1AIp 1 104 [BUONUAUSS Futzaixa ur yuas patp ,aseyd seAeded 0§y ngp vosdde Suipapaug
p | [EuO! | up Ao}

afEys | ey 0 gaImg MWes oY1 1ou alam SRS ¢opuir 7oy o oond eheiiyg
"

"

- Wk e §T e [AY ki I'¢ e (Y 6l 6t [
- S Fr £f re ob OF s ot 'k 't ir s Fb S ("o
R{ it ol v 79 b 31 4 9t €L 8 05 ¢l & iF duaa e By 1) 038
fre0 SUL0 wsioe 89 8r60 {80 0%0£ 0 DO9R 0 DIBL0 056¥0 0319°¢ 03¢L°0 £9170 TLsL0 6¥9L°0 (At dean e 3 T TIIWG
- sat 13 PRl Tor LR [y 6 8 [ 6 [ 66 (XA 017 puna oz Ay) Ty
R vhH R | [AY G0l [ g0l ont 29 [OF f'a 1'¢ 6 o selean e Tyy o Fnkagy
[ANR Rl ng [N 0ol LN S F 0y 0ol o1 nel o'ni Sh §8 <6l
5 OR [ QRN 16 IR (L1 nil nil [t} ool [ ool ol ol ant
ent i1 o8 [9F A1 YR 8L [k LR LR LIR L LR (% T [EER
Tor Sic 9L St [y | (N I 6g 8T et £y L0y 9L VLT
- it [ALY ter 8 i is 0¢s 0zs 0fs nes 108 Ly 0'te 208 ¢
IREN 6CLT ®Ie 1Ecl el B00L Ll ooy 9061 gal G r6 69L1 06T R4 oLt
LIsy L6505 R0FF 9cis P I {Fp 0 C0F Lok 9oLk LY ok wezk L0tE m_wm_u $TEs
B ALY Faxs LFE9 F6ED 6'Lr9 Lock [ 1034 oLy {'Sok 6 LIRS, $T0n Lorr, [ S
LT [iE5Y 0 Faz ek 31 el 691 DAY LKl S6l LR Tl [ Pt
wes Fi% kY 9 F6L Y ko 691 60F L8 4l Fir 9% [ I'k¥ [ (4 P) Busdap arojag dmpsiows 2oy
Aovid wfeihed g0 wenipnoy
ey oL 0y 0°Z8 VR nar niL 0Ly 0'se R 9l el 0L 0L {4 AlpLum A as 3insaay
neg [aF ey R $'sT ¢ 6 0¢ LFE LT Lat £ R 98T L8 $RT .74 ISR taulitiag ABexsay
- STUENPUOY Uy
17 ¢ Mms | 2demps | Afivis { afe)s { s ¢ afinis PR | Adws £ e | Mns
DN IERY, tTON IsR ) € ON WAL € ON s | N R |

(9°¢*p souisa] : wsAs uado eieg ¢ 7 sou 1sa ] rwisAs 9501)) Suikip oov(d efeded Jo synsar fmuowiiadxy ([ 9(qe )




s.05uds 2aassdad pue samuaadiudg o suoneao] pue sdLLp dund jeay v jo

WA p Jewyds | 2andiy

ak, aL aL
v u
oL al ar ’
H3L1dS iy !
HLml L A3717038L Z A3TT0¥L al £ A31I0HL v A2V10¥L oL ml L
v
yIAIADAN
¥11.GHLINOD "dwal - SL HEYSHRUANY
IOYINOD a3ISO1I ATIVANON
N . 3UNSSINA €31¥0
IATVA 410 LNNHS NG
1A VA » - 3
dASNIANOD
TYNN3LX -Ld - - S5V
. : — . .. - LHOIS
IATVA QIONTIOS - 14 Lu
e - ' '
. . - HO1VDANI
, IYALSION
¥IdWvd IWNTOA HIV - Wy 5y Ay
! i C-3ATYA
ST Ny {NOISNY X3
HASS 4 LNVHADIMN G I - Ld 1Y "y
S1 . § 3. —
WAL 8IN8 1IM HIV S ML i 18
Ay
aW3dL g1Ng Aud aiv- Gl ' \.
UIMOE - -
ML aL L
/\z: M1 - - @
HOLVAOLY al
—- aL ai Odvad
7 —
— 5Svd A4 o) o a '
¥IZNIAN0D 035015 ATTYWAEON

HIv INFINY
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ABSTRACT

The objective of this research was to develop diffusion model of papaya
glace’ drying using analytical solution of the Fick's equation. Diffusion
coefficient of papaya glace’ drying using four methods of analysis was studied.
The parameters in diffusion models were evaluated by regression analysis from
the experimental data.  The comparison of four diffusion models was examined.
It was found that the predicted values of moisture content using Model | and
Model 2 were close to experimental values only in the early phase of drying.
Using Model 3 and Model 4, the predicted values could be improved in the entire
drying period. Conclusively, Model 3, which moisture content was incorporated,
was recommended for calcularing drying curve of papaya glace”.



INTRODUCTION

The mobility of moisture in drving of food materials is complicated
mechanism. Generally, moisture transfer mechanism in food material occurs only
in falling drving rate period. Therefore, the moisture migration within materials
is only governed by diffusion. Literatures on moisture diffusion of food materials
have been investigated by several authors.  For example, Lopez et al. [1]
developed diffusion model for drving of hazelnut. Usually, the dependence of the
diffusion coefficient on the drying air temperature is described by an Arrhenius-
type equation. The diffusion within food materials has been described by Fick’s
second law and it has several forms. The form used in this research work is
diffusion into a box shape in Cartesian coordinates. It states that the mobilitv of
moisture is proportional to the moisture concentration gradient within materials.

It can be writien as;

¢ aM 0 oM
— (D—)+ —=(D— 1
8Y(D8Y) az(D 82) M

— =-—(D m) +

{ ax
In solving the above equation. the assumptions are made as follows: the
shape of materials is not shrinkage, the food materials have uniform moisture
distribution at the start, and the moisture content at its surface reaches the
equilibrium when exposes to hot drying air.  These assumptions lead to the

following iniual and boundary conditions:

M(X, Y; Z: O) = I\'/[inl
when ©>0,  M(x.y,0,) =M(x, 0. z.) = M(0, y. 2. ) = M,,,
and M@y, L) =M, Lz =My, z.1) = M,



In the Equation 1, diffusion coefficient (D) is a variable depending on the
moisture content of product. It 1s usually assumed that D is constant

Consequently, the analytical solution 1s expressed by the following relationship:

M -M g & l .
=—_eq = | — J—- - - - = 2
MR = —— [n3 > [(2n+1):e.\p{ (2n+ 1D ot/ 2)

in eq n=0

Where, M,, is the equilibrium moisture content using the B.E.T. equation [2]
whose parameters were evaluated by Achariyaviriya and Soponronnarit [3]. In
addition, 1f D is a linear function of the moisture content of food maternials, the
approximate analytical solution of Equation 1, Crank [4], under initial and

boundary conditions is given by Equation 3.

g & | s 1283 exp(~D,m't /1)) —exp{-2D, 7't / ), 2
MR = [~ —exp{—(2n+ 1P Dt/ 1P} - o X ; (3)
MR=( g[(zmnf P ) D )= 6 S G —Dt /1)

The aim of this study is to develop diffusion model of papaya glace’ drying
which is used to describe drving in the falling rate period. In this work. four
models are developed by fitting experimental data to the Fick’s diffuston models.

Comparison of the diffusion coefficient in each model is also observed.

MATERIALS AND METHODS
Experimental Procedure
Samples of papava glace” obtained from the Royal Preject Food Processing

were cut into cubes with dimension of }5x13x13 mm’ Drying air temperature

varied from 45 °C to 70 °C. A total of 27 duplicate treatments were performed



at constant drving air velocity in the thin layer dryer. During each test, product
temperature. drying air temperature, and ambient conditions were measured by
thermocouples connected to a data logeer with an accuracy of 1 °C.  Size of
papaya glace’ was also measured by vernier before and afier drying. Walter
losses from product were measured by weighing the sample every hour unti] the
product reached equilibrium moisture content. The moisture content of papaya

glace’ was determined by hot air oven method.

Evaluarion of Diffusion Coefficiein

In this study. four different methods of analysis are applied to estimate the

diffusion coefficient. The detailed models are as follows:

Model 1

The diffusion coefficient is determined by regression analysis from the
experimental data to the drving kinetic equation (Equation 2). The dependence of
the diffusion coefficient on the drying air temperature is considered as an

Arrhenius type equation. [t 1s written as:

D = D'exp[-Ea/RT,,], (4)

where, D' is the Arrhenius factor. Ea is energy of activation. R is universal gas

constant, and T,,, is absolute drying air temperature.

