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of Eq. (1) with respect to lime yields

dM(r) 6(Min — Meg)Derr e n e Dyt
di r? ZCXP - 2 a

r
n=1

2)

The drying slope was established experimentally and
replaced into Eq. (2) on the left-hand side. Accordingly,
its effective value was estimated using the method of
trial and error. Ten terms in Eq. (2) were sufficiently
used for calculating the drying rate. A diameter of
soybean in the experiments was approximately
6.4 x 107> m.

2.6. Thermal inactivation of urease enzyme

The apparent kinetics of urease inactivation In raw
soybean were studied in a series of experiments by
means of thermal treatment in the fluidized bed
using superheated steam and hot air as described in
Section 2.1. The thermal inactivation of urease follows
the modified first-order reaction which is expressed by

C(1) — Ceq
Cin . Ceq

where C(¢) is the residual urease activity at time ¢, G, is
the urcase activity at the beginning, Cgy is the residual
urease activity at infinite time, & is the apparent rate
constant, min~', and ¢ is the drying time, minute.
Rewriting Eq. (3), it thus becomes

C(1) = (Cin ~ Ceqlexp(—kt) + Ceq, 4

where & and C, are obtained by the method of
nonlinear regression when the residual urease activity
is plotted against the treatment time and their values
depend on both drying condition and drying medium.
Relationships of k and C.q with temperature and initial
moisture content are explained by an empirical equation
with constants determined by a nonlinear regression
technique. The validity of the proposed equation is
dictated by the coefficient of determination, R?, and
residual sum of square, RSS.

= exp(—k), (3

3. Results and discussions
3.1. Moisture reduction in superheated steam and hot air

Fig. 2 shows the changes of moisture content of
soybean in superheated steam and hot air. In the
experiments, soybean at initial moisture content of
135g/kg dry matter were dried at a temperature of
135°C and the experimental results show that the curve
of moisture change in superheated-steam drying follows
the same trend as found in hot air, except for the early
period of drying at which soybean kermel gains in

Moisture content (g/ kg dry matter)

0 5 10 15
Drying time (min)

Fig. 2. Drying curves ol soybean superheated-steam and hot-air
fluidized bed (+ Hot air_135g/kg dry matter and 135°C; = Super-
heated steam_135g/kg dry maiter and [35°C).

moisture content from the stcam condensation. As
found from the experiments, soybean adsorbed more
moisture in low-temperature superheated steam than
high-temperature superheated steam. The moisture
contents of soybean in superheated steam at tempera-
tures of 120, 135 and 150°C were increased by 30, 19
and 6g/kg dry matter, respectively, for the samples at
initial moisture content of 13.5%. Tang and Cenkowski
{2000) also found a similar result in which quantity of
adsorbing condensed steam by potatoes was targer with
lower temperature of superheated steam. These results
may possibly suggest that the amount of condensed
steam is reduced when using superheated steam at
elevated temperatures.

During period of steam condensation, the superficial
velocity flowing through the particle bed was dropped,
and this caused insufficient speed to lift the particles.
Consequently, bed of particles likely acted as a packed
bed. This behaviour occurred for a very short period,
approximately a half of minute of total drying time.
After that, the bed of particles could be moved freely
although the condensation period still existed, indicating
decrease in the amount of condensed steam.

Difference in the behaviours between superheated
steam and hot air reflects on the temperature within bed
of particles where the bed temperature from the super-
heated-steam drying rapidly increased from room
temperature to above 100°C in a very short peried, as
shown in Fig. 3 for the temperature of 135°C, whilst
the bed temperature from the hot-air drying rose at
a slower rate. However, when the drying extended
for a longer penod, the bed temperatures amongst
superheated steam and hot air were not largely
different.
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Fig. 3. Change of temperature within bed of soybean being fluidized
by superheated stean1 and hot air (+ Hot air_135g/kg dry matter and
135°C; = Superheated steam_135 g/kg dry matter and 135°C).

3.2. Effective diffusion coefficient

By applying Eq. (2) to the experimental drying curve,
one notices that the effective diffusion coefficient varies
with moisture content in a way that their values decrease
with decrease in moisture content as illustrated in Fig. 4.
The dependence of effective diffusion coefficient with
moisture content was also reported by several workers
{Azzous, Guizani, Jomaa, & Belghith, 2002; Koptyug et
al., 2000, Pel, Brocken, & Kopinga, 1996).

In addition, the value of effective diffusion coefficient
also relies upon the drying media in which soybean
drying using hot air has higher moisture diffusion than
one dried with superheated steam. As seen from this
figure, difference of the value of effective diffusion
coefficient obtained from superheated steam and hot air,
throughout the reduced moisture range, is very large at
temperature of 120°C and the difference becomes
smaller at elevated temperatures, the smallest one being
at 150°C.

The lower effective diffusion in the superheated steam
was also found by several workers (Prachayawarakorn
et al., 2002; Taechapairoi et al., 2004; Tang & Cenkowski,
2000). However, Tang and Cenkowski (2000} reported
that under certain conditions, drying in the falling rate
period is faster in superheated steam than in hot air.

3.3. Inactivation of urease enzyme

Soybean treated by superheated steam and hot air was
withdrawn from the fluidized bed at different treatment
times to determine the urease activity and the results are
illustrated in Fig. 5, showing the varation of residual
urease activity, for initial moisture contents of 135 and
195g/kg dry matter, and soybean thermally treated by
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Fig. 4. Variation of effective diffusion coefficient with moisture
content for soybean dried by superheated steam and hot air at
temperatures (# Steam [20°C; A Stearn 135°C; @ Steam 150°C; ©
Air 120°C; A Air 135°C; © Air 150°C).

superheated steam and hot air at temperature of 120°C.
Insufficient inactivation is obvious with hot air for
soybean at the initial moisture content of 135g/kg dry
matter for which the residual urease activity, shown in
Fig. 5, remains steadily 40% although an extended period
of drying time 1s applied. As the initial moisture content is
increased to 195 g/kg dry matter, however, the sufficient
inactivation is detected at a drying time of over 25min.
In contrast to hot air, inactivation of urease enzyme
can be achieved with superheated-steam temperature at
120°C, to a level of residual activity below 20% for
soybean with moisture contents of 135 and 195 g/kg dry
matter heated for 7 and S5min, respectively. The
appearance of steam condensation on the kernel
surfaces makes the bed temperature to be strikingly
increased because of releasing heat from the steam
condensation, which is more powerful than the heat
from the hot-air convection, 1n particular at early period
of time for the superheated steam and correspondingly
stimulating the faster inactivation of urease enzyme.
Fig. 6 shows the apparent rate constant of urease
inactivation, determined by fitting the experimental data
to Eq. (4), under conditions of different initial moisture
contents and inlet-steam temperatures. At each of the
initial moisture content, the apparent rate constant in
the superheated steam is higher than is in the hot air and
the difference in their apparent rates becomes larger
when the higher level of moisture is employed. As
observed for these results, it can be seen that the
temperature shows a strong contribution to inactivate
the urease enzyme, as indicated by the steep slope of
plotting the residual urease activity against the bed
temperature, when soybean at any moisture level are
treated with superheated steam or hot air. However, the
temperature effect seems to be less pronounced for sample
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Fig. 5. Apparcnt kinetics of urease inactivation present in soybean
during thermal treatments with superheated steam and hot air.
{a) Min = 135g/kg dry matter and {b) Min = 195g/kg dry matter
(+ Superheated steam_ 126°C, = Hot air_120°C).

at 360 g/kg dry matter treated with superheated steam: the
value of inactivation rate constant increases slightly with
temperature. This i1s perhaps because the prevalent
contribution of moisture initially present in soybean
induces the rapid inactivation in the first 2 min of drying,
at which the residual urease activity lies between 15% and
17% for the temperature range studied.

The relationships of the apparent rate constant and
equilibrium value with the relevant parameters 1.¢. bed
temperature and imitial moisture content, are given
separately for each heating medium by the following
empirical equations:

Hot air:

k= (— 7.92 x 10° + 3.54 x 108 M,
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Fig. 6. Variation of apparent rate constant of urease inactivation with
bed temperature for initial moisture content of (a) 135 gfkg dry matter,
(b) 195¢g/ke dry matter and (¢) 360g/kg dry matter (¢ Hot air; B
Supcrheated steam; — Calculated).
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oxp( 05526 669761 23922M,
P\ T T )
R?* =099 and RSS = 0.079, 5

Coq = (6.67 x 1078+ 5.0 x 1078M7, + 1.80 x 1071 T

M, T
R? = 0.85 and RSS = 10.4. (6)

Superheated steam:

269 x 10-" M, Texp (0.740 5960.5))_

k= ( —1.014 x 10* +-0.075 7% -~ 7.66 x 10* M,

? .
+1.89 x 10° 42, 4 22X 10 Min M”‘)

T
exp (_ 0.5348 Eﬂi),
Mg T
R* = 0.95 and RSS = 0.347, N

Ceq = (—0.047523 + 0.071742M}, + 1.22 x 107 T)

( 978.15M 3227.286)
xexp| ~—————+—1— |,

T T
R* =0.95and RSS = 1.47, (8)

where T is the bed temperature (K). The adequacy of
the fitted models to predict the apparent rate constants

throughout the operating conditions, for both steam
and hot air, is presented in Fig. 6 by solid lines.

3.4. Protein solubility and amino lysine

In addition to antinutritional factors considered by
feed meal industries, protein solubility and lysine
content are also important because both qualities are
detrimentally affected by thermal process. Overcooking
of soybean can denature and insolubilize the protein,
resulting in poor performance of poultry when the
overcooked soybean are fed (Marsman Gruppen, van
Zuilichem, Resink, & Voragen, 1995; Osella et al., 1997,
Zhu, Riaz, & Lusas, 1996). Treated soybean samples
that contained a urease activity below 20% were taken
to examine the protein solubility and lysine content.
Changes in protein solubility of soybean thermally
treated by superheated stearmn and hot air at different
temperatures are shown in Table 1. Raw soybean
contains the lysine in the range of 2.9-3.1 mg/g soybean.
When the soybcan are thermally treated, quality
parameters in terms of protein solubility and lysine
content depend upon the treatment time, temperature
and type of heating medium.

