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Abstract
Using vibro-fluidized bed dryers (VFB) is an alternative to perform drying with less specific energy consumption compared to
fluidized bed dryers (FB). Finding an optimum combination of the dimensionless vibrating number (Γ) with the drying condi-
tions is a key factor to analyze the viability of VFB towards energy efficiency. In the present study, the performance of a VFBwas
investigated by correlating the drying kinetics of porous particles with the specific energy consumption to obtain an optimum
drying condition. Experiments were carried out under different operating conditions and three combinations of vibration ampli-
tude (A) and frequency (F) chosen to yield a constant value of Γ. The impact of the operating parameters was analyzed by
effective moisture diffusivity (Deff,G), estimated by fitting the diffusivemodel to the experimental data. It was found that vibration
intensifies Deff,G and is the preponderant effect in the convective mass transfer. Different values of Deff,G were found for the same
Γ obtained under the tested combinations of A and F, which indicates that this parameter cannot be used alone as a single
descriptor of the vibration energy. Using a high temperature and a gas velocity exceeding the minimum fluidized velocity
combined to a higher value of A and a lower value of F enhanced drying, as this combination yielded the highest Deff,G. This
same combination of high A and low F associated to low values of temperature and gas velocity enhanced the energy perfor-
mance. The results also showed that only Γ is not an adequate parameter to perform energy analysis of VFB.

Nomenclature
a Activity [−]
A Amplitude of vibration [m]
Bi Mass transfer biot number [−]
cpg Specific heat of dry air [kJ/kg°C]
C Concentration [kg m−3]
Cl Liquid concentration [kg m−3]
Cv Vapor concentration [kg m−3]
D Diffusion coefficient [m2 min−1]
D0 Pre-exponential factor [m2 min−1]
Deff,G Effective moisture diffusivity (global) [m2 min−1]

Deff,k Effective Knudsen diffusivity [m2 min−1]
Deff,l Effective liquid diffusivity [m2 min−1]
Deff,s Effective surface diffusivity [m2 min−1]
Deff,v Effective vapor diffusivity [m2 min−1]
Dl Liquid diffusion [m2 min−1]
Dv Vapor diffusion [m2 min−1]
Ea Activation energy [kJ.mol−1]
f Mass flux [kg.m−2.s−1]
F Frequency of vibration [Hz]
g Gravitational acceleration [m s−2]
ṁg Air mass flow rate [kg/min]
ms Mass of dry solid [kg]
MR Moisture ratio [−]
n Number of terms of the sum [−]
Qh Heat imput to the dryer [kJ.s−1]
r Radial coordenate [−]
R Particle radius [m]
Rg Universal gas constant [J mol−1 K−1]
t Drying time [min]
T Temperature of the drying air [°C]
Ta Ambient temperature [°C]
u Gas velocity [m s−1]
umf Minimum fluidization velocity [m s−1]
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Wev Mass of evaporated water [kg]
X Moisture content [kg kg−1]
X Average moisture content [kg kg−1]
X0 Initial moisture content [kg kg−1]
Xeq Dynamic equilibrium moisture content [kg kg−1]
βeff Effective mass transfer parameter [m s−1]
Γ Dimensionless vibration number [−]
μ Chemical potential [J mol−1]
χ Dimensionless moisture content [−]
λn Roots of the transcendental equation [−]
ϕ Parameter of Eq. (17) [−]
ρs Solid specific mass [kg m−3]

1 Introduction

Water evaporation from a porous solid is an energetic process
involving latent heat, hence sufficient energy to overcome the
enthalpy of evaporation needs to be provided. Many re-
searchers investigated alternatives to reduce energy consump-
tion in total industrial energy usage. Drying is a highly energy-
intensive process, accounting for 10–20% of the total energy
used in manufacturing processes [1]. Heating a drying medi-
um requires high energy input because of the inefficient solid-
gas heat transfer and the significant amount of energy lost in
the air exhaustion [2]. In many practical cases only a maxi-
mum of 60% of the heat supplied to the dryer is used for
moisture evaporation [3]. The remaining 40% is accounted
for by heat losses and other inefficiencies. Moreover, a typical
convective dryer can consume much more than its capital cost
in energy during its lifetime [4]. On the other hand, Kemp [1]
and Strumillo et al. [3] presented appealing energy-saving
schemes in an existing dryer. In all cases considered, at least
10–30% of the total energy consumed in drying could be
reduced by changing the operating conditions and selecting
the most suitable drying technologies.

