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Abstract

Investigations into drying kinetics of biomass in fluidized bed dryers are essential for the control of drying
processes, enhancing productivity and reducing energy consumption. However, there is limited research on
drying characteristics of biomass at different bubble locations due to complex hydrodynamics around
bubbles in the bed. In this paper, a new method is proposed by combining electrostatic sensing and digital
imaging techniques to obtain moisture contents, drying models, moisture diffusivities, activation energies
and mass transfer coefficients of biomass at different bubble locations. Experimental tests were conducted on
a laboratory-scale fluidized bed dryer for different air velocities at a range of air temperatures. Five
mathematical drying models are evaluated in the paper. It is found that the Page drying model is most
suitable for describing the drying process of biomass in the fluidized bed. The results also show that the mass
transfer coefficient of biomass at the interior and boundary of the bubble is higher than that at the exterior of
the bubble. In addition, although the mass transfer coefficient increases with the air temperature and air
velocity, the highest air temperature and highest air velocity are not optimal conditions. For example, a

bubble flow turns into a slug flow or plug flow at an air velocity of 0.56 m/s and an air temperature of 75<C.

Keywords: Fluidized bed dryer, biomass; drying kinetics; electrostatic sensing; digital imaging

Nomenclature

Symbols
a Fitted coefficient in Egs. (8) — (9)

A,  Surface area of biomass, m?
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c Fitted coefficient in Eq. (9)
Det Moisture diffusivity, m2/s

Do  Moisture diffusivity at infinite moisture content, m2/s
E.  Activation energy, kd/mol

k Fitted coefficient in Egs. (5) — (9)

kg ~ Mass transfer coefficient between biomass and air, m/s
M Moisture content, wt. %

M.  Equilibrium moisture content, wt. %

Mo Initial moisture content, wt. %

M:  Moisture content at drying time t, wt. %

m,  Water vapour mass flow rate transferred between biomass and air, kg/s

N Number of data points

n Fitted coefficient in Egs. (6) — (7)

P Number of parameters in a fitting function
R?  Coefficient of determination

r Biomass radius, m

RH  Relative humidity of drying air, %

S Summed square of residuals

Sp  Surface area per unit volume of solids, m¥m?
T Temperature, K

t Time, s

V,  Biomass volume, m

wg  Biomass weight after drying, kg

w;  Biomass weight before drying, kg

Greek letters
avi  Mass concentration of moisture in air at bed entrance, kg/m?

avo  Mass concentration of moisture in air at bed exit, kg/m3



62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

avs  Mass concentration of moisture in air on particle surface, kg/m?

e, Logarithmic mean difference in mass concentration of moisture in air, kg/m?
n Drying rate, wt. %/s

ppo  Density of dry biomass, kg/m?

¢ Moisture ratio

b Reduced Chi square

1. Introduction

In order to reduce greenhouse gas emissions, biomass fuels are used as substitutes for fossil fuels in the
energy and energy-intensive industries [1-3]. Many biomass fuels are produced from raw agricultural
materials often with high moisture content. The moisture content in biomass fuels decreases their heating
value, hence they should be dried before combustion [4]. Moreover, drying is beneficial for some industrial
processes, for instance, drying corns is an important procedure before bioethanol production [5]. However,
the drying process consumes a significant amount of energy [6, 7]. Various methods are used for drying of
biomass. In view of the advantage of good heat and mass transfer rates and efficient particle mixing inside
reactors, fluidized beds are widely used for biomass drying [8]. Fluidized bed drying is a complex and
chaotic process involving simultaneous heat and mass transfers in a transient state, which depend on various
factors such as biomass structure, physicochemical properties, and operating conditions (i.e. velocity,
temperature and humidity of the drying medium) [9]. Furthermore, bubbles in a gas-solid fluidized bed
increase complexities of the drying kinetics as particles at different locations such as interior, boundary and
exterior of the bubble have different contact phenomena with the hot air [10]. In order to predict drying
behaviors, control and optimize a fluidized bed dryer, and maintain biomass fuels with the desired moisture

content, a profound knowledge of biomass drying kinetics in the fluidized bed is essential.

