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Abstract

Fluidized bed dryers have been widely applied to dry raw materialar droducts due to the
advantages of good mixing efficiency and high heat and mass transfer ratdedrto control and
optimize the drying process of fluidized bed dryers, it is necessary to devehligeratiethods to
measure the moisture content of solid particles in the bed. Because of the advamitag
non-intrusiveness, simple structure and high sensitivty,electrostatic sensor array has been
developed to monitor the drying process. Experimental investigations were @hduaca lab-scale
fluidized bed dryer. The moisture content during the drying procassneasured using the sampled
particles as reference. It is found that the fluctuation of the electcosigials can reflect the change
in moisture content. However, the relationship between the fluctuatidre afléctrostatic signal and
the moisture content depends on the air velocity in the dryer. To eliminateltwty effect on
moisture content measurement, a model between the moisture content and the root-mean-square
magnitude of the electrostatic signal is established. The effectiventss mibdel is validated using
experimental results under a range of conditions. The findings indicate that dtresédgic sensor

array can measure the moisture content in the bed with a maximum ertat5o.
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1. Introduction

Owing to the advantages of good mixing efficiency and high heat and mass tratesterfluidized
bed dryers (FBDs) have been widely applied in chemical engineering metesgemove the
moisture content (i.e. the weight of water over the total weight gbahiécleg from raw materials or
final products [1]. The control and optimization of the FBDs are importaithpoove the product
guality and reduce the energy consumption. For example, drying beyond the end poirdrealen
the frictions between particles, result in more powders and affeajuality of the final products. In
order to control the drying process, reliable methods to measure the moistigat and flow
behavior of the solid particles are needed [2].

There are many types of methods available for the measurement of moisture content and flow
behavior of solid particles in the FBDs, including pressure fluctuation, [8eflustic emission [5-8],
electrical capacitance tomography (ECT) [9-12], microwave resonance [13] andetribogrobes
[14-16]. Aghbashlo et al. presented a review on the techniques to monitorrdaral g fluidization
quality in the FBDs [17]. The advantages and disadvantages of each techniquastore content
and flow behavior measurement were presented and the prospects for fuanehrigsthis area were
also identified in the review.

Electrification is inevitable in particulate processlue to the contact and frictions between particles
and the collisions between the particles and the wall. The charging chiatiastef solid particless
influenced by many factors, such as size, velocity and concentration of soladiepastiork function,
initial charging state and moisture content. Park et al. found #hahtrges on particles were reduced
with the increase of moisture content of the fluidization air [18]. Theehighoisture content
enhanced the conductivity of solid particles and increased the charge dissipatidn satgition,
Giffin and Mehrani analyzed the effect of air humidity on the wall foulinghefbed due to particle
electrification and found that the extent of wall fouling was redudéd higher humidity [19]. The
effects of moisture content on the mass flow measurement of pneumatically esbipaeticles using
electrostatic sensors were investigated by Qian et al. [20]. Taghavivahdretestigated the drying
kinetics and tribocharging behavior of pharmaceutical particles in a fluidizedirger [21]. It was

concluded that the charge on the particles is a direct indication of diture content and the
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dynamic charge can be used to monitor the drying process. Because of the signfficamte of the
moisture content on particle charging, intrusive probes and non-intrusiveoééec based on the
triboelectic effect and electrostatic induction can be applied to measure the maistieret @ the
FBDs. Portoghese et al. used triboelectic probes to monitor the liquid t@ticenand the moisture
content in wet fluidized bed [14, 15]. It was found that the electrostatic sigrsnisitive to the
moisture content below 100 ppm. Triboelectric probes were also applied to ntbaeitmixing and
drying process in a vibrated fluidized bed [16]. However, intrusive probestdaamostalled in food
and medicine production processes, which deteriorate the quality of the final products

In order to ensure the quality of the final products, it is desirable &lajesa non-intrusive method for
the measurement of moisture content in FBDs. Electrostatic sensing has the adwrnt@agesost,
high sensitivity and fast response. This paper presents the applicatdomfintrusive electrostatic
sensor array to measure the moisture content in the FBD. The drying kineticdlgiastitiles in a
lab-scale FBD is investigated by changing the superficial air velocity and the inlet air temgérhe
relationship between the moisture content and the characteristics of the elgctreiginal is

established and then used for on-line continuous measurement of moisture content in the FBDs.