Soybean with an inittal moisture content of 135g/kg
dry matter dried at the hot-air temperatures above
120°C can have the urease enzyme inactivated within
S5min. At this temperature range, the protcin solubility

Table |
Protein solubility and tysine content of soybean treated with superheated steam and hot air al various temperatures
Temperature (°C) Mia Time({min) Mir) Urease Pralein Lysine content
(g/kg dry matter) (g/kg dry matter)  activity (%) solubility (%)  (mg/g soybean)
Raw soybean 100 04.28 2.9-3.1
Hot air 120 135 50 393 37 7110 N/A
£33 30 §9.8 19 70.98 3.0
360 30 100.6 17 63.28 30
135 135 5 97.2 15 78.68 kN
195 S 144.2 3 84.33 N/A
360 5 237.2 12 85.19 N/A
15 126.8 0 F66.64 N/A
150 135 5 82.1 10 14.17 2.8
195 2 155.2 16 87.86 N/A
360 5 207.4 0 76.83 N/A
10 103.2 0 57.90 N/A
Superheated steam 120 133 7 138.5 16 85.66 238
195 5 183.4 12 85.20 2.7
360 2 389.5 13 80.59 N/A
135 135 5 124.4 I 71.76 2.7
1935 5 165.2 9 82.25 2.7
360 2 3414 12 B1.38 N{A
15 147.0 0 59.51 N/A
150 135 5 106.7 12 54.94 NfA
195 2 189.4 11 83.84 N/A
5 140.6 10 72.90 2.8
360 2 316.1 V1 75.13 N/A
10 114.1 0 53.59 N/A
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was in a range of 71-78%. Below 73%, protein
solubility was unacceptable for the feed meal. The
lysine was in the range of 2.8-3 mg/g soybean, which is
above the standard requirement of 2.4 mg/g soybean.

For the supcrheated stcam, the urease can be
inactivated within the same period of time as the hot
air. Under these treatment times, the protein solubility
and the lysine fall to the respective ranges of 54.9-85%
and 2.7-2.8mg/g soybean. These results, for both
superheated steam and hot air, show that the treatment
temperature can be reduced when the heating medium is
changed from hot air to superheated steam. The
temperature of 120 °C can be effectively employed for
the superheated steam whilst the temperature of 135°C
is a minimum required for hot air. Under the specified
temperatures for both drying media, it is likely that
soybean treated by superheated steam have a higher
quality of protein solubility than these treated by hot
air, due to faster heating rate and the corresponding
shorter treating time.

When both drying media are introduced to treat
soybean at an elevated moisture content, the results
show that although the Jevel of urease activity is in the
acceptable range, using hot air at temperature of 120°C
is not recommended because of poor protein solubility
whereas the protein solubility for the steam-treated
soybean is beyond 80%. The increase of temperature for
particular hot air shows positive results in which the
higher protein solubility is clearly noticed and its quality
is not very different rom that obtained from treatment
by superheated steam at temperature of 120°C or
higher. As can be seen in Table I, even though the
higher moisture content can eliminate the enzymatic
activity in a short period of time and consequently
improve the protein solubility, the moisture content of
soybean does not reach an adequate level for storage.
Under such situations, treatment requirements can be
met at the initial moisture content up 1o 195g/kg dry
matter for which soybean should be treated with hot-air
temperature of 135-150°C or steam temperature of
120-135°C. Beyond this moisture level (> 195g/kg dry
matter), two-stage drying, where the soybean is treated
with superheated steam or hot air at such a temperature
range for a certain time to inactivate the urease enzyme
and then followed with low-temperature hot-air drying,
should be applied, otherwise the soybean are over-
cooked, as indicated by the lower protein solubility than
the standard range which is between 73% and 85%.

According to these results, there are two practical
approaches to treat the raw soybean for feed meal
industries where the dry soybean is stored. The super-
heated-steam fluidized bed may suitably be applied to
eliminate the antinutritional factors in dry soybean and
the appropriate treatment temperature should be lower
than 135°C, preferably a temperature of 120°C. To
avoid the difficuity of operating the superheated steam

system, hot air 1s an alternative method and in this case,
the dry soybean should be added with a certain amount
of water in order to accelerate the enzymatic inactiva-
tion before the large amount of protein insolubilization
1s developed. To achieve the high quality of treated
soybean, the suitable initial moisture content for
treating soybean with hot air should be kept below
200g/kg dry matter and the temperature should be
employed at a temperature higher than 135°C.

4. Conclusions

Soybean when subjected to thermal treatments using
different drying media exhibit different moisture trans-
fer rate and inactivation of urease enzyme. The
diffusional rate of moisture in soybean, as evaluated
by effective diffusion coefficient, is relatively slower in
the superheated stcam than in the hot air, whereas the
rate of enzymatic inactivation in the superheated steam,
as evaluated by apparcnt inactivation rate constant of
the modified first-order reaction, becomes faster. For
each heating medium, the effective diffusion coefficient
and inactivation rate constant are shown to be positively
refated to moisture content and temperature. To get rid
of the urease enzyme present in soybean and simulta-
neously preserve its nutritional qualities, protein solu-
bility and lysine content, fluidized-bed drying shouid be
operated at temperature of 135-150°C for the hot air
and below 135 °C for the superheated steam. Under such
lemperature ranges, the superheated steam-type heating
medivm shows the protein solubility of treated sample
to be higher than hot air when appiied to the dry
soybean. For the moist soybean, the types of heating
medium do not impact on such quality since the urease
enzyme is inactivated at a short period of time before the
protein denaturation is largely formed.
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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.
Mo 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 luidized bed; it must be incaorporated 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, aithough the predicted results tended
toward over-estimation. The results indicate that the model is a powerful 100l for disinfestation applications, to predict the exposure lime
required to obtain lethal temperatures throughout grain kernel, so ensuring the total mortality of insects within it.
© 2006 Elsevier Ltd. All rights reserved.

Keywords: Disinfestation; Fluidized bed; Hot air treatment; Mortality; Numerical method; Paddy

1. Introduction air or hot water, to the product surface, after which the

heat flows inward from the surface to the center of the

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

° Correspanding author. Tel.: +66 (0) 2988 3666x241; fax: +66 (0 2988
3655x241.

E-mail addresses: thanid@mut.ac.th, thanid_m@yahoo.com {T. Mad-
hiyanon).

0017-9310/8 - see (ront maller @ 2006 Elsevier Ltd. All rights reserved.
doi:10,1016/).ijhealmasstransfer.2005.11.020

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 becn avauilable 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

A, surface area of a single cylindrical paddy kernel
(m?)

¢ specific heat (J/kg K)

D, equivalent diameter of paddy (m)

h heat transfer coefficient (W/m® K}

by, latent heat (J/kg)
AH heat of vaporization {J/kg)

Jy Bessel function zero order

g Bessel function first order

k thermal conductivity of paddy (W/m K)

k, thermal conductivity of air (W/m K)

2L length of paddy (m)

m, mass flow rate of air (kg/s)

m, moisture evaporated from a single paddy

(kg water evaporated/one paddy)
my, mass of a single paddy (kg/one paddy)
my total dry mass of paddy in the bed (kg)

Moy 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})

Ar space step in r-direction (m)

R radius of paddy (m)

RC fraction of recycled air (-}

S Biot number of heat transfer (-}

! time (s)

Al time step (s)

T temperature (°C)

T absolute temnperature (K)

Tp average temperature of paddy (°C)
Trean  arithmetic mean temperature of air across the
bed (°C)

v velocity (m/s)

Ve volume of a single paddy (m*/one paddy)
w air humidity ratio (kg water/kg dry air)
Az space step in z-direction (m)

z axial distance from center of paddy (m)

Subscripts

a air

ambient

initial

inlet

space nodal grid index (radial axis)
space nodal grid index (axial axis)
mixing condition of air

time nodal grid index

outlet

paddy

surface

vapor

water

)
3
=2

i<m*uo==§."-""-“'5'
3

Greek symbols

o thermal diffusivity (m%/s)
Bn root of Bessel function (-)
£ bed void (-)

Pe density of air (kg/m”)
Po bulk density of paddy (kg/m?)
Py true density of paddy (kg/m?)

experiments in a 0.5 ton per hour capacity continuous-fiow
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 ounly 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 [or 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 teruperature 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 [ruit
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 mode!
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 necessanly
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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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 {rom 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:

aT az'r o1 287 )
& \ork  rar
which is the equation of conservation of energy.

The initial and boundary conditions are:

Initial condition
t=0, 0<r<R:T="Th (2)

Boundary condition

a7
>0, r=0:-=0 (3)
T
reRikg = h(T, - T,) 4)

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 Tp(¢) is obtained by integrating 7(r, f) over the sphere
volume.

&
Te(n) = % /; 2T, 1) dr (%)

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

or _ (¥ 19T a'r 6
a =\ (©)

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

T=T(r1) _ =
T_'Tm a Z

Fig. 1. The cylindrical geometry of grain kemel used for simulation.

Initial conditions

t=0, 0K<r<R:T=T4 (7N
0€z€L:T=Ty,, - {8)
Boundary conditions
or
t>0, r=0, Oézgl,:g:O (9)
ar
= < < P — =
z=0, 0<r<Rk % 0 {10)
r=R, ogsz:kaa—T:h(r (11)
z=L, 0<r<R: k%zw(r (12)

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

L R
:i—’:/o /0 PT(r,2) drdz (13)

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
i
€Xp l:'— Ez‘dl

(14)

(sin &)
sin f§,

+S2

where the f,s are roots of the following equation:
fieotf, +5-1=0 {15)

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

AR

s==— (16)

For a cylinder, the solution of a two-dimensional, time-
dependent heat conduction problem is equivalent 1o the
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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 Eqgs. (6){12) is
F=Reag) [T - T(r, 1)}
T'—Tia T =T infinite cylinder
" {T - T{z, !)]

T-T infinite platc
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)

(18)

{17)

where f§,s are roots of
B 1(B,) ~ STo(B,) =0 (19)

which Jy and J, are Bessel function zere and first order,
respectively, and may be described as [25]

P 8,

AWJZ“G%gay”y4x§+“ (20)
g, B B B

.f = —— — 2 + 2 - +... 21

)= a7 s T e -d,

where §, can be simultaneously solved from Eqgs. (19)+21)
by iteration procedure.