Model 2
D, and 7. are the parameters to be estimated by fitting the same experimenial

data to Equauon 3. Moisture ratio dependence of the diffusion coefficient is

considered as a linear function. It can be written as:



D =D, (1+ X MR) (5)

Temperature dependence of the diffusion coefficient can be introduced by

considering both D, and & as a polynomial function of drying air temperature.

Modet 3

This model is similar to Model 1. The value of D is assumed to be constant
on short time interval. At each time interval, the value of D is calculated by
fitting the experimental data to Equation 2, thus obtaining the diffusion
coefficient as a function of moisture content. The dependence of the diffusion
coetficient on drying air temperature and product moisture conient is described by

the following equation:
D = (a,M*+a,M+a,)exp[-Ea/RT,,] (6)

Model 4

The method of analysis using Model 4 1s nearly the same as that using
Mode! 3. In addition, the volume shrinkage during drving is incorporated in this
model.  The size of papava glace’(l) is assumed to be constant on short time

interval. The value of 1 is calculated by the following equation:
| = b,M+b, (7

where, the initial size of papaya glace’ is 0.015 m., M is moisture content (%
dry basis), b, and b, are 0.0012 and 0.013, respectively. They are evaluated by
fitting expernimental data using least square method. The equation of diffusion

coefficient are the same as Equation 6.



RESULTS AND DISCUSSION

Experimental Results

Results of all tests show that there is no constant drying rate period.  The
evolution of product temperature alidr_\'ing air temperature of 58 °C is shown in
Figure 1. Tt s found that product temperature approaches drying air temperature
after three operating hours which the moisture content of product decreases from

107 % dry basis to 62 % dry basis.

Development of Diffusion Model

The diffusion coefficient are calculated by various methods by fitting
experimental data to Eguation 2 and Equation 3.  Four aliernative diffusion
cocfficient equations of papava glace’ have been developed by fitting calculated
data 10 Equations 4. 5. and 6. The results of calculated parameters in diffusion

modets are shown 1n Table 1.

TABLE I Diffusional Models of Papaya Glace” Drving

Model Diffusion Coefficient Equation Dryving Kinetic | MRS’
Equation
Model 1 | D=0.004135exp[-24.75/RT,,] Equation 2 0022
Model 2 | D =D, (1+ 7. MR) Equation 3 0038
Dy =-2.55x10"T+3.15x107T-8.79x10° |

A =0.00461T°-0.538T+14.73

Model 3 | D=(-6.86M"+8.08M-0.36)exp[-41.23/RT,, ] Equation 2 0009

Model 4 | D=(-3.74M"+4 48M-0.28)exp[-39.49/RT,,] | Equation2 | .0009

* MRS = Mean Residual Square = (MRD,-MRm)z/the number of observatons




Table 1 shows that Model 3 and Model 4 present the minimal mean residual
square {MRS).  Figure 2 shows the comparison between predicted values and
experimental values of moisture ratio. As shown in Figure 2, the predicted values
using Model 3 and Model 4 are in good agreement with experimental ones. Also,
the drving curve of papava glace’ in Figure 3 clearly indicates that Mode!l 3 and
Model 4 are excellent match between predicted and experimental values.

Figure 4 shows diffusion coefficient in a function of moisture content in each
model. The diffusion coefficient using Model 2 increases when the moisture
content decreases. Using Model 3, the diffusion coefficient increases when the
moisture content decreases until the moisture content reduces to 60 % dry basis.
and then it decreases with the moisture content. At the beginning of the drying
process, the values of D increase due to the increase of product temperature (see
Figure 1). The subsequent decrease of D is due to the decrease of moisture
content. This behavior has been reported by several authors ( [5], [6], {7] ). The
values of D using Model 4 are nearly the same as that from the values using

Model 3 since the size of papaya glace’ shrinks less than 10 % during drying.

CONCLUSIONS

Four alternative diffusion models of papaya glace’ drying have been
developed by using analvtical solutions of the Fick’'s equation. The predicted
values of moisture ratio using Model 1 and Model 2 are close to experimental
values only in the early phases of drying. Using Model 3 and Model 4, the
predicted values can be improved in the entire drying period. Occasionally, it
cannot be concluded that the effect of shrinkage embracing in the model can
improve the predicted values because papava glace™ shrinks a little bit during

drying.



NOTATION

D diffusion coefficient (m/h)

Ea energy of activation { kI/mol)

l size of papava glace’ (m)

[\% moisture content ( % or decimal. dry basis )
MR  moisture ratio ( decimal )

MRS mean residual square ( decimal )

R universal gas constant { kI/mol-K )

T temperature (°Cork)

Subscripts

abs absolute

eq equilibrium

ex experimental value
in initial

pr predicted value
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DRYING OF HIGH MOISTURE PADDY BY
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ABSTRACT

The objectives of this research were 10 design and construct a two-
dimensional spouted bed dryer; to study paddy drying with variable
parameters which affected drying rate, quality of paddy after drying and
specific energy consumption, and to develop an empirical equation describing
drying kinetics. Experimental drying conditions were as follows: initial paddy
moisture content of 30-45 % dry-basis, drying air temperatures of 130,140
and 150 °C. hold-up of 20, 23 and 30 kg Experimental results showed rhat
minimum spouting velocity of drying air ai the inlet of drying chamber was
13.4-16.4 m/s. The cross section area of the draft plate channel was nvice of
that of the drying chamber inlet. The parameters affecting drying rate and
specific energy consumption were drying air temperature and specific air flow
rate or hold-up, and those affecting head rice yield were initial and final
moisture contents of paddy and drying air temperature. Entrance height
directly affected energy consumption of fan. The suitable entrance height was
LG cm as it resulted in minimum energy consumption, The first order
polvnomial equation was accurate and appropriate for predicting drving rate.



INTRODUCTION

Rice is one of agricultural products which is heat sensitive especially
during drving. Spouted bed drving is one among techniques which may
overcome this problem. Viswanathan er a/. [1] studied drying of paddy, wheat,
corn and peas by batch and continuous spouted bed techniques. Various
variables affecting drying rate. ie feed moisture content, drying air
temperature. bed mass hold-up. superficial drying air velocity and bed
diameter were taken into consideration, The linear empirical equation was
presented for predicting average drving rate. Kalwar er a/. [2] studied drying
of sovbean. corn and wheat by using a two-dimensional spouted bed with draft
plates drver. The experimental conditions were as follows: the slant angle of
base plate was 60°. drying air temperatures were varied at 50.70 and 90 °C.
inlet drying air velocities for drving wheat, corn and soybean were 10.7-16.7
m/s. 19.1-21.5 m/s and 19.1 m/s. respectively. It was found that drying rate
refated with the grain circulation rate. Drying air temperature at the drafi outlet
varied when slant angle was changed. In case of low slant angle. e.g. 30°, 1t
would have the dead zone of material at the bottom of bed. Kalwar [3] studied
grain drying, scale-up and potennal evaluation of two-dimensional spouted
bed dryer (TDSB). The experiment was carried out with a pilot scale unit. The
width, length and height were 0.50 m. 0.04 m and 1.50 m, respectively. Slant
angle and slot width could be varied. The experimental conditions in this study
were as follows: the ratios of bed width per slot width were 5, 10 and 15, slant
angles 0°. 30° and 60° and bed heights 0.4, 0.8, 1.2 and 1.6 m. The tested
materials were corn, wheat and sovbean. [t was found that: 1) Slot width, slant
angle. grain tvpe and bed height had great influence on static vertical pressure;
2) Pressure drop and minimum velocity for spouting and average cycle time of
material depended on draft plate channel. slant angle. bed length. dryving air
and material properties and physical characteristic of spouted bed: 3} The
parameters affected drving rate were drving air lemperature. initial

temperature of material. bed hold-up. niual moisture content of material.



average cvcle time of material. relative moisture content at equilibrium and
shape of spouted bed; and 4) The drying rate could be described by applying
the equation of Page [4].

From the literature, there was not much research work on paddy drying
with spouted bed technique. Therefore, it 1s the objective of this paper to
investigate experimentally the appropriateness of the spouted bed drying of

paddy. Drying kinetics, energy consumption and paddy quality were studied.