Vibro-fluidized bed drying is a technology developed to
minimize bed channeling and defluidization and to improve
heat and mass transfer in conventional fluidized bed dryers
(FB) with the purpose of increasing drying efficiency. Vibro
fluidized beds (VFB) are appealing for handling biomasses
with high initial moisture content and heterogeneous
thermophysical characteristics. It has been successfully used
in drying biomasses [5] as a pre-thermal treatment to increase
the efficiency of the thermochemical conversion systems in
bioenergy production. VFB dryers are also used in processing
materials difficult to fluidize, such as aromatic herbs [6, 7],
lignite [8] and some agricultural products [9]. Additionally, an
external vibrational acceleration added to a FB can lessen the
energy consumption and promote energy savings, as the vi-
bration might contribute to decreasing the minimum fluidiza-
tion velocity and the bed pressure drop, while increasing the
heat transfer rates. In a comparative analysis of the energy

requirements for paddy drying in both VFB and FB,
Soponronnarit et al. [10] demonstrated that drying with VFB
consumed 7% less specific primary energy compared to FB.
Zhao et al. [11] carried out a comparative analysis between a
FB, a VFB, a medium fluidized bed (MFB) and a vibrated
medium fluidized bed (VMFB) in drying lignite under differ-
ent conditions of the inlet air. The authors concluded that by
adding a vibration to the VFMFB, higher effective moisture
diffusivity (Deff,G) and lower activation energy (Ea) were
achieved. The knowledge of drying kinetics contribute to
assessing how the different variables affect drying and the
complex interactions between the drying conditions and the
vibration parameters. Since the VFB drying units have high
capital and operating costs, the drying conditions have to be
carefully evaluated to provide an energetically effective
operation.

As stated by Zhao et al. [11], the drying kinetics in VFBs
can be characterized by estimating Deff,G. Mathematically, this
parameter can be represented as a function of the vibration
parameters, such as amplitude (A) and frequency (F), accord-
ing to the study of Stakić and Urošević [12]:

Deff ;G ¼ 2:1� 10−5
A 2πFð Þ2

g

" #2;2

¼ 2:1� 10−5 Гð Þ2;2 ð1Þ

In is clear from Eq. (1) that operating with fixed values of
vibration parameters affects moisture transfer and hence, the
drying dynamics. Taking the definition of the dimensionless
vibration number as Г = A(2πF)2/g, Eq. (1) shows that in-
creasing Deff,G increases by increasing Г. However, it is not
clear in this approach if a combination of different values of A
and F will give distinct values of Deff,G. Some studies in the
literature [13, 14] demonstrated that different fluid dynamic
behaviors were obtained under the same value of Г in drying
pastes and solutions. Meili et al. [15] verified that the fluid
dynamic behavior of a vibro-fluidized bed operating with
Geldart C particles at a constant Г is strongly dependent on
different combinations of A and F. This result was corroborat-
ed by Perazzini et al. [16], who estimated drying kinetics
parameters by fitting experimental data obtained in drying
alumina particles in a VFB to Page’s equation. The authors
obtained different values for the drying kinetic constants for
the same values of Г with different combinations of A and F.
Such evidence motivated the authors to investigate how Eq.
(1) can be used to predict the effective moisture diffusivity
during drying in a VFB and to evaluate how the relationship
between the vibration parameters and drying conditions could
be combined achieve optimal operating conditions with less
energy consumption.

Based on energy aspects in VFB drying, this paper aims to
investigate the drying kinetics of alumina particles (Geldart D
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group) by testing different combinations of vibration parame-
ters and drying conditions to obtain the effective moisture
diffusivities based on the experimental data and correlations
proposed in the literature. The “universality” of Г obtained
from different combinations of A and F and its impact on
Deff,G will be analysed and the specific energy consumption
for different operational conditions will be obtained to find the
optimum condition in terms of energy performance.

2 Theoretical principles

Since VFB drying is performed with no significant tem-
perature or moisture gradients, it can be modelled as a
perfectly mixed vessel and the thin-layer approach can
be applied. Once this criterion is satisfied, only the mass
balance for the water is used to describe drying kinetics of
alumina particles in a VFB. In typical drying applications,
it is very common describing the problem of unsteady
diffusion to represent the evaporation driving force.
Thus, the mathematical modeling of moisture transfer in
a particulate material can be conveniently described by
Fick’s equation. In an isothermal process the partial dif-
ferential equations describing the radial distribution of
liquid and vapor water in a spherical particle are [17]:

∂Cv r; tð Þ
∂t

¼ 1

r2
∂
∂r

r2Dv
∂Cv r; tð Þ

∂r

� �
ð2Þ

∂Cl r; tð Þ
∂t

¼ 1

r2
∂
∂r

r2Dl
∂Cl r; tð Þ

∂r

� �
ð3Þ

The water content (liquid and vapor) can be associated to
the moisture content of the material (total moisture content of
the solid) in a dry basis according to the following equation:

X ¼ Cv þ Cl

ρs
ð4Þ

Thus, assuming constant solid properties, the diffusive
model can be rewritten as:

∂X r; tð Þ
∂t

¼ 1

r2
∂
∂r

r2Deff ;G
∂X r; tð Þ

∂r

� �
ð5Þ

Since the vapor and liquid diffusivities are fundamentally
different and the water content in both phases (liquid and
vapor) is represented by the total moisture content, a new
effective parameter (Deff,G) is defined to account for the ordi-
nary moisture transfer in both vapor and liquid phases.
Furthermore, in drying the water molecules might interact
with the walls of the particle pores during evaporation, char-
acterizing effusion or surface diffusion. Hence, it is conve-
nient to define a new effective parameter that encompasses
all the diffusive mechanisms that appear in drying a porous

solid. The effective mass transfer parameter to be estimated is
the overall effective diffusivity, which is obtained from the
harmonic mean of all diffusion mechanisms [18]:

1

Deff ;G
¼ 1

Deff ;k
þ 1

Deff ;v
þ 1

Deff ;l
þ 1

Deff ;s
ð6Þ

It is worth noting that the diffusion coefficients are all
effective because they are dependent on solid characteris-
tics (porosity and tortuosity) and operating conditions, in-
cluding the vibrational parameters introduced in Eq. (1).
Additionally, the global diffusive parameter, in this case,
is a complex parameter that includes the numerous mech-
anisms observed presented in drying, including evapora-
tion and condensation phenomena and those related to oth-
er moisture migration mechanisms, such as the capillary
flow and the flow due to a pressure gradient or to a osmotic
pressure difference.

Equation (5) is subjected to the following initial condition
(for t = 0 and 0 ≤ r ≤R):

C:I : X r; 0ð Þ ¼ X0 ð7Þ

The most common boundary condition applied to Eq. (5)
assumes symmetry in the moisture concentration profile at the
center of the particle, i.e. (for t > 0 and r = 0):

C:C:1 :
∂X r; tð Þ

∂r

����
r¼0

¼ 0 ð8Þ

Initially assuming that the external mass transfer resistance
is negligible (Bi→∞) and the equilibrium moisture content is
established at the particle’s surface, a first type or Dirichlet
condition is assumed (for t > 0 and r = R):

C:C:2 að Þ : X r; tð Þjr¼R ¼ Xeq ð9Þ

The analytical solution of Eq. (5) can be obtained assuming
a uniform initial moisture content, a constant effective mois-
ture diffusivity and negligible particle shrinkage and is given
by the equation known as the “Crank’s Model” [19]:

MR ¼ X r; tð Þ−Xeq

X0−Xeq
¼ 2R

π
∑∞

n¼1

−1ð Þnþ1

n � r sin
nπr
R

� �
exp

� −
nπ
R

� �2
Deff ;Gt

� �
ð10Þ

The average moisture content of the particle as a function
of the time is obtained from:

X tð Þ ¼ 3

R3 ∫
R
0X r; tð Þr2dr ð11Þ

Introducing Eq. (10) in Eq. (11), the particle dimensionless
average moisture content is obtained as a function of time:
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MR ¼ X tð Þ−Xeq

X0−Xeq

¼ 6

π2
∑∞

n¼1

1

n

� �2

exp −
nπ
R

� �2
Deff ;Gt

� �
ð12Þ

Equation (12) is classically used in the literature to describe
the variation of the average moisture content as a function of
the drying time.

If an external resistance to the mass transfer is assumed at
the particle surface (Bi→0), a third type or the Robin bound-
ary condition (for t > 0 and r = R) is applied to solve Eq. (5)
[20]:

C:C:2 bð Þ : −Deff ;G
∂X r; tð Þ

∂r

����
r¼R

¼ βeff X r; tð Þ−Xeq

	 
 ð13Þ

In Eq. (13), βeff is an effective mass transfer coefficient,
based on the assumption that the moisture loss rate is directly
proportional to the excess moisture content above the equilib-
rium moisture [20]. Based on the initial and boundary condi-
tions (C.C.1 and C.C.2 (b)), the solution of the diffusivemodel
in terms of the Biot number is:

MR ¼ X tð Þ−Xeq

X0−Xeq

¼ 6∑∞
n¼1

Bi2

λ2n λ2n þ Bi Bi−1ð Þ	 
 exp −λ2n
Deff ;Gt

R2

� �
ð14Þ

The solution of Eq. (14) requires the estimation of two
parameters (Bi and Deff,G). The eigenvalues (λn) are obtained
from the transcendental equation:

λnctg λnð Þ þ Bi−1 ¼ 0 ð15Þ

Calado et al. [21] proposed a model with a new set of
parameters (Deff,G and ϕ) applicable to fast drying operations
(as in vibro-fluidized beds) by adopting the boundary condi-
tion given by:

C:C:2 cð Þ : X r; tð Þjr¼R ¼ X0−Xeq

� �
exp −φtð Þ þ Xeq ð16Þ

In this boundary condition, φ is a surface drying
constant. It governs how fast is the approach of the
surface moisture to the equilibrium value [22]. The an-
alytical solution of the diffusive model for the convec-
tive boundary conditions presented in Eqs. (8) and (16)
is [21]:

MR ¼ X tð Þ−Xeq

X0−Xeq
¼ exp −φtð Þ 1þ 6φR2

Deff ;G
∑∞

n¼1

1

n2π2
�

1−exp φ−
n2π2Deff ;G

R2

� �
t

φR2

Deff ;G
−n2π2

2
6664

3
7775

8>>><
>>>:

9>>>=
>>>;

ð17Þ

This two-parameter solution is expected to improve fitting
as it has two degrees of freedom. To the best of authors’
knowledge, this boundary condition has not been applied to
drying porous particles in VFBs.

