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Abstract

This study sought to develop a mathematical model of rapid, high temperature heat treatment of stored grains in a fluidized bed. The
model was intended to evaluate dynamic changes in temperature distributions inside grain kernel, and grain and exit air temperatures.
No differences in temperature profiles within individual paddy kernels obtained from either analytical or numerical solutions for one- and
two-dimensional heat diffusion models were found. Cylindrical coordinates gave clearer pictures of temperature profiles than spherical
coordinates, and the former was chosen for the model. Thin-layer heat diffusion alone is inadequate for explaining transport phenomena
in a fluidized bed; it must be incorporated into a deep bed model. The loss of as little as 1.0% dry basis moisture content from the grain
surface during heating significantly affected the predictiveness of the model. Therefore, a model coupling heat and mass transfer performs
much better in predicting grain and exit air temperatures than one that neglects the effect of moisture loss, when compared with the
experimental results. The results showed agreement between the measured and predicted results, although the predicted results tended
toward over-estimation. The results indicate that the model is a powerful tool for disinfestation applications, to predict the exposure time
required to obtain lethal temperatures throughout grain kernel, so ensuring the total mortality of insects within it.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

For many decades, chemical methods have been used
world-wide for controlling insect pests in agricultural prod-
ucts, such as fruits and cereal grains. However, because of
increasing consumer dissatisfaction with the presence of
residues in cereals and other foodstuffs, more interest has
recently been directed towards thermal treatment methods.
Heat disinfestation, conventional heating comprised of
convective heat transfer from a medium, usually heated
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air or hot water, to the product surface, after which the
heat flows inward from the surface to the center of the
product, as well as combinations of convective and radia-
tion heat transfer, have been extensively studied for con-
trolling insect pests in fruits [1–11] and grains [12–22].
Technologies for the rapid high temperature disinfestation
of grain have been available for many years; among these
technologies is the fluidized bed which has interested many
researchers [12–17] because of its great advantages in rap-
idly promoting heat transfer and thorough mixing, leading
to uniform product properties. High temperature disinfes-
tation of wheat in batch fluidized beds apparently per-
formed very well, in completely killing all stages of insect
pests when grain reached maximum temperature, up
to 60–90 �C [12,13,15]. Evans et al. [16] carried out
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Nomenclature

At surface area of a single cylindrical paddy kernel
(m2)

c specific heat (J/kg K)
Dp equivalent diameter of paddy (m)
h heat transfer coefficient (W/m2 K)
hfg latent heat (J/kg)
DH heat of vaporization (J/kg)
J0 Bessel function zero order
J1 Bessel function first order
k thermal conductivity of paddy (W/m K)
ka thermal conductivity of air (W/m K)
2L length of paddy (m)
ma mass flow rate of air (kg/s)
mw moisture evaporated from a single paddy

(kg water evaporated/one paddy)
mp mass of a single paddy (kg/one paddy)
mb total dry mass of paddy in the bed (kg)
mwp total mass of moisture evaporated in the bed

(kg water evaporated)
M moisture content (decimal dry basis)
Nu Nusselt number (–)
Pr Prandtl number (–)
r radial distance from center of paddy (m)
Dr space step in r-direction (m)
R radius of paddy (m)
RC fraction of recycled air (–)
S Biot number of heat transfer (–)
t time (s)
Dt time step (s)
T temperature (�C)
Tabs absolute temperature (K)

T p average temperature of paddy (�C)
Tmean arithmetic mean temperature of air across the

bed (�C)
v velocity (m/s)
Vp volume of a single paddy (m3/one paddy)
W air humidity ratio (kg water/kg dry air)
Dz space step in z-direction (m)
z axial distance from center of paddy (m)

Subscripts
a air
amb ambient
in initial
i inlet
i space nodal grid index (radial axis)
j space nodal grid index (axial axis)
mix mixing condition of air
n time nodal grid index
o outlet
p paddy
s surface
v vapor
w water

Greek symbols

a thermal diffusivity (m2/s)
bn root of Bessel function (–)
e bed void (–)
qa density of air (kg/m3)
qb bulk density of paddy (kg/m3)
qt true density of paddy (kg/m3)
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experiments in a 0.5 ton per hour capacity continuous-flow
fluidized bed, where grain was heated to at least 65 �C to
obtain complete mortality of all immature stage of heat-
tolerant species. The other rapid high temperature tech-
niques for grain disinfestation are spouted bed, studied
by Claflin and Evans [18] and Beckett and Morton [19],
and pneumatic conveyor, studied by Sutherland et al.
[20,21].

However, different insect species and stages, physical and
thermal properties of products, and product size have differ-
ent susceptibilities to heat treatment and furthermore, mor-
tality is not related only to grain temperature; the rate at
which the grain is heated is also important, and an increas-
ing rate of heating by a higher medium temperature will cre-
ate thermal shock and achieve significantly higher mortality
[15,19,22]. Above tests for investigating conditions to meet
insect mortality, therefore, are very labor-intensive and
costly, and the results are only valid for the product tested
under the specified conditions investigated. Furthermore,
there is difficulty in measuring temperature distribution
inside small products, such as cereals. Several researchers
[9–12] have endeavored to develop mathematical methods
to investigate the influences of the physical properties of
fruit and heating methods on the evolution of temperature
profiles inside fruits, and the heat transfer rate to the fruit
core, which directly relates to insect mortality.

