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Abstract

In this work, a two-dimensional computational fluid dynamic (CFD) model is developed to describe the drying
process of a packed bed made of spherical particles. The volumetrical evaporation rate inside the bed is computed
from the pressure difference between the particle surface and the airflow. By using the thermal equilibrium assump-
tion, the heat conservation equation is derived. The CFD model is solved in the COMSOL Multiphysics environment.
The obtained results indicate remarkable maldistributions of temperature and moisture content. These maldistribu-
tions can be explained by the impact of lateral edges on thermo-hydraulic behavior. Additionally, the impact of par-
ticle diameter, air velocity, and bed width on the spatial-temporal moisture content and temperature distribution

is investigated. It shows that the CFD model can be simplified to the receding front drying model for a bed made

of small particles. Furthermore, by changing the thermal boundary conditions at the lateral edges, the influence

of the heating mode at the lateral edges on the drying behavior is explored. The results indicate that contact heating
at the bed wall can help to accelerate the drying process significantly.
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1 Introduction

The particulate material can be encountered in both daily
life and the industrial sector. To reduce the transporta-
tion weight and prolong the storage time, the water in
the material should be removed. Several drying tech-
niques such as fluidized bed drying, conveyor belt drying,
pneumatic drying, spouted bed drying, and rotary dry-
ing have been widely applied to dehydration particulate
material [1]. The advantage of these drying techniques
is that the particles and grains can move forcibly, and
the interaction between the drying agent and the drying
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product is enhanced. However, these drying techniques
become costly on both initial investment and operational
costs for creating and maintaining the force moving and
mixing of the material. Besides these mentioned drying
techniques, the packed bed drying method where the air
flows through a layer of immobile particles is known as
the cheapest drying system. Additionally, it was proved
that the particle moving can lead to mechanical damage,
especially in the case of seed drying [2, 3]. To improve
the efficiency of the packed bed drying systems, the fun-
damental understanding of the heat and mass transfer
between the bed and the drying agent needs to be thor-
oughly investigated.

To describe the drying behavior of the packed bed, sev-
eral heat and mass transfer models were developed. The
simplest drying models are known as the empirical dry-
ing model such as the Page model, Newton model, and

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1007/s44189-024-00047-x&domain=pdf
http://orcid.org/0000-0003-0620-7021

Tran and Le Int. J. Air-Cond. Ref. (2024) 32:3

Wang and Singh model [4, 5]. Since the parameters of
the empirical models are fitted from experimental data,
these models can well reflect the drying curve of the bed.
However, the interpolation and extrapolation ability of
the empirical models is questionable. The second group
of the packed bed drying model is the one-dimensional
continuum models which are developed based on the
volume averaging technique [6—11]. However, the impact
of the bed width on the drying behavior cannot be inves-
tigated by these one-dimensional drying models. This
impact was investigated by using two-dimensional mod-
els [12, 13]. It can be seen that the lateral edges restrain
the drying process due to the appearance of the hydraulic
boundary layer. Recently, a CFD model was developed to
express the drying process of a fixed bed in the work of
Singhal et al. [14, 15]. This thin-layer CFD model extracts
the void space from a random particle packing generated
using the discrete element method simulation. After-
ward, by performing the direct numerical simulation, the
heat transfer coefficient can be obtained accurately, and
a Nusselt number correlation can be estimated. How-
ever, due to its complications, this model is computa-
tionally expensive. Thus, it cannot be applied to depth
packings where thousands of particles are considered
simultaneously.

This work aims to develop a two-dimensional CFD
model of packed bed drying which considers the cou-
pling of the heat and mass transfer simultaneous inter-
action between the particle and the drying agent and
of the interplay between drying agent flow and lateral
edges. After the “1” section, the CFD model is briefly
described. The CFD simulations are performed for a
packed bed made of spherical wood particles. Besides
the presentation of the temporal-spatial distributions of

Y,

outr 'outr “out

X

7
Air distributor O

Vins Tinf Yin

Tttt

Fig. 1 Sketch of packed bed drying of the particulate material
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moisture content and temperature inside the bed, sen-
sitivity analyses are conducted to investigate the impact
of particle diameter, bed width, air velocity, and heating
mode at the bed wall on the drying behavior. Several
remarks are drawn in the “4” section.