2. Measurement method

2.1. Electrostatic sensor array

Based on the principle of electrostatic induction, electrostatic sensor arraybd@veapplied to
measure the flow parameters of solid particles in pneumatic conveying pipelin28][28d fluidized

beds [24-2h However, there has been no report on the application of electrostatic sensors te measur
the moisture content in FBDAs a non-intrusive method, the electrostatic senor arrays are installed on
the bed wall and the electrodes are strategically mounted to measure the moisture content. ilss shown
Figure 1, the electrostatic sensor array used in this study includes fowf sdectrodes, which are
labeled as A, B, C and D, respectively. Three identical electrodes are included in eBlcl distance
between the adjacent electrodes should be reasonably small to maintain goodysheitaeen the

two signals. Since the inner diameter of the FBD used in the present study is 180endistance

between the two adjacent electrodes is set to 20Imounsideration of the amplitude and bandwidth



of the signal, the width of each electrode is set to 6 mm. The central angle of the electrode is 60 degree.
The electrodes are made of copper and tightly wrapped around the outee sifirtae bed. The
thickness of the wall is 5 mm and the relative permittivity of the material is 2.3. The pernittittie

material and the thickness of the wall will affect the capacitance betiweeharged particles and the
electrode, which will further affect the induced charge on the electrode. Thiteeigimalysis of the
sensitivity distribution of the electrod24], it has been found that the electrode is more sensitive to
charged particles closer to the electrode, which can provide localized flow #@tifmnnin the bed.

With the application of the sensor array, the moisture content and theb@bawior of the solid

particles in different parts of the FBD are obtained.

Figure 1. Electrostatic sensor array.

2.2. Moisture content measurement
The signal conditioning and processing procedure of the electrostatic sensois dltsstrated in
Figure 2.With the movement of solid particles and the fluctuation of the charges, a changéricatlec
current is detected on the electrode. The current signal is converted into a voltedehsamigh a
preamplifier and then the signal is fed into a second-order low-pass filtea withoff frequency of
1000 Hz, which is enough for the dynamic response of the measurement system. Finally, tie signal
further amplified through a gain adjustable amplifier. The schematic of the signéiaring circuit
is available in [2h A grounded metal box was installed outside the electrodes and the circuit boards in
order to eliminate external electrical interference and enhance the teignuase ratio.
He et al. [28, 29] proposed the relationship among the induced electrostagint,ctine particle
chargeto-mass ratio and the bubble rise velocity

I =—0.17, ul? 1)
where g represents the induced electrostatic currepstgnds for the particle charggmass ratio
and w represents the bubble rise velocity. The moisture content affectsarticle chargés-mass
ratio and hence the induced electrostatic current. In order to measure theemmmstent using the
electrostatic signals, correlation velocity of the patrticles is calculatede $e flow behavior in the

FBD is very complex and the flow parameters fluctuate significantly, thelatiorevelocities from
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the three electrodes are fused to calculate a more reliable [5ulBesides, the root-mean-square
(RMS) magnitude is used as an indicator of the signal fluctuation. With thelddgevof the
correlation velocity and the RMS magnitude of the electrostatic signal, a pediwbdel for the
moisture content is built. As a result, a method for measuring moisture content inRiseusidg

electrostatic sensor array is proposed.

Figure 2. Signal conditioning and processing procedure of the electrostatic sensor array.

3. Experimental setup

Experiments on moisture content measurement were conducted in a lab-scale FBD. Figure 3 shows the
experimental setup of the lab-scale FBD, with a temperature and humidity sensored@ctrostatic
sensor array installed on the dryer. The material of the FBD is Plexiglas andehdiameter and the
height of the bed are 180 mm and 1000 mm, respectively. The distributor plate usé@tizedf bed
was made of a thick aluminum plate drilled with 3 mm-diameter holes, giningening area of 5%.
Fluidization air was generated from a blower and it was heated to a deséablerature using an
electrical heater. The temperature (T) of the hot air was set to 45, 6b&@d respectively and the
corresponding relative humidity at the inlet of the FBD was found to range4#6 to 5%. The air
flow rate was regulated by a vent valve behind the blower and it wasiradaby a vortex flow meter
(accuracy 1.5%). The superficial air velocity) (was set from 0.44 fmto 0.67 m/s in order to operate
in a bubbling fluidization regime and reduce the entrainment of the fine powdarshfe FBD. The
Test Conditions (TC) of the fluidized bed dryer under different mitetelocities and air temperatures
are summarized in Table 1. The solid material used in the experiment was calegartie images
of the corn particles were captured using a self-developed image acquisition B@jtefrhe size
distribution of the particles was calculated through off-line processitigeoinages. It is found that
the particle size is mainly from 1 mm to 1.8 mm, as shown in Figure 4. Thalénsity of the
particles is 1.1 g/ctnwhich is provided by the supplier of the material. As a result, thepzotitles

are considered as Geldart D patrticles.

