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Mathematical modeling, computational fluid dynamics (CFD) analysis and electrical
capacitance tomography (ECT) is used to develop an understanding of batch fluidized-
bed drying, which is a complex air-solids, multiphase process. The mathematical model
is based on a three-phase theory that describes the mass-and heat-transfer between the
air and solids phases. The CFD model is based on a two-fluid model (TFM) approach,
in which both phases are considered to be continuous and fully interpenetrating. The
hydrodynamic parameters used to model the heat-and mass-transfer between the two
phases are determined by a correlation approach, and the estimated parameters are
incorporated into a user defined function (UDF) in FLUENT. The moisture diffusion in
the air and solids phases is simulated using the user defined scalar (UDS) transport
equation in the software package. ECT is used for the online solids concentration and
moisture measurement, based on dynamic calibration. Comprehensive comparisons
between results from mathematical modeling, CFD simulation and ECT measurement
are presented, and are validated using experiment results. Online measurement of
moisture content is compared with a static calibration. The mathematical model, CFD
and ECT presented are being integrated into an online process control system for a
batch fluidized-bed drying application in the pharmaceutical industry. � 2007 American

Institute of Chemical Engineers AIChE J, 54: 427–444, 2008

Keywords: fluidized-bed drying, mathematical model, two-fluid model, ECT, moisture
measurement, dynamical calibration, heat-and mass-transfer

Introduction

Compared to conventional packed-bed or moving-bed dry-
ers, fluidized-bed dryers have a number of attractive features,
such as high-efficient air-solids contact due to good mixing
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and uniformity,1 extremely rapid heat-transfer rate, and rela-
tively short drying times. Because of these advantages, fluid-
ized-bed drying is widely used in the pharmaceutical and
other chemical process industry either as a batch or continu-
ous process.2

The drying process is mainly controlled by two parameters:
(1) the moisture content, and (2) the temperature of product.
Precise measurement of these two parameters in each of the
phases present inside a dryer is important for both process
design and product quality control. The research carried out to
investigate the drying processes in fluidized-bed dryers can be
classified into three categories: (1) mathematical modeling; (2)
computational fluid dynamics (CFD) simulation, and (3) ex-
perimental measurement. While CFD simulations on spouted
bed drying3,4 and pneumatic drying5,6 have been reported, this
article will extend these studies by using CFD to model the
heat-and mass-transfer within fluidized-bed drying, and com-
pare these simulations with measurements taken by electrical
capacitance tomography (ECT). CFD simulation is very time-
consuming, because the air-particle flow in a fluidized-bed
dryer is complex, primarily because it is a two-phase flow.2,7

As a result, the CFD simulations are carried out offline and
are primarily used for process optimization.

Mathematical modeling is fast, and can be used online,
and there are many mathematical models for continu-
ous8,9,10,11 and batch12,13,14,15 fluidized-beds drying. Most of
these models are based on the three-phase theory.16,17

Compared with temperature measurement, online measure-
ment of moisture content is challenging in a fluidized-bed
dryer. Currently, the moisture content of pharmaceutical gran-
ules in a fluidized-bed dryer is measured indirectly by taking a
sample of the bed, whose moisture is then measured offline. In
some processes, it is necessary to shut down the fluidized-bed
dryer while taking the sample for measurement, which leads to
the cooling down of the material in the bed, and if drying is
found to be incomplete, the bed may need to be reheated before
the drying process can be completed, resulting in energy was-
tage and low-operating efficiency. Reliable, online measure-
ment of moisture content would overcome these problems, and
some online measurement tools have been reported, including
near infrared spectroscopy (NIR),18,19 microwave,20 capaci-
tance probe,21 and nuclear methods.22 The microwave method
has been successfully used for online measurement of mois-
ture, but its sensing depth is limited. Some examples of mois-
ture measurement by microwave are conveyors, filtration,
palletizing and sintering processes. The nuclear method is used
for measuring highly conductive materials, such as coke and
magnetite, but requires careful shielding is necessary to avoid
radiation hazards. Up to now, there is no efficient tool available
for online measurement of moisture content in fluidized-bed
dryers and as a result, the operation and control of fluidized-
bed dryer systems has lagged behind other sectors in the phar-
maceutical industry.23

In this article, a new approach based on mathematical
modeling, CFD simulation and ECT measurement is pre-
sented. A granular drying process has been investigated using
a dedicated mathematical model, and a commercial CFD
package, FLUENT v6.1. The moisture content is measured
online by ECT to provide dynamic calibration. The aim of
this research is to investigate process modeling and control
of fluidized-bed drying, optimize operation parameters,

increase operation efficiency and improve product quality.
The objectives of this study are: (1) to understand the
mass-and heat-transfer phenomena in fluidized-bed drying
processes, (2) to provide an online model for controlling the
fluidized-bed drying processes, (3) to provide an online mea-
surement of moisture content without the need to shut down
the fluidized-bed dryer, and (4) to evaluate the accuracy of
online measurement of moisture content using an offline tool.