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

[T - Iz, r)] n i 2Scos (B,£)
F= Til" infinitc plate (ﬁi Eg Sz + S) cOo3 ﬁn

n=l

g
X exp l:-"—;fxf] (22)
L
where L is half plate thickness, f,s are positive roots of
ptanp, =S (23)

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 (Egs.
{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 eylindrical
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.

20
i Sttt T L L LR T,
P T
. S 30 i, =T
T s ’/____—"
G 5o =
L —
L R
2 0wl ——_——— 10s
&
H]
£
g 304
=
20 - fme=0s
Analyieal Sohitiog
10 — —  Humcricst Sohtin
[+] T —— T = =y T T
0o al 02 03 .04 Q5 06 0T 03 09 1.0
R

Fig. 2. Comparison ol lemperaiure profiles inside a spherical paddy
kernel between obtaining from numerical and analytical solution of thin
layer model.

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 2.5mfs. 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-

Temperature (°C)

Fig. 3. Temperature proliles inside a cylindrical paddy kernel computed
by analytical solulion at inlet air temperature of 70 °C,
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Temperature ("C)

Fig. 4. Temperature profiles inside a cylindrical paddy kemel computed
by numerical solution at inlet air temperature of 70 °C.

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.

80

L
¥
=
E
|-
£
~
w0 . G it | Cylinder |
——— Sphere
10 T T T T T T T T
0 10 20 30 40 50 60 70 80 90
Time (s)

Fig. 5. Comparison belween predicted averape paddy lemperature 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
homogencous.

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 fiuidized 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 contro! 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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Fig. 6. Schematic diagram of batch fluidized bed disinfestor.

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
{Mass of moisture evaporated from grain]

= [Change in moisture of grain]

= [Change in humidity of air]
which are mathematically expressed as follows:

dam

My = mbE (24)
and

M
_mb_d'_r" = ma(wa.o - Wai) (25)

term [ 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:

[Enthalpy change of air across bed]
= [Internal change of the grain in the bed)
+ [Energy used for evaporation of moisture
evaporated from the grain]
+ [Energy 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

maca(ra,i - THAO) + nlacv(Wa,iTa.i - Wa.oTa.o)

d7,
= mb(cp + CwMin) d_[p + l?lwaH (26}

which is a non-equilibrnium thermal condition. The last
term on the right hand side of Eq. (26) (#.,AH) 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 Egs. (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:

ar AH
= €z& L k—= — R pp——
t>0, r=R, 0<€2z<L kar R(Ty—Ts)~m 1
(27) .
ar AH
Z=L, OéréR‘k—é-£=h(Ta—Ts)—mle
(28)
moisture [oss of a single grain (m,,) can be determined from
dM
My = mp? (29)
where
my = oV (30)

Term [“&—"f] is the rate of change in moisture content in
which the relationship between the moisture content {M)
and the disinfestation time (1) 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

M(1) = My, —exp{a)exp(bInT,;}exp(clnt) (31)

where ¢ 15 disinfestation time (s), and @, b, ¢ are constant
parameters for the various disinfestation temperatures,
shown below:

Alr temperature (<75°C): a = -20.3969,5 = 4.3215,
¢ = 0.4883.

Air temperature (<110°C): a = —-9.7093,5 = 1.8136,
¢ = 0.5778.

Alr temperature (<I50 °C): & = —6.7201,b = 1.2184,
¢ = (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:

mmixCaTrnix + Mix Wmix(hfg +chmix) - (1 - RC)maCaTamb
—_ (1 — RC)ma Wamb(hfg + CVTamh) ke RCmacuTa‘o

~RCmWoolhy +¢,Tap) =0 (32)
The mass balance for the air phase is written as
Mgy = My (33)
and the mass balance for the vapor phase is expressed as
Wiz = RCH o + {1 = RO)W (34)

The increase in the humidity of the air leaving the bed, by
moisture transferred from the surface of stored grains,
which usuvally 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 Egs. (25) and (34) can be simplified to

Wa,o ] Wa,i ’ (35}
and
Wmi.x &= Wa:o (36)

3.3. Heating chamber (cv. 3)

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

Q = Mg (Ca + Wmixcv)(Ta,i - Tmix) (37)

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 = 2 + 0.6R** PO (38)

where h = Nuk./D,, Re = pv,Dp/pta; (0.1 < Re < 10%) and
Pr=cyfk,.

In which D, 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-
nainics equations for air~water systems {Eqs. (49)-{60))
are listed in Tables | and 2. Eqgs. (52)-(54) are used to cal-
culate true density of paddy p, 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, ie. inlet air temperature (7,;). inlet air
humidity { W, ;}, which is approximately equal to ambi-
ent air humidity (W, ), initial moisture content (M,),
initial grain temperature, air mass flow rate (m,), dry
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Table 1

Properties of paddy used for simulation [27-29]

Equations Property Expression References Units
{49 AH AH = (2502 — 2.386Tp){1 + 2.496 exp(—21.733M)) x 10° 27 Ifkg H0
(50) & e, = LIl x 10 + 44.8(M/(1 + M) [27] Jke
(51 k k = 0.0863 + 0.00134{M/(1 + A1) [281 Wim K
{51 £ £=0.62 - 0.25(M/(1 + M) 29) Decimal
{53 r e=1 - ppp, {30] Decimal
(54) o pn =552 + 282( M/(1 + M)) [29] kg/m?
Table 2

Thermodynamics of air and water system [27,30)

Equations Property Expression Units
(55} . €= 1.00926 x 10P ~ 4.0403 x 10727+ 6.1759 x 10 7% — 4.097 x 1071 J/kg X
(56) k, k,=2.425% 1077+ 7889 x 10737 — 1.790 x 10~37® — 8.570x 1071277 W/mK
7 fa pa = 101.325/(0.287T 0 kg/m*
(58) e = 1691 % 1075+ 4984 x 107°T - 3.187x 107" T2 + 1319 x 107147 kg/m s
{59} e ¢, = L8R3 10° — 16737 107 ' T+ 8.4386 x 107*7" — 2.6966 x 1077T* Ikg K
(80) c,, Cw=28223x 10° + 11 8287 — 3.5043 10727% + 3.601 x (07°T° Ifkg K

mass of paddy in bed (m,), air recycling ratio (RC), and
superficial air velocity, are taken as input parameters to
- tnitiate the simulation.
. For each given time step, by applying the heat diffusion
equation for cylindrical coordinates (Eq. (6)) and appro-
priate initial and boundary conditions (Egs. (7)-(12)) or
reptacing Eqs. (11) and (12) with Eqgs. (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 (m,,) appeared
in the convection boundary conditions (Egs. (27) and
(28)) can be evaluated from Egs. (29)-(31). The temper-
ature of the air decreases as it flows throughout the bed;
thus, to calculate the corresponding heat transfer coefh-
cient, the properties of the air are evaluated at an aver-
age temperature between inlet and exit air. However, the
exit temperature (7,,) is not yet known; therefore, in
this step, an iterative solution is nceessary and- T, is

(U'jm:x) (imx'jml)
} oz
(imho)
©0 B3

Fig. 7. Numerical grids for a one-forth cylindrical object for the goveming
equations.

assumed as initial ¢stimate to determine the heat transfer
coefficient and the solution of the heat diffusion equa-
tion, respectively. The implicit finite diflerence with the
discrete grid of the cylindrcal 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 I: i=0,j=0

Tos! = (1 —4F, = 2F)T5o +4F, T, + 2F.Tg, (39)
Case 2: i=0, = Juax

To5 = (1~ 4F, —2F.By)Ty, +2F.Ty, |

vt vann, )52
(40)
Case 30 i=ipae, j=0
Til o = {1 = 2F, By — 2F)T} o+ 2F vy
+2F T 10t 2FT]

1 2F AN (m AH
(it - v 41
(+2f)( k )( A, ) 4
Case 4. i=irnax:j=jmax

T = (1= 26 = 2B )TS
+2F,yy + 2F,T"

tmax =1 imax

. F.AzN {m AH
+2FZTImlJmu_] - 2( k ) ( Al )

(HEHED T w

+ 2F vy
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Cﬂ'Sf.’ 5: {= imaxvj= 11213»- --,jmax -1
Tt = (1= 2F, By — 2F)TL, ;+ 2F,yy
+ 20Ty T+ BT

(DEE @

Case 6. i=1,2,3,. . ipax — 1, f = foax
= (1 - 2F, = 2F. BT}

i-Jmax I max

1
+ (l + Z) FI'T:HJN, +2F. 3y

1 Ll
+ (l - E)FrTi—um M

-5 “

Case 7: i=1,23,. ipax~1,j=0

1
T = () =0F = MR, + (1 + Z) [ g

1
+ (1 - E)FrT?_]‘o + ZF:T:-IJ (45)

Case 8: i=0, =123, . jmax = !
Tos! = (\—4F, = 2F, )Ty + 4F, Ty, + FoT g

+ F:To s (46)
Case 9 i=1,2,3,.. inax — LJ= 123, ... Jrax =1

1
Ti = (1 = 2F, — 2F )T}, + (1 +—2—i)F,T;‘+,J

1
+ (1 = E)F,Tf_]_j + T+ FT (47)
The stability criterions for the above equations are
1
F,+F. < 3 (48)
where
etk
TTAR T pey
F. = rxA:
Az_
Be=1+14z L
N T ka

By =1+

1 h Tai + T
=11 - Ar— T mcan; mnz_a’[ 2.0
= (10 (5)) (g s o =75
h
Y = | Az— ) Tcan
Y ( ka)

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

. 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
cormpared 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, Eqgs. (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,
Egs. (25) and (34) are omitted and consequently
replaced by Egs. (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 14, 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, 20cm in diameter and 140cm 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 temperaiures
were automatically controlled by PDI temperature control-
ler, with an accuracy of £1 °C. Temperatures were mea-
sured by 2 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/fs, which is equal to 1.5 times of the calculated mini-
mum fluidization velocity {1.65m/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 abové the air distributor.
The paddy samples were taken for determination of tem-
perature and moisture content at intervals of 10s. 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 pattems 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 moedel, 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
alr temperature, whilst the fluidized bed model acknowl-

Temperature ('C)

. i 00

Fig. 8. Temperature profiles inside a cylindrical paddy kernel computed
by fluidized bed model excluding meisture loss effect at inlet air
wemperature of 70 °C,
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Fig. 9. Comparison of simulated average paddy temperature beiween
computational from thin layer and fuidized bed models 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 1n 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
Jor moisture loss

Fig. 10{a—) 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 morg 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. [t 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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Fig. 10. Simulation and experimental results of heat disinfestation fluidized bed model excluding moisture transfer effect.

