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ABSTRACT

The moisture movement and the variation of temperature are simulated
for paddy-ricein afixed-bed dryer and fluidized-bed dryer by taking shrink-
age into account. The equations of change were solved with an implicit
numerical method. The drying time of Paddy-ricefor both afixed-bed and
afluidized-bed dryer is compared with the respective experimental data.
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The paddy type was named “Neda” with 25% initial moisture content.
The drying process continued until the moisture content of paddy re-
duced to 12-14%. It wasfound that drying time in fluidized-bed dryer was
1/3 - 1/2 that of afixed-bed dryer and this technique could be used in-

stead of fixed-bed dryers.

INTRODUCTION

Freshly harvested paddy containsabout 25% mois-
ture content that should be dried rapidly to prevent its
degradation. In order to obtain good quality rice, itis
necessary to chooseasuitablemethod for drying of paddy
under controlled conditions. Ricequality, heedriceyidd
(HRY') and color depend onthedrying conditions.

Using thefixed-bed dryersisacommon technique
for drying of paddy inthe North of Iran. Inthesedry-
ers, quality of theproduct isnon-uniform, becausealot
of material remainsinthebed and grainsarestale. A
better rice quality can be obtained by fluidized-bed dry-
ers, inwhichthe heat and masstransfer coefficientsare
much higher than those of other typesand thedrying
timeisreduced.

Smulationand study of paddy qudity for anin-store
dryer wasdoneby Can Chunet al .. They showed that
thedryingair temperature between 30-40 °C and rela-
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tivehumidity of 70% werethebest conditionsfor having
good qudity rice. Thesmulaion of degp-bed grandryer
for paddy was done by Sitompul et al.'%. The model
was cgpableof prediction of thegrain moisture content
and temperature at any radius of the bed at any time.
Simulation of acrossflow continuousfluidized-bed dryer
for Paddy-Ricewasdoneby | zadifar and Mowla®. The
modd wasbased onthedifferentia equetions, whichwere
obtained by applying the momentum, massand energy
balancesto each e ement of the dryer and aso on the
drying propertiesof paddy. The proposed model was
solved by writing acomputer program, which took the
operating conditionsasinput and givesthehydrodynamic
propertiesaswel asthe variation of moisture content of
paddy through thedryer asoutput. Different fluidizing
characteristics of paddy, needed in the program, were
determined fromthedrying experimentsintheliterature.

Tirawanichakul et al.™® used in-storedrying tech-
niqueusngambient air temperatureand showed that the
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headriceyidd, stickinessand whitenessof samplesdried
frominitial moisture contents of 18.5-20.6% to 13.3
+0.6% wet basis at temperature of 30 + 4 °C and spe-
cificairflow ratesof 0.65-1.5 m¥min. mé of paddy re-
duces but hardness increases. As compared with the
quditiesof control sampleswhichweregently dried by
ambientar aerationinthinlayer dryer, they wered| dightly
different. They a so proposed anear-equilibriumdrying
model incorporatingtheyelowing kineticsof paddy. The
model wasreasonableto predict theexperimenta data.
Thesmulationresultsindicated that thedegree of white-
nesswas dependent on temperature, relative humidity,
loading capacity and airflow rate. Therdativehumidity
lower than 70% and specificarflow ratehigher than 0.75
m#/min miof paddy wererecommended.

Rafieeand K ashaning ad® simulated paddy mois-
tureprofileinanin-storedryer. They found that control
of drying conditionsisvitd for qudity of rice. They used
finited ement method for smulating themoisturetrans-
port withinthe paddies. Theinitial moisture content of
their paddy was 32.986%; temperature, relative hu-
midity and velocity of drying air were 40°C, 32% and
1.5mV/s, respectively. Head riceyield (HRY') and oper-
atingtimeinfluidized-bed dryer wasstudied by Poomsa
ad et al.[. They found that moisture content after first-
stage drying and tempering have adominant effect on
head-riceyield and operating timein reducing high-
moisture contentsto asafelevel. Based onthesimula-
tion resultsthey recommended that theallowabletem-
perature should be not higher than 150 °C for thefirst
stage and the moi sture content after first-stagedrying
should be not lower than 22.5% dry basi's, with subse-
quent tempering for at least 25 min.