2 Model description

In this work, a packed bed of wet particular mate-
rial presented in Fig. 1 is considered. The hot air flows
through the packed bed, and the thermal energy is
transferred from the hot air to the bed for heating the
bed and vaporizing the liquid water. The generated
vapor diffuses to the drying agent, and it is released to
the bed by the convective airflow. To develop the drying
model, several assumptions need to be made

» The disorder of particle size is negligible compared
to the size of the bed, and the thickness of the bed
is relatively large compared to the particle size. For
a bed with a random mono-modal particle assem-
bly, a constant value of 0.4 of the porosity of the
bed is used.

+ The intra-particle distributions of moisture content
and temperature are negligible. In other words, the
particles are thermally thin.

+ The hot air is slowly transported through the bed
due to a high hydraulic resistance, and it has enough
time to transport the thermal energy from the air
to the solid phase. Thus, the temperature differ-
ence between the solid particles and airflow can be
neglected and the local thermal equilibrium assump-
tion for the solid and air can be hypothesized.

Moisture content
(kg water/kgdry solid)
High

Low
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2.1 Heat and mass conservation equations
The mass conservation equation of liquid water of the
particles is derived as follows:

d .
&(SSIOOX) + Ay, =0 (1)

where X = %—‘:’ (kg water/kg dry solid) is the moisture
content of the solid, and po (kg solid/m®) denotes the
actual density of the solid particles. & = vg\ﬁvs is the vol-
ume fraction of the solid phase. As stated, for a randomly
distributed packed bed, the constant solid volume frac-
tion & = 0.6 is used in the rest of this work. 71, (kg water/
m?/s) is the evaporation rate from the particle surface to

the air:

iy = Bp,(Ysut — Ya) (2)

In Eq. (2), p, (kg dry air/m3) is the density of dry air,
and Yy, r and Y, (kg water vapor/kg dry air) denote the
moisture content of air at the particle surface and in the
flow, respectively. A, is the specific volumetrical area
(m?/m3) of the bed. For a bed made of spherical particles,
the specific volumetrical area can be computed from the
number of particles in a unit volume of bed as:

€500 2 6¢e5
A, = nd; = — 3
= (g = ®

The convective mass transfer coefficient B (m?/s)
between particles in a packed bed and the airflow is com-
puted from the Sherwood number by using the Ranz-
Marshall correlation derived for a single particle as [16]:

Shyp = [1+ 15] (2 + 0.6Re0'5Sc0‘33) (@)
where Sh = g—jﬁ, Re = wpo’ and Sc = D%ﬂ are the Sher-
wood number, Reynold number, and Schmidt number,
respectively.

The conservation equation of the vapor in the gas phase
is derived as the change of the air moisture content is due
to the convective air flow and the vapor source vaporized
from the particles.

%(Yapasg) +V e (Yapave) — Ve <pgDeﬁv<%>> T —
(5)
In Eq. (5), the velocity of hot air vy (m/s) inside the bed
is expressed by using the Darcy equation:

K v
Vg=——Vp 6
8= g (6)
where K (m?) is the absolute permeability of the bed
which can be computed by the Kozeny-Carman equation:

Page 3 of 8

1 —g4)3d?
k=L G 5)2 4 (7)
180¢

tg(Pa.s) is the dynamic viscosity of the gas. Deg is the
effective diffusivity of vapor in the air-vapor mixture. It
can be expressed as a function of the bed porosity &g and
of the binary diffusion coefficient of the vapor in air §,,
[17] as:

Deg = 'W5m (8)
The energy conservation equation is written as:

9 (potshs + poesXhy + pyeghy + patgha) + V - [(ovhy + paha)vg]
_v. [hapgDeﬁv(%g)] —v. [hvpgDeﬁv(%;ﬂ — VY [egV(T)] = 0
)
where & denotes the specific enthalpy of solid, liquid,
water vapor, and air components. By using the constant
specific heat capacity assumption, it can be computed as:

hs|[|a - p,s|[|a(T - Tref)ﬂndhv = Cp,v(T - Tref) + Al’levp
(10)
with the reference temperature Ts = 273.15 K. Addition-
ally, e is the effective thermal conductivity of the bed.