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 resotved 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 resulis of heat disinlestation Nuidized bed model coupling heat and mass transfer.

with a consequential improvement in predicted valucs. The
model predicted grain temperaiure more accurately than
exit air temperature, but not for the test undergoing inlet
air temperature of 120 °C. The discrepancics 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, 1.e. air with a low tempera-
ture of 60 °C than the measured temperature of the grain,
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as presented in Rig. 11(a), which is not possibie 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 ¢.5-2.5°C instead of 2-5°C if involving
heat loss, confirming the responsibility of heat joss 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 ¢m 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
letha! time required for the complete mortality of aH insects
embedded inside the product at various given operating

70!
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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 modef
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-
guently the lethal time required for completely destroying
all insects can be determined.
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Abstract

Heat transfer characteristics in a two-dimensional spouted bed with draft plates were studied using three agricultural materials,
paddy, corn and soybean. Increases in inlet superficial velocity and bed porosity result in the increased superficial velocity in down-
comer. Heat transfer coefficients for the spout and downcomer were founded to be a function of the superficial velocity and bed
depth-to-particle diameter ratio. Two equations correlating heat transfer coefficients for both regions have been developed.

© 2005 Elsevier Lid. All rights reserved.
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1. Introduction

Spouted bed is a fluid-particle contactor similar to
fluidised bed, but it is different in the sense that fluid is
moving through the core region using a nozzle rather
than a porous or perforated distributor as in the flui-
dised bed. The inherent characteristics of spouted bed
are composed of the dilute-phase spout zone with the
solids moving upwards by co-current gas stream and
the dense-phase downcomer zone with the solids moving
downwards by counter-current gas stream. Such charac-
teristics result in the contact time between particles and
fluid stream being very short in the spout region, and
relatively longer in the downcomer zone. These unique
characteristics make various types of spouted bed popu-
lar for drying heat-sensitive materials (Hung-Nguyen,
Driscoll, & Srzedaicki, 2001; Madhiyanon, Soponronn-
arit, & Tia, 2001; Mathur & Epstein, 1974; Zahed &
Elsayed, 1993).

* Corresponding author. Tel.: +662 4270 9221; fax: +662 428 3534.
E-mail address: somkias.pra@kmutt.ac.th (8. Prachayawarakorn).
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To overcome the large pressure drop and instability
of the operation that are usually experienced with the
conventional spouted beds, the draft plates are inserted
at central part of the spouted beds in order to separate
the regions between spout and downcomer (Epstein &
Grace, 1997, Fane, Wong, & Firek, 1985). This partic-
ular configuration takes advantage of the favourable
characteristics associated with the conventional type
of spouted bed and yet enables to improve the unifor-
mity of the products resulting from the chemical or
physical treatment due to the elimination of the back
mixing (Eng, Svrcek, & Behie, 1989; Kalwar, Ragha-
van, & Mujumdar, 1992). The insertion of draft plates
results in both hydrodynamic behaviour and subse-
quent heat transfer characteristics to be changed from
those found in the conventional spouted beds. In the
present work, the heat transfer characteristics in a
two-dimensional spouted bed with draft plates are
investigated.

The heat transfer from gas stream to solid particles in
a two-dimensional spouted bed occurs in well-defined re-
gions, namely the spout and in the downcomer regions,
each of which is governed by different heat transfer
mechanisms. Therefore, the heat transfer coefficient for
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Nomenclature

A total heat transfer area, m* }

e specific heat capacity of drying medium,
J/kg K

Cw specific heat capacity of water vapour, J/kg K

d, particle diameter, m

H static bed depth, m

h heat transfer coefficient, W/m? K

g mass flow rate of drying medium, kg/s

Geonduer heat conduction from spout to downcomer
through draft plates, W

q heat transfer rate between drying medium
and solid particles, W

Hloss,s  heat loss, W

T temperature, °C

S inlet air temperature, °C

Tos outlet air temperature, °C

T\ps particle temperature at the spout inlet, °C
Tps  particle temperature at the spout outlet, °C
U superficial velocity, m/s

Usa inlet superficial velocity, m/s

v volume of static bed occupied the solid parti-
cles, m*

We humidity ratio, kgy o/kg.;

£ porosity

Subscripts

d downcomer region

p particle

] spout region

each region is determined experimentally and empiricatly
correlated with the operating parameter in a simple form.
The calculation of the heat transfer coefficients is princi-
pally based on the energy balance equation that requires
the data of temperature and volumetric airflow rate in each
zone. However, the data of air velocity passing through
the downcomer zone was not available in the literature
for this dryer type and thus the correlation was deter-
mined in the present study, in order to predict the airflow
in the downcomer under different opcrating conditions.
Products, namely soybean, paddy and corn were used.

2. Materials and methods
2.1. Spouted bed

The experiments were carried out in a two-dimen-
sional spouted bed with draft plates as shown in
Fig. 1. The dryer has a vertical rectangular shape, with
an inclined base (60° angle) in order to avoid the dead
zone (Passos, Mujumdar, & Raghavan, 1987). The inlet
cross sectional area of 4 x 15 cm?, drying chamber with
a dimension of 60 x 15x 50 cm, spout width of 8 cm
and entrance height of 12.5 cm were used. The selected
values of spout width and entrance height could steadily
maintain the transport of examined materials in the
dryer. A 24 kW electric heater connected to a PID con-
troller with an accuracy of &1 °C was installed to heat
the air up to the desired temperature. A 2.2 kW back-
ward-curved blade centrifugal fan supplied the air and
a variable speed unit controlled the air speed passing
through the spouted bed. The entire drying system was
insulated with the layers of glass wool to minimise heat
loss of the system. The dryer front was made of heat-
resistant glass to visualise the flow of solid particles.

Before starting the experiments, the system was
heated until every part reached the destre temperature.
To prevent the entrainment of particles, a deflector
was fitted at a height of 142 cm from the dryer base.
After the particles hit the deflector, they fell freely to
downcomer region.

2.2, Experimental procedure

Paddy, soybean and corn obtained from local mar-
kets had the equivalent diameters of 3.7, 7.1 and
7.7 mm, respectively. The initial moisture content of
these agricultural materials was in the range of 24-
26% dry basis. At this moisture range, the materials
did not agglomerate.

Grain samples of each of the above-mentioned crops
were dried at temperatures of 130, 140 and 150 °C, inlet
air velocities of 40-70 m/s and a bed height of 65 cm.
The air velocity was measured with a hot-wire anemom-
eter, with an accuracy of £0.1 m/s. To measure the
superficial air velocity at the downcomer, the equipment
was inserted at above bed of particle. Temperature mea-
surcments were made with K-type thermocouple con-
nected to a data logger, with an accuracy of =1 °C.
This thermal couple was inserted axially at 20, 40 and
60 cm from the base and at the bottom and top of spout
region. The temperatiires at the both sides of draft plate
were recorded to calculate the heat conducted from the
spout to downcomer region.

2.3, Hear-transfer calculation

Determination of heat transfer coefficient in the two-
dimensional spouted bed with draft plates is divided into
two regions: spout and downcomer. Their calculations
are based on experimentally determined temperature
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for each region and the calculation method is described (Tin = Tips) — (Touts — T2ps)
ATln,s = T T (3)
below. Tia=Tipa)
(Toula-Tlps)

Considering the transfer of heat in the spout region,
the enthalpy change of drying medium is produced from
the heat transferred to the solid particles, conducted
through the flat plates and dissipated to the environ-
ment, yielding

(1)

In writing Eq. (1), we assumed insignificant change of
humidity ratio between inlet and outlet air for a small
time interval. The heat transfer coefficient in the spout
zone is determined by

45
ApgAT\, o

gy = tgs(cy + Wy sCw )(Tin -- Tous) — Floss,s — Fconduct

h= )

with temperature difference between air and particles
represented by logarithm mean

The particle temperature at the spout inlet (T 5} was
measured at the bottom of downcomer zone, near the
inclined plate before particles enter the spout region,
and the particle temperature at the spout outlet (735}
was measured at the top of downcomer zone. The K-
type thermocouples, connected to the data logger, were
inserted at such both positions to record the tempera-
tures. In this work, the total heat-transfer surface area
is determined by the following equation:

4, = 6V,
dp

{1 —¢) (4)

Paddy, corn and soybean, when loosely packed in the
bed, have a porosity of 0.56, 0.41 and 0.36, respectively.
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In the downcomer, the particles travelling from the
top to the bottom took approximately 12-18 s, depend-
ing upon the inlet velocity and material characteristics.
During their travelling, the particle temperature did
not drop. Eq. (1) was applied again to determine the en-
thalpy change of air in the downcomer zone and it is
written as

da = ’}‘zd(cs + ngcw)(Ti - Toul.d) ~ Qloss.d + Geonstant

(5)
Replacing g4 from Eq. (5) into Eq. (2), the heat transfer

coefficient will be obtained. Hence, the mean tempera-
ture difference is expressed as

_ (Tin - Tpd) — (Toul,d - Tpd)

ATg = 1o LFu=Tp)
(Towa—Tpa)

(6)

The standard error in the measured values of heat
transfer coefficient was in the ranges of 4-14% in the
spout and of 2-11% in the downcomer.

3. Results and discussion

3.1, Effect of voids on superficial air velocity in the
downcomer

Fig. 2 shows the superficial velocity in the down-
comer against the inlet air velocity for three agricultural
materials. The amount of air percolating through the
downcomer linearly increases with increase of inlet air
velocity. In addition, it depends upon the material type
through which the air is passing. Thus, highest superfi-
cial air velocity occurs in the bed of paddy followed
by corn and soybean. The proportion of the air in the
downcomer was approximately 28% of total airflow
for paddy and 21% for corn and soybean. The larger
amount of air flowing through downcomer can be
attributed to the larger proportion voids in the matenial,

bl
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Fig. 2. Relationships between inlet superficial velocity and average
velocity in downcomer for different agncultural materials.

thus reducing the resistance to airflow and the corre-
sponding pressure drop. The relations between velocities
at the downcomer and at the inlet as well as voids can be
mathematically described by

Ug
Uin
with R? of 0.93. Eq. (7) was statistically fitted with the

data in the range of voids between 0.36 and 0.56 and
inlet velocities between 37 and 52 m/s.

