
This article was downloaded by: [UNIVERSITY OF ADELAIDE LIBRARIES]
On: 17 November 2014, At: 19:58
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House,
37-41 Mortimer Street, London W1T 3JH, UK

Drying Technology: An International Journal
Publication details, including instructions for authors and subscription information:
http://www.tandfonline.com/loi/ldrt20

Modeling the Drying of Grass Seeds (Brachiaria
brizantha) in Fluidized Beds
A. C. Rizzi Jr. a , E. F. Costa Jr. b , J. T. Freire a & M. L. Passos a
a Programa de Pós-Graduação em Engenharia Química, Centro de Secagem de Pastas,
Suspensões e Sementes , Universidade Federal de São Carlos , São Carlos, SP, Brazil
b Mestrado em Engenharia Industrial, UNILESTMG , Coronel Fabriciano, MG, Brazil
Published online: 10 Apr 2007.

To cite this article: A. C. Rizzi Jr. , E. F. Costa Jr. , J. T. Freire & M. L. Passos (2007) Modeling the Drying of Grass
Seeds (Brachiaria brizantha) in Fluidized Beds, Drying Technology: An International Journal, 25:1, 123-134, DOI:
10.1080/07373930601160957

To link to this article:  http://dx.doi.org/10.1080/07373930601160957

PLEASE SCROLL DOWN FOR ARTICLE

Taylor & Francis makes every effort to ensure the accuracy of all the information (the “Content”) contained
in the publications on our platform. However, Taylor & Francis, our agents, and our licensors make no
representations or warranties whatsoever as to the accuracy, completeness, or suitability for any purpose of the
Content. Any opinions and views expressed in this publication are the opinions and views of the authors, and
are not the views of or endorsed by Taylor & Francis. The accuracy of the Content should not be relied upon and
should be independently verified with primary sources of information. Taylor and Francis shall not be liable for
any losses, actions, claims, proceedings, demands, costs, expenses, damages, and other liabilities whatsoever
or howsoever caused arising directly or indirectly in connection with, in relation to or arising out of the use of
the Content.

This article may be used for research, teaching, and private study purposes. Any substantial or systematic
reproduction, redistribution, reselling, loan, sub-licensing, systematic supply, or distribution in any
form to anyone is expressly forbidden. Terms & Conditions of access and use can be found at http://
www.tandfonline.com/page/terms-and-conditions

http://www.tandfonline.com/loi/ldrt20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/07373930601160957
http://dx.doi.org/10.1080/07373930601160957
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


Modeling the Drying of Grass Seeds (Brachiaria brizantha)
in Fluidized Beds

A. C. Rizzi Jr.,1 E. F. Costa Jr.,2 J. T. Freire,1 and M. L. Passos1

1Programa de P�oos-Graduação em Engenharia Quı́mica, Centro de Secagem de Pastas,
Suspensões e Sementes, Universidade Federal de São Carlos, São Carlos, SP, Brazil
2Mestrado em Engenharia Industrial, UNILESTMG, Coronel Fabriciano, MG, Brazil

A modified three-phase model is developed to simulate the drying
of Brachiaria brizantha in fluidized beds. In this new model, the
constitutive equation of drying kinetics is formulated including both
the constant rate and the falling rate mechanisms; the seed shrink-
age is taken into account during all drying operation and the tran-
sition between bubbling to slugging regime is delineated for
estimating the bubble velocity and size. Such modifications improve
the mathematical model to better simulate the drying of coarse par-
ticles in fluidized beds. The best estimation of the five adjustable
model parameters, which are required to define heat and mass trans-
fer mechanisms between interstitial gas and seed particles and to
specify the heat loss from dryer walls to ambient air, is attained
by incorporating an optimization routine into the computer model
program. Having been specially designed to supply data for this
model, experiments are performed in a bath laboratory-scale flui-
dized bed. Additional data are generated to validate the model
and program routines. Results show a good agreement between
simulated and experimental data, validating the approach used to
describe drying kinetics and particle shrinkage.

Keywords Drying mechanism; Fluidized bed regimes; Three-
phase model

INTRODUCTION

Fluidized beds are used industrially for processing solid
particles with a mean size diameter varying from 50 mm to
3 mm. Drying particles is commonly performed in such
beds because of the efficient contact between gas and solids
that allows higher heat and mass transfer coefficients
between these phases, inducing great drying rates. More-
over, the intensive gas–solids mixing that occurs due to
bubbling regime results in quite uniform temperature and
moisture content of solids inside the dryer.[1–3] This assures
good drying control for very sensitive materials, such as

seeds and grains that need to reduce water activity for
improving their shelf life before consumption or germi-
nation.

Since the fluidization technique is commonly employed
in industrial processes, several fundamental works can be
found in the literature, focusing on modeling the solid–
gas contact operation. The main difference among these
models is concerning to the fluid flow rate representation
and the interactions between each phase assumed to exist
inside the fluidized bed.

