small). Fig.12 shows the faster particle
temperature change at higher inlet vapor temperature.
Particularly, at 7,; = 240 °C, the constant particle
temperature as saturated temperature is remained for
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100s while at T,;, = 180°C it is remained for 160s.
However, in all cases, heat transfer phenomena cease
at almost the same time due to the differences
between initial vapor temperature and particle
temperature and the equilibrium values increase
corresponding with the increase of inlet vapor
temperature.

3.4. Effect of inlet vapor velocity

Evolutions of evaporation flux, vapor
temperature and particle temperature at the middle
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Fig. 10. Evaporation flux, m, at the middle of the bed
at h = 0.1 m, v, = 1.5 m/s, Xy = 0.2 kg/kg,
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Fig. 12. Particle temperature, 7, at the middle of the
bed at & = 0.1 m, v;, = 1.5 m/s, Xyin = 0.2 kg/kg,
d=0.01lm
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Fig. 14. Vapor temperature, 7, at the middle of the bed
at n = 0.1 m, T,; = 210°C, Xuin = 0.2 kg/kg,
d=0.0l m
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bed under different inlet vapor velocity are illustrated
in Figs. 13-15.

The higher inlet velocity gives the increase in
the heat and mass transfer flow rate between particles
and vapor resulting in higher evaporation flux and
shorter drying time. At v,; = 2 m/s, particle need
353s to stop evaporation while at v,; = 1 m/s, this
period is 532s. Similarly, vapor temperature takes a
longer time to reach the equilibrium temperature
when the inlet vapor temperature is lower.
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Fig. 11. Vapor temperature, 7, at the middle of the bed
at h = 0.1 m, vy, = 1.5 m/s, Xy = 0.2 kg/kg,
d=0.0lm
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Fig. 13. Evaporation flux, m, at the middle of the bed
at h = 0.1 m, T,;s = 210 m/s, Xuin = 0.2 kg/kg,
d=0.01m
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Fig. 15. Particle temperature, 7, at the middle of the
bed at & = 0.1 m, T, = 210°C, X.,in = 0.2 kg/kg,
d=0.01 m.
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In Fig.14, vapor temperature drops suddenly to
the minimum temperature then increases gradually to
the equilibrium temperature (210°C). At v,,;» = 1m/s,
vapor temperature is 210°C at 653 s while this
temperature is 210°C at 420 s. The first drying period
of particle is also longer at lower inlet vapor
temperature so the constant particle temperature
period at cooler drying is longer than hotter drying.
After that, the particle temperature accelerates to the
equilibrium temperature when heat transfer between
particle and vapor stops at the almost same time with
time vapor temperature ceases to change.

4. Conclusion

In this work, the impact of operating conditions
on the super-heated steam drying by a packed bed of
ceramic particles is analyzed based on the own
published model. The results show that in order to
accelerate evaporation, it is necessary to use the
smaller particle, thinner bed layer, higher inlet vapor
temperature, and faster inlet vapor velocity. Changes
of drying data in the packed bed are different
compared with drying kinetic of single particle.
Under every condition, particles experience two
drying periods: in the first period, evaporation flux
increases to the maximum due to the change of vapor
temperature resulting in the change of vapor physical
properties, particle temperature remains as saturation
temperature; in the second period, the evaporation
flux reduces and particle temperature increases
because of the fast increase in activation energy
barrier.

This model can be implemented in the other
dryers without any obstacle; however, it has several
simplified assumptions, so the application ability is
limited for the plug flow. If the partial gradient of
vapor flow cannot be negligible, it is necessary to
extend the developed model to the 3D model. In this
case, the presented model should be combined with
the momentum equation and the other equations
which account for the effects of the dryer wall and
pressure drop on the drying. In this case, the model
computational fluid dynamic tool such as ANSYS
Fluent or COMSOL Multiphysics which have many
effective tools for complex mathematical models.
That is also the next step of authors’ project.
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