In an effort to predict maximum wheat temperature dur-
ing the heat disinfestation process, Sutherland et al. [21]
developed a model for wheat heat in a pneumatic conveyor,
based only upon heat transfer mechanism, without includ-
ing moisture transfer from the grain to the heated air.
Thorpe [17] used his model to predict wheat temperature
in a continuous-flow fluidized bed disinfestor. His model
was derived from a simplified assumption of thermal
equilibrium conditions between air leaving the bed and
grain in the bed, which led to the model not necessarily
dealing with the heat transfer coefficient. The model could
not present the evolution of temperature profiles regarding
the time required for complete mortality, which is useful
for explaining insect death.
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Fig. 1. The cylindrical geometry of grain kernel used for simulation.
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The purpose of the present study is to develop a model
to investigate the influence of thermal treatments for paddy
in a fluidized bed on dynamic changes in temperature
profile and moisture content, as well as maximum paddy
temperature obtained at a given exposure time. A model
accounting only for heat transfer mechanism and another
coupling both heat mass transfer phenomena are discussed
in this study. The spherical and cylindrical coordinates for
grain are compared in the simulation results from the heat
diffusion equation, and the results obtained from analytical
and numerical methods are also investigated for both coor-
dinates. The validity of the model is checked with the
experimental results. However, while the insect mortality
test is not within the scope of this study, we anticipate that
this research will provide valuable outcomes for further
research into heat disinfestation for paddy by fluidized
bed technique.

2. Transient thin-layer heat diffusion model

The thin-layer models for heat diffusion assume that
grain diffusivity remains constant throughout the grain ker-
nel, which is isotropic and in which shrinkage is negligible.
The first model is based on one-dimensional heat diffusion
for spherical geometry, as follows:

oT
ot
¼ a

o2T
or2
þ 2

r
oT
or

� �
ð1Þ

which is the equation of conservation of energy.
The initial and boundary conditions are:
Initial condition

t ¼ 0; 0 6 r 6 R : T ¼ T in ð2Þ

Boundary condition

t > 0; r ¼ 0 :
oT
or
¼ 0 ð3Þ

r ¼ R : k
oT
or
¼ hðT a � T sÞ ð4Þ

The convection boundary equation (Eq. (4)) does not ac-
count for moisture loss from the kernel surface during
the heat disinfestation process. The average grain tempera-
ture T PðtÞ is obtained by integrating T(r, t) over the sphere
volume.

T PðtÞ ¼
4p
V P

Z R

0

r2T ðr; tÞdr ð5Þ

The second model is based on cylindrical coordinates with
similar assumptions to the first model, and may be ex-
pressed as follows:

oT
ot
¼ a

o2T
or2
þ 1

r
oT
or
þ o2T

oz2

� �
ð6Þ

which is the cylindrical geometry of the grain kernel, as
shown in Fig. 1. The initial and boundary conditions are
described as follows:
Initial conditions

t ¼ 0; 0 6 r 6 R : T ¼ T in ð7Þ
0 6 z 6 L : T ¼ T in ð8Þ

Boundary conditions

t > 0; r ¼ 0; 0 6 z 6 L :
oT
or
¼ 0 ð9Þ

z ¼ 0; 0 6 r 6 R :
oT
oz
¼ 0 ð10Þ

r ¼ R; 0 6 z 6 L : k
oT
or
¼ hðT a � T sÞ ð11Þ

z ¼ L; 0 6 r 6 R : k
oT
oz
¼ hðT a � T sÞ ð12Þ

The average temperature of grain in a cylindrical shape is
defined by:

T PðtÞ ¼
2p
V P

Z L

0

Z R

0

rT ðr; tÞdr dz ð13Þ

For a sphere with an aid of analogy between heat and mass
diffusion problem, the solution form of mass diffusion in a
sphere proposed by Vernaud [23] is used, as the solution to
Eqs. (1)–(4), in which the solution is in the form containing
temperature rather than the concentration of diffusing sub-
stance as a space-time dependent variable, and may be
expressed as

T � T ðr; tÞ
T � T in

¼ 2SR
r

X1
n¼1

1

b2
n þ S2 � S

� � sin bnr
R

� �
sin bn

exp � b2
n

R2
at

� �

ð14Þ
where the bns are roots of the following equation:

bn cot bn þ S � 1 ¼ 0 ð15Þ

and the dimensionless number S is a Biot number for heat
transfer, which is an indication of internal thermal resis-
tance to external boundary layer thermal resistance, and
may be expressed as

S ¼ hR
k

ð16Þ

For a cylinder, the solution of a two-dimensional, time-
dependent heat conduction problem is equivalent to the
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Fig. 2. Comparison of temperature profiles inside a spherical paddy
kernel between obtaining from numerical and analytical solution of thin
layer model.