A transient heat and masstransfer model wasde-
vel oped for the packed bed drying of paddy riceusing
thelocal volumeaveraging method by |zadifar et al .
Intheir work, the required conditionsfor the applica-
tion of thelocal volume averaging were eva uated in-
cluding appropriatelength, time, and temperature scales
and justified for fixed bed paddy ricedrying. Taking
loca thermal equilibriumin each representatived emen-
tary volume, transient massand heat transfer governing
equations were derived. The transport mechanisms
considered were conduction and diffusion aswell as
convection heat and masstransfer. Intheir model, the
transport coefficientswerefunctionsof moisture con-
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tent and temperature, and change during drying pro-
cess. Thegoverning heat and masstransfer equations
weres multaneoudy solved using animplicit numerical

method. Thesmulationresultswerecomparedto avail-
ableexperimenta datafrom literatures. Although the
physical propertieswerefrom different independent
research andindependent of theexperimentd dataused
for modd vaidation, their predicted resultsshowed a
reasonabl e agreement with the measured data.

Simulation and modeing of Paddy-Ricewas per-
formed by Bunyawanichakul et al.'Z inasimple pneu-
matic dryer. Theeffect of specificairflow rate, which
dependson dryer diameter, paddy feed rateand inlet-
air velocity on thefinal moisture content, and tempera-
ture of paddy grain and air stream was studied. They
claimed that thisdryer wasuseful when grainresidence
timewashigh and thelength of dryer wassmall.

Aquerretaet al .l investigated the effect of high
temperatureintermittent drying and tempering onrough
ricequality. Intheir work the effect of the number of
drying cyclesassociated with different tempering treat-
mentson roughricekernel fissuringand heedriceyield
(HRY) hasbeen studied for initia and final moisture
contentsusually found in therice processing industry.
Results showed that post-drying tempering a hightem-
perature (60 °C) resulted in greater moistureremovals
and that drying time reductions up to 38% can be
achieved. They dso claimed that percentage of fissured
kernelswasdrastically reduced when drying was per-
formed intwo or three steps compared todryinginone
step. Tempering at high temperature reduced the per-
centage of fissured kernelsand enhanced HRY inde-
pendently of thenumber of drying steps.

It should be noticed that, in al papers shrinkage
effect wasneglected and grainswereof spherica shape.
Inthiswork, in addition to considering the shrinkage
effect, thedryingtimein afixed-bed dryer iscompared
with afluidized-bed dryer. For this purpose both types
of dryersare modeled and compared with the respec-
tivedata. After validation of themodd s, the compari-
son ismade between two dryers.

MATHEMATICAL MODELING

M athematical modeling of thefixed-bed dryer
Figure 1 showsthe schematic diagram of abed of
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paddy grainswith acrosssectional area, (A), height,

(L). Equations of change arewritten for acontrol vol-

umedement withtheheight Az. Hegt transfersfrom the

bottom to thetop of thebed intheform of conduction

and convection. Thefollowing assumptionsweremade

inorder to smplify themathematical modeling of grain

drying inadeep bed:

e Grankerndsareuniforminsizeandinterndly ho-
mogenous/isotropic cylinders.

e Heat and moisturetransfer occursonly in z-direc-
tion of the bed without any transport in r-direction.

e Dryerwdlsarewd| insulated.

o Shrinkage affectstheheight of the bed.

o Densty, diffusvity, heat conduction coefficient, soe-
cific heat and porosity are constant.

111
it
- * Drying column @i‘t
B S M, o L IR
(RN

Tl
Drying air
Figurel: Schematic diagram of a packed bed aswell asa
differential element of thebed.

Massbalanceequation for drying air
Thegoverning equationfor describing absol utehu-

midity of drying air can bewritten asfollows:
o(yp.) _ 0 (D 6(ypa))

ot 0z 0z
@

0 a .
—E(Uz(ypa))+;*<m(y y)

Themeasstransfer coefficient for thefixed-bed dryer
wasobtained from Strumillo & Kudrd®.

Iy = 1.82 Re0%t 40< Re<350 2
K v

J,, =—"" 3

. anz (DaJ ( )

Relative humidity should be evaluated by
Henderson’s Equation!*¥:
1- RH =exp[-0.0000078(1.8T, +491.7)(100X )2  (4)
and the equilibrium absolute humidity (y*) by

. RHP,

V=R -RHR, ©
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Energy balanceequation for dryingair

Energy balanceequation for drying air can bewrit-
tenasfollows:

0 0 oT,
7(pa(cpa+ycpv)Tb)=7(ka bj
ot 0z 0z
(6)

0 a
—E(UZpE(Cpa +prv)Tb)—8—[Km(y* =Y)AH +h(T, = T,)]
b

Heat transfer coefficient for fixed-bed dryer that
wasreported by Strumillo & Kudra' can be obtained
asfollows:

J,=1.06 Re**" 35< Re<350 (7
%
3, =1 (V) ©)
ansza a

Where, a.isthermd diffugvity. Theinitid and boundary
conditionsfor EQ’s 1 and 6 are as follows:

t=0 0<z<L y=y, T,=T, 9)
t>0 z=0 Y=Yy, T,=T, (10)
oy oT,

= —=O 7=0
t>0 z=L pe = (1)

Mass balance equation for a single rice in the
fixed-bed
Thevaporized moisturefrom paddy transferstothe
dryingair. Masstransfer equation for the bed of paddy
grains(seeFigure 2) could bewritten as:
ox _ &i(r ix)
ot rooar\ or
Theinitid and boundary conditionsfor Eqg. 12 are
asfollows:

(12)

t=0 r=r X=X, (13)
X
= —=0
t>0 r=0 o (14
t>0 r=R —ppr%=Km(9*—§) (15)

Ener gy balanceequation for thefixed-bed

Based on Figure 2, the energy balance equation for

thefixed-bed dryer should bewritten as:
oT, mk, a( aT,

PoCo 3 = Ta_r[r 6_r] (16)

Theinitia and boundary conditionsfor Eqg. 16 are
asfollows:
t=0 r=r Tp = TpO
aT,
> =0

(17)

t>0 r=0 (18)
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aT, - -
r=R _kpaf:=Km(y*—y)AH+h(Tp—Tb) (19

Uy @ o x
-
( > > rarl /.
+ v v
Figure?2: Schematic diagram of a paddy grain aswell asa
differential element

Mathematical modeing of thefluidized-bed dryer

Figure 3 showsthe schematic diagram of afluid-
ized-bed with crosssectiond area(A), height of fluidiza-
tion(L) dongwithavolumedement withtheheight Az.

t>0

Figure 3: Schematic diagram of a Fluidized bed aswell asa
differential eement of the bed

Massbalanceequation for drying air

Thegoverning equationfor describing absol utehu-
midity of drying air can bewritten asfollows:

o(yp,)

0 a
=——(U +—K_(y*-
ot az( YPa) . n(Y*=Y)

Themasstrangfer coefficient for fluidized-bed dryer
(K,) wasobtained from Strumillo and Kudra™:

(20)

Sh =2.01 Res 15< Re <500 (21
K.d,

Sh= (22)
ppr

Thegenerd corrdationfor minimumfluidization po-
rosity, & isgiven by Kunii and Levenspiel®:

du
Re, = GolmiPa (23)
Ha
d3(ps -
ar = 3o (Pe —P)9 (24)
M.
1.75 150(1—-
3 Reﬁf"' (3 sz) Rey = Ar (25)
Emt Ps Emt Ps

Energy balanceequation for dryingair
Energy balanceequation for drying air can bewrit-
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tenasfollows:

%(Pa(cpa + ycpv )Tb )= _%(Uzpa(cpa + prv )Tb)

. (26)
—e—[Km<y*—y)AH+h(Tb—Tp>]
b

Heet trandfer coefficient for fluidized-bed dryer was
obtained by Strumillo & Kudra*:

Nu=0316Re*®  80<Re<500 27)
hd,
Nu=-— (28)

p

Theinitial and boundary conditionsfor EQ’s 20 and
26 areasfollows:
t=0 0<zL y=y, T,=T, (29)
t>0 z=0 y=y, T,=T, (30)

Mass and energy balance equations for the par-
ticlesinfluidized-bed arethe same asthose of thefixed-
bed dryer.

Shrinkageeffect

Theequationfor description of shrinkageinthebulk
of paddy of long grain ricewith variation of moisture
content from 39% dry basisto 12% was devel oped by
Preechakul® andisgiven by:
V = 0.001997 + 0.0012X (31)
EXPERIMENTAL WORK

Themain purposeof thiswork wastheinvestigation
of drying timefor paddy-rice whose moisture content
had to be decreased from 25%to 14% dry basisintwo
different typesof dryers. Figure4illustrates schematic
diagram of thedryer. It consstsof acylindrical glasshin
withadiameter of 4.7 cm and height of 60 cm. A 2kW
electrical heater wasused for heatingtheinlet dryingair.
Thetemperatureof theair iscontrolled by an on-off con-
troller. Thesame gpparatuswas used for theexperiments
of bothdryersbut with different air vel ocities (u=0.42 m/
sfor fixed-bed dryer and u=4.55 m/sfor fluidized-bed
dryer). A wirescreen wasinstalled on top of thedryer
for theprevention of particlesgoing out of dryer.