2.2 Initial and boundary conditions

In this work, a packed bed of spherical particles with a
thickness of L is initially at a uniform temperature of T}
and moisture content of X;,. The drying agent with the
temperature of T;, and moisture content of Y, flows
through the bed. The boundary conditions at the upper
and lower edges of the bed are written as:

Atx =0:T=To,Y =Yy, vx = Vi (11)
Aw=L:p=p, L —0 % _o (12)
T PTG T e T

The left and right boundary conditions are expressed
as:
v Y T
_— = O, _— =

ay T dy 3y

0 (13)

The proposed drying model is integrated into the CFD
software COMSOL Multiphysics. The CFD simulations
were conducted in a PC (CPU Core i7-9700 and 16 GB of
RAM). The number of mesh was increased from 36,650
elements to 779,772 elements. The numerical moisture
evolutions over time obtained with different meshes
are presented in Fig. 2. As can be seen, the computa-
tional time strongly depends on the number of elements.
However, when the number of elements exceeds 79,224
elements, the moisture content evolutions seem to be
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Fig. 2 The numerical moisture content evolutions over time (a) and computational time (b) obtained from different meshes

identical. Thus, the mesh of 79,224 elements was used in
the rest of this work to avoid an expensive computational
cost. With the mentioned PC and mesh properties, it
took around 5 h for each simulation.

3 Results and discussion
The proposed model calculation is performed for a wood
particle-packed bed with a thickness of 0.1 m and a width
of 0.05 m. The geometrical and thermo-physical proper-
ties of wood particles are referred to from our previous
work and listed in Table 1 [18, 19]. The simulation results
are presented in Figs. 3, 4, 5 and 6.

As can be seen, the bed is not dried simultaneously.
At the air inlet edge of the domain (refer to point P; in
Fig. 1), the moisture content of wood particles drops

Table 1 Thermo-physical properties of wood particles and the
drying conditions used in simulations

Property Value
Particle diameter dp, mm 62+03
Apparent solid density p,, kg/m* 743

Sorption isotherm a,, = p,/p, ¢ -

Thermal conductivity A, W/mK

1 withX > Xi,
w = { Xl(z - Xi) WithX < Xir
X, = 0.256 kg water/kg dry solid
Jeft = 0138 + 228 g

Specific heat capacity of dry solid 770+ 3.6
Cpe /KK

Initial moisture content of wood 1.06
particles X, kg water/kg dry solid

Initial temperature of bed Ty, K 293.15

Inlet air superficial velocity v;,, m/s  0.05

Inlet air temperature T;,, K 333.15

Inlet air moisture content Y;, kg 17.85% 1072

vapor/kg dry air

sharply. After 2 h, the wood particle at the air inlet edge
is completely dried. However, the generated vapor at the
air inlet edge led to an increase in the relative humidity of
the drying agent (c.f. Figs. 4 and 5). The air at the outlet
is almost saturated. Additionally, the temperature of the
drying agent decreases due to the loss of thermal energy
transferred to the wood particles. As a result, the moisture
content of wood particles at points P, and P (c.f. Fig. 1)
starts to reduce very late after 5 and 15 h, respectively. The
impact of the heat and mass impermeable boundary at lat-
eral edges is demonstrated in Figs. 3, 4 and 5. The moisture
content near the lateral edges is more difficult to remove
compared to the center of the bed. The reason may come
from the fact that the air velocity near the lateral edges
is lower than the center. As a result, the convective mass
transfer coefficient becomes smaller. The evaporation from
the wood particle to the drying agent is restrained by a
higher mass transfer resistance. Thus, convex upward con-
tours can be seen in the moisture content, temperature,
and relative humidity of air can be seen. To thoroughly
investigate the influence of the lateral edges and other