MATERIALS AND METHODS

In this experiment, a two-dimensional spouted bed dryer with controlled
air temperature and flow rate as shown n Figure 1 was used. The inlet cross
sectional area, width of spout and entrance height are 0.04x0.15 cm”, 8 cm and
[0 cm, respectively. Drying air and paddy temperatures were measured by k-
type thermocouples connected to a data logger with an accuracy of £1 °C. The
pressure across the bed and air velocity were measured by a U-tube
manometer and a hot wire anemometer with an accuracy 4 %. respectively.
To find moisture content. paddy sample were taken at five minutes intervals
for periods of 5-20 minutes during the experiment and dried in an air oven at
temperature of 103 °C for 72 hours.

Moist paddy was prepared by spraving water on paddy. mixed
thoroughly, kept in closed lid bin and stored in a cold room at temperature
approximately 8-10 °C for 5-7 days to obtain uniform moisture distribution
within the paddy kernel. Experimental drving conditions were as follows:
initial moisture content of paddy of 31-45 % dry-basis, bed hold-up of 20, 25
and 30 kg, drying air temperature at drying chamber inlet of 130, 140 and 1[50
°C. Paddy dried by spouted bed technique was further dried with ambient air
until the moisture reduced to 16 % drv-basis. Finally. head rice vield was
determined according to the method of the Rice Research I[nstitute and rice
whiteness was measured by Kett meter. Both head rice yield and rice

whiteness were reported in terms of relative values as follows:



head rice vield of paddy dried by spouted bed dryer ‘l
head rice vield of paddy dried by ambient air

Percentage of relative head rice vield

rice whiteness of paddy dried by spouted bed dryer y

Percentage of relativerice whiteness - - - - -
rice whiteness of paddy dried by ambient air

RESULTS AND DISCUSSION

Pressure Drop and Minimum Spouting Velocity

Before conducting the expertment, suitable width of spout was
investigated. It was found that the suitable width was 8 cm. 1f it was Jess than
8 c¢m, the paddy would not fiow well in the draft plate channei. Suitable
entrance height was also studied. The suitable height was 10 cm as it resulted
in minimum energy consumption of fan as well as more uniform spouting
comparing with the height more than 10 cm. Figure 2 shows the relauon
between pressure drop and air velocity at the dryer inlet with the width of 4
cm. It was found that when drving air velocity increased, pressure across the
bed also increased until it reached a maximum value. At this value, paddy
started moving and separated from each other. When drying air velocity was
further increased. pressure drop would decrease down to a value and remain
constant. At the point which pressure became constant. the velocity of drying
air at this point was called minimum spouting velocity. The pressure drop
across the bed would increase with hold-up. The minimum spouting velocities
in different hold-ups and moisture contents were approximately 15.4-16.4

m/s.

The Infiuences of Variables on Drving Rate
The vanables affected drving rate were specific air flow rale (or in terms
of hold-up with fixed air flow rate} and drving air temperature. Drying rate

increased as drving air temperature and specific air flow rate increased.

00

100



A linear equation was employed to describe the drving rate. It is written
as follows:
MR = a+bt (D
where MR is moisture ratio. t is drying time (minute), H is hold-up (kg),
and a, b are parameters obtained from curve fitting.
1.51167 - 0.01833H - 0.003961T + 0.000143H-T (2)
0.077656 - 0.002367H - 0.000889T - 0.000023H-T (3)

a

b

where T 1s drying temperature (°C). The value of average squared
predicting error (ASPE) between the results from experiment and

calculation was 0.00129 as shown in detail in Figure 3.

Paddy Quality

Figure 4 shows the relationship between percentage of relative head rice
yield and final moisture content of paddy at initial moisture content 30-43 %
dry-basis. [t was found that head rice yield increased with initial moisture
content. This might be resulted from the gelatinization in paddy kernel. Figure
5 shows the effect of dryving air temperature on relative head rice vield. The
drying air temperatures considered were 130. 140 and 150 °C. It was found
that when drying air temperature at the drying inlet increased, percentage of
relative head rice yield decreased. This was because high drying temperature
caused humidity of paddy reduce rapidly that resulted in cracking and
breakage 1n paddy kernel.

Figure 6 shows the relationship between percentage of relative rice
whiteness and final moisture content of paddy at initial moisture content 30-40
% dry-basis. [t was found that when initial moisture content increased,
percentage of relative rice whiteness decreased. Rice colour of paddy changed
from white o yellow because of the reaction of rice browning. without
enzyme involving. The vellowness would increase as final moisture content
decreased. Figure 7 shows the change of relative rice whiteness resulted from

the variation of drying air temperatures at the dryer inlet. [t was found that



drying air temperatures at 130. 140 and 150 °C slightly affect the percentage
of relative whiteness and the values of whiteness obtained were nearly the
same.

Comparing with the resulis of fluidized bed paddy drying [3], it was
found that the qualities of paddy from both spouted bed and fluidized bed
drving were nearly the same. Higher percentages of head rice yield after

drying was obtained.

Energy Consumption

The main variables influenced on specific energy consumption of fan
and heater were drying air temperature at the dryer inlet and specific air flow
rate. It was found that when drving air temperature increased, specific heat
consumption slightly increased (from 4.35 to 5.19 MJ/kg-water evap.). When
specific air flow rate increased specific heat consumption also slightly
increased (from 4.64 1o 5.85 MI/ke-water evap.). The proportion of electricity

for driving fan was relatively small.

CONCLUSION

The experimental study of paddy dryving with two-dimensional spouted
bed technique with draft plates could be concluded as follows:

1. The minimum spouting velocity at 4 cm-wide dryver-inlet with width
of spout & ¢cm and entrance height 10 em was in range of 154 - 16.4 m/s. The
maximum pressure drop at the start of spouting state was i range of 2000 —
3600 Pa and spouting pressure drop was in range of 1400 — 2300 Pa.

2. Drying air temperature and specific air flow rate affected paddy
drving rate, /.e. as the specific air flow rate or drying air temperature increased,
drving rate increased. First order polynomial equation was appropriate for
predicting paddv drving rate.

3. Percentage of head rice vield increased when nitial moisture content

mcreased. As drying air tlemperature increased. percentage of head rice vield



decreased. Rice whiteness decreased when initial moisture content increased.
while drying air temperature slightly atfected to rice whiteness.
4. Specific energy consumption slightly increased when temperature and

specific air flow rate increased.
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ABSTRACT

The objectives of this research were to design. construct and test a rice husk
furnace for fluidized bed paddy dryer with capacity of 10 tons/h. The furnace was
cylindrical in shape with inner diameter of 1.37 m and height of 2.75 m. Rice husk was
fed into the furnace with 110-136 kg/h. Air and rice husk entered to the combustion
chamber in tangential direction with vortex rotation. The experimental results showed
that at heights of ash on the grate 30, 45, 50 and 60 c¢m, rice husk feed rates 110-136
kg/h, excess air 265 - 350 %, combustion gas temperature was approximately
523-710 °C. Thermal efficiency of the furnace system increasing with excess air was
approximately 37-73 % while carbon conversion efficiency was approximately
89-97 % . The height of ash on the grate had no effect on the system performance.



INTRODUCTION

Rice husk is a type of biomass which can be used as a heat source instead of petrol
imported. A rice mill uses rice husk as a heat source for boiler system, generation
system and drying system. Singh et al. [1980] designed a cyclonic rice husk furnace for
drying one ton of paddy. Moisture content of paddy was reduced from 35 % to 14 % d.b.
Efficiencies of the furnace were different at various rice husk feed rates and air flow
rates. The highest efficiency was 80 % with rice husk feed rate of 20 kg/h and air flow
rate of 168 m>/hr. Tumambing [1984] investigated the rice husk furnace for paddy
drying. Combustion efficiency of Padicor furnace was 98 %. Rice husk was raised by
vortex ajr. The furnace was continuous operation. Xuan et al. {1995} investigated two
types of husk furnace. The first one was a furnace with inclined grate and cylindrical
combustion chamber. The upper part of the furnace was heat exchanger. Inlet air entered
at the lower part of wnclined grate and burnt the rice husk on grate. A blower sucked
flue gas from the furnace. Rice husk consumption was 20-25 kg/h and furnace efficiency
was 70 %. The second one was a pneumatic-fed furnace (vortex type). The furnace
consisted of combustion chamber and rice husk feed system. Rice husk was fed into the
combustion chamber with primary air. The rice husk was burnt and fell to the lower part
of the furnace. The secondary air entered the combustion chamber in tangent direction.
It was used to eliminate dust from flue gas. Rice husk consumption and furnace
efficiency were 10-12 kg/h and 75 %, respectively.