As pointed out by Yates,[4] the two-phase theory formu-
lated in 1952 states that ‘‘all gas in excess of that necessary
to just fluidize the bed passes through in the form of bub-
bles.’’ Kunii and Levenspiel[5] have applied this two-phase
theory to model different operations in fluidized beds of
particles belonging to A and B groups of Geldart classi-
fication[6] under freely bubbling regime conditions. Follow-
ing their model, heat and mass transfer from one phase to
another is due to interactions between particles and inter-
stitial gas in the emulsion phase, between interstitial gas
and cloud wake in the cloud-emulsion inter-phase, and
between cloud wake and bubble in the cloud-bubble
inter-phase. However, the serious criticism of this model
is the amount of the gas in excess that really forms bubbles.

Zahed et al.[2] have modified this two-phase model to
describe the drying of grains (coarse particles) in batch flui-
dized beds by assuming the diffusive model for mass trans-
fer, the perfectly back-mixed for the emulsion phase
behavior, and the plug flow for the bubble phase that is
free of particle. Although their model results still need to
be validated by experimental data, simulated trends have
been consistent with physical expectations and fundamentals.

By considering also two phases, the particle-free bubble
and emulsion phases, Groenewold and Tsotsas[7] have
reduced the gas fraction that really forms bubbles to model
the batch drying operation in fluidized beds of particles
belonging to Geldart group D. Although these authors have
identified the effect of flow regimes (bed height and gas flow
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rate) on heat and mass transfer mechanisms between par-
ticle–gas–bubble, their model does not describe such effect
but corrects the emulsion gas flow by introducing an appar-
ent Sherwood number function of the bed height.

For drying particles belonging to Geldart group B,
Ciesielczyk[8] has incorporated an adjustable parameter
into the model to take into account the presence of solids
into the bubble phase. Also, this author has used the con-
cept of a generalized drying curve to include the constant
and falling drying rate periods in the model. His model
describes the gas flow in the bubbling fluidized bed regime.
However, effects of bed height and column diameter on the
bubble size are only applied for fine particles belonging to
Geldart group B.

Based on a three-phase model, Wildhagen et al.[9] have
described the batch drying of porous alumina in a fluidized
bed, assuming that solids are perfectly mixed and the bub-
ble phase and the interstitial gas are in plug flow. Solids in
the cloud phase as well as the energy loss through the dryer
walls have been neglected. Using a three-phase model,
Topuz et al.[10] have modeled the grain drying kinetics con-
sidering both the constant and falling drying rate periods.

Vitor et al.[11] have modified the Wildhagen et al. model
for simulating the drying of biomass powder (group B of
Geldart classification) in fluidized beds. These modifica-
tions incorporate into the model the energy loss through
the column wall, the option of perfect mixing or of plug
flow for the interstitial gas in the emulsion phase, and the
actual fraction of gas in excess that composes the bubble
phase for particles from Geldart group B. This modified
model has been expressed by an algebraic-differential equa-
tion system, easy to solve since the enthalpy for each phase,
expressed as a function of temperature, is formulated as an
algebraic model restriction.

To extend this three-phase model for describing the dry-
ing of particles belonging to Geldart group D, flow regimes
as well as bubble size, shape, and rise in velocity have been
analyzed as a function of the particle-to–column size ratio
and column characteristics in previous works.[12,13] Incor-
porating such correlations into the model, the first attempt
to simulate heat transfer between bubble–gas–particles in
beds of grass seeds (Brachiaria brizantha) has been
made.[12] Based on these results, the present work aims at
modifying this three-phase model for simulating the drying
of these seeds in batch fluidized beds, taking into account:
(a) transience of heat and mass transfer mechanism; (b)
shrinkage of particles as water evaporates; and (c) drying
kinetics including both the constant rate and the falling rate.

Experiments carried out in the laboratory-scale fluidized
bed unit at three different levels of inlet air temperature
and flow rate generate data to determine heat transfer coef-
ficients between solids and interstitial gas and between
column walls and air ambient, as well as the drying kinetic
constants from this modified three-phase model.

THREE-PHASE MATHEMATICAL MODEL

Basic Assumptions and Model Equations

The three-phase drying model proposed by Vitor et al.[11]

assumes that solids are perfectly mixed while bubbles are
moving upwards in plug flow through the column. Inter-
stitial gas can flow in perfect mixing or in an arbitrary
regime between plug flow and perfect mixing. Further-
more, this interstitial gas is one responsible for the energy
lost to ambient air through the column wall.

Mass and energy balance equations for the three-phases
are written as follows:

Solid Phase

ð1� eÞqs

dYs

dt
¼ �fM1T ð1aÞ

ð1� eÞqs

dHsu

dt
¼ fE1T � fM1TðHu þ k0Þ ð1bÞ

Hsu ¼ Hs þHuYs; Hs ¼ cpsðTs � TRÞ; Hu ¼ cplðTs � TRÞ
ð1cÞ

Equations (1a) and (1b) represent, respectively, the mass
and energy balances for this solid phase, while Eq. (1c)
defines the enthalpy of wet solids, Hsu, as function of the
dry solids enthalpy, Hs, and the water enthalpy, Hu. Note
that fM1T and fE1T are, respectively, the mass and heat
transfer rates between solid and interstitial gas phases
along all bed height per unit of bed volume, as schematized
in Table 1.