In this study, the effective moisture diffusivity is estimated
as a function of the drying air temperature according to an
Arrhenius-type relationship:

Deff ;G ¼ D0exp −
Ea

RgT

� �
ð18Þ

With one initial condition and four possible boundary con-
ditions, three different analytical solutions for the diffusive
model (Eq. 5) can be tested to fit experimental data.

3 Materials and methods

3.1 Particulate material

The particles used ‘in the experiments were porous alumina
F200, supplied by Alcoa (Poços de Caldas, Brazil). The par-
ticles’ average diameter, apparent density and internal poros-
ity were measured and are shown in Table 1 [23]. The alumina
particles were initially dry and were immersed into water for
three hours prior to drying and then placed in a holder for 8 to
12 h to remove the excess of water according to the procedure
recommended by Kudra et al. [24]. The final moisture content
after wetting was of 0.3–0.34 kg water/ kg dry solid, on aver-
age. Alumina particles were chosen because they allow dis-
cussions about the relationship between the convective and
diffusive mass transfer resistances in VFB.

3.2 Vibro-fluidized bed drying

The experimental set up is depicted in Fig. 1. Air was supplied
by a 7.5 HP radial blower (IBRAM, São Paulo-SP, Brazil),
with a maximum flow rate capacity of 4 m3/min. The volu-
metric air flow rate was measured by a previously calibrated

Table 1 Physical properties of alumina particles [19]

Property Value Experimental method

Average particle diameter [mm] 3.68 Sieving

Real specific mass (ρs) [kg/m
3] 3000 Pycnometry helium

Apparent specific mass (ρa) [kg/m
3] 1750 Pycnometry water

Total area of pores [m2/g] 43.69 Porosimetry mercury

Particle porosity (ε) [%] 41.70 ε = [1-(ρa/ρs)]100

Pore diameter [μm] 0.022 Porosimetry mercury

Superficial area [m2/g] 227.90 B.E.T

Pore volume [cm3/g] 0.31 B.E.T

Pore length [Å] 14.53 B.E.T
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orifice plate. Both the orifice plate and the pressure tap located
at the bottom of the bed were connected to pressure transduc-
ers linked to a data acquisition board AD PCI-6024E from
National Instruments (São Paulo-SP, Brazil) connected to an
AMD AthlonTM XP 1800 computer. The interface for data
acquisition was developed in graphic language G, using the
software LabVIEW 7 ExpressTM. An electrical resistance
heated the drying air at a rate of 35 °C/min. The inlet air
temperature was set at the specified values by a temperature
controller (Flyever FE50RP, São Carlos-SP, Brazil). The
vibro-fluidized bed was a cylindrical glass chamber 0.5 m
high and 0.114 m internal diameter. An eccentric mechanism
was used to set the amplitude of vibration and the frequency of
vibration was adjusted by a mechanical controller located at
the axle of the electric motor. The acceleration, velocity, and
amplitude of vibration were measured with a Brüel&Kjær
4371 piezoelectric accelerometer linked to a Brüel&Kjær
2525 signal conditioner (Denmark). The frequency of vibra-
tion was measured using an optical tachometer Minipa MDT-
2244A. The static bed height, that is the bed height without air
percolation, was equal to 0.10 (± 0.05) m.

The minimum fluidization velocity (umf) was measured
with the dry particles according to the classical methodology
used for conventional fluidized beds, namely, the interception

of two straight lines depicted in the curve of pressure drop
versus air velocity, one of which is the slope of the fixed-
bed curve and the other is the slope of the fluidized-bed curve.
A value of 1.17 (± 0.01) m/s was obtained.

It is worth noting that alumina particles do not fluidize well,
but the term “fluidization” will be adopted here to refer to the
condition in which the air velocity is set above umf and no
mechanical vibration is imposed to the bed. Two superficial
air velocities were selected for the thin-layer drying experi-
ments, the first 20% above and the second 20% below umf.
The same velocities were adopted in vibro-fluidized drying.
The term vibro-fluidization will be used in this text to refer to
the operation with air flow and mechanical vibration, regard-
less of the air velocity was set above or under umf. The exper-
iments were performed under the fluidized-bed (Г = 0 and u =
1.2umf) and vibro-fluidized bed modes (Г = 4.00 and u =
1.2umf or 0.8umf). The vibration number was set combining
two different values of vibration amplitude (A) and frequency
(f), namely 0.003 m and 18.20 Hz and 0.015 m and 8.14 Hz.
The experiments were performed as follows: the operating
conditions were adjusted with air flowing through the empty
vessel until a stable temperature was reached. At this stage, the
wet particles were inserted into the unit to start drying. The
ambient temperature in the experiments was about 25 °C. At

Fig. 1 VFB experimental unit
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predetermined time intervals, small samples were collected
from the bed and stored in aluminum pans. The particles’
moisture was determined by the gravimetric method after dry-
ing the samples at 105 °C for 24 h. The operating conditions
used in the present study are summarized in Table 2.