The past research showed that flue gas of cyclonic rice husk furnace was useful.
Therefore. the objectives of this research were to design, construct and test a furnace for
fluidized bed paddy dryer with capacity of 10 tons/h. The dryer has been constructed
and sold in many countries for 3 vears (Soponronnarit et al., 1996).

MATERIALS AND METHODS

The rice husk furnace consisted of combustion chamber, rice husk feeding system,
air feeding system, controller system and air suction blower. The combustion chamber
was made of steel in cylindrical shape with outer diameter of 1.76 m and height of
2.75 m. Materials inside the combustion chamber at the lower part from inner layer to
outer layer were the following: fire brick, steel, glass fiber and steel. The combustion
chamber was on I —Beam steel. There were grate with diameter of 1.37 m. thickness of
9.5 mm (583 holes/ m” . diameter of a hole 0.0127 m) and ash paddle with size of 50
% 50 mm. length of 1.1 m at the lower part of combustion chamber. There was a hole for
shaft with size of 38 mm at the center of ash paddle. The primary air duct was connected
to the combustion chamber. The upper part of the combustion chamber was ¢vlindrical



steel with inner diameter of 0.8 m. outer diameter of 0.86 m and height of 1.6 m. It was
insulated with cement and steel. The secondary air duct was connected to the upper part
of combustion chamber. Ash chamber was on the lower part of combustion chamber.
Ash of rice husk was left from the chamber by screw conveyor installed at the bottom of
the chamber. The tertiary air duct was connected to ash chamber. The tertiary air
supported complete combustion in the combustion chamber. Rice husk feeding system
consisted of a rice husk hopper, a screw motor, pneumatic conveyor and conveying fan.
The hopper was rectangle in shape made of steel. There was a 0.37 kW screw motor
with gear system connected to primary air feeding system. The primary air feeding
system consisted of a motor, a fan and air duct with diameter of 0.152 m. The secondary
air feeding system consisted of a motor, a fan and air duct with diameter of 0.102 m.
The tertiary air duct with diameter of 0.076 m separated from the secondary air duct.
The tertiary air duct was divided into 4 ducts. The ducts were entered to the lower part
of grate. There were air distributors at the tips of these ducts. Air suction blower
consisted of a 15 kW blower (3 phases), duct with diameter of 0.254 m and a valve used
to adjust inlet fresh air into the chamber. The valve was installed at the top of the
combustion chamber.

The instruments used in this experiment were as follows: data logger connected to
thermocouple type K ( accuracy £ 1 °C ), clamp-on-meter, manometer of 0-200 mmH,0
{(accuracy +0.1 mmH,0), Hygrometer of 0-100 % (accuracy of £1%), balance machine
of 0-50 kg (accuracy £200g), gas combustion analyzer of O,, CO, NO,, SO2 with range
of 0-600 °C (accuracy =3 °C for temperature, 20 ppm for CO, £0.3 % for On).

To start the experiment, air flow rates in primary, secondary and tertiary air duct
were set. Rice husk was weighted and taken a sample in order to analyse the
components. then fed into the furnace until it reached the height required. Rice husk was
ignited by burning regular petrol and paper as fuel. The fans number 4 and 10 were
switched on for supporting the combustion. After 10-15 minutes. the fan number 3 and
controller system of rice husk feeding and ash paddle were switched on. Control
temperature was set at 325 "C. Temperature was measured every 3 minutes and fuel gas
was measured every 10 minutes. Relative humidity was measured by hygrometer. Dry
bulb, wet bulb and ambient temperature were also measured. When the experiment
finished, rice husk feeding system and the fans number 3 and 4 were switched off while
the fan number 10 was still switched on in order to suck hot air from the furnace. Then,
the fan number [0 was switched off. Rice husk and ash were taken samples analyse the
components. Figure 1 shows the schematic diagram of rice husk furnace.



Efficiency of the furnace

The efficiency of the furnace was determined by using the equation:

n]a.Cp.[Tz 'Tl)

= X100
"l m ¢ .HHV
where n. = efficiency of the furnace, %
m, = air flow rate (air using in combustion and mixed air

between fresh air and flue gas), kg/h

Cp = heat capacity of air, kl/kg K

T, = ambient air temperature , K

T = outlet temperature of the furnace system. K
ITif = rice husk feed rate, kg/h

HHV = high heating value of rice husk, kJ/kg

Carbon conversion efficiency

The carbon conversion efficiency of the furnace was determined by using the

equation:
Ch - Ca
n, = X 100
Ch
where 1. = carbon conversion efficiency, %
Ca = percent of carbon in ash xash weight, kg
Ch = percent of carbon in rice huskXash weight, kg

RESULTS AND DISCUSSION
The results and discussion couid be concluded as follows:
1. Air distribution in tertiary air duct

Tables 1 and 2 show the efficiencies of the furnace and carbon conversion
efficiencies at various heights of ash with 4 air distributors at the Jower part of grate.



The results of experiments 1/97, 2/97, 3/97. 4/97 with heights of ash 30. 45. 30. 60 cm
were as follows: the carbon conversion efficiencies were 93. 93, 96 and 97%.
respectively, and the efficiencies of the furnace were 57-39 %. Tables 4 and 3 show the
carbon conversion efficiencies at heights of ash 30, 45. 30 and 60 c¢cm with 1 air
distributor. The results of experiments 1/96, 2/96, 3/96. 4/96 showed that the carbon
conversion efficiencies were 88, 93, 85 and 90 %, respectively while the efficiencies of
the furnace were 58 - 63%. From the results, the air distribution in tertiary duct did not
significantly affected carbon conversion efficiency and efficiency of the furnace.

2. Excess air

The results in Table | showed that when excess air in combustion was
260-280 % (experiments no. 1/97-4/97), the efficiencies of the furnace was 58-39 % and
the carbon conversion efficiencies were 93-97 %. When the excess air increased to be
342-350 % (experiment no. 5/97-7/97), efficiency of the turnace increased to be 70-73
% and carbon conversion efficiency increased to be 95-97 %. The increased air was
derived from decreasing of rice husk feed rate in combustion chamber. The best
condition in experiment was as follows: height of ash on grate 50 cm, rice husk feed rate
110 kg/h. excess air in combustion 350 %, average furnace temperature 628°C. Carbon
in ash after combustion was 5.5 %. The carbon conversion efficiency was 96 %. The
efficiency of furnace was 73 %. Temperature distribution in the furnace with height of

ash 50 cm is shown in Figure 2.

3. Height of ash on grate during combustion
The height of ash on grate during combustion did not affected the efficiency of
the furnace. as shown in Table 4.

4. Increased air in tertiary duct to support combustion
Combustion was not complete when air was much increased in tertiary duct. This
was because increased air made some part of ash fixing on grate fell down. Therefore,
the grate hole became larger and combustible rice husk on grate fell down to the bottom
of the combustion chamber. Carbon component after combustion was high. Carbon
conversion efficiency was low, as shown in Tables 1 and 2 ( comparison between
experiments no. 6/97 and 11/97).

Analysis of rice husk and ash
Composition of substance in rice husk before combustion were as follows: carbon

39%. hydrogen 5.4 %. oxygen 40.3 %, nitrogen 0.19 %, sulfur 0.04 %. moisture §.10 %.
ash 15.1 % and calorific value 3.566 cal/g.



Ash of each experiment was analysed at Department of Science service (Ministry of
Science. Technology and Environment). The experimental results of 12 samples showed
that the quantities of carbon after combustion of 12 samples were as follows: 9.9, 7.5,
5.9.44.7.0. 49, 5.5, 13.4. 14.8. 28.7. 26.3 and 22.8 % respectively. Carbon after
combustion was high when air flow rate for supporting combustion in tertiary duct
increased. as shown in Table 1. The grate hole became larger and combustible rice husk
on grate fell down to the bottom of the combustion chamber when air fiow rate
increased. Therefore, carbon afier combustion was high and the carbon conversion

efficiency was low.
Power consumption of rice husk furnace

Power consumption of rice husk furnace was as follows: conveying fan of primary
air 1.25 kW, conveying fan of secondary air and tertiary air 1.18 kW, suction blower
8.36 kW, motor of ash paddle 1.79 kW, motor of rice husk feeding system 0.66 kW and
screw conveyvor 0.72 kW, The total power consumption was 13.96 kW,

Electricity consumption in these experiments was compared to heat production of
the furnace. For compafison, electricity consumption in terms of primary energy
{electricity consumption multiplied by factor of 2.6} was compared to heat production
of the furnace. The results showed that eleciricity consumption in terms of primary
energy was approximately 7 % of heat production of the rice husk furnace, as shown in
Table 3.