The drying of biomass in a fluidized bed has been widely reported in the literature. Biomass drying kinetics
such as moisture content, drying model, moisture diffusivity, activation energy, and mass transfer coefficient
between biomass and air have been studied [11, 12]. There are many techniques available for measuring the
moisture content of solids in a fluidized bed dryer. These include near infrared spectroscopy, acoustic

emission detection, electrical capacitance tomography (ECT) and microwave resonance as well as
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triboelectric sensing with probes, as mentioned in a recent review paper [11]. Furthermore, a number of
mathematical models for the drying process have been developed by investigating the drying behaviors and
drying time of moist products. These models are also useful for the prediction of heat and mass transfer
characteristics of a range of bulk solids. Therefore, it is necessary to evaluate and compare the drying models
for a given biomass [12]. In the modelling of the drying process, thin layer drying equations have been
widely applied [13, 14]. Chen et al. investigated the kinetic analysis of raw biomass through
thermogravimetric analysis and a comparison between different drying models based on statistical analysis

[13].

The moisture content in a moist biomass is reduced through diffusion within its body and evaporation from
its surface. To evaluate the effect of moisture reduction through diffusion, moisture diffusivity was calculated
[15, 16]. Jia et al. obtained effective diffusive coefficients of Douglas-fir sawdust using experimental data
from drying tests in a pulsed fluidized bed. The moisture diffusivity was found to be in the range of
4.993x10° to 7.467x10° m?s under various pulsation frequencies and air flow rates [17]. The moisture
diffusivity was then used to determine the activation energy of biomass, which characterizes the difficulty in
overcoming energy barriers when water molecules migrate within particles [18]. Over the last few decades,
convective mass transfer at the gas-solid interface has been studied to predict the mass transfer efficiency of
fluidized bed drying [10, 19]. Moreno et al. [10] reported a method for the determination of the convective
mass transfer coefficient for the drying of forest biomass particles in a fluidized bed, which ranged from
61072 to 2x102 m/s. In addition, an equation that uses both Sherwood and the Reynolds numbers was
proposed by Moreno et al. [10]. A non-invasive infrared technique was utilized in a fluidized bed to
determine the gas-solid mass transfer coefficient and its correlations with the bubble size and superficial gas
velocity by Medrano et al. [19]. However, such earlier research has focused on the macro characteristics of
particles in a fluidized bed instead of identifying the discrepancies in the drying characteristics of particles at

different locations of bubbles.

Recent studies [20, 21] reported the complexities of the drying process in a fluidized bed and challenges in
guantifying the drying characteristics of biomass due to the presence of bubbles. The studies indicated that
varied drying kinetics of biomass were presented at different locations (i.e. bubble interior, bubble boundary,

and bubble exterior). The moisture content distribution of biomass particles in a fluidized bed was measured
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using ECT methods [22, 23]. It was found that the moisture content of particles inside the void and bubble
was low, while the moisture content of particles far from the bubble was high [22]. Moreover, electrostatic
sensing techniques have also been proposed to measure the moisture content in biomass in a fluidized bed
[24, 25]. In the electrostatic sensing method, an empirical model was established with the key parameters
obtained by fitting the experimental data. Furthermore, the moisture content in biomass was inferred from
the signals from a set of two-dimensional electrostatic sensor array. Qi et al. [21] studied the moisture
content distribution of biomass particles in a fluidized bed dryer by combining electrostatic sensing and
digital imaging techniques. It has been found that there are significant differences in the moisture content of
biomass at the interior, boundary and exterior of the bubble in the bed [21]. Although the previous studies are
useful, it is still necessary to conduct further in-depth analysis of the drying kinetics of biomass at different
bubble locations. For instance, the mass transfer coefficient between biomass and air at different bubble
locations is still unclear. Additionally, a fluidized bed dryer should be operated under optimized conditions

to maintain high drying efficiency.

In a fluidized bed dryer, chaotic movement of fluid along with heat and mass transfers occurs, which brings a
challenge for all existing methods to determine the optimal drying model, moisture diffusivity and mass
transfer coefficient of biomass particles at different locations in a fluidized bed. The above parameters are
difficult to predict analytically because they depend on the transport properties of the fluid, dynamic
characteristics of the flow around particles, flow patterns and geometries of the bed [9]. Therefore, an
appropriate method is desirable to determine the kinetic parameters of biomass and the optimal drying
conditions. This paper aims to investigate the drying kinetics of biomass particles at different locations in a
fluidized bed. Experimental tests were conducted on a lab-scale fluidized bed dryer with biomass corn
kernels as test particles. The moisture content and bubble distributions are obtained by combining
electrostatic sensing and digital imaging techniques. Finally, the drying characteristics of biomass at different

locations in the fluidized bed are measured and discussed.