Experimentswereperformed & four different air tem-
peratures of 34, 44, 54 and 64 °C. For the calculation
of moisture content of the bed, paddieswere weighted
periodicdly a different timeintervals. Paddy samplesin
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wire screen

Heatg;.--"

drying air

Figure4: Schematicdiagram of dryer

all testswere Neda species (medium size productive
grainsthat grow in Gorgan, aregionin North of Iran)
with 25%initial moisture content. Weight of samplein
eechexperimentis50g. Granswereof cylindrica shape
with ~0.001 m diameter and ~0.005 m height.

RESULT AND DISCUSSION

Equations (1), (6), (13) and (17) for thefixed-bed
dryer and Equations (12), (16), (20) and (26) for the
fluidized-bed dryer weresolved implicitly by numerica
methods. Theparametersand repected va uesthat were
usedfor smulationaresummarizedin TABLE 1. Many
researchers have studied the accuracy of theimplicit
method for solving theequationsof thistype59. They
have claimed the good agreement between predicted
resultsby themodd with therespectiveexperimentd data

TABLE 1: Dataused for ssimulation

Parameer Value Ref.
G 1012 [15]
C., 2030 [3]
Xo 0.25 Exp.
Xet 0.12 Exp.
AH 2.357%10° [3]
D, 7.85*101! [3]
Da 2.5810° [15]
Ka 0.65 [15]
b0 0.65 Bxp.
Pa 1.157 [15]
Pb 521 (3]
R 05 Bxp.

—=> [ull Paper

Experimenta and cal culated drying curvesfor the
fixed-bed dryer are depicted in Figure 5 and for the
fluidized-bed dryer in Figure 6 at thedrying air tem-
peraturesof 34, 44, 54 and 64°C. It could be observed
that thereexistsagood agreement between the predic-
tionsof themodel with experimental data. The maxi-
mum deviation between the predicted and cal culated
vauesfor thefixed-bed and fluidized-bed dryerswas
1.47 and 2.44% respectively. Al so the mean absol ute
deviationswere 0.6 and 1.57%. After thevalidity of
the proposed model swas checked, the effect of vari-
ous parameterswas predicted by the models.

Cale. T=34'C
m B T=34 ¢

Cale. T=44'C
L BpT=44'C

Cale T=54'C
& EBxp.T=54C
Cale. T=64°C
Exp. T=64 'C

01

0 a0 100 150 200 250 300
time {min)

Figure5: Predicted and experimental data of paddy ricemois-
turecontent in fixed bed dryer

0.26

Cale. T=34'C
s Exp.T=24C
Calc. T=44'C
®  Exp.T=44'C
Calc. T=54'C
Calc. T=64'C
»  Exp.T=64'C
Exp. T=54'C

0 20 40 60 80 100 120
Time {min

Figure6: Predicted and experimental data of paddy ricemois-
turecontent in fluidized bed dryer

Investigation of the profilesof absolute humidity of
the outlet drying gas acrossthe bed at four different
temperaturesin two dryers show anincreasing trend
by increasngthemoistureremova fromthegrains. Fig-
ure7 and 8 illustrates the variation of thedrying air
temperature with the height of thebed. Asit could be
seen, reduction of the moisture content of grainsdueto
evaporation causes the decrease of bed temperature
from the bottom to top. Temperature decreasesfrom
the bottom to the top of the bed.

Figure 9 and 10 present the variation of grain

——————, Natural Products
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temperaturewith dryingtimeat four different air tem-
peratures. Moisturein the paddy isunbounded, so
during thedrying process, temperature of the paddy
increases. Rate of drying in the fluidized-bed dryer
isvery high (transfer coefficientsarehigh), so at early
stages grain temperature decreases and then increases
with elapseof time.