Models

Mathematical model

The mathematical model used in this research is based on
the three-phase theory, which is used to describe the mass-
and heat-transfer between the air and solids phases in a batch
fluidized-bed dryer.15 In the model, it is assumed that the
dilute phase (i.e., bubbles) is a plug flow, while the intersti-
tial air and the solid particles are considered as being per-
fectly mixed. The thermal conductivity of wet particles is
modeled using a serial and parallel circuit. The moisture con-
tent of the saturated drying medium at the surface of the wet
solid particles is a function of temperature and moisture con-
tent of particles and can be expressed as10

X�
s ¼ /1ðTsÞ/2ðXsÞ (1)

where the functions can be computed from a tension curve
of the moisture, and the absorption character of the solids
moisture system. The approximations are

/1ðTsÞ ¼ 0:622
pw

po � pw
(2)

/2ðXsÞ ¼
(
1 Xs > Xc

Xn
p=ðXn

p þ KÞ Xs < Xc
(3)

where

pw ¼ 1:0 3 105 expð13:869� 5173=TsÞ (4)

During the drying process, the thermal conductivity of the
solids phase change due to the decrease of moisture content.
Both the mathematical model and CFD simulation use the
same formula for thermal conductivity of wet granule given
in the reference article.15

CFD model

CFD is one of the most productive numerical methods. It
can facilitate the process and product development cycles and
achieve optimal control. A CFD method has been used to sim-
ulate a drying process in a spouted bed dryer,3,4 and steady
pneumatic drying.5,6 The CFD model used in this research is
based on the two-fluid model (TFM), which in turn, is based
on the kinetic theory for granular flows.24,25 In this approach,
the usual thermodynamic temperature is replaced by the gran-
ular-flow temperature (y). The viscosity, stress and pressure of
solids are a function of the granular temperature, which varies
with time and position in a fluidized bed.7 Table 1 lists the
TFM mass, momentum, energy conservation equations for
both phases in the Cartesian (x, y, z) coordinate system.
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This model requires additional constitutive equations to
describe the air and solids stress tensors sg and ss, air-parti-
cle interphase drag coefficient b, solids pressure ps and trans-
fer rate between the two phases. Ding and Gidaspow,25

Gidaspow26,27 and Lun24 reported the use of the kinetic
theory for modeling granular flows. The governing equation
for the temperature of a granular flow (y) is given by

3

2

@

@t
ðesqshÞ þ r � ðesqsh~VsÞ

� �
¼ ð�PsI þ ssÞ : r~Vs þr � ðksrhÞ � cs þ /s (11)

The terms on the righthand side of Eq. 7 can be found in the
reference article25, while the stress tensor of solids, and the
pressure of the solids phase can be derived from the granule
kinetic temperature.25 The convective heat-and mass-transfer
rate between the air and solids phases are

_q ¼ NpAp;shtðTg � TpÞ (12)

_m ¼ NpAp;shsðX�
s � XgÞ (13)

where, Np is the number of particles per volume Ap,s is the
external surface area of the particle, and ht and hs are the
local values of the transfer coefficient, which can be deter-
mined by Gunn’s relationship28

Nu ¼ ð7� 10ef þ 5e2f Þð1þ 0:7Re0:2p Pr1=3Þ
þ ð1:33� 2:4ef þ 1:2e2f ÞRe0:7p Pr1=3 ð14Þ

Sch ¼ ð7� 10ef þ 5e2f Þð1þ 0:7Re0:2p Sc1=3Þ
þ ð1:33� 2:4ef þ 1:2e2f ÞRe0:7p Sc1=3 ð15Þ

where ef is the voidage fraction of air, Rep is the Reynolds
number, Pr is the Prandtl number, Sc is the Schmidit num-
ber, Nu is the Nusselt number, Sch is the Scherwood number

Nu ¼ htdp
kg

; Sch ¼ hsdp
Dv

; Rep ¼
qgU0dp

lg
;

Pr ¼ cpg
qgkg

; Sc ¼ lf
qDv

ð16Þ

which are all dimensionless parameters. In Eqs. 9 and 10, the
latent heat due to vaporization of water is given by8

DH ¼ 3168:0� 2:4364T (17)

In Eq. 13 X�
s , is the moisture content of the saturated drying

medium at the surface of the wet solid particle, which is
given in Eq. 1.

To model the moisture transfer in the fluid and solids
phase, a user define scale (UDS) has been added to the FLU-
ENT model, which can be written as

@

@t
ðegqgYvÞ þ r � ðegqgVgYvÞ ¼ r � ðDvqvegrYvÞ þ _m (18)

@

@t
ðesqsXsÞ þ r � ðesqsVsXsÞ ¼ r � ðDvqsesrXvÞ � _m (19)

Equations 12–19 are added to FLUENT as complied execut-
able code, by means of UDF and UDS programming,
expanding its capability.

Due to the change of the water content of the wet granule
during the drying process, the density of the solids phase
will change, and is defined as

qs ¼ qw � Xs þ qp (20)

During the constant-rate period the granular diameter shrinks
due to evaporation from the outer surface to the surrounding
air, and is given by

dp ¼ dp0 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6

p
qs
ql

ðXs0 � ðXs � XcrÞÞ3

s
(21)

where, the subscript means the initial condition.
Equations 5–21, with the boundary and initial conditions

can be solved numerically using FLUENT, which uses a

Table 1. TFM Mass, Momentum and Thermal Energy
Conservation Equations in Vector Form

Continuous

Air phase

@egqg
@t

þr � ðegqg~VgÞ ¼ _m (5)

Solids phase

@esqs
@t

þr � ðesqs~VsÞ ¼ � _m (6)

Momentum

Fluid phase

@

@t
ðegqg~VgÞ þ r � ðegqg~Vg

~VgÞ ¼ �egrpþr � sg
þ egqgg� bð~Vg � ~VsÞ (7)

Solids phase

@

@t
ðesqs~VsÞ þ r � ðesqs~Vs

~VsÞ ¼ �rps � esrpþr � ss
þ esqsg� bð~Vs � ~VgÞ (8)

Thermal energy

Fluid phase

@

@t
ðegqghgÞ þ r � ðegqgVghgÞ ¼ �r � egkgrTg

þ htðTs � TsÞ þ sg � r � Vg þ eg

�
@

@t
pþ Vgrp

�
þ bðVg � VsÞVg þ DHvap _m (9)