2. Methodology

2.1. Overall strategy
Fig. 1 shows the key stages in the proposed method. Firstly, an electrostatic sensor array and a digital camera

are used to acquire electrostatic signals and images of biomass particles, respectively. Moisture content
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distributions of biomass and bubble locations are derived, respectively. Secondly, images of the moisture
content distribution marked with bubble locations (i.e. fusion images) are generated to extract useful
information to determine the drying Kinetics (i.e. moisture content curves, moisture diffusivities and gas-
solid mass transfer coefficients). Subsequently, moisture content curves are used to derive the optimal drying
model under given conditions. Meanwhile, moisture diffusivities are determined from the moisture contents.
Activation energies of biomass are determined from the fitting curves of moisture diffusivities. Moreover,
from the fusion images, the drying characteristics of biomass at different bubble locations are compared and
the effects of the operation condition on the drying characteristics are explored. Important drying kinetics of

biomass in the fluidized bed are finally obtained.
Electrostatic |:> Moisture content Moisture content ‘::> Drying model
% sensor array distribution % % curve )
Biomass particles and
bubbles in the FUSID?_ [> Moistare diffusivity l:> Activation energy
fluidized bed dryer Images
Digital imaging Bubble locations
system

Fig. 1. Key stages in the proposed method.

2.2. Fusion image

In a fluidized bed, triboelectric charging is inevitable due to continuous particle-particle, particle-wall, and
particle-air interactions [26]. The moisture content in biomass affects the charge due to the fact that water
molecules as charge carriers dissipate the charge into free space and reduce the accumulation of the charge. It
should be noted that, the water molecules migrate through diffusion within the pores of biomass and
evaporation from the surfaces of biomass particles during drying process. The charge might be dissipated
into the pores and the surfaces of biomass, which requires further studies in a molecular scale. Through
electrostatic sensing the moisture content in biomass is measured from empirical relationships between the
amplitude of the voltage signal from the electrostatic sensor array and the moisture content. As reported in an
earlier study, an empirical model was established by fitting the experimental data [21]. Moreover, to validate
the results from the electrostatic sensing method, biomass samples were taken from the fluidized bed and
their moisture content was measured off-line with a Halogen Moisture Analyzer (Model HE83, Mettler
Toledo). The experimental results demonstrated that the electrostatic sensor array is capable of measuring the
moisture content with a relative error within #15% [21]. The moisture content distribution in the fluidized
bed is then reconstructed using a biharmonic spline interpolation (BSI) algorithm [27]. The drying kinetics

parameters of biomass are then determined from a set of empirical equations (Section 2.3).
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Real-time images of biomass in the fluidized bed dryer are obtained using the digital imaging system. The
images are then processed using image processing algorithms to extract bubble locations. In addition, the
bubble locations are marked on the images of the moisture content distribution to obtain fusion images.
Finally, the drying characteristics of biomass at the interior, boundary and exterior of the bubble are
determined from the values of the moisture content at corresponding pixels.

2.3. Drying kinetics
The moisture content in biomass is defined and determined from,

M =MW 1009 1)
Wd

where w; and wq are biomass weights before and after drying, respectively.

The drying rate is expressed as,

n= Mtl B Mt2 (2)
tl_tz
where 7 is the drying rate of biomass during the drying period from t to t;; M, and M, are the moisture

contents in biomass at t; and tz, respectively.

The moisture ratio of biomass (¢) is calculated from,

¢=Mt—|\/|e (3)

where M; and M, represent the current and the initial moisture contents in biomass, respectively. The

following equation provides an equilibrium moisture content in biomass M. [28],

M = —In(1—-RH) @ (4)
© 18.654x10°°(T +49.81)

where RH is the relative humidity of the drying air and T is the ambient temperature.
Among all the existing models describing the drying kinetics of biomass, five typical models have been
extensively used [13, 14]. Therefore, they are considered in this study. These models are as follows:

The Newton model,

¢ =exp(-kt) (5)

The Page model,

¢ =exp(—kt") (6)
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The Modified Page model,

é=exp [—(kt)"] (7
The Henderson and Pabis model,

¢=aexp(-kt) (8)
The Logarithmic model,

¢ =aexp(-kt)+c 9)

Where t is the drying time, k, n, a and c are model parameters in the above models.