Interstitial Gas Phase

ð1� dÞemf qg

@Ygi

@t
þ GgibM

Ygi � Yg0

L
¼ fM1 � fM2 ð2aÞ

ð1� dÞemf qg

@Hi

@t
þ Ggi bT

Hi �H0

L
¼ fE2 � fE1

þ fM1ðHu þ k0Þ � fM2Hvi � Ew ð2bÞ

Hi ¼ Hgi þHviYgi; Hgi ¼ cpgðTgi � TRÞ;
Hvi ¼ k0 þ cpvðTgi � TRÞ ð2cÞ

Similarly, Eqs. (2a) and (2b) represent, respectively, the
mass and energy balances for the interstitial gas phase.
Equation (2c) defines the enthalpy of this interstitial gas
phase, Hi, as a function of the interstitial dry gas enthalpy,
Hgi, and the interstitial vapor enthalpy, Hvi. Note that fM1

and fE1 represent the mass and heat transfer rates between
solid and interstitial gas phases along an infinitesimal
height of bed, dz, per unit of bed volume. Similarly, fM2

and fE2 represent the mass and heat transfer rates between
the interstitial gas phase and the bubble gas phase along an
infinitesimal height of bed, dz, per unit of bed volume
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(see Table 1). Moreover, Ew is the rate of heat lost through
the column wall per unit of bed volume.

As shown in the previous work,[12] in Eq. (2a) and Eq.
(2b), the b value is dictated by the interstitial gas phase
flow regime; i.e.,

� If the interstitial gas moves in plug flow, then:

bM ¼ L
Y gi�Y g0

� �
@Y giðz;tÞ

@z ;

bT ¼
L

Hi �H0

� �
@Hiðz; tÞ

@z
;

� if the interstitial gas is in perfect mixing then
bM ¼ bT ¼ 1; Ygi and Hi depend on time, t, but
not on z;

� if the interstitial gas moves in an arbitrary flow
then 1 < bM � 1:5 and 1 < bT � 1:5 (their actual
values need to be determined experimentally).

Therefore, unless the interstitial gas flow regime is
known, bM and bT are adjustable parameters of the model.

Bubble Gas Phase

dqg

@Ygbðz; tÞ
@t

þ Ggb
@Ygbðz; tÞ

@z
¼ fM2 ð3aÞ

dqg

@Hbðz; tÞ
@t

þ Ggb
@Hbðz; tÞ

@z
¼ fM2 Hvi � fE2 ð3bÞ

Hb ¼ Hgb þHvbYgb; Hgb ¼ cpgðTgb�TRÞ;
Hvb ¼ k0 þ cpvðTgb�TRÞ ð3cÞ

Equations (3a) and (3b) represent, respectively, the mass
and energy balances for the bubble gas phase. Equation
(3c) defines the enthalpy of this bubble gas phase, Hb, as
a function of the bubble dry gas enthalpy, Hgb, and the
bubble vapor enthalpy, Hvb. This bubble gas phase moves
in plug flow, meaning that Ygb ¼ Ygbðz; tÞ and
Hb ¼ Hbðz; tÞ

Table 1 schematizes interactions between these three
phases. Heat and mass transfer coefficients between gas
interstitial and bubble (hb and Ks1, respectively) are

TABLE 1
Interactions between phases11

fE1 ¼ haðTgi � TsÞ fM1 ¼ ksaðYs � Y �s Þ

fE2 ¼ hba1ðTgb � TgiÞ fM2 ¼ ks1a1ðYgi � YgbÞ

fE1T ¼
1

N

XN

k¼1

f
ðkÞ

E1 fM1T ¼
1

N

XN

k¼1

f
ðkÞ

M1

fE2T ¼
1

N

XN

k¼1

f
ðkÞ

E2 fM2T ¼
1

N

XN

k¼1

f
ðkÞ

M2

with a ¼ 6ð1�emf Þ
dp/

hba1 ¼
ðhbcabÞðhcgagiÞ
hbcab þ hcgagi

hbcab ¼ d 4:5
Gmf cpg

db

� �
þ 5:85

ðkGcpgqgÞ1=2g1=4

d1;25
b

" #( )

hcgae ¼ d 6:78ðqgcpgkgÞ1=2 emf ub

d3
b

" #1=2
8<
:

9=
;

8>>>>>><
>>>>>>:

ks1a1 ¼
ðkbcabÞðkcgagiÞ
kbcab þ kcgagi

kbcab ¼ dqg 4:5
Gmf

qgdb

 !
þ 5:85

ðDvgÞ1=2g1=4

d1;25
b

" #( )

kcgae ¼ dqg6:78
emf Dvgub

d3
b

" #1=2

8>>>>><
>>>>>:
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estimated from correlations proposed by Kunii and Leven-
spiel,[5] as shown in Table 1.

In addition, the rate of heat lost through the column
wall per unit of bed volume, Ew, is expressed as:

Ew ¼ aw
AL

Vbed
ðTM

g �TaÞ ¼ awa
AL

Vbed
ðTM

w �TaÞ ð4Þ

Modifications Model

Fluid Flow

Based on previous works,[12,13] one can see in Table 2
that gas flows quite differently in fluidized beds of group D
particles than it flows in fluidized beds of group B particles.