= 0.0435¢3° M

3.2. Heat transfer in spout region

Fig. 3 represents the effect of superficial velocity in
the spout region on the heat transfer coefficient under
different HJ/d, ratios. The heat transfer coefficient is re-

lated to the superficial velocity in a way that the increase

in superficial velocity accelerates the transfer rate of heat
to the assembly of the solid particles. This effect was also
apparent in some experiments reported by several
authors (Freitas & Freire, 2001a; Taranto, Rocha, &
Raghavan, 1997). However, the increase of heat transfer
coefficient with the superficial velocity seems to be less
pronounced for paddy than the other two materials,
and a possible explanation can be attributed to the geo-
metric ratio effect, which will be discussed in the follow-
ing section.

In addition to the spout velocity, the geometric ratio
takes the effect on the heat transfer coefficient of which
the higher value is associated with the lower H,/d,, ratio.
At the inlet velocity of 22-24 m/s, the heat transfer coef-
ficient increases from 100 to 123 W/m* K for comn and
from 78 to 80 W/m? K for paddy. The higher heat trans-
fer coefficient at the lower H/d,, ratio is due to the turbu-
lence intensity which is related to the size of particle and

the amount of particles in the bed or, in the other words, ™

bed depth. The collision of larger particles, at a given
bed depth, is stronger which makes a greater turbulence
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Fig. 3. Effects of superficial velocity in spout region and H,/d, ratio on
heat transfer coefficient in spout region.
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of gas stream in the spout region and reduces the gas
film-thermal resistance around the particle surface, thus
enhancing the heat transfer coefficient by gas convec-
tion. As bed depth is increased, however, the intensity
of their impaction diminishes and this results in lower
heat transfer coeflicicnt.

In Fig. 4, the heat transfer coefficients at various inlet
air temperatures are plotted versus the superficial veloc-
ity. The heat transfer coefficients obtained from the
experiments at the same superficial velocity are very
likely to be identical over the temperature range of
130-150 °C, indicating less important contribution of
temperature to the heat transfer coefficient. The dimen-
sional analysis was used to correlate the heat transfer
coefficient represented by Nusselt number, Nu, with
Reynolds number, Re, and geometric factor, H/d,. A
power form of the function was assumed

H,)¢
Nu, = ARe! [E;] (8)

The values of the constant 4 and of the power expo-
nents B and C were determined by the method of least
square. These values are equal to 4 =04, B=0.779
and C= —0.8]. The coeflicient of determination, R?,
for gas-to-particle heat transfer coefficients was 0.98.
Eq. (8) was fitted with the experimental data in the
ranges of 2600 < Re,; < 6800 and 34.6 < H/d, <72.4.
The particle Reynolds number was calculated using
the superficial velocity measured between the draft
plates. The heat transfer coefficient over the range of
the parameters studied varied from 57 to 123 W/m? K,
which was relatively higher than that found in the
two-dimensional spouted bed with draft plates, varying
from 29 to 74.8 W/m® K (Kudra, Mujumdar, Ragha-
van, & Kalwar, 1990). The higher values in the present
work are due to the different methods of determining

the value of heat transfer coefficient in which non-sepa-
ration zone between spout and downcomer was consid-
ered in the study described by these authors whilst each
zone was taken into account separately in the present
study.

The result of fitting Eq. (8) with the experimental
data indicates the Reynolds number exponent found to
be 0.779 whilst the Reynolds number exponents in con-
ventional spouted beds reported in literature are given in
the typical range of 0.47-0.64 (Kmiec, 1975; Kucharski
& Kiniec, 1983). This implies the transfer of heat in
the spout region for the two-dimensional spouted bed
to be governed by the relative combined effects of lam-
ina and turbulent boundary layers. If the laminar
boundary layer controls the heat transfer, the Reynolds
number exponent is equal to 0.5, which is mostly found
in the packed beds. With the prevalent contribution of
turbulent boundary layer, the resulting Reynolds num-
ber exponent equals 0.82 at which it fulfils with the ver-
tical pneumatic dryer (Bandrowski & Kaczmarzyk,
19783. -

Comparison of the heat transfer coefficients from the
present work to those from the various kinds of turbu-
lent dryers i.c. cylindrical spouted bed with draft tube,
vertical pneumatic dryer and fluidised bed was made.
In calculating the heat transfer coefficients, the heat
transfer equations developed by several researchers, ex-
cept for the Shi-Jan-Fous® equation, required the volu-
metric concentration as input parameter, in addition
to the Reynolds number, The volumetric concentrations
for paddy, soybean and corn, defined as the ratio of cir-
culation rate of particle to that of flowing air in the
spout region, ranged from 0.08 to 0.11. The circulation
rate of particles was determined by suddenly interrupt-
ing the steadily flowing particles and then mass of parti-
cles in the spout region was quantified. The results
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Fig. 5. Predicted and experimental Nusselt numbers in spout region in
compartson with other works.
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shown in Fig. 5 indicate that the discrepancy of predic-
tions amongst the heat transfer coefficient expressions,
when compared with the present results, is considerable
in which Shi-Jan-Fous® expression for the fluidised bed,
reviewed by Ciesiclczyk and Mrowiec (1991), predicts an
overestimate as indicated by the slope of 2.9 whereas the
prediction by Freitas and Freire (2001b, ‘correlation) for
the draft-tube spouted bed is an underestimate as
pointed out by the slope of 0.04. However, a good agree-
ment is obvious with Bandrowski and Kaczmarzyk
(1978, ‘correlation), in particular for the low range of
Nusselt number that corresponds to the smallest particle
size in this study.

3.3. Heat transfer in downcomer

In downcomer, the particles at the bottom before
entering the spout regime are in contact with the hottest
air stream and on the top are in contact with the colder
air stream. The temperatures at the inlet and outlet
downcomer zones were measured, for both particles
and air streams, in order to calculate the heat transfer
coefficient. The effects of superficial velocity and Hy/d,
ratio on heat transfer coefficient for the three types of
grain are shown in Fig. 6. The heat transfer coefficient
tends to be increased with increasing superficial veloci-
ties and with decreasing Hy/d, ratio, as was found in
the spout region, but the increase is weak, in view of
the standard errors (2-11%) in the heat transfer coeffi-
cient. The scatter of the data could be probably due to
the unsmooth flow of the solids, which sometimes oc-
curred during the operation. This problem leads to the
error in measurement of porosity.

Fig. 7 shows the effect of inlet air temperature on the
heat transfer coefficient, indicating that the temperature
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is not an important factor to improve the heat transfer
coeflicient between the air stream and the solid particle.
The heat transfer coeflicient in the downcomer is empir-
ically correlated with the relevant parameters using the
same equation as Eq. (8). Thus,

—1.006
Nug = 42.07Re} 3 (?) R? =091 (9)
P

The range of applicability is: 150 < Re, 4 < 380;
84 < Hy/d, < 178. Under the examined range, the hcat
transfer coeflicient is in between 19 and 32 W/m? K.

Fig. 8 shows the validity of equation proposed and
predicted from the correlations of the heat transfer coef-
ficients in the annulus for the classical spouted bed and
in the fixed bed. The Nusselt numbers prediction by the
equations from published data are prominently above
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region in comparison with other works.
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the experimental values in this work, as indicated by the
slopes of straight line equal to 9.05 for Macchi, Bi, Le-
gros, and Chaouki (1999) and 2.4 for Balakrishnan
and Pei (1974). However, the predictable capability by
the proposed equation shows a relatively good tendency,
with the slope being 0.91. This difference indicates that
the use of correlations from other equipment types
may not reasonably be applied to predict the heat trans-
fer coefficient in the two-dimensional spouted bed with
draft plates.

4. Conclusion

During operation, the air flowing through the two-
dimensional spouted bed with draft plates is divided into
two directions where the main air stream {lows through
the draft channel and the minor one flows through the
downcomer. The amount of air separated from the main
stream is related with the operating parameter in a way
that higher airflow rate and bed porosity encourage the
larger quantity of air in the downcomer, Such airflow
characteristics result in an increase of the heat transfer
to the particles in the spout region in comparison with
the downcomer, with the heat transfer cocfficient being
in between 57 and 123 W/m? K for the spout region
and between 19 and 32 W/m? K for the downcomer.
The influence of superficial velocity on the heat transfer
coefficient is very important for the spout whereas it has
a slight eflect for the downcomer. The increase of H/d,
ratio with the decrease of heat transfer coefficient is evi-
dent whilst the change of inlet air temperature remains
constant for both regions. Two equations have been
developed by correlating the heat transfer coefficients
of each region with the associated parameters. A com-
parison of heat transfer coefficient in the developed
model with the earlier works has shown that the equa-
tions of heat transfer coefficient, which have been devel-
oped from other equipment types, may not reasonably
describe the experimental results for the two-dimen-
sional spouted bed with draft plates.
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Qnality of agricultural product can be degraded easily by heat.
Heafless drying using an adsorption method may be 2 possible alter-
native to grain drying. The experiments of paddy drying using rice
husk adsorbent were performed with single and multi-stages. In sin-
gle stage, where high-moisture paddy were intimately mixed with
rice husk in closed containers, high water concentration in the air
within the container limits the moisture transfer rate and the result-
ing moisture content of the sample could not be decreased to the
safe level for storage in spite of using low initial moisture content
of the adsorbent or increasing the velumetric mixing ratio. How-
ever, the moisture content of paddy was reduced to the desire level
as the multi-stage, where the adsorbent was physically scparated
in each siage and then replaced with the new one. The mathematical
description of desorption-adsorption processes for a single kernel
associated with the mass balance equation on the humidity ratio
of the air surrounding the particles was formulated. The predictions
of relative humidity and moisture contents of paddy and rice husk
were shown to be in agreement with the experiments. The quality
parameters, i.e., head-rice yield and rice whiteness obtained from
multi-stage drying, were similar to those ¢btained by shade drying.