Solids phase

@

@t
ðesqshsÞ þ r � ðesqsVshsÞ ¼ �r � esksrTs

þ htðTg � TsÞ þ ss � r � Vs þ es

�
@

@t
pþ Vsrp

�
þ bðVg � VsÞVs � DHvap _m (10)
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control-volume-based technique to convert the governing
Eqs. 5–11, 18–19 to algebraic equations on each finite cell.
The wall of the fluidized bed is treated as nonslip boundary
for the air phase, that is, the velocity of the air phase is set
to zero at the wall. For the solids phase the free-slip condi-
tion is assumed, that is, there is no hindrance in the down-
ward or upward velocity of the particles when they are near
the wall. The thermoboundary at the walls is treated as the
adiabatic condition, that is, there is no heat flux between the
fluid and wall. The granular temperature of the solids-phase
at the wall was given in29. At the outlet, the pressure of am-
bient atmosphere and continuous mass fluxes of both air and
solids are assumed. Initially, the bed is operated at incipient
fluidization conditions, with a superficial air velocity above
the minimum fluidization velocity. More details on the sol-
ids-phase boundary are given by Sinclair and Jackson.30 To
validate the CFD results, images are reconstructed from ECT
measurements using the same grid dimensions as the CFD
simulation.

Fluidized- bed dryer setup and ECT measurement

A laboratory scale M501 fluidized-bed dryer with an ECT
sensor and instrumentation for the test is shown in Figure 1.
The detailed parameters, experimental conditions and physi-
cal properties of particles are listed in Table 2. The frame of
the ECT sensor is the wall of the fluidized bed, and the ECT
sensor is enclosed by an earthed shielding to eliminate exter-
nal interference. There are 12 electrodes (4 cm long and
2.5 cm wide in average) around a cross section of the fluid-

ized bed. The measurement region encompasses a conical
part between 3 and 10 cm above the distributor. Therefore,
each pixel in an ECT image represents an axial average over
the rectangle measurement volume. The ECT system used is
based on AC capacitance measuring circuits with a data
acquisition rate of 120 frames per second.31

To improve the image quality and measurement accuracy,
an optional iteration method based on the Landweber method
is used for reconstructing images.32 An HB43 moisture meter
from Mettler-Toledo was used as a reference measurement to
determine the moisture content during the drying process.

For preparation of the wet granule, water droplets were
sprayed to and combined with the dry material in a low-
speed food mixer for 10 min. The granulation product was
then sieved through a 1.5 mm screen to remove large par-
ticles resulting from the agglomeration of wet fine particles.
The maximum amount of wet granular material that could be
produced by the granulator was 2.0 kg, and the quantities of
dry granule and water needed are 0.95 kg. The particle-size
distribution, determined using a Malvern particle-size ana-
lyzer (Mastersizer 2000), is shown in Figure 2. The mass av-
erage diameter is 380 lm. The bulk density of the particle is
around 760 kg �m23, which is typical of Geldart B type par-
ticles. To determine the moisture content of the granule by
HB43 during a drying process, a sampling point was made in
the conical part of fluidized bed as shown in Figure 1, so
that a sample of approximately 2.5 g could be taken from
the fluidized bed and used to determine the moisture content
of the granules.

Table 2. Experiment Conditions

Experiment Unit Operating Condition

Column Cross section in cylinder part: diameter – 16 cm, height – 40 cm
Cross section in conical part: bottom diameter – 10 cm, top diameter – 16 cm, height – 10 cm

Distributor Wire mesh with 20 lm holes in mesh
Fluidizing air Air at ambient condition with temperature in a range of 15–858C
Superficial air velocity Operating in a range of 0.2–2.4 m/s
Material Semolina: density – 760 kg/m3, average particle diameter – 380 lm
ECT system Single plane, 12 electrodes, AC-based ECT
Experimental duration 80 minutes

Figure 1. Fluidized-bed dryer and instrumentation.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 2. Particle-size distribution.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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To obtain the drying curve, air at ambient condition is sup-
plied by a centrifugal fan as shown in Figure 1, and then
heated by an electrical heater. The hot air passes through a dis-
tributor to achieve more uniform flow, which then enters the
conical chamber. The air temperature and velocity can be con-
trolled by a PC up to 2008C and 3.0 m/s with an accuracy of
61.08C and 65 cm � s21,, respectively. The air used to fluidize
the bed was heated to an inlet temperature of 658C, as meas-
ured at a point just below the air distributor. The superficial air
velocity, defined as the average velocity across the inlet to the
conical section can be varied in the range of 0.2 to 2.4 m � s21,
due to the change of the bulk density during drying process.
These operation conditions correspond to those used in the
pharmaceutical industry for the drying of wet granule. The
bulk temperature was measured using PT1000 thermocouples,
as shown in Figure 1. Every 4 or 5 min, samples of approxi-
mately 2.5 g were taken, and their moisture content measured,
so that the drying rate could be determined and used to vali-
date the simulation and the ECT measurement results.

Results and Analysis

Grid-size sensitivity analysis

The spatial resolution is an importance parameter in CFD
simulation. The grid size is the main parameter involving

this problem,33,34 because it plays an important role in the
numerical resolution, and also determines how much compu-
tational effort is needed. Therefore, to investigate the effect
of grid size on resolution, simulation was repeated using dif-
ferent number of cells, as listed in Table 3. The number of
cells, and the point for each set of mesh are also listed in
Table 3. All the simulations used the first-order unwinding
scheme to solve Eqs. 5–11, with the same boundary and ini-
tial conditions for all the mesh sets as listed in Table 3.