Moreover, the gas flow is divided over the bubble phase
and the interstitial or dense phase as:

Ggb ¼ WðGg � Gmf Þ ¼ qgWðUg �Umf Þ ð5Þ

with W ¼ 1 according to the two-phase theory. However, as
pointed out by Yates,[4] there is a deviation from this theory
since W actually decreases as the particle diameter increases.
As shown in the previous work[12] for coarse particles belong-
ing to Geldart group D, W equals to 0.26 under the bubbling
regime and to 1 under the continuously slugging regime.

Equation (6) and correlations presented in Table 2 for
particles from group D have already been incorporated
into the model for better describing the gas flow in fluidized

TABLE 2
Flow regime correlations for particles belonging to Geldart group B and D[12]

Flow parameters Group B Group D

Geldart classification diagram Fluidization: normal Fluidization: unstable
Umb=Umf < 1 Umb=Umf ¼ 1
Bed expansion: moderate,
increasing with ðUg=Umf Þ

Bed expansion: low
(just after onset of bubbling)

Bubble shape: rounded
(small indentation)

Bubble shape: rounded
(small wakes)

Bubble velocity:
fast ub � ðUmf =emf Þ

Bubble velocity slow:
ub < ðUmf =emf Þ

Bubble mixing: bubble
induced driftþwake

Bubble-induced drift

Type of slug:

Type of slug:

Bubble diameter: db ¼ 6Vbubble

p

� �1=3
db expressed as a function
of ðUg �Umf Þ; distributor
design and axial distance z.

db ¼ 2:25z0:81ðU �UmbÞ1:11

Bubble or slug rise velocity:

Bubbling regime: ub ¼ fw c1
ffiffiffi
g
p

db

� �
ua ¼ ðUg �Umf Þ þ ub

Geldart
group B) c1 ¼ 0:50

group D) c1 ¼ 0:71

for db=Dc < 0:125) fw ¼ 1 and for 0:125 � db=Dc � 0:6) fw ¼ 1:13 exp db

Dc

� �
Continuously slugging regime ðif db=Dc > 0:6Þ: ub ¼ 0:35ð

ffiffiffiffiffiffiffiffi
gdb

p
Þ

ua ¼ ðUg �Umf Þ þ ub

Bed porosity and bubble concentration:

emf ¼ 1:0� 4Ms

qspD2
cLmf

; d ¼ 1:0� Lmf

L
¼ WðUg �Umf Þ

ua

Lmf : bed height at minimum fluidization; L: expanded bed height; emf: bed porosity at minimum fluidization; d: volumetric bubble
gas phase concentration; W: ratio of the visible bubble flow to the excess gas velocity.
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bed of these particles.[12] In the computational program
developed for solving the modified model, the wall effect
on the bubble rise velocity is taken as a restriction even when
db=Dc > 0:125. Moreover, the axial distance z, at which the
transition between bubbling and slugging regimes occurs, is
determined previously (taking db ¼ 0.6 Dc; see Table 2) in
order to establish the flow regime along the bed height. This
information is fundamental to estimate the volumetric bub-
ble concentration (d) and the volumetric heat and mass
transfer coefficients between cloud and interstitial gas,
which depend on the bubble or slug velocity, as one can
see in Table 1.

Note that, in the laboratory-scale fluidized bed unit,
wall effects and changes in the fluid flow regime can
strongly affect the heat and mass transfer mechanisms.

Heat Transfer Mechanism

To uncouple Ew from the gas temperature, the wall heat
transfer coefficient, awa in Eq. (4), has been chosen as the
one adjustable parameter of this modified model.[12] There-
fore, the mean column wall temperature should be mea-
sured during the experiments. Under the fluidized bed
design condition, this wall temperature can be fitted by
choosing the appropriate material to build the column.
Register that Victor et al.[11] used aw (the overall heat trans-
fer coefficient) as the model parameter to calculate Ew.

By using air as the drying agent, the heat transfer
coefficient between particle and interstitial gas, h, can be
simplified as a function of Rep ¼ Ggi � dp=lgi (Reynolds
number of particle for the interstitial gas phase):

h ¼ kgi

dp
ðx1Rex2

p Þ ð6Þ

In Eq. (6), x1 and x2 are the two adjustable model parameters
concerning the particle–gas heat transfer mechanism.

Drying Kinetic Equations

As shown in Fig. 1, the characteristic drying curve of
grass seeds clearly presents two mechanisms, the first in
which the seed moisture content varies linearly with time
(constant drying rate) and the second in which the seed
moisture content decreases exponentially with time (falling
drying rate).

Since water evaporates from the wet surface of grass and
transfers to the interstitial gas in the first drying period, the
mass transfer coefficient between particle and interstitial
gas depends strongly on gas flow characteristics, expressed
by Reynolds number. Therefore, the following equation is
proposed for describing this first drying mechanism, as cor-
roborated in Fig. 1:

for Ys � Yscr :

Ys � Y �s
Ys0 � Y �s

¼ 1� kI t) dYs

dt
¼ �kIðYs0 � Y �s Þ ð7aÞ

This first period extents until the particle moisture con-
tent achieves its critical value, Ys ¼ Yscr. Just below this
value, the drying rate starts falling with time. Thus, for
Ys � Yscr, Eq. (7b) is the one used in the model to calculate
fM1T . The x11 and x21 are the two adjustable model para-
meters for this first period.