0.8
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0.4
0.2
0

0 hour 4 hour 8 hour 12 hour 16 hour
Fig. 3 Wood particle moisture content X (kg water/kg dry solid)
distribution inside the bed sampled with a time interval of 4 h
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Fig. 4 Temperature distribution T (K) inside the bed sampled
with a time interval of 4 h
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Fig. 5 Air relative humidity distribution inside the bed sampled
with a time interval of 4 h

parameters such as particle diameter and air velocity on
the drying process, a numerical sensitivity analysis is con-
ducted. By performing simulations with the particle diam-
eter varied in the range from 1.0 to 10 mm, the impact of
particle diameter on the air pressure drop is presented in
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Fig. 7. As can be seen, the pressure drop depends quadrati-
cally on the reciprocal of particle diameter. This behavior
can be explained based on the Kozeny-Carman equation
where the absolute permeability of the bed is proportional
to the square of the diameter.

The influence of particle diameter on the drying
kinetic is also investigated. The simulation results indi-
cate that the impact of particle diameter on the evolu-
tion of the averaged moisture content of the bed is
marginal. However, with the ascending of the particle
diameter, both the specific volumetrical area of the bed
and the convective mass transfer coefficient decrease.
Thus, the drying time of particular particles becomes
longer. This phenomenon can be seen in Fig. 8 where the
moisture content evolution at the center point of the bed
(referred to as point P, in Fig. 1) is presented. The mois-
ture content of the particle with a diameter of 2.5 mm
drops sharply whereas it reduces smoothly for the par-
ticle with a diameter of 10 mm. It means that for small
particles, the receding front drying model where the
bed comprised dried and wetted zones can be used to
express the drying process of the packed bed. However,
for large particles, the temporal-spatial heat and mass
transfer model must be used to accurately simulate the
dehydration process of a packed bed.

To pave the way for the design of a packed bed dryer,
the influence of inlet air velocity on the heat and mass
transfer in the bed is introduced in this paper. Instead of
air inlet velocity varying from 0.05 to 0.4 m/s, the rest of
the model parameters are kept as in Table 1. The feature
results are presented in Fig. 9. Naturally, the higher inlet
velocity results in a faster drying process. Thus, the mois-
ture at the horizontal line with x = L/2 is almost removed
after 150 min with an inlet air velocity of 0.4 m/s whereas
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Fig. 6 Temporal moisture content (a) and temperature (b) evolution over time obtained at the inlet, the center and the outlet of the bed
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t = 12.5 h are identical. However, the moisture content
and temperature profiles vary strongly with different bed
widths. Near the bed wall, the slope of moisture content
and temperature profiles become larger compared to the
center of the bed. It implies that with a large width of the
bed, the moisture content and temperature at the center
of the bed are almost uniform. It means the influence of
the lateral edges becomes more pronounced when the air
velocity and the width of the bed are small.

330 -
320 -
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= 310 -
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290 T T . -
0 5 10 16 20 25
t [hour]
(b)

Fig. 8 Impact of particle diameter on the temporal evolution of moisture content (a) and temperature (b) at point P, (referred to Fig. 1)
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Fig. 9 The moisture content profiles at x = L/2 obtained with inlet
air velocity of 0.05 m/s (a) and 0.4 m/s (b) at different times (referred
toFig. 1)

the water at this position needs more than 810 min to
completely evaporate with an inlet air velocity of 0.05
m/s. Additionally, the results indicate that with small
inlet velocity, the horizontal maldistribution of moisture
content inside the bed becomes more significant indi-
cated by a significant moisture content difference at y =0
(at the center) and y = W (at the wall).