4 Results and discussions

First, the three analytical solutions of the diffusive model will
be fitted to the experimental data to findwhich one best fits the
results. After, the estimated values of Deff,G will be used to
discuss drying kinetics and the specific energy consumption in
VFB.

4.1 Analysis of the model fitting

The experimental data and the predictions given by the three
different analytical solutions (Eqs. 12, 14 and 17) can be com-
pared in Figs. 2, 3 and 4, as well as the respective error distri-
butions for each equation tested. Equation (19) was used to
estimate the error between the predicted and observed data at
an specific point “k” and the error distribution was fitted by a
5-degree polynomial equation. The dispersion between exper-
imental and observed data will be discussed for T = 80 °C, u =
1.2umf, A = 0.015 m and F = 8.14 Hz. The results for the other
conditions were very similar to this one and will not be shown
here for the sake of conciseness. The analytical solutions giv-
en by infinite series were solved by a computational routine
(MatLab) and the models’ parameters were simultaneously
estimated based on the least squares criterion.

Errork ¼ χexp
k −χobs

k ð19Þ

An inspection of Fig. 2 shows a significant deviation of
data predicted by Eq. (12) (dashed line) not only in the begin-
ning of the drying (t = 0) as pointed out by other authors who
obtained similar results [25], but also in the next seven points.
After these points, the predicted curves are coincident. It is
clear that by solving the series with n = 58 terms to reduce the
calculation error to 1%, as suggested by Efremov and Kudra
[26], the solid line intercepts the ordinate close to the maxi-
mum moisture ratio value (MR ≈ 1.0). The moisture content
predicted by Eq. (12) at t = 0, in the other hand, is equal to
0.61, which is fundamentally incorrect for a dimensionless
variable such as the moisture content. The solution of the
diffusive model with n = 1 predicts a low dimensionless mois-
ture content at t = 0, a value which was found experimentally
after 7 min drying in the VFB. The left side of Eq. (12) must
be equal to the right side to minimize deviations at t = 0.
However, this assumption is not really fulfilled, since (6/π2)
is not equal to 1. This assumption would be satisfied only for a
very thin material and long drying times, meaning that the
Fourier number should be very high. In this case, the first
harmonic component (n = 1) in the sum of Eq. (12) would
contribute less to the average moisture content than the sum
of all the other terms. Thus, Eq. (12)) with n = 1 is not recom-
mended to fit the experimental data for the conditions tested in
this study, as the dynamic equilibrium moisture content was
achieved after drying for a few minutes. The advantage of
using an analytical solution with only one term in the series
is that the diffusivity, if assumed constant, can be easily esti-
mated by a graphical method. Figure 2 shows that the solution
of Eq. (12) with n = 1 results in a highly biased fitting, with a
large average error.

A comparison between the observed and predicted data in
Fig. 2 shows that Eq. (12) underestimates drying kinetic data
in the beginning of drying and overestimates them in the end.
The deviations can be attributed mainly to the assumptions of
isothermal process and constant effective diffusivity. The hy-
pothesis of an isothermal process is not always justified [27],
but measuring the true particle temperature in VFB is a chal-
lenge [28]. Moreover, it is necessary an special apparatus to
guarantee isothermal conditions [29]. When a constant Deff,G

is assumed, Eq. (12) fits the experimental data by averaging
this parameter. During drying, Deff,G can be a function of the
drying time [26], solid characteristics [30], operational condi-
tions [31] and moisture content. As the diffusivity should de-
pend on the instantaneous values of the local moisture content
(the solid water content varies in space and time), the equation
is highly nonlinear and difficult to solve, and it is not in the
scope of this paper to obtain an exact analytical solution for
this problem.

Once the diffusivity may vary throughout drying, the exact
value of this parameter could be lower than the estimated
average value for the global effective diffusivity. In other
words, the hypothesis of constant diffusivity is not good when

Table 2 Operating conditions

Experiment n° T[°C] u [m/s] A[m] F [Hz] Γ[−]

1 40 0.8umf 0 0 0

2 40 0.8umf 0.003 18.20 4

3 40 0.8umf 0.015 8.14 4

4 40 1.2umf 0 0 0

5 40 1.2umf 0.003 18.20 4

6 40 1.2umf 0.015 8.14 4

7 80 0.8umf 0 0 0

8 80 0.8umf 0.003 18.20 4

9 80 0.8umf 0.015 8.14 4

10 80 1.2umf 0 0 0

11 80 1.2umf 0.003 18.20 4

12 80 1.2umf 0.015 8.14 4
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“equilibrium” moisture (Eq. 9) and negligible external resis-
tance (Bi→∞) are assumed as boundary conditions. A similar
analysis could be applied for drying under 40 °C and air ve-
locity of 0.8umf. The fitting did not improve even operating
under conditions of lower temperature and air velocity, when
high Fourier numbers are obtained. This suggests that the
equilibrium between the vapor concentration at the particle
surface and the air stream is not achieved. It is possible to infer
that, in drying particulate inorganic compounds in a VFB, it is
difficult to obtain low Fourier numbers due to the vibration
imposed to the system to reduce the drying time.