Keywords Dchydration; Desiccant; Quality; Rice husk

INTRODUCTION

Hot air drying, commonly used to dry agricultural
materials before storage, may cause deterioration of qualily
for the heat-sensitive products; for example, paddy, com,
and soybean. This work is concentrating on paddy. The dry-
ing air at a high temperature can accelerate the rate of moist-
ure evaporation, which induces stresses and comscquently
creates fissures inside the kernel, thus resulting in decreased
head-rice yield after milling.! To minimize the loss in
head-rice yicld, tempering of paddy between each drying
stage 15 used practical[y.“'jl Tirawanichakuf® investigated
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91 Pracha U-tid Road, Bangkok 10140, Thailand; E-mail:
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the pasting properties of rice dried at different temperatures
by including the tempering stage in the process and found
that the pasting properties of dried rice, ie., peak, final,
and setback viscosities, were changed from those of the
gently dried one, whereas the head-rice yield could be main-
tained or improved. The change in the pasting viscosities
reflects the starch degradation, and this may have an effect
on cooking qualities, such as tenderness and cohesiveness.

In addition to hot air drying, drying using an adsorption
technique by which adsorbent is inumately mixed with
moist paddy is an alternative approach in reducing moist-
ure content of the paddy to a certain level. In this process,
moisture is removed from the grain by pressure differences
between the water vapor at the grain surface and the water
vapor in the surrounding. This method does not require
heat for removing the moisture and the resulting grain
quality may not be degraded.

There are various types of adsorbent matcrials, i.e., silica
gel,n'sl bentonite,”'% molecular sicve, ! 1and ash,' ¥ all used
to dry agricuitural products. Since this method provides
a very slow rate of drying, the acceleration of drying is
very important. Mass ratio between desiccants and agro-
products and the initial moisture content of the adsorbents
and adsorbates” "' are found to be affected on the final
moisture content of products. The optimum value of mass
ratio varics from material to material. Moreover, the par-
ticle size and temperature of adsorbent alse have influence
on the moisture removal.l'’

Generally, the limitation of using adsorbent in adsorption
process is the high cost of the adsorbent when compared to
the adsorbate. In this work, rice husk is therefore used as an
adsorption medium to remove moisture from paddy because
of its low cost. In addition, rice husk is a waste material that
is available in plenty in the rice mills. The difference between
densities of rice husk and paddy enables them to easily
separate from each other, The objective of this research 1s
to study the effects of mixing ratio between nice husk and
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paddy and initial moisture content of rice husk on moisture
changes in paddy and to examine qualities of dried paddy in
terms of head-rice yield and whiteness. In addition, 2 mathe-
matical model of paddy drying using rice husk as an adsor-
bent medium is developed. The predicted results of moisture
content and relative humidity of air within airtight closed
vessels were compared to the experimental results.

MATHEMATICAL MODEL

The moisture exchange between product and adsorbent in
the intimate mixture is first mathematically described by
purely or semi-empirical equations, both in the form of expo-
nential function of which the constant parameters depend on
system parameters.!'>'¥ The applicability of these results is,
however, particularly limited in the range of experimental
conditions studied. This drawback can be avoided when
the equation developed from a theoretical point of view is
employed. Graham and Bilanski!"¥ described moisture con-
centration in grain using the Fick’s equation, with convective
boundary condition as primarily required for solving the
equation. In their model, only a partition parameter, a para-
meter linking between the equilibrium concentrations in the
grain and adsorbent, is determined experimenially.

In this work, the developed mathematical model does
nol require any parameters from drying experiments with
adsorbent material. The changes of moisture in paddy
and rice husk arc governed by the water content of the
existing air within the bin and the Fick's equation is
applied to predict their changes. Moreover, the humidity
of air within the bulk also varics during mixing, and its
change is taken into account on the developed model.

Desorption-adsorption processes between paddy and
rice husk simultancously occurs under isothermal con-
dition m this study. Paddy i5 well mixed with rice husk.
During their mixing, moisture at grain surface evaporates
into surrounding air because water vapor pressure at the
grain surface is higher than that of surrounding air. Rice
husk, concomitantly, adsorbs moisture from surrounding
air, with a lower rate than the desorption rate of paddy.
To describe their phenomena, mathematical models of
moisture desorption for paddy and moisture adsorption
for rice husk are therefore separately considered and are
described below.

Paddy

With the assumption of a spherical shape for paddy, the
movement of moisture in the kernel is mathematically
described by Fick’s equation:

My _ o [621\4,, 23Mp]

&_P3r2+;6'r ()

where D, is the moisture diffusion coefficient (m?/s), M is
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the moisture content (decimal dry basis), r is the equivalent
radius {m), and t is the mixing time {s).

Initially, the moisture content of paddy is assumed to be
spatial uniform. When the paddy is mixed with rice husk,
moisture around the grain surface evaporates into the sur-
rounding air due to the vapor pressure difference and the
moisture profile is assumed to be symmetrical at the center
of the particle. Hence, the initial and the boundary con-
ditions are as follows:

M,=M;; t=0,0<r<a (2)
oM
-D, ar" = hap(Mps — Mpe) >0 (3)
r=a
M,
= = 4
5 0 130, r=0 (4)

where hy is the convective mass transfer coefficient
between paddy and surrounding air (m/s), My, M,
and M, are the equilibrium moisture content, initial
moisture content, and moisture content at the grain susface
of paddy (decimal dry basis), respectively, and a is the
equivalent radius of sphere (m).

With the above-mentioned boundary conditions, Eq. (1)
can be solved by analytical technique. Experimentally, how-
ever, relative humidity of the air within the paddy-rice husk
mixture changed with the elapsed time, which subsequently
affects on the drying rate. A finite difference method
(explicit method) is therefore used in this study. A sphere
is divided into N intervals, the distance between each node
is given at Ar = 3.57 x 10 ° m, and the time stepis At = 1s.
A finite approximation of Eq. (1) can be expressed by

M3+ Mg (205 — 1) = M (2 + ;)

+M;,‘i_,(ﬁp —op) =0 {(5)
where
D, At
&p = Tprf‘ (6)
_ Dpat

Subscripts 1 and superscripts 1 refer, respectively, to the
spatial nodal grid index and the nodal temporal grid index.
Equation (5) is used to calculate the internal node concen-
trations starting from i = 1 until N — 1. The boundary con-
ditions given by Eqs. {3) and {(4) can be wriiten in the finite
different forms as:

for i = N at the grain surface

Mon(7, + 1) = MpR_; - M =0 ()
for 1 = 0 at sphere center
MR + M, (60, — 1) — 60,M}; =0 (9)
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where

(10}

In this study, the grain has an cquivalent radius of
0.00175m and the moisture diffusion coefficient of paddy
was obtained from Tirawanichakull®

—37099
RT

D, =4.33 x 10-5exp( (11}

The moisture equilibrium for paddy was obtained from
Laithong!"®

—18.7M .
RH = exp [—21803 exp(—gj—p’)J

A (12)

where R is the universal gas constant (kJ/kmol-K), RH is
the relative humidity of air (in decimal), and T is the air
temperature (K).

The convective mass transfer coefficients between the
paddy and the surrounding can be calculated by the follow-

ng xfcl'aJ.lionship:“'Sl

. pCple?’ (13)
hepp

where Ffp is the convection heat transfer coefficient of
paddy (W/m?-K), p is the density of air (kg/m?), C, is
the specific heat capacity of air (kJ/kg-K), and Le is the
Lewis number {dimensionless). The Nusselt number of
paddy can be calculated by Eq. (14).["’] By assuming that
there is no temperature difference between air and paddy,
the Rayleigh number in Eq. (15) is thus reduced to zero
and the Nusselt nrumber is equal to 2. When Nu is known,
convective mass transfer coefficient in Eq. (13) can readily
be calculated.

— 0.589Ra)/"
Nu, =2+ R
[1+ (0.469/Pr)°f‘6]
(Pr> 0.7 and Ra < 10'") (14)
T, - T)d}
Rap - g_ﬂ(__P—)_p (15)

av

where k is the thermal conductivity (W/m-K), Nu, is the
Nusselt number of paddy (dimensionless), d, 1s the diam-
eter of paddy (m), Ra, is the Rayleigh number of paddy
(dimensionless), Pr is the Prandil number {dimensionless),
Ty is the grain temperature (K), g is the gravitational accel-
eration (m/sz), B is the volumetric thermal expansion coef-
ficient (1/K), « is the thermal diffusivity of air (m?/s), and
v is the kinematic viscosity of air (m?/s).
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Rice Husk

A rice husk was considered as an infinite plate with a con-
stant effective diffusion coefficient. The movement of moist-
ure can therefore be explained by the following equation:

My [*M,
Ta“D“{ ax? J

where Dy, is the moisture diffusion coefficient of rice husk
{m?/s), My, is the rice husk moisture content (decimal dry
basis), and x is the thickness of rice husk (m).

The initial and the boundary condiiions were as follows:

(16}

My =My t=00<x<+L (17)
My,
W—O t>0,x—0 (18)

The air water vapor adsorbed by rice husk can be
expressed by

oM h

1>0
ax x=%L

Dy, = hpp(Mpe — Mys) (19)
where h,p is the convective mass transfer coefficient
between rice husk and surrounding (m/s) and My, M,,;,
and My are the equilibrium moisture content, initial
moisture content, and moisture content at rice husk surface
{dectmal dry basis), respectively.

Similar to the method used in calculating the moisture of
paddy, the explicit method is applicd again and it can be
expressed by

for i=1 to N —1 at internal node concentrations of
infinite plate

M+ MY (e — 1) —an (M, + M) =0 (20)
where
Dy At
Uy = -F (2])
for i = 0 at middle thickness of rice husk
MY + My o(20 — 1) — 20,M} | =0 (22)
for i = N at the surface of rice husk
MiwOm + 1) = MEL, —wMi =0 (23)
where
bh mAX
=—— 24
Yh Dy ( )

In this study, the thickness and the fength of rice husk
are 0.2 and 5mm, respectively, and the moisture diffusion
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coefficient of rice husk as a function of air temperature was
given by Steffe and Singh!'™ as follows:

~7.38 x 103)

. (25)

Dy =0.1344 cxp(
The moisture equilibrium for rice husk can be written as
the following equation:

RH = exp|—3.24 exp{—25.25M . }| (26)

Equation (26) was experimentally obtained in the range
of 11 to 97% relative humidity at 40°C, using the salt
solution.