f M1T ¼ ksaðY s �Y�s Þ

with : Y s � Y scr

ksa ¼ ð1� eÞqskI
ðY s0 � Y �s Þ
ðY s � Y �s Þ

kI ¼
Dvi

dp

� �
x1I Rex2I

p ð7bÞ

The second drying period is formulated considering the
diffusion model associated to the particle shrinking. Fol-
lowing Reyes et al.,[14] drying kinetics of agricultural mate-
rials, which undergo significant volume contractions
during the falling period, can be described using the one
modified Fick’s correlation, which incorporates an effec-
tive water diffusivity and the particle size variation. Based
also on extensive works of Becker[15] and Lewis,[16] the fol-
lowing approach is used to describe drying kinetics in the
falling rate period in which Yscr � Ys � Y �s :

for Y �s � Y s � Y scr:

Y s � Y �s
Y s0 � Y �s

¼ kII exp
�Def t

ðdp/=6Þ2

 !
ð8aÞ

or

dYs

dt
ffi Y s � Y �s

Y s0 � Y �s

� �
�Def

ðdp/=6Þ2

 !
ðY s0 � Y �s Þ

FIG. 1. Typical drying curves of grass seeds in the fluidized bed (data

from tests 2, 3, and 7, presented in Table 4).
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Based on Eq. (8a), fM1T is calculated for the second period
of drying as:

f M1T ¼ ksa Y s � Y �s
� �

with : Y scr � Y s � Y �s

ksa ¼ 1� eð Þqs

36�Def

dp/
� �2

 !

Def ¼ x1IIexp
�x2II

Ts

� �
ð8bÞ

For the falling drying rate period, x1II and x2II are the two
adjustable model parameters to be determined. Although
these two parameters replace x1I and x2I as Ys � Yscr, they
are interlinked since their values depend on the x1I and x2I

determination for the continuity of the drying curve.

Numerical Method to Solve the Model

Based on Eqs. (1)–(8), five adjustable parameters, x1, x2,
x1I (or x1II), x2I (or x2II), and awa, must be estimated when
the flow regime of the interstitial gas phase is already
known. This model parameter estimation is performed
using experimental data together with the model solution.

The DASSL computational code[17] has been chosen to
solve this system of differential-algebraic equations (Eqs.
(1) to (3)) after discretization of the z spatial coordinate.

The initial and boundary conditions for solving these
model equations are given by Eq. (9):

Ysð0Þ ¼ Ys0

Ygið0; zÞ ¼ Ygbð0; zÞ ¼ Yg0

Ygiðt; 0Þ ¼ Ygbðt; 0Þ ¼ Y �g0

þ ðYg0 � y�0Þ½1� expð�t=sÞ	; with s � 0:1 s

ð9Þ

Y �g0 is absolute gas humidity in equilibrium with Ys0.

Tgið0; zÞ ¼ Tgbð0; zÞ ¼ Ts0

Tgiðt; 0Þ ¼ Tgbðt; 0Þ ¼ Ts0

þ ðTg0 � Ts0Þ½1� expð�t=sÞ	; with s � 0:1 s;

These input variables, as well as the particle properties
(see Table 3 must be supplied to the computer program.
The mean output variables from the computer model pro-
gram are the particle temperature and moisture content
during the drying time and the outlet gas temperature

TABLE 3
Properties of the grass seeds and experimental techniques employed

Particle properties Experimental techniques

Density (at Ys ¼ 0.063): qs (kg=m3) ¼ 1018
 20 Pycnometry with ether
Size: L1 (m) ¼ 3.61� 10�3; L2 (m) ¼ 1.86� 10�3

L3 (m) ¼ 1.5� 10�3þ 2.67� 10�3 Ys

1þY s

� � Direct measurements of three (L1, L2, and L3) dimen-
sions at different levels of moisture content[20]

Vp ¼ 5:35� 10�9 þ 9:44� 10�9 Y s

1þY s

� �
dp ¼ Vp

6
p

� 	1=3
; / ¼ pd2

p

Sp

Geometric particle shape for volume (Vp) and surface
area (Sp) calculations: prolate spheroid with semi-axes:
L1=2 and (L2þL3)=4.

Mean specific heat (at 0.098 < Ys < 0.174)
cps (J=kg K) ¼ 428

Differential scanning calorimetry (DSC)

Minimum fluidization condition: Gmf (kg=m2s) ¼ 0.682
emf (�) ¼ 0.392

Pressure drop vs. air flow rate curves with direct mea-
surements of bed height

Sorptium curve described by the Haslsey modified equa-
tion: Y �s ¼ ð0:668� 0:0019TÞð�lnRHÞ�0:14

Dynamic equilibrium (injecting a controlled air into the
bed of grass seeds measuring the moisture content until
reaching a constant value)
The best correlation to fit data obtained from statistical
analysis (standard deviation between experimental and
predicted data ¼ 0.0035; error between model and
experiments: 0.0037)

Critical moisture content: Yscr ¼ 0.140
 0.001 considering constant within the range used for per-
formed the drying tests (see Table 4)
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and humidity. These two latter variables, which can be
measured during experiments, are obtained by well-mixing
the interstitial gas phase with the bubble gas phase as:

YgL ¼
GgiYgijz¼L þ GgbYgbjz¼L

Gg

HgL ¼
GgiHg

� 	
z¼L
þ GgbHgb

� 	
z¼L

Gg
ð10Þ

The parameter estimation procedure comprises: (a) the
heuristic method of PSO optimization[18] to locate the
rough solution and (b) the maximum likelihood method
of ESTIMA computational code[19] to refine the rough sol-
ution. The objective function defined in this optimization
problem (one to be minimized for assuring the best values
of the five adjustable parameters) is:

fobj ¼
X56

1

X4

1

ðvoutijsim
� voutij exp

Þ2

ri exp
ð11Þ

with vouti representing one of the four output variables
(i varies from 1 to 4 variables; i.e., Ts, Ys, TgL, and YgL)
and riexp its variance calculated from data replication at
the central point.