For economic analysis, the furnace was compared to burner when it was used in
fluidized bed paddy dryer with capacity of 10 tons. The conditions of Soponrongarit et
al.[1996] were used for economic analysis of the furnace. The conditions were as
follows: cost of dryer and rice husk furnace 950,000 baht, dryer capacity 10.260 tons/yr.
nitial moisture content 28.1 % dry basis, final moisture content 22.6 % dry basis, power
consumption 37.9 kW, cost of rice husk 100 baht/ton, lifetime operating cost 5 yr.
interest 15 %, salvage value 10 % of dryer and rice husk furnace. The results showed
that total cost of the system was 400,274 baht/yr. When the dryer was used with burner,
cost of the dryer and burner was 850,000 baht. Pewro! consumption was
31.34 litre/hr (7.50 litre/baht) and power consumption was 32.3 kW. The other
conditions were the same as those of the dryer operating with rice husk furnace. The
total cost of the dryer and burner was 596,618 baht/yr. Therefore, the total cost of dryer
and rice husk furnace was cheaper than the cost of drver and burner 196,344 baht/yr.
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CONCLUSIONS

. Excess air using in combustion affected efficiency of the furnace. When excess air

increased from 260 % to 350 %, the efficiency of the furnace increased from 37 % to
73 %.

Alr distribution in tertiary duct did not significantly affected carbon conversion
efficiency and efficiency of the furnace.

Height of ash had no affect on the efficiency of rice husk furnace.

4. Air flow rate supporting the combustion did not affected carbon conversion

L4

etficiency. If air flow rate was high, combustion rice husk would fell through grate
hole quickly. Therefore, combustion was not complete and carbon component in ash
was high.

The best efficiency of the rice husk furnace was 73 % with excess air of 350 %.

6. Total cost of fluidized bed dryer with capacity of [0 tons which used the rice husk

furnace as heat source was cheaper than that used with burner.
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Table * Carbon conversion efficiency of rice husk turnace(experiment in 1997)

Experiment Carbon Carbon Rice husk Ash CO value O, value Carbon conversion Carbon conversion

no. inrice in ash consumption efficiency oblained efliciency measured
husk ) trom carbon balance
(%) {%) (kg) tkg) (ppm) (%) (%) (%)

1197 39 9.9 318 84 1023-1869 17.4-18.6 93 93

2197 39 1.5 288 70 1126-1999 17.2-18.7 93 93

3/97 39 3.9 320 75 142-1732 17.4-18.4 94 96

4/07 39 4.4 254 60 1083-1982 17.0-19.1 93 97

397 39 7.0 259 62 1253-1946 17.9-18.9 96 93

6197 39 4.9 253 60 1204-1832 17.4-18.4 98 97

191 39 5.5 237 33 200-1803 17.4-18.4 95 96

897 39 134 250 38 1200-1993 17.4-18.4 90 92

997 39 14.8 262 74 1232-1879 17.53-18.6 87 89

10/7 39 28.7 320 33 1230-1896 17.4-18.4 31 81

11/97 39 26.3 289 74 1235-1999 17.4-19.0 83 32

12797 39 22.8 320 79 1260-1988 17.2-18.7 83 83

- Low values 0f NO, and SC. (NO, : 1-12 ppm, 30, : 1-20 ppm)

Table 3 Electricity consumption{experiment in 1997)

Experiment | Feed rate of rice husk Electricity Electricity consumption rate Heat production rate of rice
no. (kg/h) consumption rate (kW) | in terms of primary energy * (kW} husk tumace (KW}
1197 135 t3.96 36.30 339.68
/97 133 13.96 36.30 351.40
397 136 13.96 36.30 363.83
497 130 13.96 36.30 538.63
597 110 13.96 36.30 436.04
6/97 112 13.96 36,30 464.33
797 110 13.96 36.3¢ 436.04
8/97 It 13.96 36.30 460.20
997 125 13.96 36.30 318.33

10/97 133 13.96 36.30 33140
11197 125 13.96 36.30 31823
1297 136 13.96 36.30 563.83

* Multiple bv facior 2.6




{udd 7-1 2 f08 udd gy-pg  TON) TOS PUE TON Ju Saia [ -

06 r6 81 (08 1-0601 07301 71 o'¥l LAY 09
s¥ iy ¥4 U6 1-0091( Bt L7AY 8FL LU 0y
€6 . 56 8 0081-00L1 0to 60t 9T 30 sy
8% Ly gl 0nvi-00tt g0l L34 tol LY oy
(%) (%) ") (wddy () (1) 4) (%) (w3}
udi 1 TH USSR T T LTTVA T Huny
pranseatg A30a10i)a paUIa AoU31D1YY uonduinsuecs s eIV 1St Jo
UOISIRAUOY U0 URISIDALIOY L) anpes o anea QD sy AsOY A2y U3 uog e ) g

Qo

RIS

Yol

Rl

o

[ERTTERNE

R E) Lol (L sk (AR [(EERY ury 1990 ey wy
8] 962 e 06l 00 6L1°0 100 82Y°0 9zl Us 1 |!.<. i
Gs 90T 43 o9t 00 10 OUr'y 9ev0 Lel 34 I_:. e
r6l 41 L8e gro'y 8Lty 0oy o 9290 Ll Oy ” J
) () (%) ) (s/3) (s3] (w3) B
wisoo=¢) (W z0t0 = ¢ (zs1o - ) () (W)
RRIRTNTNY| anpaaduing Azl e nnp 18P APOOIDS o Scwad UONSHYWIOD 20 [ sk Do
JGR SRR (hd DUy $522x7) ALY UL AL MO Ay 1l 21El MO Ny Wl 21 maf) iy Mk a0y Ny | o apn paay

(966 Ul luawiad xa) yse jo $IHHaL) SNOLBA 18 9B 381 311 JO AOUINJT] p i,




1 combusuon chamber 5 primary air duct 9 exit air duct

2 rice husk hopper 6 secondary air duct 10 suclion blower
3 conveying fan of rice husk feeding system 7 tediary air duct 11 screw conveyor
4 conveying fan of air feeding system 8 butlerfly valve

Figure | Schematic diagram of rice husk furnace
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Figure 2 Relationship between temperature and time in rice husk furnace at height of
ash on grate 30 cm{experiment no. 7/97)



Evaluation of Drying System Performance in Rice Mills

Naret Meeso Somchart Soponronnarit’
and Somboon Wetchacama’

ABSTRACT

This work relates to the study on the suitability of paddy drying system in three rice
mills with different product capacity and drying system installation. During experiment,
drying was divided into two stages. The study included drying technique, paddy quality,
energy consumption and preblems arose during operation. Finally, the most suitable paddy
drying system was concluded. The resuit will be useful as guideline for improving the
efficiency of paddy drying systems and minimizing the cost of drying.

INTRODUCTION

At present, mechanical dryers are widely used in Thai rice mills. The ones that used
widely are LSU dryer, cross flow dryer, recirculation batch dryer and fluidized bed drver,
apart from this is in-store drying.

Mongkonthad (1994) reported that paddy drying by LSU grain dryer had (maximum
5%) lower head rice yield than ambient air drying and could reduce moisture content of
paddy from 27 to 18 % d.b. and gained 30 tons of paddy per day. Using rice husk as fuel cost
approximately 20 baht per ton of paddy.

Soponronnarit {1995) studied the damage of moist paddy after harvesting, effecting
factors and systematic approach for solving the problems. The solution included aeration of
ambient air through moist paddy bulk with a low flow rate of 0.35 m*min-m’ (paddy) to
exhaust the heat liberated from respiration during the waiting period for drying. Two-stage
drying was necessary in order to reduce moisture content of paddy rapidly to 23 % d.b. in the
first stage by fluidized bed dryer or other types of dryer as for the reasons of quality. Then
followed with slow drying in the second stage to reduce moisture content of paddy from 23 to
16 % d.b. in a shed by aeration of ambient air with the air flow rate of 0.3-1.0 m*/min-m’
(paddy) during day time. In case of paddy storage for several months, it needs intermittent
aeration of ambient air through the paddy bulk 1-3 hour/week to exhaust the heat from the
paddy bulk.