Figure 3 shows the solids concentration, vapor fraction in
the air phase and the temperature of the solids phase in t 5
5 s for different mesh sets. It can be seen that the predicted
bubble shape and boundary begin to converge to the same
shape with the increase in grid size, especially after the num-
ber of grids goes up to 2,520. The same trends can be seen
from the distribution profiles of vapor fraction and the solids
temperature in Figure 3.

Figure 4 shows the average solids concentration bs, solids
temperature Tp, Sch number and mass-transfer coefficient
curves, which vary with the drying time. From these curves, it
is clear that the numerical simulation is sensitive to the grid
size when the number of grids is less than 2,520. When the
number increases to 2,520, however, the simulation results
show relatively low-sensitivity to the grid size, even though the
numerical precision slightly increases with a smaller mesh
size. From this simulation, the mesh of 4 to 7 nearly gives the
same result. In this article, the mesh sets of 4 to 7 with a fine
mesh, and 1 to 3 with a coarse mesh were used. In this way,
the effect of grid size on numerical solution can be evaluated.
The effect of grid size on the average solids concentration at a dif-
ferent position in the fluidized-bed dryer, heat-and mass-transfer,
power spectrum structure will be given in the next section.

From the average parameters profile as shown in Figure 4,
especially for the fine mesh, it indicates that there is still
some room for improvement of numerical resolution. How-
ever, further increases in numerical resolution were not

Table 3. Mesh Size Information

Mesh No. Cell Face Node

1 630 1319 690
2 1062 2201 1140
3 1584 3262 1679
4 2520 5158 2639
5 4440 9037 4598
6 6292 12771 6490
7 9845 19924 10080

Figure 3. Instantaneous parameter distributions obtained by CFD simulation with different grid size.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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pursued, because of the dramatic increase in computational
demand. The demand of CPU time based on Intel Core CPU
T7200 for 0.1 s simulation of drying is listed in Table 4.
Considering the CPU time and spatial resolution, in this
research, the simulation is based on the grid size of 2,520.

Measurement of solids concentration by CFD
simulation and ECT

Figure 5 shows the simulated instantaneous particle con-
centration in the x–z sliced planes at difference drying time.
The results for particle diameters of 600 lm and 380 lm are
shown and in both cases, the fluidization air velocity is
2.0 m � s21. As can been from the particle concentration pro-
files (Figure 5), in both sets of results, air bubbles were cre-
ated near the bottom corners of the bed at t 5 1.0 s, and
these bubbles move up and grow after time t 5 5 s. The coa-
lescence of bubbles can also be seen clearly from these CFD
simulation results. This coalescence behavior is consistent
with the explanation by Clift and Grace.35 As a result of coa-
lescence near the top of the bed, bubbles in this region are
larger than those near the bottom. At the top of the bed, the
size of the bubble is comparable with the diameter of
the bed. The bubble diameter in these two cases is nearly the
same, because the particles belong to Geldart B type.

Figure 6 shows the effect of grid size on the average solids
concentration in two positions in the bed, namely z 5 15
cm, and z 5 5 cm. It can be seen that with the increase in
mesh size as listed in Table 3, the concentration profiles in
different positions begin to converge to a stable value. From
the simulation results, after the gird size increases to 2,520,
the simulation becomes less sensitive to the mesh size, which
agrees well with the sensitivity analysis in the first section.

Figure 7 shows the solids concentration by ECT measure-
ment, where the left pictures are the solid concentrations at x-y
cross-section, and the right curves are the time-average profile
in radial direction with different superficial air velocity.
The solids concentration in these cross-sections is the average
value between z 5 3 cm and z 5 10 cm above the air distribu-
tor. The ECT measurement results show that the solids concen-
tration decreases with the increase of fluidization air velocity,
indicating that the bubble diameter increases with the excess
air velocity U0–Umf. The measurement results agree well with
the Geldart theory,36 although it is difficult to compare the in-
stantaneous distribution profiles generated by ECT measure-
ment with those from the CFD simulation due to the dynamic
movement of two-phase consisting of the air and solids in the
fluidized bed. However, the time-averaged solids concentration
from both the CFD simulation and the ECT measurements can
be compared, and these are shown in Figure 8.

Figure 4. Average parameters distribution profile with different grid size.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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The CFD simulation gives the average solids concentration
at three different position values above the air distributor,
namely z 5 10 cm, 15 cm and 20 cm, respectively, while
ECT gives the average value at the position z 5 10 cm
above the air distributor. The results from CFD agree well
with the ECT measurement with different superficial air
velocities. The discrepancy in the center of the vessel is big-
ger than that in other areas, because of the low-sensitivity of
ECT and very low-solids concentration in the center.37,38

It can be seen from Figures 6 and 8 that the solids concen-
tration profiles change form U shape to the so-called ‘‘crown-
like’’ shape. The main reason can be explained by the bubble
mechanism as shown in Figures 3 and 5. At the bottom, due
to the small cross-sectional flow area, most of the central area
is occupied by air-bubbles, which leads very low-solids con-
centration in this area, and high-value near the wall region. In
the upper region, however, with the increase in cross-sectional
area, the bubble behavior changes. A large bubble begins to
break up into small bubbles, and some of the solids move
upward with the bubble phases in the central area. At the
same time, some particles move downward in the near wall
region, which results in different solids distribution profile.