Chen [17] stated that the deviations between the experi-
mental data and predicted values by Eq. (12) are due to the
assumption that the moisture content on the particle surface
is equal to the dynamic equilibrium moisture. To consider
the external resistance to mass transfer, a convective bound-
ary condition (Eq. 13) was applied and the diffusive model

was solved for Bi ≠ ∞ at r = R. The results are presented in
Fig. 3,which shows that the data predicted by Eq. (14) using
a substantial number of terms in the solution agree well with
the experimental values. This means that the first harmonic
component (n = 1) is more significant for the average mois-
ture content than the sum of all the others. According to
Khatchatourian [32], the influence of this harmonic compo-
nent becomes predominant as time increases. Thus, at a
specific period of time it achieves the so-called “regular
regime”, when the diffusion coefficient inside the particle
can be calculated with a prescribed accuracy by considering
only the first harmonic [32]. The fitting of the diffusive
model considering the external resistance to mass transfer
improved when compared to results presented in Fig. 2.
This means that the external resistance to moisture removal
cannot be neglected and the effective moisture diffusivity
might depend on the air velocity.
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As observed for Eq. (12), the results depicted in Fig. 4
show that the results predicted by Eq. (17) depend on the
number of terms used in the solution of the infinite series.
Significant deviations are observed between the predicted
and observed data when n = 58, which can be attributed to
an overfitting. In this case, the overall fitting was improved
using few terms in the solution and tests indicated that the
predictions of drying kinetic data were good enough by solv-
ing the model with n = 2 and fitting did not improve increasing
the number of terms in the solution. For this approach, the
average error was the lowest amongst the tested ones.

The performance of the analytical solutions were also com-
pared regarding the agreement between the observed and pre-
dicted data and the error distribution patterns. As the first seven
experimental points were poorly described by Eq. (16), this
model presented a biased error distribution and the highest av-
erage error, but it has the advantage of simplicity and lower
degrees of freedom. Eq. (17) presented the best fitting amongst

the tested equations and a random error distribution. It was
observed, however, that the fitted effective moisture diffusivity
was strongly dependent on the initial values given as input.
Additionally, the estimated Deff,G were very similar to those
estimated by Eq. (12) and presented narrow range of confidence
intervals, suggesting that Eq. (17) is not consistent to describe
kinetic data in VFB, as an external layer resistance (Bi→0) was
detected. Eq. (14) yielded good predictions of experimental
data and the estimated values of Deff,G were considered themost
representative for the experimental conditions evaluated.
Hence, they were adopted to estimate the dimensionless vibra-
tion numbers with the purpose of discussing the physical con-
sistency of this parameter.

4.2 Analysis of drying kinetics

The parameters estimated for all the operating conditions by
Eq. (14) are presented in Table 3. The assays under fluidized
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bed mode (Γ = 0) were performed using the same equipment
operating without the mechanical vibration. The effective
moisture diffusivities were calculated by Eq. (18) with the
estimated parameters D0 and Ea estimated for various Biot
numbers related to the tabulated roots of the transcendental
equation presented by Carslaw and Jaeger [33] for spherical
geometry. The “optimum” value of Bi was the one that pro-
vided the best fitting based on the highest value of the deter-
mination coefficient and the lowest value of the variation co-
efficient. The estimated value of Bi was equal to 0.04. Figure 5
shows a good agreement between the experimental data and
those predicted by Eq. (14) for VFB drying with vibration
(experiments 2, 3, 5, 6, 8, 9, 11 and 12). For the experiments
with no vibration a good agreement was observed for some
conditions (experiments 1 and 7), but large deviations were
observed for the experiments 4 and 10.

It is observed in Table 3 that different values of D0 and Ea
are obtained for the same value of Γ. This is evidence that this

parameter is not unique for different combinations of A and F.
According to the literature, Ea is constant under different tem-
peratures and a fixed air velocity. Based on our data, Ea chang-
es for different combinations of A and F. This shows the
potential of Ea in discussing energy performance, since this
parameter is interpreted as an energy barrier for the water
molecules. However, there is evidence that D0 also indicates
the impact of distinct combinations of vibrating parameters,
hence drying kinetics was analyzed in terms of the Deff,G,
which is a combination of Ea and D0.

According to results presented in Table 3, it is clear that
vibration intensifies the moisture transfer for both gas veloci-
ties tested (above and under umf). According to Strumillo and
Kudra [34], using intensive vibrations with Γ >1 has a signif-
icant effect on the mass transfer. The results show that vibra-
tion contributes to a higher effective moisture diffusion in the
bed of alumina particles, especially for the conditions of T =
80 °C and gas velocity of 1.2umf, wherein this effect is more
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pronounced. For these conditions, Deff,G was almost 60%
higher than the Deff,G obtained for conditions of the non-
vibrated bed (Γ = 0 and 1.2umf). The vibration intensity can
be particularly beneficial for drying materials of low effective
diffusivity, such as biomasses.