These models are similar, as indicated by the similarity of the equations. In this study, these models are
compared with the experimental data before the optimal model for the drying process is then identified.
Furthermore, the parameters in the drying models are determined using the least-squares method, which

minimizes the summed square of the residuals between the measured and fitted moisture ratios, i.e.

S= i(¢exp,i _¢pre,i )2 (10)

i=1

where S is the summed square of residuals, N is the number of data points, and @i and ¢y, are the
measured and predicted moisture ratio, respectively. In order to investigate the moisture transfer during the
drying process, the moisture diffusivity, which is dependent on the moisture content and ambient
temperature, should be measured. The moisture diffusivity of biomass is described by the Fick’s law [29]

and is estimated from the following equation for a spherical particle [30],
0 2
¢=%Z%exp{—n2%Dwtj (11)

With a long drying time, Eq. (11) is simplified as,

6 2
¢_?exp[—% Deﬂt] (12)

By taking natural logarithm on both sides of Eq. (12), it becomes,

|n¢:m£2_(§j Dt (13)

T

where Defs is the moisture diffusivity and r is the biomass radius. Equation (13) means Ing is linearly

proportional to time t. Specifically, from the slope of the straight line between Ingand t, the moisture
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diffusivity can be obtained. Based on the moisture diffusivity, the activation energy is determined from the

Arrhenius equation [31],

D,; = Doexp(— IE‘T’] (14)

where Dy is the diffusivity coefficient at the infinite moisture content and Ea and R are the activation energy

and the universal gas constant, respectively. The logarithmic form of Eq. (14) is given by,

InD, =InD, —% (15)

In order to obtain the activation energy, values of InDe are plotted versus 1/T. The activation energy is then

determined from the slope of the straight line (E4/R), as illustrated in Fig.2.

LoD,

slo e——i
PE=R

T (K1)

Fig. 2. Schematic plot of Eg. (15).

During the drying process in a fluidized bed biomass contacts with hot air. The temperature and interaction
between solid and gas phases affect the heat and mass transfer efficiency. In order to explore the drying
characteristics, the mass transfer coefficient between the gas and solid phases needs to be measured.
However, due to the complexity of the fluid flow, the mass transfer coefficient is difficult to measure. In this

study, the mass transfer coefficient is determined from [9],

p— (16)
Ala,

where Kqp is the mass transfer coefficient between biomass and air, m, is the mass flow rate of water vapor
transferred between biomass and air, and Ay is the surface area of biomass. Moreover, /¢, is a logarithmic

mean difference in mass concentration of moisture in air, and is defined as,
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(17)

where a5, avo and o, represent the mass concentration of the moisture in the air on the particle surface and
at the exit and entrance of the bed, respectively. The mass concentration of moisture is calculated from the
ideal gas law and the moisture content. Since the equation is applied to the entire bed, then the biomass

surface area is given by,

A =SV, (18)

where S, is the particle surface area per unit particle volume and V, is the particle volume. Furthermore, Eqg.

(16) is simplified as,

_Pos ) (19)

S Ay,

where ppo is the density of dry biomass. In summary, based on the real-time measurement of the moisture
content distribution using the electrostatic sensor array, the mass transfer coefficient distribution between the

gas and solid phases can be measured from Eqg. (19).