Fig. 3. Temperature profiles inside a cylindrical paddy kernel computed
by analytical solution at inlet air temperature of 70 �C.
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product of the solution of two one-dimensional transient
heat conduction problems [24], thus the solution to deter-
mine the temperature profile of a finite cylinder associating
to Eqs. (6)–(12) is

T � T ðr; z; tÞ
T � T in

¼ T � T ðr; tÞ
T � T in

� �
infinite cylinder

� T � T ðz; tÞ
T � T in

� �
infinite plate

ð17Þ

where the solutions for infinite cylinder and infinite plate
are again adapted from the solution of Vernaud [23], as
follows:

For infinite cylinder (non-steady state with finite rate of
convection heat transfer)

T � T ðr; tÞ
T � T in

� �
infinite cylinder

¼
X1
n¼1

2SJ 0 bn
r
R

� �
b2

n þ S2
� �

J 0bn

exp � b2
n

R2
at

� �

ð18Þ
where bns are roots of

bnJ 1ðbnÞ � SJ 0ðbnÞ ¼ 0 ð19Þ
which J0 and J1 are Bessel function zero and first order,
respectively, and may be described as [25]

J 0ðbnÞ ¼ 1� b2
n

22
þ b4

n

22 � 42
� b6

n

22 � 42 � 62
þ . . . ð20Þ

J 1ðbnÞ ¼
bn

2
� b3

n

22 � 4
þ b5

n

22 � 42 � 6
� b7

n

22 � 42 � 62 � 8
þ . . . ð21Þ

where bn can be simultaneously solved from Eqs. (19)–(21)
by iteration procedure.

For infinite plate (non-steady state with finite rate of
convection heat transfer)

T � T ðz; tÞ
T � T in

� �
infinite plate

¼
X1
n¼1

2S cos bn
z
L

� �
b2

n þ S2 þ S
� �

cos bn

� exp � b2
n

L2
at

� �
ð22Þ

where L is half plate thickness, bns are positive roots of

bn tan bn ¼ S ð23Þ

Numerical solutions were also used to solve the partial dif-
ferential equations with mixed boundary conditions, and
the corresponding results were compared with the com-
puted results obtained from analytical solutions (Eqs.
(14) and (17)). The finite-difference approach was used to
discretize the derivative in partial differential equations into
a system of algebraic equations, the well-known Crank–
Nicholson implicit method was chosen to solve spherical
coordinate problems and an explicit method for cylindrical
coordinate problems. To simulate a heat diffusion thin-
layer model, it is reasonably assumed that air temperature
remains unchanged when passing through a thin layer of
grain; thus, the thermodynamic properties of air used for
calculation can be evaluated at the inlet air temperature.
The heat transfer coefficient correlation and the thermal
properties of paddy can be found in the relevant section
of this study. The moisture content of the paddy was as-
sumed to be constant at 14% dry throughout the heating
period, which is generally in the range for the moisture con-
tent of stored paddy.

Fig. 2 shows the computed temperature distribution
inside a spherical paddy kernel with 3.5 mm equivalent
diameter at inlet air temperature of 70 �C and air velocity
of 2.5 m/s. The temperature data of both solutions,
obtained from analytical and numerical methods, appeared
to be indistinguishable. The intra-temperatures became
uniform across the grain kernel and were elevated to inlet
air temperature within 60 s of commencement.

Figs. 3 and 4 show predicted temperature profiles inside
a paddy kernel assumed to be cylindrical in the air condi-



Fig. 4. Temperature profiles inside a cylindrical paddy kernel computed
by numerical solution at inlet air temperature of 70 �C.
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tions for an assumed spherical paddy kernel. A cylindrical
paddy kernel has a diameter of 2.5 mm and length of
9.5 mm. In Fig. 3, the temperature profiles determined by
analytical solution are identical with those determined by
numerical solution, as shown in Fig. 4. It is clearly seen
that temperature along with the radius became uniform
more rapidly than along with the length, however, there
is no evidence of temperature gradient within a kernel,
either in the radial or axial direction, exiting after 60 s of
heating. This is consistent with the computed results for a
spherical paddy kernel.

Fig. 5 presents the average grain temperature of a
spherical grain kernel compared with that of the cylindrical
grain kernel. It is evident that there is almost no differ-
ence in the average grain temperature between both
coordinates.
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Fig. 5. Comparison between predicted average paddy temperature of a
spherical and cylindrical shape at inlet air temperature of 70 �C.
3. Model development for heat disinfestation

in a fluidized bed

Even though the thin-layer heat diffusion models dis-
cussed above can provide temperature profiles inside grain
kernels, which is necessary for analyzing the mortality of
all insects inside grain kernels, they alone cannot suffi-
ciently describe the transport process phenomena in deep
bed grain disinfestations, such as fluidized bed disinfesta-
tion. They must be incorporated into a deep bed simulation
model derived from mass and energy conservation laws.
Because there are differences in heat diffusion rates between
axial and radial directions, a paddy kernel was assumed to
be a cylindrical object, as discussed in Section 2, and a geo-
metric cylinder should be more appropriate than a spheri-
cal shape for paddy. Thus, cylindrical coordinates of heat
diffusion equation were used in the simulation.