Figure 3. Experimental setup of the fluidized bed dryer.
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Table 1. Experimental conditions of the fluidized bed dryer under different inleteddrcities and air
temperatures
Figure 4. Size distribution of the corn patrticles.

The temperature and humidity sensor (Model HMP110, Vaisala) was installed atl¢tebthe bed
to measure the temperature and relatively humidity of the exhaust air. The electrostatiarsaysor
moisture content measurement was installed 200 mm above the distributor.

Before the start of the experiments, the moisture content of the origitialgzawas measured and
they were mixed with water by a mixer to a desirable moisture content. The vigdeparere kept in
an air tight container for at least 6 hours to ensure uniformity of digtume content within. Nearly 8
kg wet particles were prepared in each experiment and added to the bed, forming adstegightef
415 mm. As a result, the electrostatic sensor array was in the dense plasefrdge FBD, where
the cross-sectional distribution of the solid particles is relativeomiand the fluctuation of the
electrostatic signal is not influenced by the spatial distribution of thiglpartThe heated air was used
to dry the solid particles in the FBD and the corn particle® wampled from a sampling port (170
mm above the sensor array) into a sealed glass vial every 5 minatabafstart of drying. When the
particles were sampled, the signals from the temperature and humidity sensor andtibstatie
sensor array were recorded simultaneously for 60 seconds using a data acquisitiorfMizdéte
USB-6363, National Instruments). The moisture content of the sampled corn pavtisleseasured
using a Halogen Moisture Analyzer (Model HE83, METTLER TOLEDO). The solids moisture at

different times was recorded during the drying process for further investigations.

4. Resultsand discussion

4.1. Outlet air temperature, relative humidity and moisture content

In practice, the temperature and relative humidity of the exhaust air apafayeters to monitor in
the drying process. Figure 5 shows the representative time histories mperature and relative
humidity of the outlet air during the drying process under the experimentitioarof TC3. t can be
seen that the relative humidity of the outlet air increases to a restyated value (95%) at the

beginning of the drying because the moisture on the particle surface evaporatesdintdifter that,
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the relative humidity of the outlet air gradually decreases as the surftiue dirticle becomes dry.
Meanwhile, it is found that the temperature of the outlet air graduadheases during the drying

process.

Figure 5. Temperature and relative humidity of the exhaust air during the drying process under the
experimental condition of TC3.

In the batch drying of solids, the drying rate experiences two phases: thentahiging rate phase
and the falling rate phase [31]. The surface moisture on the particle andmiateye pores of the
particle predominantly influences the constant drying rate, whereas thein@oighich is trapped or
bound within the solids, controls the falling rate. The time histories of moisturentamder the
different conditions are given in Figure 16.is found that the solids drying is at the constant drying
rate phase and the drying rate increases with the air temperature aindvéhecdy. In addition, the

particles reach the equilibrium moisture content of 6 wt. % after drying for 2 hours.

Figure 6. Time histories of moisture content under different conditions.

4.2. Electrostatic signals

Figure 7 plots the electrostatic signals from the three electrodes in seing the drying process
under the experimental condition of TC3, which are labeled as A-1, A-2 and A-3dvotno high
positions. The three signals from the electrodes exhibit similar patterns withteahsielays between
each other. It is observed that at the beginning of the drying process (Fig)e thig electrostatic
signal is weak due to the high moisture on the particles and enhanced chargeiadisspat In
addition, the channeling was observed at the beginning of the drying process aalidtiparticles
were not fluidized, resulting in less charge generated. This phenomenon diedppigfathe progress

of drying and smooth fluidization was found. The moisture content became lower anetcthestdtic
charges on the particles increased with the drying time. As a result, ¢heafion of the electrostatic
signal became stronger, as shown in Figure 7 (b) and (c). However, by comparing the alectrost
signals from Figure 7 (c) and (d),stfound that, after 100 min drying, the electrostatic signals present

less fluctuations. Based on the above analysis, it is concluded that the fluctudtienetdctrostatic
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signal is sensitive to the change of moisture content.

Figure 7. Electrostatic signals from electrodes A-1, A-2 and A-3 during the drying process under th
experimental condition of TC3.