EXPERIMENTAL METHODOLOGY

Grass seeds of Brachiaria brizantha are used to perform the
mass transfer tests. Their physical properties are shown in
Table 3. As noted, these seeds belong to Geldart group D with
the flow regime behavior described in Table 2. As shown by
Arnosti et al.,[20] since the seed size (L3; see Table 3) depends
on the moisture content, during drying, the seed volume and
surface shrink (Vp and Sp; see Table 3). Therefore, the
volume-to-surface ratio Vp=Sp ¼ dp / is reduced as the seed
moisture content decreases. Based on the correlations of
Arnosti et al. presented in Table 3, the Vp=Sp ratio (¼dp /)
can be calculated during the drying operation. Figure 2 shows
the typical Vp=Sp decay curve, predicted by the correlations of
Arnosti et al.,[20] during drying operation in the fluidized bed.

Figure 3 schematizes the experimental setup used during
tests. The laboratory-scale column has 0.07 m of diameter
and 0.40 m of height. It is built in glass to allow visual
observation of fluid flow regimes. Air is drawn by a
centrifugal fan inserted into a closet cabinet at the bottom
of the column. This air passes through a mesh filter, a 2-
kW electrical heater, and a mesh plate distributor before
fluidizing the bed of particles. After leaving the column,
the exit air passes through a calibrated orifice plate for
registering its flow rate. As shown in Fig. 3, a water man-
ometer is used to measure the actually pressure drop across
the bed. A valve, located inside the cabinet, controls the
airflow rate. This lab-scale column has been selected first
to better analyze drying kinetics due to the easier control

of the operational variables. Further studies should be
performed in a pilot-scale column.

Three copper-constantan thermocouples are installed
inside the column to measure (see Fig. 3): the inlet air tem-
perature, Tg0 (thermocouple inserted just before the dis-
tributor plate); the solid–gas emulsion temperature, Tbed,
or the solid temperature, Ts (thermocouple placed 0.10 m
above the air distributor); and the outlet air temperature,
TgL (thermocouple placed at z ¼ 0.38 m from the base of
the column). The solid temperature, Ts, is measured during
a short time interval at which the bed is collapsed; details of
this method are discussed by Rizzi et al.[13] A thermocouple
adhered to the outer column wall (at z ¼ 0.10 m) records
the column wall temperature, Tw. Another thermocouple,
located close to the experimental unit, registers the ambient
temperature for each experiment. A laboratory humidity

FIG. 2. Shrinkage of grass seeds during the typical drying test, follow-

ing correlations proposed by Arnosti et al.[20] and presented in Table 3.

(Seed moisture content data obtained from tests 2, 3, and 7).

FIG. 3. Experimental setup: 1 air blower; 2 electrical heater; 3 gas

flow rate and temperature controls; 4 glass column; 5 thermocouples

connected to a digital temperature recorder; 6 samples withdrawal;

7 water manometers; and orifice plate.
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indicator measures the inlet air humidity. The outlet air
humidity is measured by a psychrometer inserted at the
air exit. However, due to the transient regime, the outlet
air humidity measurements cannot be accurate. Generally,
instruments for measuring air humidity require a measure-
response time longer than one demand by the process
transience.

The solid moisture content, Ys, is determined during
each experiment by sampling seeds from bed and measur-
ing their mass in wet and dry conditions, following the
oven method procedure (drying seeds 24 h in the oven
at 105.0�C
 3.0�C) in agreement to the Seed Testing Associ-

ation Norms (ISTA). To minimize experimental errors, the
mass of wet seed samples is settled at 3.0� 10�3 kg. This
value represents a compromise between two errors, one
associated with the accuracy of the analytical balance used
(Metter Digital with accuracy of 1.0� 10�6 kg) and the
other associated with disturbances in the fluidized bed
regime induced by withdrawing samples.

Experimental Procedure

Drying experiments are performed following the fac-
torial design in two levels of the inlet air temperature,
Tg0, and the airflow rate, Gg, as shown in Table 4.