The following assumptions were made in developing the
model:

1. Paddy kernels are uniform in size and internally
homogeneous.

2. In the first fluidized bed disinfestation model, assuming
that any change in the moisture content of stored grain
is very small and has no effect on the process, moisture
loss from the grain surface was not accounted for. How-
ever, in the second model, moisture loss and the corre-
sponding heat of evaporation were added to the
convective boundary conditions and energy equation,
respectively.

3. The effects of heat conduction and moisture transfer
between the grains, and heat loss, were not accounted
for.

4. The accumulation of thermal energy and water vapor in
the air in the bed was disregarded.

5. It was assumed that the grains were well mixed and had
the same temperature and moisture content at any loca-
tion in the bed.

6. With respect to up-modulating high air temperature and
high air flow rate, as in a fluidized bed application, it
was assumed the exit air and the grains in the bed had
not reached a condition of thermal equilibrium.

To simulate heat disinfestation in a fluidized bed system,
in which part of the exhaust air is recycled for energy-
saving reasons, the system is divided into a series of
elementary control volumes, as shown in Fig. 6. The basic
principles of the laws of mass and energy conservation,
accounting for convective heat transfer and mass transfer
based on the empirical model fitted from the experimental
data, are employed to each elementary control volume,
leading to a set of governing equations, as follows:

3.1. Fluidized-bed chamber (cv. 1)

The appreciable fluidization of grains accounting for a
current model is characterized by assuming the well-mixed
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condition of grains (Assumption 5) so as all grains else-
where inside the bed are in the same moisture content
and temperature.

3.1.1. Macroscopic mass balance

Control volume 1 (cv. 1), as shown in Fig. 6, represents
the fluidized-bed chamber. By employing Assumption 4,
that the accumulation rate of water vapor in the air within
the bed is not accounted for, the physical meaning of the
law of mass conservation may be written as

½Mass of moisture evaporated from grain�
¼ ½Change in moisture of grain�
¼ ½Change in humidity of air�

which are mathematically expressed as follows:

mwb ¼ mb

dM
dt

ð24Þ

and

�mb

dM
dt
¼ ma W a;o � W a;ið Þ ð25Þ

term dM
dt

� 	
can be determined by applying Eq. (31) and is

not implied if moisture loss is not accounted for.
3.1.2. Macroscopic energy balance

With the Assumption 4 that the accumulation of ther-
mal energy in the air in the bed is negligible. The exchange
energy between the air across the bed and the grains gives a
relationship, as follows:

½Enthalpy change of air across bed�
¼ ½Internal change of the grain in the bed�
þ ½Energy used for evaporation of moisture

evaporated from the grain�
þ ½Energy for increasing the temperature of the

moisture evaporated to the temperature of the air�

The last term on the right-hand side of the above equation
may be omitted when compared with other terms, and is
mathematically expressed as

macaðT a;i � T a;oÞ þ macvðW a;iT a;i � W a;oT a;oÞ

¼ mbðcp þ cwM inÞ
dT p

dt
þ mwbDH ð26Þ

which is a non-equilibrium thermal condition. The last
term on the right hand side of Eq. (26) (mwbDH) is respon-
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sible for the heat of evaporation and is not considered
when the moisture evaporated is negligible.

3.1.3. Heat and mass transfer of a single grain

Heat transfer of a single grain is governed by a heat dif-
fusion equation for cylindrical geometry, with appropriate
initial and boundary conditions, as described by Eqs. (6)–
(12). In the second fluidized bed heat disinfestation model,
including accounting for moisture loss from the grain sur-
face, boundary equations (11) and (12) are replaced by the
following equations:

t > 0; r ¼ R; 0 6 z 6 L : k
oT
or
¼ hðT a � T sÞ � mw

DH
At

ð27Þ

z ¼ L; 0 6 r 6 R : k
oT
oz
¼ hðT a � T sÞ � mw

DH
At

ð28Þ

moisture loss of a single grain (mw) can be determined from

mw ¼ mp

dM
dt

ð29Þ

where

mp ¼ qtV p ð30Þ
Term dM

dt

� 	
is the rate of change in moisture content in

which the relationship between the moisture content (M)
and the disinfestation time (t) was evaluated by fitting
corresponding data from the present experiments carried
out under the various heating temperatures. A exponential
form correlation performed by least square method was
found to provide good agreement between the experimen-
tal data and the correlation, and can be expressed as

MðtÞ ¼ M in � expðaÞ expðb ln T a;iÞ expðc ln tÞ ð31Þ

where t is disinfestation time (s), and a, b, c are constant
parameters for the various disinfestation temperatures,
shown below:

Air temperature (<75 �C): a ¼ �20:3969; b ¼ 4:3215;
c ¼ 0:4883.
Air temperature (<110 �C): a ¼ �9:7093; b ¼ 1:8136;
c ¼ 0:5778.
Air temperature (<150 �C): a ¼ �6:7201; b ¼ 1:2184;
c ¼ 0:4234.