In the electrostatic sensor array, twelve electrodes are installéftestrd positions of the FBD. The
fluctuations of electrostatic signals from different electrodes are assodidtiedthe charging
characteristics of the corn particles in the FBD during the dryingepsodn order to investigate the
electrostatic charge distribution in the FBD during the drying process, the RigSituaes of the
electrostatic signals from the three electrodes in set A, are calcw@atsdown in Figure 8. The RMS
value of each electrode is calculated based on the electrostaticwitimal duration of 60 seconds
The time histories of the RMS magnitudes during the drying process can be ditmdorée parts,
which are labeled as parts I, Il and Ill. In part I, due to the channeling effect hetnweparticles, the
corn particles in the FBD were not fluidized and the fluctuations of the eledicasignals were weak.
With the progress of the drying, the moisture on the particles became lowarorfhparticles were
fluidized with the movement of the bubbles in the FBD and the flow behavitve FBD became
turbulent, which resulted in the increase of the RMS values. In addition, by cogplagi RMS
values of the signals from the three electrodes, it is found that the sigmag¢liectrode A-3 is higher
in magnitude than those from electrodes A-1 and A-2, which suggests that ther@remharges on
the particles in the higher position of the FBD. However, in part lll, basettieoimvestigation of
Taghavivand et al. [21], when the particles realthe equilibrium moisture content, the charge on the
particles arrived at its equilibrium value. Since the electrostatic siggaehisrated by the induction of
the charge on the particles, when the charge on the particlesesatctequilibrium value, the

electrostatic signals present less fluctuations and the RMS values of the signals decrease.

Figure 8. RMS values of the electrostatic signals from set A electrodes during the dryingsproce
under the experimental condition of TC3.

In order to represent the charging characteristics in the FBD, the average RMS ofltie
electrostatic signals from the twelve electrodes during the drying processalatg¢ated. The

relationships between the average RMS value and the moisture content under the safoeitgir v
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with different inlet air temperatures are given in Figure 9. Withdecrease of the moisture content
from 18% to 10% on weight, the RMS value of the electrostatic signal insreasearly 1.6 V. It is
well known that the RMS value of the electrostatic signal depends strongie @ir velocity in the
bed. The relationships between the average RMS value of the electrostatic sigriaks @odsture
content under the same inlet air temperature with different air veloaiteslso investigated, as
shown in Figure 10. It is found that under the same moisture content, the average &viScvahses
with the air velocity. In comparison with the influence of the inlet air teatpes on the relationship
between the RMS value and the moisture content, the effect of the air vedoaityre obvious.
Taghavivand et al. found that the electrostatic charge on the pharmaceuticlsgwneasia function of
moisture content and drying air velocity, rather than drying air temperature, which proves tkerresult
Figures 9 and 10 [21]. Since it is difficult to decouple the effect of veldity that of moisture
content, the velocity effect should be considered in order to accurately predmbittere content

based on the fluctuation of the electrostatic signal.

Figure 9. Relationships between the average RMS value of the electrostatic signals and the moistur
content under the air velocity of 0.52-0.57 m/s with different inlet air temperatures.

Figure 10. Relationship between the average RMS value of the electrostatic signals and the moisture
content under the same inlet air temperature ¢6@ith different air velocities.

4.3. Correlation velocity in the FBD

Although the correlation velocity is not the same as the actual solidstyelbaan represent the
solids motion in the FBD. By cross-correlating the electrostatic sigrais &djacent electrodes,
weighted average velocity is obtained by fusing the correlation velocities dth dorrelation
coefficients. The weighted average velocities from different electrode setsmaoid¢ure content of
12.2 wt. % are shown in Figure 11. It is observed that there is a relaifigarumelocity profile in the
FBD when the wet particles are fluidized. By averaging the weighterdge velocities from different
electrode sets, the spatial-averaged correlation velocity during the drgcesprwhen the superfitia
air velocity is 0.48 m/s is given in Figure 12. At the beginning of drythge to the high moisture

content and channeling effect between patrticles, the solids particles in FBD #védized. With the
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progress of the drying process, the moisture content decreases and therapaffeeli weakens, thus
the solids particles start to move under the same air velocity. When the sadtikparte dried for 40
minutes, liquid film on the particle surface nearly evaporates and theasec rate of correlation
velocity decreases. With further drying, the water in the pores of the particle evaporates anmghthe we

of the particle reduces, thus the spatial-averaged correlation velocity in theilFBidrsases.

Figure 11. Weighted average velocity from different electrode sets when the moisture ¢ed2at
wt. % under the experimental condition of TC3.

Figure 12. Spatial-averaged correlation velocity during the drying process under the experimental
condition of TC3.