The influence of the air conditions in Deff,G for non-
vibrated bed can also be discussed. As expected, Deff,G in-
creases by rising the air temperature and air velocity, as more
thermal energy is supplied to moisture evaporation. This sug-
gests that the external resistance to mass transfer is relevant in
VFD, which is in accordance with the low value of Biot num-
ber calculated (Bi <0.1). Higher air velocities reduce the
boundary layer thickness and the convective resistance to
mass transfer. Strumillo and Kudra [34] stated that this in-
crease is due to an improvement in the bed structure. An
increase in the mass flow rate, however, might have a signif-
icant effect on the energy consumption. According to drying
textbooks [20, 35–37], an alternative to increase the energy
efficiency is to reduce the air flow rate and increase the air
inlet temperature. Even though the drying rates were enhanced
by increasing the air velocity in the present case, the blower
energy consumption can contribute to increasing the energy
consumption, as it can be even higher than the energy con-
sumption of the acceleration modulus. The energetic aspects
of the process will be further discussed in the next topic.

As can be observed in Table 3, the same dimensionless
vibrating number (Γ = 4) was obtained for the tested combi-
nations of amplitude and frequency, as also reported for drying
pastes, solutions and slurries [14, 37, 38] and Geldart C parti-
cles [15]. Additionally, distinct values of Deff,G were obtained
for Γ = 4, corroborating that the influence of Γ on drying pro-
cesses depends on the combination of A and F andthat this
parameter alone does not characterize the vibrational effect on
drying kinetics. This can be clearly observed in Fig. 6, which

Table 3 Estimated parameters of the diffusive model for different operating conditions

T [°C] u [m/s] A [m] F [Hz] Γ [−] D0 [m
2/min] Ea [kJ/mol] Deff,G This work, Eq. (18) [m2/min] Deff,G Literature, Eq. (1) [m2/min]

40 0.8umf 0 0 0 4.12 × 10−3 23.55 4.86 × 10−7 –

40 0.8umf 0.003 18.20 4 1.76 × 10−3 22.53 3.06 × 10−7 7.40 × 10−6

40 0.8umf 0.015 8.14 4 7.65 × 10−3 22.78 1.21 × 10−6 7.40 × 10−6

40 1.2umf 0 0 0 4.52 × 10−4 16.82 4.86 × 10−7 –

40 1.2umf 0.003 18.20 4 2.04 × 10−3 21.34 5.63 × 10−7 7.40 × 10−6

40 1.2umf 0.015 8.14 4 5.34 × 10−4 17.79 7.10 × 10−7 7.40 × 10−6

80 0.8umf 0 0 0 1.42 × 10−3 21.68 8.82 × 10−7 –

80 0.8umf 0.003 18.20 4 2.98 × 10−3 23.74 9.18 × 10−7 7.40 × 10−6

80 0.8umf 0.015 8.14 4 1.20 × 10−3 19.96 1.34 × 10−6 7.40 × 10−6

80 1.2umf 0 0 0 1.65 × 10−3 20.66 1.46 × 10−6 –

80 1.2umf 0.003 18.20 4 2.85 × 10−3 23.80 5.76 × 10−7 7.40 × 10−6

80 1.2umf 0.015 8.14 4 1.90 × 10−3 19.70 2.31 × 10−6 7.40 × 10−6
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shows the values of Deff,G for different combinations of am-
plitude and frequency of vibration. Eq. (1) is not adequate to
quantify the influence of the vibration intensity, as it gives
similar values of Deff,G under different values of A and F.
Hence, unless this equation is used to compare results obtain-
ed under fixed values of A and F, it does not have the neces-
sary physical consistency to describe drying kinetics in vibro-
fluidized beds. Informing only the value of the dimensionless
vibration parameter to estimate Deff,G is not sufficient to quan-
tify the vibration intensity in VFB drying, it is necessary to
give the values of amplitude or frequency and estimate Deff,G

separately for each operating condition investigated.
With regard to the operational aspects of VFB, the vibra-

tion parameters must be carefully chosen, as a wrong combi-
nation of A and F can increase the energy lost in the air ex-
haustion, so. A and F should be specified to maximize the
drying rate and reduce the energy consumption. Based on
our data, for T = 80 °C, u = 1.2umf, A = 0.015 m and F =
8.14 Hz, Deff,G increased by a factor of four times in compar-
ison to that estimated for A = 0.003 m and f = 18.20 Hz under
similar air conditions. As showed in Table 3 and in Fig. 6, the
combination with A = 0.015 m and F = 8.14 Hz gave the
highest value of Deff,G amongst the conditions investigated.
Hence, these vibrating parameters will provide a lower diffu-
sion resistance to moisture transfer (for the same characteristic
dimension) in vibro-fluidized bed drying, which is attractive
to enhance the drying rates. This means that for a fixed value
of Γ, enhanced process conditions can be achieved with re-
gard to energy consumption and drying performance.

A careful assessment of the vibrating parameters is impor-
tant to balance the drying energy consumption and the process
costs and to identify the most cost-effective process condi-
tions. Such analysis is relevant, since design and operating

changes [34] may contribute to, which could be useful for
scale up towards process and equipment design and energy
consumption.