Nusselt number of the rice husk was obtained from
Churchill and Chul'®

2
0.387Ra,’®

Nu, = [0.825 + @7

[1 + (0.492/Pr)" “‘] v

where Nuy, is the Nusselt number of rice husk (dimension-
less), and Ra,, is the Rayleigh number of rice husk (dimen-
sionless). In this study, the experiments were carried out
under isothermal condition, thus yielding Ra = 0. Hence,
Nu of the rice husk is equal to 0.825.

After knowing the moisture profile inside paddy or rice
husk, the average moisture content can then calculated by
the fotlowing equation:

R
Maye = — / M(r, 1)dV (28)
Vi

where V is the volume of particle (m3).

Mass Balance Equation

While paddy and rice husk were being mixed within a
closed bin, rice husk adsorbed water vapor, with a rela-
tively lower rate than the rate of water evaporation from
paddy, and this enables the increase in the concentration
of water vapor in the existing air within the bin or, in other
words, the increase in the relative humidity. The change of
water concentration can be calculated by making the mass
balance of moisture and humidity ratio of air within the bin
for a small time interval:

_ MH—[

p.avc

my(M'

1
pave ) = :mh(ivl‘+ - :\‘ave)

h,ave
+ m, (Wi — W) (29)
where m,, m,, and my, are, respectively, the dry mass of air,
paddy, and rice husk (kg); My aye and My .. are, respect-
ively, the average moisture conients of paddy and rice
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husk (decimal dry basis), and W is the humidity ratio
(kg water/kg dry air). The humidity ratio and relative
humidity are correlated with vapour pressure by the
following equations:

0.622P,

= 30

W, PP (30)
P,

= 1

RH =5~ (31)

where P, P,, and Pg,, are, respectively, the pressure ol air,
vapor, and saturated vapor (kPa).

Calculation Method

The calculation procedure for grain drying using an
adsorption technique is shown in Fig. 1. The relative
humidity of air at a time t + At was assumed and the equi-
librium moisture contents of paddy and rice husk were then
calculated using Eqs. (12} and (26}, followed by determining
the moisture content at positions instde the paddy and rice
husk. After obtaining their average moisture contents, the
relative humidity was calculated by Eqs. (30) and (31) and
compared with the assumed value. If the difference between
assumed and calculated values of relative humidity is higher
than 0.005, the caiculation was repeated again by assuming
the new relative humidity, correlated to the old value plus 8
with the value being 0.00001 in this study. Choosing & is
important to solution. If the chosen & is larger than
0.00001, the solution will be diverged. Iteration method
lcads to the final values for My 4ves Mp ave, and RH.

MATERIALS AND METHODS

Materials

The long grain paddy (Suphanburi | indica varicty) was
reweited 1o 2 calculated moisture content of 32-34% d.b.
and kept in a cool storage at a temperature range of
4-6°C for a week. For the rice husk, three initial moisture
contents, 10.5, 4.5, and 0.9% d.b. were prepared, the high-
est value being the equilibrium moisture content at ambient
temperature. To obtain the desired moisture content of rice
husk lower than equilibrium value, the rice husk at 10.5%
d.b. was dried overnight using hot air oven at temperatures
of 45 and 90°C, which then obtained the moisture content
of 4.5 and 0.9% d.b., respectively.

Methods

Before conducting the experiments, the cooled paddy
was placed in an ambicnt environment and hot rice husk
was packed in a plastic bag and left in a desiccator
until their temperatures were close to the ambient air
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Input: M, ;, My ;. mass ratio, RH,
Lfﬁxi:gﬁmo‘r’ R}Ia&mnx:o a.l'ldt=1

/

‘ Calculation: Dy, Dy, hpy and hinp |

5.
|

Caleulation: M ¢, Mo, Mave gy Mo,

RHISSUrne =

l RHassnme'RHcal I £ 0005

Print results

STOP

FIG. 1. Block diagram

temperature. Paddy was then mixed with rice husk at the
following conditions: the volumetric mixing ratios between
rice husk and paddy of 1.0:1, 1.5:1, and 2.0:1 {correspond-
ing to mass ratios of 0.17:1,0.26:1, and 0.34:1). An intimate
mixture of wet paddy and rice husk was packed and sealed
in a closed insulated plastic vessel with an inner diameter of
18cm and an inner height of 22cm. Temperatures of the
mixture were measured by a K-type thermocouple connected
1o a Yogokawa data logger with an accuracy of £1°C. Rela-
tive humidity of the air in the airtight plastic vessels was mea-
sured by a thermo /hygrometer (Sato SK-110TRH) with an
accuracy of 4% RH. In this work, the experiments were
performed in single and multi-stages. In single-stage drying,
each mixing vessel was opened at drying times of 1, 3, 5, and
7h and the mixture was separated by an electric fan.

For multi-pass drying, paddy was separated from the
rice husk using an electrical fan and then mixed again with
the new rice husk every 2 h. The moisture contents of paddy
and rice husk were determined by the hot air oven at 103°C
for 72h, according to AOACK® The final moisture

for M and RH calculation.

content of paddy that was higher than 16.5% d.b. was then
dried by ambient air ventilation. Qualities of paddy in
terms of head-rice yield and whiteness were determined
and compared o the reference samples, which were gently
dried by shade drying. The head-rice yield was defined as
the ratio of mass of head-rice obtained from milhing to
mass of paddy before milling. The whiteness value of rice
kernel was determined by using a whiteness tester, modet
Kett C-300-3.

RESULTS AND DISCUSSION

Comparisons between Experiments and Calculations
After the rice husk at the initial moisture contents of
10.5% and 0.9% d.b. was mixed with the high-moisture
paddy, the changes of relative humidity and moisture con-
tents of paddy and rice husk were found. Their changes are
shown in Fig. 2a for 10.5% 4.b. rice husk and Fig. 2b for
0.9% d.b. In Fig. 2a, the temperature and relative humidity
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FIG. 2. Comparisons between experimental data and calculations at a
volumetric ratio of rice husk to paddy of 1.5:1. (a) Rice husk with initial
moisture content of 10.5% d.b.; (b) rice husk with initial moisture content
of 0.9% d.b.

of the existing air within the bin at the beginning were 29°C
and 70%, respectively. The loss of moisture content of
paddy was very rapid in the first 2h of mixing. This
responded to a rapid increase in moisture content of rice
husk, from 10.5 to 18.1% d.b., but the increased quantity
of moisture of rice husk was not the same amount as the
moisture evaporating from the paddy kernel, as dircctly
indicated by the relative humidity, which shows the increas-
ing trend. Beyond 3 h, there are no further changes in moist-
ure contenis of paddy and rice husk because the water vapor
pressure at the paddy surface and rice husk surface tends
toward equilibrium with the partial water vapor pressure
in the surrounding air. At the end, the final moisture con-
tents of paddy and rice husk were, respectively, 29.3 and
23.2% d.b., and the relative humidity of air was 96.1%. In
addition, the temperature within the bin was increased by
2-3°C after the elapsed time of 7h, due to the respiration
effect 29 The similar patterns of their changes, i.e., drying
characteristic curves and relative humidity were also found
with the 0.9% d.b. initial moisture content of rice husk.
These results clearly indicate the diffusional transfer of
moisture from paddy to rice husk to be limited by the water
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FIG. 3. Effect of initial moisture content of rice husk on drying rate of

paddy at a volumetric ratio of rice husk to paddy of 1.5:1.

content in the air, where it has a low water content at the early
period, speeding up the desorption-adsorption processes,
and has a high water content at the later period, slowing
down the processes. This evidence was taken into account
in the before-mentioned mathematical model, and the predic-
tions, shown by the solid lines in Fig. 2, reasonably agree with
the experiments. The comparisons are also made with the
other cases, as will be shown in Figs. 3 and 4.

Effect of Initial Moisture Content of Rice Husk on
Moisture Change of Paddy

Since the moisture removal rate from paddy using an
adsorption techmique is controlled by the resistance in the
gas phase, it is important to know how this resistance
affects the drying rate when the different initial moisture
contents of rice husk are employed. Figure 3 shows the
effect of the initial moisture content of rice husk on removal
rate of moisture from paddy, indicating that using lower

40
o 1
g 3071 hd » 4
= 1
£ 20 p
e il
2 - Volumetric mbdng ratio
E 101 between rice husk and paddy
- ¢ 101 (o)
~—— paddy (predicted) A 151 (expd
—— rice husk (predicted) ® 2.0:1 (og)
o : — - . -
0 1 2 3 4 5 6 7
Time (h)
FI1G. 4. Moistare changes of paddy and rice husk at various volumetric

ratios of rice husk to paddy.
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moisture content of adsorbent led to the faster rate of
moisture removal from the grain than using higher moisture
content of adsorbent. From these drying curves, it can be
noticed that less drying potential is evident after 2 b whether
the low or high initial moisture content of the adsorbent is

apphied for drying paddy. The final moisture contents of

paddy were 29.3, 27.6, and 26.8% d.b. for the respective rice
husk moisture contents of 10.5, 4.5, and 0.9% d.b.

Effect of Volumetric Mixing Ratio between Rice Husk
and Paddy on Moisture Change of Paddy

Reducing moisture content of paddy as fast as possible,
without any quality loss, is a primary objective in any dry-
ing process. One of the possibilities to increase the drying
rate of the grain using the adsorption technigue can be
made by increasing the volumetric mixing ratio of rice husk
to paddy. The mixing ratios of 1.0:1.0, 1.5:1.0, and 2.0:1.9,
along with an initial moisture content of rice husk of
0.9%4d.b., were chosen in this study and the experimental
results are illustrated in Fig. 4, indicating that there is a
small difference in final moisture content of paddy
obtained from the experiments at the volumetric mixing
ratios of 1.0 and 1.5 and insignificant difference beyond
the mixing ratio of 1.5. The final moisture contents of
paddy were 28.1, 26.8, and 25.8% d.b. for the correspond-
ing mixing ratios of 1.0, 1.5, and 2.0. These results indicate
that there is a maximum effective contact area between rice
husk and paddy and the mixing ratio of 1.5 may appropri-
ately be employed for drying paddy.