TABLE 4
Operational conditions of experiments

Test # Gg (kg m� 2s� 1) Tg0(�C) Ts0(�C) Ta (�C) TM
s (�C) L (m) Ys0 (d.b.) Yg0 (d.b)

1 1.202 51.5 27.6 24.8 34.7 0.226 0.186 0.010
2 1.081 40.9 28.2 25.0 29.3 0.192 0.191 0.009
3 1.092 40.8 30.2 22.3 28.8 0.206 0.195 0.010
4 0.949 35.3 30.3 25.2 27.5 0.178 0.199 0.012
5 0.925 51.5 31.5 26.6 33.5 0.175 0.222 0.012
6 1.227 37.2 29.9 25.4 28.6 0.221 0.178 0.012
7 1.100 41.5 16.9 20.7 26.5 0.210 0.173 0.012
8 1.227 31.5 13.9 22.6 19.8 0.243 0.206 0.008

TABLE 5
Best values of adjustable model parameters and their correlations

Model parameters Values Model parameters Values

x1 0.630
x2 0.275
x1I 1.1� 10�3 x1II (m2=s) 5.71� 10� 5

x2I 0.644 x2II (K) 4596.63
awa (kW=m2K) 3.52

Constitutive correlations for:

Heat transfer between particle and gas interstitial:

Nu ¼ 0:630 Re0:275
p ð12Þ

Mass transfer between particle and gas interstitial in the
first period of drying:

kI dp

Dvi
¼ 1:1� 10�3Re0:644

p ð13Þ

Mass transfer between particle and gas interstitial in the
second period of drying:

Def ¼ 5:71� 10�5 exp � 4596:63

Ts

� �
ð14Þ
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Three replications at the central point (tests 2, 3, and 7) are
used to evaluate data replication and experimental errors.

In all these tests, the mass of grass seeds is settled at
0.400 kg. The initial moisture content, Ys0, and particle
temperature, Ts0, are given in Table 4. Values of TM

w and
Ta are averaged over, at least, 11 measurements performed
during each test. The mean error concerning the assump-
tion of taking TM

w and Ta constant is estimated to be 2.2
and 1.8�C, respectively. It is around two times higher than
the experimental error due to temperature measurements.

For each one experiment shown in Table 4, eight sets of
data are generated during 120 min of test. Therefore, 56
experimental points are obtained to determine the five
adjustable parameters.

In addition, Table 4 presents the eighth experiment that
generates the data sets to be used in validating the model.

RESULTS AND DISCUSSION

As shown in earlier works,[12,13] fluidizing grass seeds of
Brachiaria brizantha by air in this laboratory-scale column
favors the development of slugs just after the minimum
fluidization condition. From Table 1 one can see that slugs
formed in this column tend to be flat; i.e., square-nosed or
plug slugs. Such slugs, as observed during the experiments,
induce a plug flow regime in the gas phase with
particles rain through them rather than moving around.[13]

FIG. 4. The best fit of the proposed model to experimental data: (a) drying curve; (b) seed temperature; (c) outlet air humidity and (d) outlet air tem-

perature. (Data from test 5; other tests presents similar trends).

FIG. 5. Nu number as a function of Rep number for determining the

heat transfer coefficient between particles and interstitial gas phase in

fluidized beds. Legend: 1, this work (Eq. (12) in Table 5); 2, previous

correlation;[12] 3, Frantz correlation;[21] 4, Leva correlation;[21] 5, Shin-

Jan-Fou et al. correlation;[21] 6, Lykov correlation;[21] 7, Zabrodski

correlation;[21] 8, Jun-Chin-Chu correlation.[21]
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Therefore, the present work considers that the interstitial
gas phase is in plug-flow regime; i.e.,

bM ¼
L

Ygi � Yg0

� �
@Ygiðz; tÞ

@z
; bT ¼

L

Hi �H0

� �
@Hiðz; tÞ

@z

in Eq. (2a) and Eq. (2b). Additionally, the continuously
slugging regime starts at db=Dc ¼ 0.6 with all air in excess
(Ug �Umf ) going into slugs; i.e., w ¼ 1 in Eq. (5).

Table 5 shows the optimum values of the five adjustable
model parameters for describing heat and mass transfer
mechanisms between grass seeds and air interstitial during
the drying operation in fluidized beds as well as the empiri-
cal correlations obtained.

Before analyzing the performance of the model in pre-
dicting the grass seed drying, data in Fig. 4 corroborate
that this modified three-phase model can well fit data to
best optimize the values of its five adjustable parameters.
As shown in Fig. 4, the model fitting is settled within the
range of the experimental error, which is indicated in

Fig. 4 by the bar line. As expected, for the outlet air
humidity, YgL, the experimental error, obtained by three
replications in the central point (tests 2, 3, and 7), is higher
because of the instrumental limitation in measuring transi-
ent values of YgL (¼Yg in Fig. 4).

Although the experimental range of Rep is already nar-
row, values of Nusselt, Nu, obtained from Eq. (12) (see
Table 4) are compared to those reported in the literature,
as shown in Fig. 5. This is a good sign concerning the func-
tionality of this modified three-phase model proposed to
predict the heat transfer mechanism between particles
and air interstitial.

The correlation obtained for describing the mass trans-
fer between particles and gas interstitial, expressed by Eq.
(13) in Table 4, needs to be rewritten regarding the gas con-
centration gradient to be compared to those reported in the
literature. Note that the driving force of vapor–water mass
transfer is expressed by the moisture content gradient in the
solid phase instead of the vapor concentration gradient in

FIG. 6. Comparison between simulated and experimental data: (a) drying curve; (b) seed temperature; (c) outlet air humidity and (d) outlet air tem-

perature (test 8; see Table 4).
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gas phase (see Eq. (7a)). Equation (14) is one specific to
grass seeds since this involves the vapor–water diffusion
inside the solid surface.