3.2. Mixing section (cv. 2)

Because the system employs exhaust air recycling, the
ambient air temperature must be elevated to inlet air tem-
perature and hence the mixing temperature must be deter-
mined before assessing the energy required to heat the
mixed air to desirable inlet air temperature. Using the basic
knowledge of energy conservation, the mixing temperature
can be determined by the following equation:
mmixcaT mix þ mmixW mixðhfg þ cvT mixÞ � ð1�RCÞmacaT amb

� ð1�RCÞmaW ambðhfg þ cvT ambÞ �RCmacaT a;o

�RC maW a;oðhfg þ cvT a;oÞ ¼ 0 ð32Þ

The mass balance for the air phase is written as

mmix ¼ ma ð33Þ
and the mass balance for the vapor phase is expressed as

W mix ¼ RCW a;o þ ð1�RCÞW amb ð34Þ
The increase in the humidity of the air leaving the bed, by
moisture transferred from the surface of stored grains,
which usually have a relatively low moisture content and
for which it is difficult to shed moisture, is very small and
can be approximately unchanged when the air leaves the
bed. Thus Eqs. (25) and (34) can be simplified to

W a;o ffi W a;i ð35Þ

and

W mix ffi W a;o ð36Þ
3.3. Heating chamber (cv. 3)

The energy input to heat air before entering the fluid-
ized-bed chamber can be calculated from

Q ¼ mmixðca þ W mixcvÞðT a;i � T mixÞ ð37Þ
3.4. Properties and thermodynamic equations

The correlation of heat transfer subjected to the fluid-
ized bed reported by Kunii and Levenspiel [26] was selected
for simulation, and may be expressed as

Nu ¼ 2þ 0:6Re0:5Pr0:33 ð38Þ
where h = Nuka/Dp, Re = qavaDp/la; (0.1 < Re < 104) and
Pr = cala/ka.

In which Dp equates with the diameter of a grain.
Although Eq. (38) is primary correlated for spherical par-
ticles in the fluidized bed but it is permitted for non-spher-
ical particle as well.

Expressions for properties of product and thermody-
namics equations for air–water systems (Eqs. (49)–(60))
are listed in Tables 1 and 2. Eqs. (52)–(54) are used to cal-
culate true density of paddy qt and hence the mass of one
grain may be determined from Eq. (30).

4. Solution algorithm

The solution procedure for the governing equation
involves the following steps:

1. Parameters, i.e. inlet air temperature (Ta,i), inlet air
humidity (Wa,i), which is approximately equal to ambi-
ent air humidity (Wamb), initial moisture content (Min),
initial grain temperature, air mass flow rate (ma), dry



Table 1
Properties of paddy used for simulation [27–29]

Equations Property Expression References Units

(49) DH DH ¼ ð2502� 2:386T pÞð1þ 2:496 expð�21:733MÞÞ � 103 [27] J/kg H2O
(50) cp cp = 1.11 · 103 + 44.8(M/(1 + M)) [27] J/kg
(51) k k = 0.0863 + 0.00134(M/(1 + M)) [28] W/m K
(52) e e = 0.62 � 0.25(M/(1 + M)) [29] Decimal
(53) e e = 1 � qb/qt [30] Decimal
(54) qb qb = 552 + 282(M/(1 + M)) [29] kg/m3

Table 2
Thermodynamics of air and water system [27,30]

Equations Property Expression Units

(55) ca ca = 1.00926 · 103 � 4.0403 · 10�2T + 6.1759 · 10�4T2 � 4.097 · 10�7T3 J/kg K
(56) ka ka = 2.425 · 10�2 + 7.889 · 10�5T � 1.790 · 10�8T2 � 8.570 · 10�12T3 W/m K
(57) qa qa = 101.325/(0.287Tabs) kg/m3

(58) la la = 1.691 · 10�5 + 4.984 · 10�8T � 3.187 · 10�11T2 + 1.319 · 10�14T3 kg/m s
(59) cv cv = 1.883 · 103 � 1.6737 · 10�1T + 8.4386 · 10�4T2 � 2.6966 · 10�7T3 J/kg K
(60) cw cw = 2.8223 · 103 + 11.828T � 3.5043 · 10�2T2 + 3.601 · 10�5T3 J/kg K
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mass of paddy in bed (mb), air recycling ratio (RC), and
superficial air velocity, are taken as input parameters to
initiate the simulation.

2. For each given time step, by applying the heat diffusion
equation for cylindrical coordinates (Eq. (6)) and appro-
priate initial and boundary conditions (Eqs. (7)–(12)) or
replacing Eqs. (11) and (12) with Eqs. (27) and (28)
where accounting for moisture loss, temperature profiles
inside the kernel, in respect to a given time step, can be
determined. Moisture loss from one grain (mw) appeared
in the convection boundary conditions (Eqs. (27) and
(28)) can be evaluated from Eqs. (29)–(31). The temper-
ature of the air decreases as it flows throughout the bed;
thus, to calculate the corresponding heat transfer coeffi-
cient, the properties of the air are evaluated at an aver-
age temperature between inlet and exit air. However, the
exit temperature (Ta,o) is not yet known; therefore, in
this step, an iterative solution is necessary and Ta,o is
(0,0)