70 Te34'C

65 S— T
L S T-54'c
g s5 o -~ Te6aC
§ 50 S
5 T
W 40 | S R e e
£ 3 e L e e S T T T

B ] T e e e

25

20

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
Height of bed {m})

Figure7: Variation of drying air temper aturewith theheight
of bedin fixed bed dryer
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Figure8: Variation of drying air temper aturewith theheight

of bed influidized bed dryer
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Figure9: Variation of grain temperaturewith thedrying
timeinfixed bed dryer

35

Tair=34'C
= === Tair=44 'C
Tair=54'C

air=64"C

4] 20 40 60 80 100 120
Drying time {min)

Figure10: Variation of grain temperaturewith thedrying
timein fluidized bed dryer

Figures11 and 12 illustrate thevariation of mois-
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ture content paddy-rice with drying timewhen shrink-
age effect isnot ignored in two kinds of dryers. By
cons dering the shrinkage effect into modd, the agree-
ment between the predi cted results and experimental
valuesincreases; although the maximum error dueto
ignorance of shrinkageisnot morethan 5.5%.

Thecomparison of experimentd dryingtimeintwo
typesof dryers, (fixed-bed and fluidized-bed dryer) is
summarizedin TABLE 2. It wasfound that thedrying
timein the fluidized-bed dryer was 1/3 — 1/2 of the
drying time of thefixed-bed dryer. Thisshould bere-
lated to higher transfer ratesin fluidized-bed dryersthan
fixed-bed ones.

0.26 4

. Calc. T=34 'C
24 {3\
028 \ Calc. no shrink. effec
= “\ E =44 "
Iy gaid N\ i Exp.T=44'C
w5 \
]
E 0.2 1
g
o
o 0.18 4
2 .,
=] 4 ——
£ 0.16 o
£ ok
I 14 A.
5 0.14
012 T T T T T T T
20 40 60 80 100 120 140

Time [min)
Figure1l: Predicted and experimental data of paddy rice
moistur e content with shrinkage effect in fixed bed dryer

- Calc. T=44'C calc. Mo shrink. effect

\ Exp. T=dd 'C
022 \

N,
0.2 ¢
018 A
018 -

0 0 40 60 80 100 120

Tirvwe {in

Figure12: Predicted and experimental data of paddy rice
moistur e content with shrinkageeffect in fluidized bed dryer

TABLE 2: Comparison of dryingtimein fixed and fluidized
beddryers

Drying time (min)

Temp. (°C)

Fixed bed dryer  Fluidized bed dryer
34 240 125
44 140 80
54 120 60
64 95 32

Theabsolute humidity of thedrying gasislower at
the bottom of the fixed-bed dryer than other sections.

e
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Theresults show that using afluidized-bed dryer in-
stead of fixed-bed dryer ismorefeasible, because dry-
ingtimeismuchlower in afluidized-bed dryer and dso
thequality of the product is better.

NOMENCLATURE

Specific areaof bed grains, m¥m3

Specific heat of drying gas, Jkg.K

Specific heat of water vapour, Jkg.K

Specific heat of paddy Jkg.K
Moigturediffusivity (m?/s)

Hest transfer coefficient for fixed-bed, Jm2.K.s
Thermd conductivity of dryingair, (Jm.K.s)
Therma conductivity of paddy (Jm.K.s)
Masstransfer coefficient

Dry massof bed grains, kg

Saturation vapor pressure of moistureonthesur-
face of grains(mm Hg)

R  Radiusof particle, mm

Reynol dsnumber

Relativehumidity

Temperature of ambient air (°C)

Drying air temperature (°C)

Inlet air velocity, m/s

Superficid ar velocity, m/s

Volume per kilogram of dry matter, m¥/kg
Moisture content of bed, kg/kg dry
Equilibrium moisture content (kg/K g dry mass)
Absolutehumidity of dryingair (kg/Kgdry air)
Equilibrium absolutehumidity

Absolute humidity of ambient air kg/kg dry air
Heat of vaporization of water, Jkg

Thermd diffusivity, m?/s

Minimumfluidization porogty

Initia bed porosity

Air dengity, kg/m?

Initial density of bed, kg/m?

Sphericity of aparticle

Kinematicviscosty

v ‘v ‘o
T < 9o

BAFFTTO000w

-

—

)

S < XX<Ccc-H

*

R B>
T8

™ ™
3 3

Q

1]

<6000
o

CONCLUSION

Mathematical models were developed and pre-
sented for the drying of paddy-ricein fixed-bed and
fluidized-bed dryers. It wasfound that themodel could
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predict the average moi sture content of thegrainsasa
function of drying time. Air temperatureand absol ute
humidity at different axial level sof thebed asfunction
of time could be predicted by the model and agood
agreement was observed.

The comparison of experimental dataand ssimula
tion results show that, using fluidized-bed dryer for
drying of Paddy-Ricewasfeasibleand dryingtimein
afluidized-bed dryer was 1/3— 1/2 of the drying time
of afixed-bed dryer.
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