Heat and mass-transfer coefficient prediction
from CFD simulation

Figure 9 shows the instantaneous parameter distributions
obtained by CFD simulation. The superficial air velocity is

2.0 m.s21, and the particle diameter is 380 lm. From Figure
9a, the solids near the wall move downward, and in the cen-
ter upward. This movement is reduced by the air-bubble
movement in the center of the fluidized bed. The characteris-
tics of the air bubbles, which rise and grow within the bed,
exert a profound influence on the fluid dynamics and chemi-
cal kinetics.39 The hydrodynamics play an importance role in
the heat and mass transfer in the fluidized-bed dryer, and
benefit the mixing of air and solids in the fluidized-bed dryer.
Most of the heat and mass flux is transferred in the interarea
around the bubble, which can be seen in Figure 9c, d, and e.
The same distribution is obtained for the solids temperature
as shown in Figure 9f for t 5 10 s. At t 5 250 s, the temper-
ature in the bed is nearly the same. The difference between
the maximum and minimum values in the bed is only 1.8 K,
as seen in Figure 9f for t 5 250 s.

The characteristics of bubble swarms have not been thor-
oughly explored and are generally determined from empirical
relations for similar beds, leaving major discrepancies unre-
solved. A number of studies have been reported on the bub-
ble characteristics,16,40,41 and in this research, the semiempir-
ical model for the bubble frequency is used42

fb ¼ AbðU � Umf Þ
p=6D3

b

(22)

where Db is the average diameter of bubbles in the bed, U is
the inlet air velocity, and Umf is the minimum fluidization ve-
locity, with both velocities being determined by empirical
correlation.16

Figure 10 shows the fluctuation in the averaged solids con-
centration in the bed between the position of z 5 5 cm, and
z 5 20 cm, and the power spectrum obtained by CFD simu-
lation. The dominant frequency from the simulation results,

Table 4. CPU Time Demand for 0.1 s Simulation of Drying

Mesh 1 2 3 4 5 6 7

CPU time (s) 0.5 60 187 310 480 600 841

Figure 5. Instantaneous particle concentration distributions obtained by CFD simulation.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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and analyzed by the fast Fourier transform (FFT) is 1.8–
2.0 Hz. The bubble frequency from the semiempirical Eq. 22
is 3.6 Hz, which is higher than the CFD results. The main
reason is that the empirical equation includes the external
disturbances, such as the external disturbance to the fluidiza-
tion air, and the disturbance to an air plenum. Another reason
is that the grid size affects the power spectrum distribution.
To verify this effect, Figure 11 shows the results at the plane
of z 5 15 cm with different grid size. It can be seen that the
coarse mesh gives poorly predicted results than the fine
mesh. For the fine sets of mesh of 2,520 and 6,292, there are
still some differences in its spectrum. It means the numerical
resolution can be achieved by further increase in the number
of grids. However, this is limited by the computer capacity
as discussed in the first section. Figure 12 shows the effect
of numerical scheme on the resolution of numerical simula-
tion. From these results, it can be seen that the first- and sec-
ond-order schemes nearly give the same results. For simple

geometry and low-speed flow, the first-order scheme can gen-
erally be used, instead of the second-order scheme without a
significant loss of accuracy. Therefore, all the simulations are
based on the first-order unwinding scheme in this research.

The frequent breakup of air bubbles results in fluctuations
in the heat and mass transfer within the fluidized bed, as
shown in Figure 13 for a range of fluidization velocities. The
CFD simulation shows that the heat-and mass-transfer coeffi-
cient increase with the increasing fluidization velocity,
although the rate of increase reduces when the velocity
exceeds 2.0 m � s21. The fluctuation of the heat and mass-
transfer coefficients can be seen clearly from the simulation
results, which suggests that the air-bubble dynamics play an
importance role in heat and mass transfer in fluidized-bed
drying, and is the primary reason why the mathematical
model is based on bubble hydrodynamics.

Figure 14 a and b shows the time-averaged heat-and mass-
transfer coefficient at different positions above the air distrib-
utor when the superficial air velocity is U0 5 2.0 m � s21,
and the particle diameter is 380 lm. The largest values of

Figure 6. Effect of grid size on the averaged solid con-
centration.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 7. Image reconstruction by ECT with different
velocity and average solids concentration.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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heat and mass transfer occur at positions z 5 15 cm above
the air distributor. In the range z 5 0 cm to 15 cm, the local
average heat-and mass-transfer coefficients increases with the
increasing bubble height. Above this range, these parameters
decrease sharply. The changes in these trends can be attrib-
uted to both of the particles Rep and Sch number as depicted
in Figure 14c. After the position of z 5 12 cm, the Sch num-
ber sharply decrease. This is an important parameter in cal-
culation of mass-transfer coefficient as given in Eqs. 15 and
16. This distribution profiles lead to the decrease in mass-
transfer coefficient after this position. The same trends and
mechanism are also applied to the heat-transfer coefficient.

Measurement of moisture and temperature

A fluidized-bed drying process has three distinct periods:
prewarming; constant-rate drying and falling-rate drying.2

Figure 15 shows the changes in moisture and temperature,
obtained using a moisture meter and a thermocouple, respec-

tively, during a batch fluidized-bed drying process, together
with the predictions from the mathematical modeling, shown
by solid lines. The initial moisture content was set to be
23%, and dried to 1.5% at the endpoint. The three distinct
periods can be clearly seen from the temperature curve, and
the mathematical model agrees well with the measurement
results. Figure 15 also shows the measurement errors com-
pared with mathematical modeling for 15 batch drying proc-
esses. The error bar shown in this curves is 5%.

There are two main reasons for the disagreement between
the measurement and mathematical modeling. One is that the
three-phase theory for bubbling fluidized bed is derived from
the fluidized bed with a cylindrical vessel, but the measure-
ment in this research is based on the conical vessel. The
nature of bubble migration does depend on geometrical
effects,39 so the hydrodynamic characteristics of bubble will
be different in these two types of fluidized beds. The effect
of geometry on the drying process with conical chamber is a
topic of current research. Another reason for the discrepancy
is that the treatment of the fluidized bed wall is different. In
the mathematical modeling, the wall is treated as an insulator
with no heat flow across the boundary, but in practice, heat
is lost to the surroundings through the walls. This can be cor-
rected by changing the wall boundary conditions in mathe-
matical modeling.