2.4. Experimental conditions

2.4.1 Experimental setup

In order to investigate the drying kinetics of biomass using the proposed method, experimental tests were
carried out on an experimental fluidized bed dryer. In view of the advantages in system installation and result
visualization, a pseudo two-dimensional (2D) bed with a relatively small thickness was deployed in this
study. It is known that flow patterns in a 3D bed are different from those in a 2D bed. Therefore, the
translation of results obtained for a 2D bed to 3D bed or industrial systems has to be done with caution.
However, research on 2D fluidized beds is still valuable for the calibration of measurement systems and the
validation of numerical models [32]. Fig. 3 shows the overview of the fluidized bed and the installation of
the measurement system. The fluidized bed is made of plexiglass with a height of 850 mm, a width of 150
mm and a thickness of 30 mm. Since the thickness of the bed is much smaller than its height and width, the
bed can be regarded as a pseudo 2D fluidized bed with the movement of fluid in the thickness direction being
ignored. The entire electrostatic sensing unit used was constructed in-house [21]. The electrostatic sensor

array, mounted on back of the fluidized bed (100 mm above the distributor), is composed of multiple
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electrodes for measuring the drying kinetics of biomass. To cover the main section of the fluidized bed, the
overall dimension of the sensor array board is 150 mm > 64 mm. The electrodes were manufactured on a
printed circuit board with a thickness of 1 mm. Each electrode is 10 mm in length and 3 mm in width. The
center-to-center spacing between a pair of adjacent electrodes is 16 mm. Furthermore, the digital imaging
unit consists of an illumination source as well as a digital camera (Fastcam Mini UX50) with a resolution of
1280 =< 1024 pixels and a frame rate up to 500 frames per second. The imaging unit was placed on the front
of the bed, which allows to visualize the primary drying zone of the bed. To enhance the contrast of images,
a black background was deployed at the back of the bed, as shown in Fig. 3. During the drying experiments
the electrostatic sensing and digital imaging units collected data (sensor signals and images) simultaneously.
A multiple-channel signal conditioning unit and a NI USB-6363 DAQ were utilized to acquire the signals
from the electrostatic sensing unit with a sampling frequency of 1 kHz. To study the drying kinetics under
different operating conditions, biomass particles were dried at five air velocities and five air temperatures, as
summarized in Table 1. The air flow rate was metered and controlled using a rotameter and a needle valve.
The fluidized bed is also equipped with a PID-adjusted temperature controller and an air preheater to ensure
the stabilization of the air temperature. The relative humidity of the air entering the fluidized bed was set to

constant at 7% during the tests.

Fluidized bed

e e -

. o - ! Digital camera
e |

. e .

Electrostatic sensor array

Signal conditioning unit

Fig. 3. Experimental setup.
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Table 1 Experimental conditions

Air Air velocity V (m/s)
temperature
T (C) 0.31 0.37 0.43 0.49 0.56

45 TiV1 T1V2 T1V3 T1V4 T1V5
52 T2V1 T2V2 T2V3 T2V4 T2V5
60 T3V1 T3V2 T3V3 T3V4 T3V5
67 T4V1 T4V2 T4V3 T4V4 T4V5
75 T5V1 T5V2 T5V3 T5V4 T5V5

2.4.2 Test material

Corn is a typical biomass material and utilized as a renewable fuel in some thermal power plants [33]. In this
study corn kernels after grinding were used as test particles. The bulk density and mean diameter of corn
kernels are about 1100 kg/m® and 1 mm, respectively. Such physical properties mean corn kernels are
regarded as Geldart D particles [34]. The initial moisture content of corn kernels is 16.5 wt.%, which was
measured with the Halogen Moisture Analyzer. All corn kernels were stored in an environmental chamber
(LY-2225, Liyi Dongguan) with constant temperature and humidity for at least 6 hours to ensure uniform
moisture distribution across the particles before testing. The minimum fluidization velocity for corn kernels
is approximately 0.216 m/s, which was experimentally determined using a conventional differential pressure

method [21].

3. Experimental results and discussion
3.1. Moisture content

A typical example of moisture contents obtained from the electrostatic sensing method under the operating
condition of T3V3 is shown in Fig. 4. To elucidate the discrepancies in the drying kinetics of biomass at
different locations, the drying curves of biomass at the interior, boundary and exterior of the bubble are
plotted in Fig. 4. The standard deviation, given in the form of error bars in Fig. 4, indicates the range of
fluctuations in the measured moisture content under each test condition. The standard deviation at each data

point is determined from the repeated measurements of moisture content over a total duration of 20 s.
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Fig. 4. Measured moisture content. (a) Definitions of different regions of the bubble in a bed. (b) Drying

curves of biomass at different locations under the condition of T3V3.