)j(0, max )j,(i maxmax

rΔ

zΔ

(imax,0)

Fig. 7. Numerical grids for a one-forth cylindrical object for the governing
equations.
assumed as initial estimate to determine the heat transfer
coefficient and the solution of the heat diffusion equa-
tion, respectively. The implicit finite difference with the
discrete grid of the cylindrical object, as shown in
Fig. 7, was advanced. The finite difference representing
the governing equations, including accounting for mois-
ture loss, may be written in the following form:

Case 1: i = 0, j = 0

T nþ1
0;0 ¼ ð1� 4F r � 2F zÞT n

0;0 þ 4F rT n
1;0 þ 2F zT n

0;1 ð39Þ

Case 2: i = 0, j = jmax

T nþ1
0;jmax

¼ ð1� 4F r � 2F zbN ÞT n
0;jmax
þ 2F zT n

0;jmax�1

þ 4F rT n
1;jmax
þ 2F zcN � 2F z

Dz
k

� �
mwDH

At

� �

ð40Þ

Case 3: i = imax, j = 0

T nþ1
imax;0
¼ ð1� 2F rbM � 2F zÞT n

imax ;0
þ 2F rcM

þ 2F rT n
imax�1;0 þ 2F zT n

imax;1

� 1þ 1

2i

� �
2F rDr

k

� �
mwDH

At

� �
ð41Þ

Case 4: i = imax, j = jmax

T nþ1
imax;jmax

¼ ð1� 2F rbM � 2F zbN ÞT n
imax ;jmax

þ 2F rcM

þ 2F zcN þ 2F rT n
imax�1;jmax

þ 2F zT n
imax;jmax�1 � 2

F zDz
k

� �
mwDH

At

� �

� 1þ 1

2i

� �
2F rDr

k

� �
mwDH

At

� �
ð42Þ
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Case 5: i = imax, j = 1,2,3, . . . , jmax � 1

T nþ1
imax ;j
¼ ð1� 2F rbM � 2F zÞT n

imax ;j
þ 2F rcM

þ 2F rT n
imax�1;j þ F zT n

imax ;jþ1 þ F zT n
imax;j�1

� 1þ 1

2i

� �
2F rDr

k

� �
mwDH

At

� �
ð43Þ

Case 6: i = 1,2,3, . . . , imax � 1, j = jmax

T nþ1
i;jmax
¼ ð1� 2F r � 2F zbNÞT n

i;jmax

þ 1þ 1

2i

� �
F rT n

iþ1;jmax
þ 2F zcN

þ 1� 1

2i

� �
F rT n

i�1;jmax
þ 2F zT n

i;jmax�1

� 2F zDz
k

� �
mwDH

At

� �
ð44Þ

Case 7: i = 1,2 ,3, . . . , imax � 1, j = 0

T nþ1
i;0 ¼ ð1� 2F r � 2F zÞT n

i;0 þ 1þ 1

2i

� �
F rT n

iþ1;0

þ 1� 1

2i

� �
F rT n

i�1;0 þ 2F zT n
i;1 ð45Þ

Case 8: i = 0, j = 1,2,3, . . . , jmax � 1

T nþ1
0;j ¼ ð1� 4F r � 2F zÞT n

0;j þ 4F rT n
1;j þ F zT n

0;jþ1

þ F zT n
0;j�1 ð46Þ

Case 9: i = 1,2,3, . . . , imax � 1, j = 1,2,3, . . . ,jmax � 1

T nþ1
i;j ¼ ð1� 2F r � 2F zÞT n

i;j þ 1þ 1

2i

� �
F rT n

iþ1;j

þ 1� 1

2i

� �
F rT n

i�1;j þ F zT n
i;jþ1 þ F zT n

i;j�1 ð47Þ

The stability criterions for the above equations are

F r þ F z 6
1

2
ð48Þ

where

F r ¼
aDt
Dr2

; a ¼ k
qtcp

F z ¼
aDt
Dz2

bN ¼ 1þ Dz
h
ka

� �

bM ¼ 1þ 1þ 1

2i

� �
Dr

h
ka

� �

cM ¼ 1þ 1

2i

� �� �
Dr

h
ka

� �
T mean; T mean ¼

T a;i þ T a;o

2

cN ¼ Dz
h
ka

� �
T mean

In the above equations, terms involving evaporated
moisture are neglected if not considering moisture loss
during the heat disinfestation process.

3. Knowing the temperature accompanied by each
node inside the grain kernel, the average temperature
can be resolved by applying Simpson’s method to
Eq. (13).

4. From the mass and energy conservation equations (Eqs.
(24)–(26)), the exit air temperature is determined and
compared to the initial estimated value. If the difference
in result is not within an acceptable level, the initial esti-
mate will be changed to the update result, and the entire
procedure repeated until the difference in the exit air
temperature is less than 0.005 �C, which is considered
insignificant based on practical considerations. Once
the solution regarding the fluidized-bed chamber section
has been assembled, the simulation will be continued
further for subsequent sections, by solving Eq. (25) to
determine the change in humidity ratio of the air leaving
the bed, Eqs. (32) and (34) to calculate mixing tempera-
ture and mixing humidity ratio of the air departing from
mixing section and Eq. (37) to find out heat input. In the
specific event of not accounting moisture evaporated,
Eqs. (25) and (34) are omitted and consequently
replaced by Eqs. (35) and (36).