Figure 16a shows a drying curve, from which the drying
rate that is, the gradient of Xp, can be derived by applying a
difference operator to the drying times. Figure 16b shows the
drying rate based on the measurement results as shown in
Figure 16a. From the drying rate, it is difficult to obtain the
prewarming drying rate, because the heating during this
phase of the process is rapid, so only a few measurement
points can be obtained. The constant and falling-rate periods
are clearly shown in Figure 16. Most of the test measurement
errors fall in the range of 10% compared with the mathemati-
cal modeling.

The operating parameters, in particular the superficial air
velocity and humidity of the drying medium, have a marked
effect on the drying processes.10 The influence of the superfi-
cial air velocity and inlet air humidity on the performance
characteristics of the fluidized-bed dryer as predicted by
CFD simulation, can be seen in Figure 17. When the superfi-
cial gas velocity U0 increases, the average temperature of
particles increases, while the average moisture content
reduces sharply, which is due to the increased mass-and
heat-transfer between bubbles, emulsion air and solids. With
the increase of inlet air humidity, the temperature during the
constant-rate period is increased by about 38C, because the
drying balance temperature, that is, the wet bulb temperature
depends on the inlet air humidity: the higher the inlet air hu-
midity, the more latent heat evaporates the water from the
surface of the particles. These results agree with the mathe-
matical modeling results.15 Hence, the inlet air humidity
should be reduced during drying process. Because CFD sim-
ulation is very time-consuming, only 5 min have been simu-
lated for the prewarming and constant-rate drying periods.
From Figure 17a, it can be concluded that with the increase
in fluidization velocity, the drying rate is increased. This
agrees with the mathematical results.10,15

From the previous analysis, it can be seen that CFD simu-
lation can provide details of the heat and mass transfer in the

Figure 8. Average solids concentration at different
position above air distributor.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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fluidized-bed dryer, and predict the effect of operational pa-
rameters, that is, the superficial air velocity and the inlet air
humidity, on the drying process. This indicates that this two-
fluid model can be applied to the fluidized-bed dryer for
design and optimization. The ECT measurement results
indicate that ECT cannot only provide the instantaneous
parameter distribution in a cross section, but also an accurate

Figure 9. Instantaneous parameter distribution from CFD simulation.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 10. Fluctuations obtained by CFD simulation.
Figure 11. Power spectrum obtained by different grid

size for single points in the bed.
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time-average, in good agreement with the CFD simulation.
Compared to the reference measurements, the mathematical
model is sufficiently accurate for process modeling of the
entire drying process.

Due to the bubble size and velocity in fluidized bed varies
widely from system to system,16 the mathematical model
based on the three-phase theory should be adjusted to differ-
ent fluidized-bed system, especially for different geometry
and shape of fluidized beds. From the aforementioned CFD
simulation, it can be seen that CFD can give the detailed pa-
rameters distribution during the drying process with different
initial conditions and operational parameters. This can reduce
the experimental test period and save operating cost. Form
this point of view, CFD simulation is useful for process
design and optimization.

Dynamic measurement of moisture content

To obtain a reference for moisture content, a sample of
approximately 2.5 g was taken from the fluidized bed every
5 min during a drying process, and then measured using the
moisture meter. The meter is accurate but slow, because it is
based on weight loss and takes several minutes for measuring
a sample. In this research, a alternative approach based on
static and dynamic calibration of the ECT measurements has
been developed. The capacitance is a function of the material
permittivity and its geometric configuration

CM ¼ r0reffU (23)

where r0 is the electric constant, reff is relative permittivity,
and F is geometric constant. Typically, the capacitance is a
function of the area of electrodes and the distance between
them. The relative permittivity of the material in the fluid-
ized-bed dryer can be expressed as a function of solids con-
centration and moisture content

reff ¼ /ðes;XpÞ (24)

The normalized capacitance is defined as

CN ¼ CM � CL

CH � CL
(25)

For the dry material, the permittivity and capacitance are
affected only by the solids concentration. From ECT, the solids
concentration can be estimated, and the effective permittivity

Figure 12. Power spectrum obtained by first- and sec-
ond-order numerical scheme for single
points in the bed.

Figure 13. Average mass- and heat-transfer coefficient
with different superficial gas velocity.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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of the mixing can be derived using different permittivity
models. In our research, this normalization is not valid due
to the change in moisture content throughout the drying pro-
cess. The high-permittivity calibration value in Eq. 25
changes with the drying times. Therefore, a dynamic calibra-
tion based on the change in moisture is needed.

For the 12-electrode ECT sensor used in this research,
there are a total of 66 capacitance measurements, each hav-
ing its own sensitivity area, namely sensitivity map,43 which
means the changes in capacitance due to the different permit-
tivity distribution between two measurement electrodes. For
an adjacent electrode pair, the sensitivity area is localized to
a small region. Figure 18 shows the capacitance between ad-
jacent electrode pairs, and the capacitance between opposite
electrode pairs. It can be seen that the capacitance of adja-
cent electrode pairs nearly keeps constant with the increase
of U0. The adjacent pairs capacitance only affected by is
neighbor area, namely sensitivity area. However, the opposite
pairs capacitance rapid decrease with the increase in superfi-
cial air velocity. Because the superficial air velocity is
strictly controlled in the range of 0.2–2.2 m.s21, the capaci-
tance of adjacent electrode pairs is only affected by the oper-
ator condition (i.e., superficial air velocity), and the moisture
content during the drying process. At a constant superficial

air velocity, the capacitance of adjacent electrode pair is only
affected by solids concentration in the local region.