4.4, Moisture content measurement
In order to measure the moisture content in the FBD, a predictive mgutepizsed using the average
RMS value of the electrostatic signals from the twelve electrodes in nisersarray. The moisture

content (X) during the drying process is determined from

X =X, -aA, (2)
where X is the initial moisture content,# is the average RMS value of the electrostatic signals and

a and b are coefficients. Since the initial moisture content and the moistuemtsoat different

sampling times are known, the above equation can be simplified as

AX =ax A, 3
The coefficients a and b in the equation are determined using least square method. For lexseaple,
on the experimental data under the air velocity of 0.52-0.57 m/s with diffetebtir temperatures
the fitting of equation (3) is shown in Figure 13. The value of the coefficiedetefmination (B for
the fit is 0.93. The coefficients a and b under different air védscare given in Table 2. It is found
that the coefficient a is inversely related to the air velocity and thei@erffb can be determined by

averaging the coefficients from different air velocities, which is set3® 1.

Figure 13. Fitting of equation (3) based on the experimental data under the air velocity of 0.52-0.57
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m/s with different inlet air temperatures.

Table 2. Coefficients of a and b under different air velocities

The spatial-averaged correlation velocity in the FBD can be measuredthisiatgctrostatic signals
from the upstream and downstream electrodeébe sensor array and the coefficient a in the equation

is formulated as

a= f(\w) (4)

where ¥ is the correlation velocity determined by the weighted average cross-corrdbse®sd on
the results of correlation velocity and the coefficient a, a power expohentfinductedasshown in
Figure 14, and the Rfor the fit is 0.99. As a result, the coefficients a and b in equd8) are
determined and the moisture content during the drying process can be preslingetthel electrostati
signals from the sensor array. The advantage of the proposed method is that thedstids

predicted only from measurements of the electrostatic sensor array.

Figure 14. Fitting of coefficient a and correlation velocity v

The moisture content of solid particles predicted using the eledicostgnals and the moisture
content obtained from the samples are compared, as shown in Figure 15. During the experiment, when
the moisture content went below 11 wt.%, the voltage of the electrostatic sigre&ded the higher

limit of the measuring system and the calculated RMS value of the electreggatitwas wrong. As

a result, the predictions below 11 wt.% are not given in present paper. Tisticatgtarameters of

Root Mean Square Error (RMSE) and Mean Absolute Error (MAE) are applied to evaluate the
performance of the predictive model.

> (P-S F
RMSE={[iZ (5)

maE =T (6)

where P and Sare the predicted value and the sampled value, respectively. The RMSHEraidéle

under different air velocities are 0.28, 0.45 and 0.95, respectively. The MAE of the nmate|
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different air velocities are 0.23, 0.39 and 0.79, respectively. It is found thdisgrarity between #h
predicted value and the sampled value increases with the air velocity. The reabmrisult is that
when the air velocity increases, the flow in the FBD becomes more turbulent and the particlbs from t
sampling port cannot represent the actual moisture content in the wholeHeB@ver, from the
results shown in Figure 15, it is demonstrated that the predicted values using ttostater signals

from the sensor array are withitr 15% of the moisture content from the sampled particles.

Figure 15. Moisture content predicted using the electrostatic signals under different air eslociti

5. Conclusions

Due to the advantages of non-intrusiveness to the flow, high sensitivity alige ocentinuous
measurement, an electrostatic sensor array has been arranged in the denseiphadearkdp-scale

FBD to measure the moisture content during the dryingegsodlthough there is no theoretical
relationship between the moisture content and the electrostatic chahge, been found that the
fluctuation of the electrostatic signal can reveal the change in moistatentoHowever, the air
velocity has a significant impact on the relationship between the RM8 ohthe electrostatic signal

and the moisture content in the bed. By taking the velocity effect into aceoprgdictve model for

the measurement of moisture content using the average RMS value of the electrgsiaitchsis

been formulated. The RMSE and MAE between the predicted and the sampled values have bee
determined and compared. The results have demonstrated that the model can predict the moisture
content with reasonable accuracy. It is envisaged that, with the knowledge afrenomttent in the

FBD, the drying process can be controlled and optimized under variable operating conditions.
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Table 1. Experimental conditions of the fluidized bed dryer under different inleteddrcitiesand air
temperatures

Air temperature (°C)

Air veocity (m/s)

45 60 75
0.43-0.48 TC1 TC2 TC3
0.52-0.57 TCA4 TC5 TC6
0.61-0.67 TC7 TC8 TC9
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Table 2. Coefficients of a and b under different air velocities

Air velocity (m/s) a b
(Temperature 60 °C)
0.46 4580 1.531
0.52 3.644 0.845
0.56 2.293 1.914
0.59 1.395 1.198
0.65 1.288 1.362
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