The time histories of moisture content during the drying process are divided into three stages, namely
preheating stage, constant-rate stage and falling-rate stage, respectively [14]. In the preheating stage,
channeling and agglomeration occur and biomass particles are not fluidized due to high moisture. No
obvious discrepancy in the moisture content in biomass at different locations is observed. The moisture
content in biomass reduces gradually as the drying process progresses. The particles are dried with the
movement of bubbles and the flow behaviors become turbulent [25]. Besides, the moisture content in
biomass in the bubble is lower than that at the boundary and exterior of the bubble during the constant-rate
stage. This can be explained that there is more effective contact between biomass particles in the bubble and
hot air. As shown in Fig. 4, the measured moisture content at different locations generally yields a more
significant discrepancy in the falling-rate stage. Since the flow becomes more turbulent and large bubbles are
generated in the later period of the drying, which facilitates the convective mass transfer between the gas and

solid phases.

3.2. Drying models

As described in Section 2, the measured moisture content in biomass is converted into moisture ratio for the

comparison of the drying models. The data are fitted with the five models (Section 2.3), as shown in Fig. 5.
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Moreover, the goodness of fit is evaluated through the determination coefficient (R?) and the reduced Chi

square (y%) [35],

| 2] 0)

N 2
Z ¢exp mean prel )

i=1

-5 kst | @

i=1

Where d@expmean 1S the mean moisture ratio from the experimental results and P is the number of parameters in
the fitting function. The list of calculated parameters in the model equations (Egs. (5) — (9)) for particles at
different locations and their evaluation criteria are summarized in Table 2. The higher the R? value and the

lower the »? value, the better the goodness of fit.
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333
334 Fig. 5. Fitted curves of various drying models under T3V3 operating condition. (a) Newton model. (b) Page

335 model. (c) Modified Page model. (b) Henderson and Pabis model. (e) Logarithmic model.
336 Table 2 Model parameters and evaluation criteria (T3V3)
Parameters Evaluation criteria
Model
k nora c R? Vi
Interior 0.01385 — — 0.79267 0.02165
Newton Boundary | 0.01196 — — 0.82384 0.01529
Exterior 0.00956 — — 0.85185 0.00956
Interior 0.00006 2.30674 — 0.96357 0.00437
Page Boundary | 0.00018 2.01153 — 0.96173 0.00374
Exterior 0.00363 1.78962 — 0.95875 0.00299
Interior 0.01524 2.30674 — 0.95902 0.00455
Modified page | Boundary | 0.01374 2.01163 — 0.95695 0.00394
Exterior 0.01195 1.78156 — 0.9536 0.00309
Interior 0.01825 1.2633 — 0.84828 0.01616
Henderson and
Boundary | 0.01562 1.22267 — 0.87611 0.01075
Pabis
Exterior 0.01258 1.16391 — 0.90596 0.00682
Interior 0.00538 2.54995 -14 0.91271 0.0093
Logarithmic Boundary | 0.00366 3.12087 -2 0.92593 0.00643
Exterior 0.00197 4.58356 -3.5 0.94081 0.00429

337 It has been observed from the R? and ? values that the Page model shows the best fit with the experimental
338  data. In other words, the Page model is most suitable for the drying process of biomass under the given

339 conditions.
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3.3. Moisture diffusivity

Moisture diffusivity is useful for describing the moisture transfer rate in biomass. In addition, previous

research highlighted the air temperature has an effect on the moisture diffusivity [18]. Therefore, the

experimental results at an air velocity of 0.43 m/s for five air temperatures from 45 <T to 75 T (i.e. T1V3 —

T5V3) are analyzed. As indicated by Eq. (13), the moisture diffusivity values of biomass under different

conditions are calculated using the method described in Section 2.3. Fig. 6 shows the results under the

operating conditions of T1V3 — T5V3.
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Fig. 6. Fitted curves of biomass under different drying conditions.

From Fig. 6, it can be observed that, for a given condition, the moisture diffusivity of biomass increases with

air temperature. The moisture diffusivity values are 9.43x<10", 1.12x10", 1.68x10", 1.91x10" and 2.27x10

9 2 . . . - .
m /s, respectively, under the operating conditions of TIV3—T5V3. The results indicate that temperature is

an important factor affecting the moisture diffusivity, which is consistent with previous studies [18, 36]. In

order to gain further insight of the moisture diffusivity of biomass at different locations, the moisture

diffusivity results obtained under all test conditions are listed in Table 3.