For a bubbling bed, the solids concentration presents a
special distribution, the so called ‘‘crown-like shape’’.44 In
this type of distribution, the solids concentration in the cen-
tral area is low and the solids concentration near the wall is
high as shown by the results from the CFD simulation in
Figure 7, and the ECT measurements in Figure 6. The solids
concentration in the near wall region is nearly the same as
that at the minimum fluidizing conditions, while the cross-
sectional area is largely occupied by solids scattered with air
bubbles. Combining the characteristics of solids concentra-
tion with a sensitivity map, the capacitance measured from
the adjacent electrode pairs is useful for dynamic calibration.
The moisture measurement is based on dynamical calibration
as described in the following.

First, a set of static calibration data is taken using the
ECT sensor with different moisture content at the packed-
bed conditions when there is no fluidizing gas flow. A
second set of calibration data is then taken at the minimum
fluidization conditions. During the drying process, a third set
of measured capacitance is taken without shutting down the
fluidized bed, for dynamic calibration. The two sets of static
calibration data are combined with the dynamic calibration

Figure 14. Average mass and heat-transfer coefficient at different position above the air distributor.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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data to determine the online moisture content. Due to air
bubbles passing through the measurement area during the
drying process, only the capacitance between the adjacent
electrode pairs is used for dynamic calibration as the other
capacitance measurements have little relationship with the
static calibration data. The static calibration process is
actually the same as normal calibration, that is, obtaining CL

with air as a low-permittivity material, and obtaining CH

with wet granule as a high-permittivity material. The differ-
ence between the dynamic and static calibration is that the
first only needs high-permittivity data, keeping CL fixed, but
CH being changed with moisture. It was found that the data
could be represented by a third-order polynomial fit to the
two sets of static calibration data.

CpðXpÞ ¼
Xn¼3

n¼0

aiX
n
p (26)

where ai is the regression coefficient, and n is the order number.

As there are 66 independent capacitance measurements, 66
polynomial fit curves are needed with different coefficient of
ai. From these calibration curves, the moisture can be deter-
mined by interpolation of the dynamic data using the calibra-
tion fit curves, which is similar to the method used by
Chaplin.46 The high calibration data, namely 66 capacitance
values of CH in Eq. 25, can be determined from the data at
the packed-bed conditions, and used for online image recon-
struction. The dynamic calibration is different from that pro-
vided by Chaplin in that it does not need to shut shown the
air supply during the entire drying process.

Because there are 11 independent adjacent electrode pairs,
there are 11 interpolation errors when the dynamic calibra-
tion data are used, so 11 different moisture contents can be
obtained at the same time, and the average value is used to
determine the moisture content. Figure 19 shows a measure-
ment result for adjacent electrode pair in the minimum fluid-
ization conditions and dynamic calibration during the drying
process. Figure 20 shows three tests for static and dynamic

Figure 15. Moisture and temperature curves of batch
fluidized-bed drying.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 16. Moisture content and drying rate.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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calibration, indicating that the static capacitance is slightly
larger than the dynamic capacitance for adjacent electrode
pairs due to the minimum air fraction. The measurement
result shows a good relationship between the static and
dynamic capacitance. To verify the ECT measurement
method, Figure 21 gives the ECT measurement results, which
are compared with the reference method. From the calibra-
tion curves, it can be seen that most of the ECT measure-
ment results fall within 5% errors compared with the results
measured by the moisture meter.

Figure 22 shows the change in moisture content during the
entire fluidized-bed drying, by ECT based on the aforemen-
tioned measurement method, mathematical modeling and ref-
erence. Although the static measurement is more accurate,
the dynamic measurement provides sufficient information for
determining the endpoint of the fluidized-bed drying process.
The advantage of the dynamic measurement is that it does
not need to shut down the air supply, and, hence, can
improve the operating efficiency.

The standard deviation (SD) is used to compare the differ-
ent measurement methods and the calculated results are
given in Table 5. Compared to the reference and the static
calibration method,45 the dynamic measurement is slightly
more accurate than the previous methods when the moisture

content is [5%. Outside this range, the two methods are
nearly the same, especially close to the endpoint of drying.
In terms of SD, the static method is nearly the same as the
reference. The dynamic value of SD is slightly larger than
the other methods.

Permittivity and density distribution

In Eq. 25, a parallel model is assumed. Together with a se-
ries model and the Maxwell model, they can be expressed as

/ðes;XpÞ ¼ ð1� esÞ:rg þ es � rsðXpÞ (27)

/ðes;XpÞ ¼ 1� es
rg

þ es
rsðXpÞ (28)

/ðes;XpÞ ¼ 3rg � 2ð1� esÞðrsðXpÞ � rgÞ
3rg þ ð1� esÞðrsðXpÞ � rgÞ (29)

From these models and a known solids concentration, the
effective permittivity of the fluidized materials can be found.
In a fluidized-bed dryer, there are three components: dry sol-
ids; water in solid phase and air, so these permittivity models
cannot be applied directly. However, the permittivity models
can be used for the solids phase because it contains two

Figure 17. Moisture and temperature predicated by CFD.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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components. Equations 27–29 can be used to obtain three
different permittivity values rs. With a known rs and solids-
volume fraction es, the effective permittivity can be derived.
Based on this combined method, there are nine different
results. It has been found that only the Maxwell model can
give good results for the solids permittivity. Therefore, three
combined models, Maxwell-Series, Maxwell-Parallel and
Maxwell-Maxwell, are used. These combined models are
similar to the three-phase model used in gas-solid-liquid flu-
idized bed.46

According to the model for a parallel-plate capacitor and
Eq. 23, the relative permittivity can be obtained from the
high-and low-capacitance data by ECT. Figure 18 shows the
ECT measurements compared with the above three permittiv-
ity models. Figure 23a shows the results with initial moisture
of 18% and Figure 23b with 24%. In the both cases, the
Maxwell-Series model presents the best result to give the

Figure 18. Capacitance as function of superficial gas
velocity.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 19. Dynamic and static calibration capacitance
for adjacent electrode pair.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 20. Moisture measurement by ECT vs. reference
measurement method.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 21. Capacitance of adjacent electrode pairs
with different moisture content.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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permittivity distribution when the moisture content is \18%.
Out of that range, all three models fail to give accurate
results, when compared to the ECT measurement.