By incorporating Eqs. (12) to (14) into the model, the
computer model program could be run to simulate the dry-
ing operation conditions obtained in test 8 (see Table 4). In
Fig. 6, simulated data are compared to experimental data.
Although operation conditions are quite different from
other experiments, simulated data of Ys and YgL (¼ Yg in
Fig. 6) agree quite well with the experimental data within
the 95% confidence range, based on the experimental error
(indicates by the bar lines). Simulated data of TgL (¼ Tg in
Fig. 6) agree to experimental data within 95% confidence
for an experimental error of 2�C equivalent to that obtained
by considering the wall and ambient temperature constants.

CONCLUSION

A modified version of the three-phase model is
developed in this work to incorporate two different drying
kinetics mechanisms in order to describe the constant and
the falling rate periods. Moreover, this modified version
includes also the effect of particle shrinking into drying
kinetics and flow dynamics.

Based on the results, this modified version model simu-
lates well the drying of grass seeds in laboratory-scale flui-
dized beds, where the continuously slugging regime governs
the interstitial gas phase flow. These results validate the
approach used to describe drying kinetics and particle
shrinkage.

Improvements in this model can be performed by apply-
ing it for pilot-scale fluidized beds of different particles
belonging to Geldart group D. Following this goal, experi-
mental works are already in development.
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NOMENCLATURE

AL Lateral area of the bed column ¼ pDcL (m2)
a Specific exchange superficial area between gas

and particles (m�1)
cp Specific heat (m2 s�2 K�1)
c1 Parameter dependent on particle size, specified in

Table 1
Dc Column diameter (m)
Def Effective moisture diffusivity (m2=s)
Dvi Diffusion coefficient of vapor into air (m2=s)
d Diameter (m)
Ew Rate of energy loss through column wall per unit

of bed volume (kJ s�1 m�3)
fE1 Rate of heat transfer between solid–interstitial

gas along dz per unit of bed volume (kJ s�1 m�3)

fE2 Rate of heat transfer between interstitial gas and
bubbles along dz per unit of bed volume (kJ s�1

m�3)
fE1T Rate of heat transfer between solid–interstitial

gas along all bed height per unit of bed volume
(kJ s�1 m�3)

fM1 Rate of mass transfer between solid–interstitial
gas along dz per unit of bed volume (kg s�1 m�3)

fM2 Rate of mass transfer between interstitial gas and
bubbles along dz per unit of bed volume (kg s�1

m�3)
fM1T Rate of mass transfer between solid–interstitial

gas along all bed height per unit of bed volume
(kg s�1 m�3)

fw Wall effect factor defined in Table 2
G Air mass flow rate per cross sectional area of the

column (kg m�2 s�1)
H Specific enthalpy (m2 s�2)
Hcol Height of the column (m)
h Effective heat transfer coefficient between solid

and interstitial gas phase [kg s�3 (�C)�1]
hba1 Volumetric heat transfer coefficient between

bubble and interstitial gas phase [kg m�1 s�3

(�C)�1]
kg Thermal condutivity of gas (kg s�3)
kI Parameter defined in Eq. (7a) (s�1)
ks Effective mass transfer coefficient between solid

and interstitial gas phase (kg m�2 s�1)
ks1a1 Volumetric mass transfer coefficient between

bubble and interstitial gas phase (kg m�3 s�1)
L Expanded bed height (m)
RH Relative air humidity (% or � )
S Superficial particle area (m2)
T Temperature (�C or K)
TR Reference temperature, ¼ 273.15 K
Tg

M Mean gas temperature along the bed height
(enthalpy balance for the bubble and interstitial
gas mixture (�C or K)

t Time (s)
U Superficial gas velocity (m=s)
ua Mean bubble or slug velocity (m=s)
ub Rise velocity of an isolated bubble or slug (m=s)
V Volume (m3)
VB Bed volume ¼ pDc2 L=4 (m3)
x1 Adjustable model parameter, defined in Eq. (6)
x2 Adjustable model parameter, defined in Eq. (6)
x1I Adjustable model parameter, defined in Eq. (7b)
x2I Adjustable model parameter, defined in Eq. (7b)
x1II Adjustable model parameter, defined in Eq. (8b)

(m2=s)
x2II Adjustable model parameter, defined in Eq. (8b)

(K)
Y Water content in dry basis
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Y� Equilibrium moisture content
Yscr Critical moisture content
z Axial coordinate (m)

Greek Symbols

aw Heat transfer coefficient between column walls
and air ambient [kJ s�1m�2 (�C)�1]

d Volumetric bubble concentration
e Bed porosity
k� Heat of vaporization at TR (kJ kg�1)
l Viscosity (kg s�1 m�1)
q Density (kg m�3)
/ Particle sphericity

Subscripts

0 Initial value
a Ambient
b Bubble
bed Bed
exp Experimental
g Gas
i Interstitial gas
l Liquid water
m Gas–solid mixture
mb Minimum bubbling condition
mf Minimum fluidization condition
out Outlet
p Particle
s Solid
v Vapor water
w Wall

Superscripts

M Mean value

Dimensionless Numbers

Nu Nusselt number (¼h.dp=kgi)
Rep Reynolds number of particle (¼Ggi.dp=mgi)
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