4.3 Analysis of the energy consumption

There are various indices to assess the energy performance of
a specific drying process. Among then, the specific energy
consumption (Es), defined as the amount of energy required
to evaporate an unit mass of water is a classical index to
compare efficiency of drying operations [39]. Es provides
some estimates of energy costs and project evaluation for in-
dustrial purposes [25]. For a convective theoretical batch dry-
er, Es is calculated according to:

Es ¼ Qh

Wev
¼ ṁgcpg T−Tað Þt

ms X0−Xeq

� � ð24Þ

Figure 7 shows calculated values of Es for different exper-
iments. It is clear that for the same Γ different energy con-
sumption can be obtained, indicating that different combina-
tions of A and F can lead to distinct energy performances of
the VFB. Thus, Γ cannot be considered a universal parameter
to describe the vibration energy and must not be used as a
basis to discuss or describe the energy performance of VFB,
as it does not indicate the impact of A or F separately.
According to the results, the lower values of Es were obtained
for the highest value of amplitude (A = 0.015 m) and for the
lowest value of frequency (F = 8.14 Hz) (experiments 3, 6, 9,
and 12). These results corroborate those presented in Table 3,
in which higher values of Deff,G were obtained for these same
vibration conditions. It is noticed that the addition of a
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mechanical vibration to the bed of particles did not improve
the VFB energy performance compared to the FB drying
mode at (Γ = 0) for the higher temperature and air velocity
(experiments 4 and 10). However, VFB energy consumption
in the fixed-bed mode (experiments 1 and 7) was lower for all
the conditions investigated. It is also possible to note that Es
was higher for the experiments in which operation was con-
ducted for air velocity above the minimum fluidization veloc-
ity (experiments 5, 6, 11 and 12, highest air flow rate), which
agrees with results reported in the literature [20, 35–37, 40].
Regarding the energy consumption, the best condition was
observed at T = 40 °C, u = 0.8umf, A = 0.015 m and F =
8.14 Hz, which yielded to the lowest value of Es. At this
condition, the thermal loss in the exhaustion is reduced and
the drying rate is improved.

Moreover, the mass transfer parameter used to describe the
drying kinetics in VFB is an apparent (or effective) parameter,
meaning that it is also dependent on the ordinary gas diffusion
and dynamic effects of the drying air. In fact the drying dy-
namics will depend on the air velocity and on other complex
transport mechanisms, which are encompassed by Deff,G.
Increasing air velocity increases the drying rate, but also in-
creases the energy consumption. A balance between drying
conditions and vibrating parameters is important when dealing
with VFB.

The results show that higher drying rates and lower energy
consumption are not necessarily observed under the same op-
erating conditions. To identify the most cost-effective condi-
tion to be implemented in industrial processes it is relevant to
balance the energy demand and the capital and operating
costs. It is interesting, then, analyzing other combinations of

vibration parameters and air drying conditions to evaluate
whether VFB has better performance than FB drying. For
the conditions evaluated in this study, VFB is superior to FB
in terms of energy consumption only for lowest air tempera-
ture. These discussions are consistent with those presented by
Grabowski et al. [41].

The energy consumption would be optimized if all the heat
supplied to the dryer was used for moisture evaporation. This
does not occur due to typical inefficiencies of drying processes
such as the sensible heating of the material, heat losses in the
exhausting air and from the dryer body [42]. Using low tem-
perature and air velocity is a good strategy to reduce the ther-
mal losses. Comparing FB and VFD dryers in drying
pretreated cranberries, Grabowski et al. [41] found that VFD
is superior to FB drying in terms of energy efficiency due to
the favorable drying conditions and relatively low air veloci-
ties. The FB drying presented lower energy efficiency com-
pared to the VFB.

5 Conclusions

1. Drying kinetics of porous alumina particles in VFB was
strongly dependent on the superficial air velocity, suggest-
ing the presence of a mass transfer resistance at the bound-
ary layer. Significant increase in the drying rate and in the
energy consumption were observed as the air flow rate
increased.

2. The use of mechanical vibration improved particle mixing
compared to the air-fluidized drying mode and improved
the drying rates. Amongst the tested conditions, the
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highest amplitude (A = 0.015m) and the lowest frequency
(F = 8.14 Hz) enhanced Deff,G .

3. Evidence shows that empirical equations available in the
literature to estimate Deff,G based only in the parameter Γ
might not be adequate, as the vibration energy is not prop-
erly quantified by this parameter alone. For the same val-
ue of Γ, different values of Deff,G were obtained, suggest-
ing that drying kinetics in VFB must be analyzed in terms
of different combinations of A and F to identify optimum
operating conditions.

4. The VFB specific energy consumption was lower for the
highest A and the lowest F. With regard to the drying air
conditions, VFB performed better than FB in terms of
energy consumption when operated at lower air tempera-
ture and velocity.

5. Higher drying rates and lower energy consumption in
VFBs are not necessarily observed under the same oper-
ating conditions when the resistance to mass transfer in
the gas phase is more significant than the internal diffu-
sive resistance.
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