5. The final conditions of the air throughout the bed and
the grain within the bed, accomplished by the procedure
in steps 1–4, are now initialized for the condition of the
next time step. The entire procedure is repeated until the
end of the disinfestation period.

5. Experiments

Experiments were conducted to validate the simulation
results of changes in air and grain temperatures during
the heat treatment process.

5.1. Materials

Experiments with paddy heating were conducted using a
fluidized bed batch disinfestor, as shown in Fig. 6. The flu-
idized-bed chamber was made of stainless steel and was of
a cylindrical shape, 20 cm in diameter and 140 cm in
height. The chamber and connected air ducts were insu-
lated with fiberglass insulation 25 mm in thickness. Hot
air was distributed to the bottom of the chamber through
an air distributor plate. Air was heated by electric heaters
with a total capacity of 12 kW. The inlet air temperatures
were automatically controlled by PDI temperature control-
ler, with an accuracy of ±1 �C. Temperatures were mea-
sured by a data logger and a temperature indicator with
an accuracy of ±1 �C connected to a type K thermocouple.
Air velocity was measured by hot wire anemometer with an
accuracy of ±5%. A mechanical variable speed drive was
used to regulate blower motor speed to attain the desired
airflow rate.

5.2. Experimental set-up and conditions

Dried long-grain rough rice (paddy) with moisture con-
tents in the range 12–14% (dry basis) was selected as the
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test material. 0.8 kg of paddy, which created a non-fluid-
ized bed height of 4 cm, was loaded into the fluidized
chamber for each experiment. To guarantee complete fluid-
ization of paddy is attained, the fluidization velocity of
2.5 m/s, which is equal to 1.5 times of the calculated mini-
mum fluidization velocity (1.65 m/s), was used and held
constant, and the percentage-air-recycled ratio was set at
20% for each experiment. The exit air temperatures were
measured at a distance of 85 cm above the air distributor.
The paddy samples were taken for determination of tem-
perature and moisture content at intervals of 10 s. To
ensure that the process mechanism was not deviated from,
or disturbed by collecting the samples, the process with
same desired conditions was restarted after collecting
each sample until the target time was reached. The inlet
air temperatures were set at 60, 80, 100 and 120 �C,
respectively.

6. Result and discussion

6.1. Prediction of temperature gradient inside individual

paddy kernel

Fig. 8 presents the moisture profile inside individual
paddy kernels at an air temperature of 70 �C computed
by the fluidized bed model, in which the moisture evapora-
tion effect was not accounted for. Heat flow patterns simi-
lar to the thin-layer model (Fig. 4) were observed, but
different times were required for temperature equalization.
The temperature throughout the grain kernel, as predicted
by the fluidized bed model, attained uniformity more
slowly than that predicted by the thin-layer model. This
is because the air temperature used for calculating heat
transfer coefficient and heat transfer rate in the thin layer
model was assumed unchanged and was equal to the inlet
air temperature, whilst the fluidized bed model acknowl-
Fig. 8. Temperature profiles inside a cylindrical paddy kernel computed
by fluidized bed model excluding moisture loss effect at inlet air
temperature of 70 �C.
edges the effects of air temperature changes within the
bed. Therefore, the arithmetic mean of the air temperatures
across the bed was used in calculation.

To provide a clearer picture, the average temperatures
of grain for both the thin layer and fluidized bed models,
corresponding to temperature distribution data in Figs. 4
and 8 were plotted, as shown in Fig. 9. It is indicative of
more rapid changes in grain temperature in the thin
layer model, leading to incorrect determination of the
lethal time required for mortality of insects inside grain
kernels.

6.2. Experimental validation without accounting

for moisture loss

Fig. 10(a–c) shows the experimental and predicted aver-
age grain temperatures and exit air temperatures at inlet air
temperatures of 60, 80, 100 and 120 �C, respectively. The
model excluding moisture loss effect over-predicted experi-
mental results where the dynamic changes in predicted val-
ues progressed more quickly than in the experimental
values and resulted in predicting grain and exit air temper-
atures approaching inlet air temperature at the end period,
whilst that did not happen in the experiments. It was also
noticeable that use of a higher inlet air temperature
resulted in higher discrepancies between experimental and
simulation results. Over-prediction of grain and exit air
temperatures was assumed to be caused by neglecting evap-
oration heat for moisture reduction during heat treatment,
leading to over-accelerating the changes in the predicted air
and grain temperatures. In an attempt to investigate the
relationship between moisture reduction and changes in
grain and air temperatures, the moisture content of grain
versus time under several inlet air temperatures were plot-
ted, together with air and grain temperatures, as shown in
Fig. 10. It is clearly illustrated that the moisture content of
the grain decreases with heating time, especially at high
inlet air temperatures, and this could affect the predictive-
ness of the model.
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6.3. Simulation of coupled heat and mass transfer