Soponronnarit er al. (1995) designed and tested a prototype, 0.82 tons/h capacity,
fluidized bed paddy dryer for high moisture paddy. Exhausted air was partially recycled.
Experimental results showed that it could reduce moisture content of paddy from 45 to 24
% d.b. with drying air temperature of 100-200 °C, fraction of air recycled of 0.66, specific
air flow rate of 0.05 kg/s.kg-dry matter, superficial air velocity of 3.2 m/s, bed depth of 0.1
m, total primary energy consumption was 2.32 MJ/kg-water evap. From the reference data
of energy consumption of many rice mills, it showed that primary energy consumption ranged
between 3-6 MJ/kg-water evap. based on moisture level of paddy.

-
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Soponronnarit e al. (1999) studied a strategy for reducing moisture in paddy by
fluidization technique, tempering and ambient air ventilation considered from total operation
time and milling qualitv. Experimental results showed that after three processes, moisture
content of paddy was reduced from 33 to 16.5 % d.b. within approximately 53 minutes.
During the first process, a fluidized bed dryer was used to reduce the moisture content of
paddy down to 19.5 % d.b. within 3 minutes. Then the paddy was tempered at least 30
minutes, but not more than 1 hour. Finally, it was cooled down by ambient air with air
velocity of 0.15 m/s for 20 minutes. Quality of paddy in terms of head rice yield and
whiteness was acceptable. Taweerattanapanish er al {1999) studied yield of paddy drying
by fluidization technique with various initial and final moisture contents of paddy using high
inlet air temperature (140 and 150 °C).  After tempering, head rice yield increased as
compared to ambient air drying. Factors effected the increasing of head rice yield was initial
and final moisture contents of paddy which ranged between 30-45 % d.b. and 23-28 % d.b,,
respectively. Head rice yield of tempered paddy was higher than that of no-tempered one
while eating quality scores of tested rice showed no difference between no-tempered paddy
drying by fluidization technique and ambient air.

Each rice mill has different drying systems which may cause damage to paddy after
drying, ie. low paddy quality, or may cause high cost. This research, therefore, studied on
drying system performance at three rice mills. The study included paddy drying method,
paddy quality, energy consumption and problems arose during operation. The results will be
useful for improving the efficiency of paddy drying system and minimizing the cost of drying.

MATERIALS AND METHODS

The paddy drying systems were studied in three different rice mills. i.e. Nithithanyakit,
Kungleechan and Poonsinthai. Each rice mill has different paddy drying methods and systems
consisting of some subcomponents as follows: fluidized bed dryer, L.SU dryer, cross flow
dryer, cleaner, cooling bin and tempering bin. The schematic diagrams of the three drying
systems are shown in Figures 1 — 4. Moisture content of paddy was reduced from at least 23
to 14 % d.b.

Drying air temperature setting depended on type of dryer and moisture content of paddy
as follows: 100-150 °C for 10 tons/h capacity, fluidized bed dryer with bed depth of 15 ¢m
and 80-100 °C for 6-40 tons volume, LSU dryer.

RESULTS AND DISCUSSION
1. Moisture and paddy quality.
1.1 Nithithanyakit: two-stage drying system, 20 tons/h capacity (Figures 1 and 2)

1.1.1 First stage included two paralle] system installation.

Referred to Figure 1, the average moisture content, head rice yield and rice
whiteness of paddy 1n a paddy pit (10.1) were 23.3 % d.b., 39.2 % and 46.8, respectively.
After passing through a fluidized bed dryer (2.1) with a feed rate of 9.30 tons/h and the
average drying air temperature of 145 °C, the moisture content, paddy temperature, head rice
yield and whiteness of paddy were 18.5 % d.b., 62 °C, 44.2 % and 45, respectively. Then the
paddy passed through a tempering and cooling bin (3.1) with 9 tons volume. The average
moisture content, paddy temperature, head rice yield and whiteness of paddy were 17.3 %d.b..
34 °C, 47.7 % and 44.7, respectively.



Referred to Figure 1, the average moisture content, head rice yield and
whiteness of paddy in a paddy pit (10.2) were 20.6 % d.b., 36.6 % and 47.8, respectively.
After passing through a fluidized bed dryer (2.2) with a feed rate of 10.5 tons/h and the
average drying air temperature of 149 °C, the moisture content, paddy temperature, head rice
yield and whiteness of paddy were 18.4 % d.b., 65 °C, 38.8 % and 47.7, respectively. Then
the paddy passed through a tempering and cooling bin (3.2) with 9 tons volume. The average
moisture content, paddy temperature and head rice yield of paddy were 17.0 % d.b., 39 °C,
and 41.8 %, respectively, but no change in the average rice whiteness.

1.1.2 Second stage (Figure 2): Paddy from the tempering and cooling bins (3.1) and
(3.2) was conveyed to a paddy bulk (10.3) which had the average head rice vield of 46.3 %
and the average rice whiteness of 45.3 then passed through silos (15.1) and (15.2) to reduce
temperature of paddy by ambient air down to 34 °C. The average head rice yield and rice
whiteness were 47.4 % and 45.8, respectively. Then the paddy passed through a LSU dryer
(4) with 40 tons volume, with the average drying air temperature of 79 °C. The LSU dryer
could reduce moisture content of paddy down to 14.0 % d.b., with the average paddy
temperature of 46 °C, the average head rice yield of 36.4 % and average whiteness of 46.3.
Then the paddy passed through silos (15.3) and (15.4) in order to reduce temperature of paddy
by ambient air ventilation. The average head rice yield was 38.7 % with no change in the rice
whiteness.

From the experimental results above, the average initial moisture content of paddy
was 20.6-23.3 % d.b. After the first stage, the average moisture content of paddy was 17.0-
173 % d.b. Head rice yield and whiteness were in a good range as compared to the initial
condition. After the second stage, the average moisture content of paddy was 14 % d.b. Head
rice yield was not very high while the average rice whiteness was 46.3 which was good based
on the initial rice whiteness.

1.2 Kungleechan: two-stage drying system, 6.06 tons/h capacity (Figure 3)

1.2.1 First stage: The average moisture content of paddy in a paddy pit (10) was
24.4 % d.b. After passing through a cleaner, the average moisture content was reduced to
23.9 % d.b., the average head rice yield and whiteness were 46.0 % and 40.9, respectively.
Then the paddy passed through a fluidized bed dryer (2.1) with a feed rate of 9.54 tons/h, the
average drying air temperature of 142 °C, bed depth of 15 cm and residence time of 1.4
minutes, the dryer could reduce the moisture content of paddy down to 20.5 % d.b. with
average paddy temperature of 67 °C, average head rice yield of 459 % and average rice
whiteness of 41.8. Then passing through a tempering and cooling bin (15.2) with 18 tons
volume, it could reduce moisture content of paddy down to 18.4 % d.b. with the average
paddy temperature, head rice yield and rice whiteness of 43 °C, 44.4 % and 40.7, respectively.

1.2.2 Second stage: Paddy was further dried by a fluidized bed drver (2.2) with a
feed rate of 9.06 tons/h, the average drying air temperature of 141 °C, bed depth of 12 ¢m
and residence time of 1.2 minutes, the dryer could reduce the moisture content of paddy
down to 15.6 % d.b. with the average paddy temperature of 75 °C, average head rice yield of
43.7 % and average rice whiteness of 41.2. Then the paddy passed through a LSU dryer with
17 tons volume, which operated as tempering and cooling bin (4) instead of drying. It could
reduce moisture content of paddy down to 14.2 % d.b. with the average paddy temperature of
42 °C, average head rice yield of 44.5 % and average whiteness of 40.2. Then being
conveyed to the dust extraction bin where paddy temperature was reduce to 41 °C.



At Kungleechan, the average initial moisture content of paddy was about 24.4
% d.b. After two-stage drying by fluidized bed dryers, the moisture content of paddy was
reduced to 14.2 % d.b. Head rice yield and rice whiteness were in a good range.

1.3 Poonsinthai: two-stage drying system (Figure 4), 0.893 tons/h capacity.

1.3.1 First stage: The average moisture content of paddy in a paddy pit (10.1) was
28.6 % d.b. After passing through a cleaner, the moisture content of paddy was reduced to
28.2 % d.b. with the average head rice yield and whiteness of 41.0 % and 44.6, respectively.
Then the paddy passed through a fluidized bed dryer (2) with a feed rate of 9.32 tons/h, the
average drying air temperature of 103 °C, bed depth of 10 em and residence time of 0.96
minute, the dryer could reduce moisture content of paddy down to 21.7 % d.b., with the
average paddy temperature of 65 °C, average head rice yield of 39.6 % and average rice
whiteness of 45.9.