Furthermore, the influence of bed width on the heat
and mass transfer is investigated by varying W from 10
to 25 mm. The obtained results indicate that the drying
time is not influenced significantly by the bed width. As
shown in Fig. 10, the averaged moisture content and tem-
perature at the horizontal line with x = L/2 obtained at

For a further analysis of the impact of heat transfer at
the lateral edges on the drying behavior, the CFD simula-
tion was performed for constant temperature boundary
conditions for the lateral edges: T = Tj,. The simulation
results are presented in Figs. 11 and 12. As can be seen,
due to the heating effect of the lateral edges, the tempera-
ture near the edge increases quickly. As a result, the vapor
pressure at the wood particle surface increases exponen-
tially leading to the rising of the volumetrical evapora-
tion rate (c.f. Eq. (2)). Hence, the moisture near the lateral
edges is dried completely sooner compared to the center
line. Thus, convex downward contours can be seen in the
moisture content and temperature distributions.

4 Conclusion

In this work, a two-dimensional CFD model is developed
to describe the drying process of a packed bed made of
spherical wood particles. The mass interaction between
the particles and airflow is described by using the sorp-
tion isotherm properties. By using the thermal equi-
librium assumption, the heat conservation equation is
derived for both wetted solid and fluid phases. The CFD
model is solved in the COMSOL Multiphysics environ-
ment. The obtained numerical results show a convex con-
tour in moisture content and temperature distribution.



Tran and Le Int. J. Air-Cond. Ref. (2024) 32:3
......... W =10 mm
0.8 1. W=15mm /
W=20mm . // //
e =25 mm; / /

X [kg water/kg dry solid]

0.5
0.000

0.010 0.015 0.020
y [m]

(a)

0.005 0.025

Page 7 of 8
313
......... =10 mm
52 ———- W=15mm
312 - — W=20mm
™ T s W=25 MM
. .
. 311 %N
2 N
[
310 A
N
\
X
309 - N
N
308 T T T -
0.000 0.005 0.010 0.015 0.020 0.025
y [m]
(b)

Fig. 10 The moisture content (a) and temperature (b) profiles at x = L/2 obtained with different bed widths (referred to Fig. 1) at t=12.5h
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It can be explained by the impact of lateral edges on
the thermo-hydraulic behavior of the drying agent flow.
Additionally, the impact of particle diameter on the tem-
poral moisture content profile is investigated. For a small

particle, the receding front drying model can be used
to describe the drying process of the packed bed. The
results also indicate that the impact of the bed wall on the
heat and mass transfer becomes pronounced when the
bed width and air velocity are small. The impact of the
lateral bed wall on the drying process is remarkable when
the bed is warmed up by both convective heat transfer
from airflow and convective energy transport from the
bed wall. In the future, the assumptions made during the
development of the current CFD model shall be relaxed.
For example, the thermal non-equilibrium phenomenon
should be considered to model the intensive drying pro-
cess conducted by the airflow with an elevated tempera-
ture and a high velocity. Additionally, the CFD results
need to be validated against experimental observations.
The experimental results can also contribute to the CFD
model parameters to improve the simulation accuracy.

5 Nomenclature
A Area, m
A, Specific volumetrical area, m
¢, Constant pressure specific heat capacity, ] kg K!
d Particle diameter, m
D, Diffusivity of vapor in air, m*/s/
fDrying rate retardation coefficient, -
hEnthalpy, ] kg™!
Ah,,, Evaporation latent heat of water, ] kg™
K Absolute permeability, m
L Bed thickness, m
M Mass, kg
71, Evaporation flux, kg s~
p Pressure, Pa
T Temperature, °C
t Time, s

2 m73

m72
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V Volume, m?
v Velocity, m s~
X Moisture content, kg water/kg dry solid

Y, Moisture content of air, kg vapor/kg dry air
W Half-width of bed, m

Greek symbols

a Heat transfer coefficient, W m™ K~!

& Volume fraction, -

8y4Binary diffusion coefficient of vapor in air
\ Thermal conductivity, W m™ K~*

v Kinematic viscosity, m*s™*

0o Mass density of dry sample, kg m™>
pa Mass density of dry air, kg dry air m™
0y Mass density of vapor, kg vapor m™3
Subscripts/superscripts

eff Effective

I Liquid

in Inlet

p Particle

rad Radiation

s Solid

surf Surface

sat Saturation

v Vapor

0 Initial value

1

3
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