Multi-Pass Drying of Paddy

Using rice husk as an adsorbent material could not
reduce the moisture content of paddy to the level for safe
storage by single-stage drying even though the low initial
moisture content of rice husk and the high mixing ratio
were used. The remaining moisture content is still higher
than 26.8% d.b., which is risk for spoilage by either micro-
organism infection or yellowing-induced gram respiration.
To further reduce the moisture content of paddy, it is
necessary to separate the rice husk from the paddy since
high relative humidity of the air limits capability of rice
husk to adsorb moisture. In this study, the experiments
were carried out at the velumetric mixing 1.5 and two
initial moisture contents of rice husk, 11.8 and 1.2% d.b.

During the experiments, the temperature within the bin
was in a narrow range of 33 to 35°C. The experimental
resulis shown in Fig. 5 indicate that after four or five times
of replacement, the moisture content of paddy can be
reduced from 34.0 to 25.4% d.b. for the rice husk at initial
moisture content of 11.8% d.b. and to 17.8% d.b. for the
initial moisture content of 1.2% d.b. Rice husk at initial
moisture content of 11.8% d.b. may not be suitable for
adsorbing the moisture from paddy since the relative
humidity of the air within the bin at the beginning of each

100
z 86
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g E
8 2
g -
':a: K
b 0%
' 0
100
& - 80
2 =
) -
g 1603
& &
= | |
: 1*2
= 20 =
0

& paddy (exp)
M rice husk (exp.) —

paddy {predicted)
rice husk (predicted)

A RH{exp) — RH (predicted)

FIG. 5. Comparisons between experimental data and calculations of
mukhi-pass drying at a volumetric raiio of ricc husk to paddy of 1.5:1.
(a) [nitial moisture content of rice hosk at 11.8% d.b.; (b) initial moisture
content of rice husk at 1.2% d.b.

replacement is in the range of 68 to 76%, which is near the
water concentration at the rice husk surface, thereby slow-
ing down the adsorption of moisture from paddy, in parti-
cular, at the 4th and 5th replacement. With low initial
moisture content of rice husk, on the other hand, although
the adsorption rate of rice husk is reduced at the later stage
of drying, it still has high potential to adsorb the moisture.
This can observe from Fig. 5b where the relative humidity
of the air within the bin is rclatively reduced from 62 to 42—
53% at the beginning of the 3rd and 4th rice husk replace-
ments (at drying times of 6 and 8 h) before it increases
again. As shown in Fig. 5b, the final moisture content of
paddy at 8 h is slightly higher than the desired final moist-
ure content. To obtain the final moisture content of 16.9%
d.b., the volumetric mixing ratio of 2.0 was required; other-
wise, the drying time was extended longer for the mixing
ratio of 1.5, approximately 1 h from calculation.

Figure 5 also shows the predictions in relative humidity
of the air and moisture contents of paddy and rice husk.
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TARBLE |
Head-rice yield and rice whiteness from multi-pass drying

Volumetric ratio of rice Initial rice husk moisture Final paddy moisture Head-rice Rice
husk to paddy content (% d.b.) content (% d.b.) yield whiteness
1.5:1 11.8 £0.5 254+£0.2 50.7+05 510+ 04

6.6 0.1 209+03 506+0.5 51.8+0.4

1.2+0.1 178+ 0.1 50.6 0.6 52404
2.0:1 11.8x0.5 24705 496 +03 520105

6.6+0.1 18.71+0.3 508 04 52603

1.2+£0.1 169+£0.1 49.8 £ 0.5 5241+40.1
Reference — — 496+ 0.5 51.2+£0.3
In calculations, the same mathematical model as mentioned ACKNOWLEDGEMENTS

before was used for multi-stages but the initial condition for
moisture content inside the kernel for each drying stage was
not the same. In multi-modes, the moisture gradient created
inside the kernel for each drying stage can be known from
the calculation and was then used as input parameter for
the subsequent stage. The simulations shown by solid lines
were in agreemenl with the experiment results.

Head-Rice Yield and Rice Whiteness

Head-rice yield and whiteness obtained from the multi-
pass drying process at different conditions are shown in
Table 1. The values of head-rice yield and whiteness
obtained by this technigque were around 50, which is insig-
nificantly different to those obtained from the reference
samples that were dried by shade drying.

CONCLUSIONS

Single and multi-pass drying of paddy using rice husk as
adsorbent were investigated. The faster drying rate and the
lower final moisture content of paddy could be
accomplished by reducing the initial moisture content of
rice husk and increasing the volumetric mixing ratio. For
single-stage drying, rice husk could not adsorb the moisture
content of paddy to the safe level for storage. In multi-pass
drying, however, the moisture content of paddy was
reduced to the desired level using the adsorbent with low
initial moisture content. The mathematical model of
deserption-adsorption processes develeped was found to
be quite capable of predicting the moisture contents of the
paddy and the rice husk and the air relative humidity.
Considering qualities, the head-rice yield and whiteness of
rice sample produced by multi-stage adsorption processes
were similar to those dried by shade drying. The adsorption
process using rice husk as adsorbent is technically feasible
to replace the hot air drying for reducing high-moisture
paddy, with insignificant loss of the quality.

The authors express their appreciation to the Thailand
Research Fund (TRF) and the Japan International
Research Center for Agricultural Sciences (JIRCAS) for
their financial support, and to the Institute of Food
Research and Product Development (IFRPD) of Kasetsart
University, Thailand, for ricc whiteness testing.
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Absteact Increased Yield in Head Rice of Poor Quality Paddy by Combined Soaking and Fluidized

Bed Drying

Suttinee Wanichsumran®, Patcharee Tungtrakul+, Wanunee Waranyanon#, Somchart Soponronnarit™*
*Master’s Degree Student, School of Energy and Materials, King Mongkut's University of Technology Thonburi,
Bangkok, **Fellow of the Royal Institute; Professor, School of Energy and Materials, King Mongkut’s University
of Technofogy Thonburi, Bangkok, + #Researcher Specialist, Institute of Food Research and Product Develop-
ment, Kasetsart University, Chatuchak, Bangkok.

This research is a feasibility study for increasing the head rice yield of poor quality paddy by
combined soaking and fluidized bed drying. The effects of soaking time and drying time on head
rice yield, color, white belly, hardness of cooked rice, stickiness of cooked rice, pasting viscosity of
rice flour and gelatinization are considered. In the experiments, paddy with jnitial moisture content
0f 13% d.b. is soaked in hot water at a temperature of 80°C for 0.5-4 hours. Nexf, paddy is dried by a
fluidized bed dryer at 150°C for 2-4 minutes. After that, it is tempered for 30 minutes. Finally, it is
ventilated in the ambient air for one hour. Experimiental results find that the soaking time of four
hours and drying time of three minutes can considerably increase head rice yield. Moreover, white-
ness and white belly are good criteria; however, these will be reduced with an increase in seoaking
and drying times. In the texture test, the cooked rice is moderately hardened and flaked with an
increase in drying time. In addition, the peak and the final viscosity are reduced, but the pasting
temperature is increased. For the gelatinization analysis by DSC, paddy with soaking, time of four
hwwrs appears to produce a degree of gelatinization more than paddy with a soaking time of three
hours (degree of gelatinization of 60.8 and 74.8% for soaking times of 3 and 4 hours respectively).

Key words: fluidized bed, paddy drying, tice quality
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The Vortexing-Fluidized Bed Combustor Cold Model : Experimental

Study of Air-Rice Husk Flow Behavior
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Abstract
The present work involves the experimental stdy to
investigate the basic feature of air-rice husk flow behavior a5 well as the

measurements of air velocity are also conducted in a vortexing-fluidized

bed combustor (VFBC) cold model which is essentizl for proper design'

and operation of combustor. The results shown that a combination
phenomena of vortex and fluidization flow were simultancously
developed. The vortex ring functions as an air nozzle which facilitaies
the swirling motion and hence enhancing tangential air velocity. This
created the suspension layer of rice husk between the vortex ring which

could substantiatiy reduce the elutriation of solid. The circulation flow

is aggressive at near the wall due to the reverse flow of air which is
beneficial for solid combustion. The vortex ring and spouted bed feature
developed at the bottom of VFBC induced the fluidization in the next

above zones without using any inert materials mixed in to the bed.
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A 4 . o a .
a1 1 denlunsmrassdimivndnuwganssunis Tnavesoima-unaulu VEBC $1aea

Run No. 1 2 3 4 5 6 7 8
Rice husk feed rate g/min 300 360 300 300 250 250 250 250
Primary (tangential) air
Flow rate m’/min 268 244 219 207 268 219 207 195
Velocity s 2 20 18 7 n 18 17 16
Secondary (fluidizing) air
Flow rate m’/min 0573 0573 0573 0573 0573 0.573 0573 0573
Velocity m/s 6 6 6 6 6 6 6 6
Swirl number, S - 5.25 5.07 4.86 4.74 5.25 4.86 4.74 4.61
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Abstract  Developing a mathematical model of paddy cooling system. w

The purpose of this paper is to develop a mathematical model of paddy cooling system. The model is
verified by comparing with experimental results of paddy cooling in a 250 ton-silo. It comprises two
parts, i.e. a mathematical model for air cooling and 2 mathematical model for paddy cooling. The air
cooling model uses successive substitution method to solve the equations which are obtained from mass
and energy balance and heat transfer between air and refrigerant at heat exchanger, and performance
equations for reciprocation compressor. The results of this air cooling model are temperature and relative
humidity of cooling air which are used as inputs into the paddy cooling model. The simulation of paddy
cooling was divided into two parts: cooling and re—cooling. Paddy was cooled from its initial temperature
to 20°C and was re-cooled when its tlemperature rose from 20°C to 22°C. The comparison results showed
that the model predicted conditions of cooled air in good agreement with experimental data within
+2°C, temperature of paddy in each layer within an accuracy of £3°C, cooling ime nearly equal to that of
the expenments and cooling energy within 18% accuracy

Key words CoolmglGrain!Mathemahcal model
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