1.3.2 Second stage: After passing through a fluidized bed dryer (2), the paddy was
conveved to a paddy pit (10.2) for 1 hour which could reduce paddy temperature down to 49
°C. Then paddy was ventilated with ambient air in a cross flow dryer (4.3) for 1 hour and a
half which could reduce the moisture down to 21.0 % d.b. with the average paddy temperature
of 35 °C, average head rice yield of 44.1 % and average rice whiteness of 44.0. Then the
paddy passed through a cross flow dryer (4.3) with 7 tons volume, with average drying air
temperature of 71 °C. Circulated paddy was in the cross flow dryer for 10 rounds (47
minutes/round), resulting in the reduction of moisture content of paddy down to 17.0 % d.b.
with average paddy temperature of 36 °C, average head rice vield of 42.0 and average rice
whiteness of 44.8. Then it was conveyed to a dust extraction bin (9.2).

At poonsinthai, the average initial moisture content of paddy was 28.6 % d.b. The
paddy was dried to 17 % d.b. with head rice yield and rice whiteness in a good range. 1t should
be noted that the bottleneck of the drying capacity was due 10 the limited capacity of the cross
flow dryer.

2. Energy consumption

Energy consumption for paddy dryving system was thermal energy for air heating and
electricity for running motor. Tables 1 and 2 showed that energy consumption increased when
moisture content of paddy decreased. Aur recirculation could minimized energy, i.e. first-
stage drying of Nithithanyakit had higher energy consumption than that of Kungleechan due
to no air recirculation. Too low drying air temperature caused higher energy consumption, as
shown in the second-stage drying of Poonsinthai.

3. Other problems

1. Rotary feeder could not work well due to stopped feed caused by high pressure in the
drying chamber, except in the second-stage drying of Kungleechan which installed a large bin
in front of a rotary feeder.

2. Burner could not set fixed drying air temperature due to long time using of fuel oil
which could close fuel nozzle.

3. Using fuel oii as fuel could cause rust inside drying chamber.

4. Lack of knowiedge for operating drvers.



CONCLUSIONS

Important results can be summarized as follows:

1. Fluidized bed dryer with tempering during each drying stage could reduce
moisture content of paddy from 24 % d.b. to 14 % d.b. with acceptable paddy quality.

2. Partial air recirculation could reduce energy consumption in fluidized bed dryer.

3. Energy consumption of each drying system depended on initial and final moisture
contents of paddy, i.e. higher moisture content, lower energy consumption.

4. The main problem at each rice mill was due to rotary feed operation of fluidized
bed dryer and the lack of knowledge for operating dryer.

5. The best drying system performance from the three rice mills considered from
drying management, paddy quality, energy consumption and problems arose was
Kungleechan, Nithithayakit and Poonsinthai, respectively.

SUGGESTIONS

. Experience from this study can provide guideline for designing a high performance
drying system as shown in Figure 5. Paddy with 25 % d.b. moisture content in a paddy pit (8)
15 conveyed by elevators (5.1) and (5.2) to a cleaner (1), a 5 ton bin (4) and a 10 tons per hour
fluidized bed dryer (2.1). Moisture content of paddy 1s expected to reduce to 20 % d.b. Then
paddy is conveyed to a 10 ton capacity tempering and cooling bin (3.1).

In the second-stage drying, paddy flows through a 10 tons per hour fluidized bed dryer
(2.2) with an expected moisture content of paddy of 16 % d.b. Then it is conveyed to a 10 ton
capacity tempering and cooling bin (3.2), and finally to a paddy bulk.

It is also suggested to use rice husk burner as it gives lower energy cost.
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ABSTRACT
Fluidized bed paddy dryer is commercially successful at present. The dryer has been applied with
com grain, another inportant crop in Thailand. The objective of this research is to investigate performance of
industrial-scale fluidized bed com dryer. Parameters affecting drying rate, energy consumption and product
quality were considered. Experimental results showed that rate of water evaporation increased with initial
moisture content of com and drying air temperature while specific energy consumptien increased when initial
moisture content decreased. Corn quality in terms of breakage and stress crack increased when drying air

temperature increased or final moisture content decreased.
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(Soybean Drying By Fluidization Technigue)
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(Montri Wangji, Somchart Sopomoﬁnaﬁt and Somboon Wetchacama)

ABSTRACT

The objective of this paper is to investigate experimentally primary drying
conditions for drying soybean in a continuous fluidized bed dryer. Operating
parameters during experiments are as follows: drying capacity 2.9 tons/h, air flow
rate 3.6 m’ /s (3.3 kg/s), bed velocity 2.9 m/s, bed height 15 cm, residence time 2.35
minutes, fraction of air recycled 0.83, drying air temperatures at 110, 120, 130 and
140 °C. Moisture content of soybean was reduced from 20.2, 22.9, 25.2 and 28.2 %
wet-basis to 16.8, 18.0, 18.6 and 19.0 % wet-basis respectively. Average primary
energy consumption was 4.62 MJ/kg-water evaporated. Energy consumption
decreased with increasing initial moisture content of soybean while kernel crack

increased with drying air temperature.

Key words : Fluidized Bed, Drying, Soybean

* Former graduate student
** School of Energy and Materials, King Mongkut's [nstitute of Technolagy Thoaburi,
Suksawat 48 Rd., Bangkok 10140, THALLAND
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Industiial - Scale Heat Pump Diying
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An Indusirlol-scols prototype of hoat pump diyer (HPD) was dozigned, consfructed and
testad. The drying chambar conltains four trolfeys with product capacity of 600-700 kg.
in tha expariments, papaya gfaca’was dried in ciose system at an average femperalure of
55'C, specific alr flow rates of 25-32 kg dry alr/fb-kg dry papaya gI'L}CBl and tha evaporator
by-pass air of 81%. The papaya glace’ wilh inilial maisture contenf of 83-8u% dry hasis
was gried in threa stages to final maistura contand of 12-14% dry basis within approximataly
32 hours. Mo significant final meisfure gradicnt along the vertical and horizomﬁf directions
of tha dryer was observed due to uniform air distrbution within the drying chambor ond high
enough air flow rate raspectively. Tha axperr'mcmaf rasulls indicata that diying rats
docreases rapldly with hme, whifs tolal power consumption camalns noaily constant. Al high
niial mofsture centanl, the mossture removal is higher thaa that al fow Initial maistura
contant, The maximuin average drying rate (OR) amd spaciic mofzturae oxtraction rato
(SMER) are 9.34 kg walar evapsh wnd 0.732 kg watar ovapshlVi respuctivaly,  Tho
maximuin average mofsture oxtraction rata (MER) s 8.59 kg water conet 2y and tha relalive

fowest averago speciic energy constmption (SEC) iz abowl 4.92 MJAay watar ovop.



14

walar gvaporation

1, UnH
et asoundalanlddynmuseud=nouludoasisn
wen § ResmudsiouwkiFetacoanuuuliiinanseinaniauia
GRETSULNLANINTaN  TeRAoTuIAuEmiMes (R
FruaufoulFauurmud ez dudun s iu _';‘IJLLUU'UDNFI#EN
susialanlitunnndoumusoutsooniy 1) wiesouurand
MIRIRLA BN TINE MR Ua LTS (dehumidlfying dryer) &
w=lidnwnzilursuula (cosed system) wioilaurasu (parlialiy
open syslem) 2) (A3EIOUWEINTMIUTUAUATINT OUR U4
pnApa (heat recovery dryer) Toliiinsdenmudueansin
pimananouis Raddnuasdurzuda {open syslem) lag
mmm’%aunmnﬁ'mauuquq:;hmm%mﬁw:mun’auﬁafjm'smmﬂ
mUTTeUzYed HPD mansofmua igasontiuemuisaluntious
lagfmranbuneuvedaminyiounsia (drying rate) Iwioiu
Alanfuiissmosofalus  wasmsiudnmdsoulunsuyes
specific moislure extraction rate, SMER wiauiilualandinbisziny
Andlaind-talue wIomiRuasandsauineme (specific energy
consumption, SEC} mi'Jm{]umn:gnﬂ'nﬁTan%’mf-n:mu
Clements of al. [1] fintnmiouwhsatisslumyiia
TaslFoswshuduingauuds yriifaiuiainyinenain  MER
wer SMER lepanifanviuduvindzaiamenawtieiss
Armnp %Jmnﬂdwgw:'lﬁ MER wnz SMER g9 wpnIINdRaE I
svaporalor aff by-pass furzaudninrin 60 As 70% lav
I SMER @I 15 My 23 kekWh \lpamnTruy
ﬁuﬂ'nui‘uulﬂﬂs‘h%qxﬂuwé’iqmmmf‘;a Fudanuerfiely
auuéﬂﬁm'ﬁmdn"mnumﬁﬁ:eﬂm IWITVUBY Prasertsan eof al. (2]
18T pusdt punad T gaans bhud voas 193 1wlunns
Aufiunts wody HPD 'lﬁﬁ'ﬂ'ﬁ'ii'luviﬁqmﬁUU!"I'ULFI‘J!BJBUWP';J#II{
wagraiiii unslBldwdud s 'lunu’lﬁ'uﬁ"lﬁ'ﬁmm’dﬂuw
ﬁauua:nr‘hu wuuns (batch) [ﬂLmﬂan‘Ih’J‘i:UUlUﬂU‘NFiDﬁ uor
sruula WA A wUA 0a AR T ULA DUTIRE e
fin MER @&z SMER mﬁugaqw iy 2.854 Alansuhasmen
Falua uar 0572 Alanfmbmanodanladadsaluy ey
drwfumTaumialione wasingy 2710 Alanfinrmosedalus
wez 0.540 Alsniubvznododlaindalus niudiel dwmis
MIOURRINETD Pendyals ef ol (3] WNAROUSYTIANSU0d HPD
Tayl¥matimutin R-11 uas R-12 wuindald R-11 #7 COP uax
SEC 1ifn 3.5 uaz 3.5 L:Jn:gminﬁfnn?m{'n:mu auday £ wiy