in fluidized bed disinfestor

The previous section indicated that a model in which the
influence of moisture evaporation on energy exchange
between air and grain was excluded did not provide a real-
istic prediction. Fig. 10 indicates that only 1.0% d.b. of
average moisture reduction may significantly affect the pre-
dicted results. To improve the model predicting grain and
exit air temperatures, moisture losses and the relative
energy used for evaporation are taken into account, and
then the solution is resolved by simultaneously combining
the heat exchange contribution and the moisture transfer
in the bed. The experimental data in Fig. 10(a–d) are dupli-
cated in Fig. 11(a–d), but the model incorporating moisture
transfer was used to predict grain and exit air temperatures
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Fig. 11. Simulation and experimental results of heat disinfestation fluidized bed model coupling heat and mass transfer.
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with a consequential improvement in predicted values. The
model predicted grain temperature more accurately than
exit air temperature, but not for the test undergoing inlet
air temperature of 120 �C. The discrepancies between pre-
dicted and measured exit air temperatures are between 2
and 5 �C (except for the testing under high inlet air temper-
ature of 120 �C) and may partly due to the effect of heat
loss through the wall of the fluidized-bed chamber. The
measuring point for the exit air is located 85 cm above
the air distributor plate, which is quite high compared with
a dynamic bed height where it is accompanied by most of
the fluidized grain; hence, those temperature values repre-
sent the temperature of the air leaving the chamber rather
than the temperature of the air leaving the bed.

The air temperature drop due to heat loss effect is
reflected by consistently lower measured temperature of
the air containing low energy, i.e. air with a low tempera-
ture of 60 �C than the measured temperature of the grain,
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as presented in Fig. 11(a), which is not possible unless it is
due to the heat loss effect. To investigate these errors, the
hand calculations (not shown herein) were performed for
heat loss calculation and found that the discrepancies
may reduce to 0.5–2.5 �C instead of 2–5 �C if involving
heat loss, confirming the responsibility of heat loss effect
for these discrepancies, in part. The model performed rea-
sonably well in predicting grain temperature, although the
predicted values were over-estimated. The differences in
predicted and measured values were less than 2–3 �C,
except for conditions with high inlet air temperature of
120 �C. After thoroughly checking the model, we believed
that the main factor significantly affecting grain tempera-
ture computation was the heat transfer coefficient. The heat
transfer coefficient used in the model determined subject to
the arithmetic mean temperature between the inlet and exit
air, which may be not be an adequate representation of the
temperature of the air across the bed. Some additional data
were required to investigate the variation in air tempera-
ture along with the fluidized bed height. Measurements
were taken and the data are shown in Fig. 12, which illus-
trates that the air temperature decreases sharply just above
2.5 cm from the air distributor plate and does not fall in
temperature once it is about 10 cm above the air distributor
plate. This means that the heat transfer coefficient, deter-
mined based on the arithmetic mean temperature of air is
over-estimated, resulting in over-prediction of grain tem-
perature. The effect of over-estimating the mean tempera-
ture of the air inside the bed will be more powerful,
especially in high temperature conditions, e.g. air tempera-
tures of 120 �C.

6.4. Model application for heat disinfestations

Although a long heat treatment time is adequate for us
to be confident of destroying the insect population how-
ever, the period cannot be too long because it must be bal-
anced with the impact on product quality. The appropriate
lethal time required for the complete mortality of all insects
embedded inside the product at various given operating
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Fig. 12. Experimental results of variation of air temperature within the
fluidized bed.
conditions may be determined by simulating the time that
all locations inside the product must attain the target tem-
perature. Increasing the rate of mortality by allowing the
product to undergo higher temperatures near the surface,
and more rapidly promoting the target temperature at
the center, or creating thermal shock [15,19,22], can also
be simulated by the model.

7. Conclusions

Cylindrical coordinates for the heat diffusion problem
were chosen rather than spherical coordinates to model flu-
idized bed heat disinfestation because of its clearer picture
of temperature profiles inside individual paddy kernels.
The simulation results from the thin layer heat diffusion
model, obtained from numerical methods, do not distin-
guish between those obtained from the analytical solution
method and the numerical method was used in modeling.
Coupling the thin-layer heat diffusion model with other rel-
evant mass and energy balance equations that were devel-
oped for the relative parts of the fluidized bed system
gave different results from applying the thin-layer model
alone. It was quite apparent that only 1.0% d.b. of grain
moisture reduction, the model which takes full account of
the changes in energies due to differential changes in mois-
ture content, significantly improve prediction of grain and
exit temperatures. The model tends to over-estimate grain
and exit temperatures in most cases considered, but the
errors are not considered significant. The use of arithmetic
mean temperature for air across the bed, to determine the
heat transfer coefficient, was primarily motivated by the
lack of information regarding variations in air temperature
within the bed, and led to over-estimation of grain temper-
ature, whilst the over-estimation of exit air temperature
was mainly due to the heat loss effect. Finally, in applying
heat disinfestations, the model is able to predict the mortal-
ity of insects inside grain kernels by knowing the lethal
temperature and operating conditions, so that conse-
quently the lethal time required for completely destroying
all insects can be determined.
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