355 Table 3 Moisture diffusivity values under different drying conditions.
Drying condition D (mZ/S) R
eff
TivV3 Interior 7.69><.|.0_1O 0.96
Boundary 758510 0.87
Exterior 7.10><.|.0_1O 0.96
T2V3 Interior 8.42x10 " 0.92
Boundary 798510 " 0.90
Exterior 7.71><.|.0_1O 0.90
T3V3 Interior 22610 0.89
Boundary 1.85><.|.0_9 0.90
Exterior 1.66><LO_9 0.93
T4V3 Interior 2 440" 0.93
Boundary 1.90><LO_9 0.89
Exterior 1.73x0" 0.95
T5Vv3 Interior 24810 0.89
Boundary 1_92&0_9 0.89
Exterior 1.76x10" 0.87
356  Table 3 show that the moisture diffusivity of biomass at the interior of the bubble is slightly higher than that
357  at the boundary and exterior of the bubble under different drying conditions. A high diffusivity of biomass in
358  the bubble is caused by its good contact with hot air, which facilitates the moisture transfer.
359 In general, the activation energy E. presents the energy barrier that is required to overcome during diffusion
360  of the water molecules through the particles [31]. From the moisture diffusivity at an air velocity of 0.43 m/s
361  (V3), agraph between In(Derr) and 1/T is plotted in Fig. 7.
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363 Fig. 7. Activation energy of biomass under the condition of V3.




364

365

366

367

368

369

370

371

372

373

374

375
376

377

378

As shown in Fig. 7, a good linear relationship exists between In(De ) and 1/T. Moreover, the activation
energies of biomass at different locations are compared. The activation energies of biomass at the interior,
boundary and exterior of the bubble calculated from Eq. (14) are 42.07, 33.15 and 32.73 kJ/mol, respectively.
It is found from the results that the activation energy under a given condition decreases in the order of the
interior, boundary and exterior of the bubble. According to the Fick’s law, the moisture diffusion is a
function of moisture gradient. A greater moisture gradient is produced when particles in the bubble contact

more efficiently with the hot air, thus leading to a higher energy required for water diffusion [36].
3.4. Mass transfer coefficient

The gas-solid mass transfer coefficient is an important parameter in the drying kinetics. In this paper, the
mass transfer coefficient is obtained using the method described in Section 2. Fig. 8 illustrates the results of

the average mass transfer and mass transfer coefficient distribution.
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Fig. 8. Average mass transfer coefficient and mass transfer coefficient distribution (T3V3).

The average mass transfer coefficient is determined by averaging the mass transfer coefficients at all pixels

of the fusion images whilst the mass transfer coefficient distribution is obtained using the mass transfer
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coefficient at each pixel and the BSI algorithm. The bubble boundaries are marked with pink lines on the
original images and fusion images. The average mass transfer coefficient of biomass, increasing significantly
from 7x10° m/s to 3.4x10 m/s as shown in Fig. 8, is determined from the experimental results of the drying
process under the condition of T3V3. Moreover, the mass transfer coefficients of biomass at different

locations along with the corresponding standard deviations are also calculated (Fig. 9).

%103
5.0 r

& Bubble boundary
Bubble exterior

=
<
|

4.5 o Bubble mnterior 4} 7

wow

(=] wn

1 1

——
.
A=

1 1

Mass transfer coefficient (m/s)
2
h
1
et
&

— [
wh (=1

1 1

&=-H

—o—

.

|

1 1

,_.
<
|

e
wh
|

1

picl B m

<
=)

T
10 20 30 40 50 60 70 80 90 100

(=]

Time (min)

Fig. 9. Mass transfer coefficients of biomass at different locations (T3V3).

It is evident that the mass transfer coefficients of particles at different locations are almost the same during
the preheating stage, while the coefficients increase to different values during the falling-rate stage.
Compared to the gas-solid mass transfer coefficients at different locations, the mass transfer coefficient in
the bubble is slightly higher than that at the boundary and exterior of the bubble. The main reason for this is
that, during the later stage of the drying, the channeling and biomass agglomeration phenomena disappear in
the bed. The high temperature of the bubble enhances the migration rate of the water molecules between the
gas and solid phases. Meanwhile, the bubble with low moisture content causes the large moisture gradient
between the gas and solid phases, resulting in the great mass transfer.