R-12 A1 COP wnz SEC fif1 2.5 uAz 1.0 tunz3asenlaniy

The cosflicient of performance of heaf pump (COP, ), varfes from about 4.1 lo 4.7 which is
highar then (COR, ) oblained by the intemal condanser load which verias from 3.0 fo 3.8,
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17
" - . L.r
4.92 mn:‘gnman[an‘:ml’\‘r:nw vimauesTIunaduyTzina 32

& Y . ’l
$1lua 1Az (COPh,, ffnizatne 4.1 B 47 lunowh (CoR, ...,

ﬁmﬁnuniﬂﬂuﬂmagnmn 3.0 {4 3.8 wanIINIEIALTIN A
1 B3

-unau:n:nmr&ﬁ'uhm“mmaoﬁaanumgi'lummrn’ﬁ
yinmrdzdiualdielummdniinaitounisusazng
u-:iﬁ'nrfmumﬁ"lﬁu 6.43 Lindadlanimiime Inoutisamiludis
Vasunasanriiny 2.73 uvindadlaniniisoe sldod
3inun 0.55 wmaedlaninfizae vazdrlFolonsai
iganuwiaiaiy 315 vndshleninihirsae nfns
fadunanue  laotasnzledvimssanrilmaiesaoilaotsy

3 w - o -
Juautand Iumﬁqma:gmh‘lul-ﬁ'l\1qmm~.mﬁuauuwmm:

Test Ma. 1

Cescription r

Test No. 3

Test Mo. 2

1] 2 | 3

R 3 1 1 2 3

Amblent condiflons

Averaga lemparalure { C) 28.4 2858 28.2
Averaga refatlve humidity (%%} 70.0 720 73.0

Candltion of papaya graca’

Averaga moisture before drying (%ed.b.) 83.5 441 |7 222 86.3 424 19.5 a7 40.9 1689

Averaga moislure after drying (%d.b.) 374 223 14.2 316 19.5 14.7 338 16,8 12.0
tnillal weight (kq) 7115 | 's152 | “43a7 | 8025 ®587.9 | 4953 | 6702 508.7 420.7
Final welght (ka) 5325 | 4372 410.7 425.6 493.3 4755 | 4796 419.7 403.0
Moisture removed (kg ) 179.0 8.0 29.0 178.9 94.6 19.8 1806 86.0 7.7
Drying alr condlitlons

Averaga lemperalura {'C) 530 52.5 53.4 534 52.9 4.4 55.0 542 558
Speclfic alr flow rala 27.0 318 307 323 253 25.2 291 294 291

(kg dry air { h - kg dry fruit g!acc‘)

Evaporator by - pass air (%) 81.0 82.0 85.9 81.7 81.7 atzy 817 81.7 §81.7
Drying time (h} 19.5 8.5 9.5 19.0 12.0 3,0 19.0 8.0 4.5

Performance of heat pump

28.8 28.0 28.2 29.7 27.5 347
75.0 72.0 75.0 65.0 750 48.0

Drying rate,q (kg water evap. / ) 9.2 92 3.1 9.3 7.9 6.6 10.0 10.8 3.8
MER,., (kg water cond, /h)  ° 7.4 9.9 40" | &7 9.3 4.7 8.6 9.4 4.2
SMER,., (kg waler evap. / KWh) 0.7649 | 07572 | 0.2265 | 0.728 | 0418 | 0495 | 0.7810 | 0.860 | 0.305
SEC,q (MJ / kg waler evap.) 47 4.8 15.9 5.0 58 7.3 45 42 118
(COP o)y 45 4.4 33 4.2 4.1 4.1 4.8 4.4 4.7
(COP o huuou | a2 J 39 | 19 | 31 | 34 28 34 3.4 37

¥ L
'Papaya giaca' of lhe 2" ang 3° stages wera not the same batch of Lhat 1" slage.

i’Inc:ll..u:ling- approx. 130 kg of papaya glaca' dried wilh an exisling conventional hot air dryer
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Average temperalure ( °c)

Flgute 4. Variallons of average air lemperaluce of all trelleys
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This paper describad a sirateqy for reducing moisiure in paddy by using fluidized bed
drying, tempenng and ambient air vendiation Experimental results showed that after the
threa processes, moisivre contenl was reduced from 33 % dry-basis to 16.5 % dry-basis
withiir approximately 53 min. Ouring the first process, g fluidized Ded dryer was used for
reducing moisfure content of paddy dewn fo 185 % dny-basis within 3 min. Then ihe
paddy was laken (0 lempering process for 30 min. Finally, § was coolad by smblent air
with an afr velocity of Q.15 nvs for 20 min. Quality of paddy in terms of head rice ylald

and whilerness was gcceplable.
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Tabie 1 Pressure drop in Pascal al various widlns of spoul and enlrance heights.

Alr Heg =018 He=0.15 He =020
velocity
(mls) | we =001 |w, =008 | we =005 wy =01 |w;= 008 w=006 | w,=01|w; =008 w, =006
0.1 237.3 2373 237.3 237.3 737.3 237.3 237.3 237.3 23713
0.2 286.3 ! 2853 2863 286.3 2B6.3 286.3 2B5.3 2863 286.3
1.0 3255 | 3255 325.5 3255 3255 325.5 32858 325.5 325.5
22 364.7 364.7 364.7 364.7 364.7 364.7 1647 384.7 A64.7
30 4137 413.7 4137 4137 413.7 413.7 4137 4137 4137
4.3 364.7 462.7 462.7 4627 462.7 462.7 462.7 452.7 462.7
5.8 364.7 368.2 5117 511.7 511.7 5117 511.7 5117 511.7
7.2 364.7 3892 413.7 560.7 560.7 560.7 560.7 560.7 560.7
a.3 364.7 3092 413.7 462.7 609.7 6032.7 605.7 609.7 609.7
2.7 3647 JBS'J.Z 413.7 462.7 511.7 536.2 GABEB.1 E88.1 G88.07
10.3 309.2 4137 462.7 511.7 536.2 756.7 V557 756.7
11.2 413.7 462.7 511.7 §36.2 8253 8253 B25.3
1.8 4627 511.7 536.2 G087 609.7 G09.7
13.2 511.7 £36.2 609.7 G09.7 6097
14.5 6097 809.7 6097
15.2 609.7 | 6097 60s.7
Hz = enlrance heigld, m

W, = widlh of spoul, m
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Flgure 2 Evolution of moisture ratio al variaus dylng air Figura § Evolutfon of moistura rallo at various hofd-ups
temperalures. (hald-up = 15 kg, width of spout (dryiag air temperalure = 150 "C, width of spout
=8cmy . = 6§ cm)
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Figure 6 Evolution of mofslure ratio at various widths of spout,
Figura 3 Evolution of meiskire ratio af various dying air (drying air temperature = 100 bC. hold-up = 10 kg)

ternperalares, (hold-up = 10 kg, width of spout

=10 cm)

Trramn

Figure 4 Evoiution of maislura ralio al various hotd-ups. [drying

air temperalure = 125 QC, widlh of spoui= 10 cm)