Based on the moisture content and the solids density Eq.
20, the cross-sectional distribution can be obtained as shown
in Figure 24 for different levels of moisture content. The
local regions of the adjacent electrode pairs are not always
occupied by solids, as shown in Figure 6, for the case where
U0 5 2.8 m � s21, where there is an air bubble close to an ad-
jacent pair. In this case, the dynamic calibration, based on
the polynomial fit curves, will give incorrect results, although
this situation may be avoided by online imaging tracing. For
dynamic calibration, the original data CM, and the initial cali-
bration data CL and CH, are used to reconstruct an image.
While the position of bubble is correct in the image, the sol-
ids concentration is different because of the unknown high-
calibration capacitance CH in Eq. 23. This continues until the
bubble lies in the central region of the measurement zone. A
time-averaged estimate of the capacitance taken over about
100 frames, could be used to reduce the measurement error.

Conclusions and Discussion

Numerical study using a mathematical mode, the two-fluid
model and ECT has been carried out to investigate the per-
formance and characteristics of a fluidized-bed dryer. The
two-fluid model can describe the drying process accurately.
The effect of grid size on numerical resolution has been ana-
lyzed. The influence of parameters and mechanisms on the

drying process has been discussed theoretically and investi-
gated experimentally.

The experimental setup is suitable for validation of the
mathematical model, and numerical simulation and the ex-
perimental data obtained are in good agreement with the
numerical results. This indicates that the developed two-fluid
model is suitable as the basis of simulations, because the
hydrodynamics of the fluidized-bed dryer incorporated both
mass-and energy-transfer. A dynamic calibration procedure
has been implemented for ECT measurements, which is
based on a polynomial fit of the static calibration for the
packed bed, and the minimum fluidization bed capacitance
taken through the drying process. This has been validated by
a reference method. The permittivity analysis result indicates
that the Maxwell-Series model accurately estimates the effec-
tive permittivity in the fluidized-bed drying process. The
online moisture measurement, based on both dynamic and
static calibration can determine the endpoint of drying, and a
comprehensive validation indicates that dynamic calibration

Figure 22. Moisture content measured by ECT and
mathematical modeling, compared with
reference.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 23. Moisture distribution with drying time.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Table 5. Standard Deviation (SD) of Measurement Results

Test
Reference

Measurement
Static Measurement

by ECT
Dynamic Measurement

by ECT

1 4.23 4.18 4.73
2 4.74 4.65 6.19
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for ECT combined with the mathematical modeling is a
powerful tool for online moisture measurement and process
modeling.

The online moisture measurement assumes that the effect
of temperature on the ECT sensor wall can be neglected.
However, during the drying process, the temperature of sol-
ids phase changes from 208C to 608C at the endpoint of dry-
ing. Also, the temperature of the sensor wall changes from
the temperature at ambient conation to 40–508C, depending
on the temperature of solids phase at the endpoint of drying.
Because the relative permittivity of water and wall material
is a function of temperature,47 the effect of wall temperature
on measurement should be measured and controlled online.
The hydrodynamic effect, such as the restitution coefficient
due to the change in moisture content during the drying pro-
cess, has not been considered in the mathematical model and
CFD simulation, and is a current topic of research. Further
research on the role of CFD simulation in online mathemati-
cal modeling will also be addressed.
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Notation

A5 cross-sectional area of bed, m2

Ap,s5particle surface area, m2

Bi5biot number
Cd5drag coefficient
cg5 thermal capacity of air phase, J � kg21 �K21

cp5 thermal capacity of particle, J � kg21 �K21

cs5 thermal capacity of solids phase, J � kg21 K21

C5measured capacitance, pF
dp5mean particle diameter, m

Db5bubble diameter, cm
Dv5vapor diffusion coefficient in air, m2 � s21

Dv,s5water diffusion coefficient in solids, m2 � s21

F5bubbling frequency, Hz
g5 acceleration due to gravity, m � s22

H5height of bed, cm
h5 entropy, KJ
hs5mass-transfer coefficient, kg m22 s21

ht5heat-transfer coefficient, J/m2 � s
_m5 convective mass transfer, kg �m21 s21

Np5number of particle reflecting density
Nu5nusselt number
p5pressure, pa

Psat5 saturated pressure, pa
Pr5prandtl number

_q5 convective heat transfer, W �m21 s21

r5 radial direction, m
Re5Reynolds number
Sc5Schmidt number
Sch5Sherwood number
T5 temperature, K

U05 superficial air velocity, m � s21

V5velocity, m � s21

Xs5 equilibrium moisture content, kg � kg21

X�
s 5 equilibrium moisture in particles, kg � kg21

Y5vapor fraction in air phase

Greek letters

b5drag coefficient
e5volume fraction
y5kinetic temperature
k5 thermal conductivity, W.m21.K21

q5density, kg.m23

r5permittivity
l5viscosity, kg.m21.s21

F5geometry factor

Subscripts

g5 air phase
l5 liquid

M5measurement
N5normalize
p5particle
s5 solids phase
W5water
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