To investigate the effects of the air temperature and air velocity on the mass transfer of biomass in the bed,
the average mass transfer coefficients of biomass under various conditions along with the corresponding

standard deviation are calculated, as illustrated in Fig. 10.
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401 Fig. 10. Gas-solid mass transfer coefficients under various operating conditions.

402 As shown in Fig. 10, the average mass transfer coefficients rise to 6.43x10° m/s and 8.61x10° m/s at 100
403  min under T5V3 and T3V5 operating conditions, respectively. Fig.11 depicts the gas-sloid mass transfer

404  coefficients at 100 min under all operating conditions.
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Fig. 11. Gas-solid mass transfer coefficients at 100 min under all operating conditions.

Fig. 11 indicates that, for a given condition, gas-solid mass transfer coefficient increases significantly with
air temperature and air velocity. Similar results about the effects of the air temperature and air velocity on the
mass transfer coefficient were found by Huang et al. [37]. In general, a higher air temperature results in
moisture migration more easily. Besides, as implied by the thin layer model [13], increasing the hot air
velocity leads to reduced boundary layer of the convective heat and mass transfers between the gas and solid
phases, and also gives rise to moisture moving away from biomass surface. Meanwhile, water evaporation
rates grow up both with the air temperature and with the air velocity, thus the discrepancy in moisture
content between internal and surface water in biomass tends to increase, indicating an enhanced mass

transfer occurs.

It is seen from the experimental results under all operating conditions that higher gas-solid heat and mass
transfers in the dryer are produced at a higher air temperature or air velocity, resulting in greater drying
efficiency. However, it should be emphasized that the drying efficiency may not always be the optimal at a
high air temperature and a high air velocity. This is because the quality of biomass needs to be considered
under the high air temperature condition. The high temperature may overheat biomass, which may cause
serious damage to its quality such as color, porosity, and the bioactive compound content [9]. Moreover, a
high air velocity may bring up the slugs and the flow pattern in the bed change into a slug flow, which is
harmful for the drying reaction. Fig. 12 shows the slug flow formed in the fluidized bed under the condition
of T5V5 (i.e. air velocity of 0.56 m/s and air temperature of 75<C). The high air velocity and air temperature

facilitate the merging of bubbles and formation of a slug. The size of the slug is close to the width of the bed,
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which inhibits the fluidization and drying. While under other drying conditions, the flow pattern in the

fluidized bed is almost bubbling flow, and no slug flow pattern is found.

Slug

Digital image
Fig. 12. Slugging flow pattern (T5V5).

4. Conclusions

The drying kinetics of biomass in a fluidized bed dryer have been experimentally studied using the
electrostatic sensing and digital imaging techniques under a range of air temperatures from 45<C to 75T at
an air velocity from 0.31 m/s to 0.56 m/s. In this work, the moisture content distribution of biomass and
bubble distribution in the fluidized bed have been obtained from the signals from the electrostatic sensor
array and original images from the digital camera, respectively. By fusing the above results, the drying
kineties of biomass at the interior, boundary and exterior of the bubble are obtained using the proposed
method, which helps to analyze and improve the drying model at different regions. The experimental results
have shown that the Page model is most suitable for describing the decline of the moisture content in
biomass at different locations in the bed. Biomass in the bubble has a higher moisture diffusivity, which is
related to the higher temperature of the hot air in the bubble. It is found from the results at an air temperature
from 45<C to 75<C that the activation energy of biomass in the bubble increases slightly in comparison to
that at the boundary and exterior of the bubble, indicating the divergence in the drying characteristics at
different locations.

In addition, compared with the gas-solid mass transfer coefficients of biomass at the boundary and exterior
of the bubble, the mass transfer coefficient of biomass in the bubble is larger, which is attributed to the
efficient contacts between the biomass particles and the hot air. Furthermore, it is observed from the
experimental results that the gas-solid mass transfer depends on the air temperature and air velocity, while

the highest air temperature and the highest air velocity may not be the optimal drying condition. It is
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envisaged that an industrial measurement system based on the proposed methodology will be constructed

and evaluated on a large-scale fluidized bed dryer in the near future.
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