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ABSTRACT: GREENHOUSE GAS EMISSION FROM ELECTRICITY
GENERATING SECTOR#

Somchart Soponronnarit**
*Paper presented al the Royal iInslitute, Bangkok, Maich 3, 1999,

*Frullow of the Royal Instilule; Professor, School of Energy and Malerials, King Mongkut's

Universily of Technology Thonbur, Bangkok.

e omer Graduate Siudent, Schoaol af Energy and Malernals,

Electricity generating causes emission of CO, which is one of Ihe most
important greenhouse gases. Fuels used in electricity generaling are fuel oil, diesel
oil, natural gas, lignite and imported coal. if it is assumed thal combustion of the fuels
is complete, the amount of CO, emilled from eleclricily generating sector will be
24.841 and 64.967 million lons or 0.575 and 0.486 kg COAWh, respectively. ClH,
emission from production of nalural gas and hignite is equivalent to CO, emission of
15894 and 3.390 million tons in 1990 and 2010, respeclively. Fliminalion of CO, by
conservative forestation of Teclona grandis costs 0.116 and 0.100 baht/kWh in 1990
and 2000, respectively. If Ihe year 1990 is considered as the hase year according to
the United Nation Framework convention on climate change, the cost will be 0.047
bahl/kWh for the year 2000, For the case of commercial forestation, there is no cost
due to posilive net benelit. §F 80 % of 1.264 million ha of casava cullivalion area is
planted wilh Eucalyptus camaldulensis which is to be used fuel for generaling
electricity, it will help reduce 56.6 % of lignile used in 2000 which will avoid CO,
emission of 8.431 million tons or 11.6 % of nalural gas which will avoid CO, emission
of 3.087 million tons. If 60 % of 0.168 million ha of Rhizophoraceae cullivation area is

commercially managed for charcoal production, it will helpy 1o reduce the use of LPG

ol & T IAasgn



47.7 % in 1996. Forest area would decrease in the future. Therefore, reduction of CO,
by forestation may not be praclical. Technology for reducing CO, may have to be
imported. Appropriate stralegies should focus on : clean and high quality fuel,

demand side management, renewable energy and nuclear energy.
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DINFUSION MODEL OF PAPAYA GLACE DRYING
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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 1 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 calculating
drying curve of papaya glace’

INTRODUCTION

The mobility of moisture in drying of food materials is complicated
mechanism, Generally, moisture transfer mechanism in food material occurs only in
falling drying 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 drying 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 maobility of moisture is proportional to the moisture

concentration gradient within materials. It can be written as:

oM a oM d oM
oMy L p T 1
S (D) + 5D )

o Oty )
X 0 oY oz

_ 2
3t ‘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
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equilibrium when exposes 1o hot drying air. These assumptions lead to the
following initial and boundary condilions:
M(x,y,z,0)=M,,

when >0, M{x,y,0,0=M(x,0,z, ) =M(0,y,z, ) =M
and M(x,y, L) =M{x, Lz, () =M(l,y,z,t) = M

In the. Equation 1, diffusion coefficient (D) is a variable depending on the
moisture content of product. It is usually assumed that D is constant. Consequently,
the analytical solution is expressed by the following relationship: '

M
MR = oS (5 Tep(-2+ DD w1 2)

Mln ne=0 (2

Where, M., is the equilibrium moisture content using the B.E.T. equation [2]
whose parameters were evaluated by Achariyaviriya and Soponronﬁarit (3. In
addition, if D is a linear function of the moisture content of food materials, the
approximate analytical solution of Equation 1, Crank [4], under initial and boundary
conditions is given by Eqﬁation 3.

R 1 R 1y J28h exp(-Dr't/ ) —ep( 20,7t /1) ¢y
W"[ff‘;(znn)’c’q’{'{z"”)D“'tzt“” x! 3r +16A - 6Aegp(-D,nt/ 17) l’()

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

MATERIALS AND METHODS

Experimental Procedure

Samples of papaya glace’ obtained from the Royal Project Food Processing
were cut into cubes with dimension of 15x15x15 mm®.  Drying air temperature
varied from 45 °C to 70 °C. A total of 27 duplicate treatments were performed at
constant drying 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 logger with an accuracy of &1 °C. Size of papaya
glace’ was also measured by vernier before and afier drying. Water losses from
product were measured by weighing the sample every hour until the product reached
equilibrium moisture content. The moisture content of papaya glace’ was

determined by hot air oven method.
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Evaluation of Diffusion Coefficient
In this study, four different methods of analysis are applied to estimate the

diffusion coeflicient. The detailed models are as follows:

Model | i

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

lype equation. It is wrilten as:
D = D'exp|[-La/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 A are the parameters to be cstimated by fitting the same experimental

data to Equation 3.  Mouoisture ratio dependence of the diffusion coefficient is

considered as a linear function. It can be writlen as;
D =D, (1+ A MR) (5)

Temperature dependence of the dilfusion coefficient can be introduced by
considering both Dy and A as a polynomial function of drying air temperature.

Model 3

This model is similar to Model 1. The value of D is assumed to be constant
on short time interval. At cach 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 coefficient on drying

air temperature and product moisture content is described by the following equation:

D = (a,M? ta,M+a,)exp[-Ea/R T, | (6)

Model 4

The method of analysis using Maodel 4 15 nearly the same as that using  Model
3. In addition, the volume shrinkage during drying is incorporated i this model.
The size of papaya glace’(1) is assumed (o be constant on short time interval.  The

value of | is calculated by the following equation:
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| =b,Mib, 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
experimental data vsing 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 at drying air temperature of 58 °C is shown in
Figure 1. It is found that product temperature approaches drying air temperature
after three operating hours wiich the moisture content of product decreases from 107
% dry basis to 62 % dry basis.

80
70
60
s0 W
’40_L
30 §
20

10
0

¢ Product temperature

Temperature { °C)

Drying air temperature

0 10 20 30 40
Drying time (h)

Figure 1. The evolution of product temperature at air temperature of 58 °C.

Development of Diffusion Model

The diffusion cocfficient are calculated by various methods by fitting
experimental data to Equation 2 and Equation 3.  Four alternative diffusion
coefficient equations of papaya glace’ have been developed by fitting calculated data
to Equations 4, 5, and 6. The results of calculated parameters in diffusion models
are shown in Table 1.
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Table I Diffustonal Models of Papaya Glace’ Drying

[ Model Diffusion Coefficient Equation Drying Kinetic | MRS

Equation - -

Model 1 | D=0.004135exp[-24.75/RT,,] Equation 2 .0022

Model2 | D =D, (I+ A MR) Equation 3 .0038
D, = -2.55x10°T+3.15x107T-8.79x10°

T

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,,] Equation 2 .0009

* MRS = Mean Residual Square = (MR,,,—MR,,)’/ the number of observations

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 drying curve of papaya glace’ in Figure 3 cleatly indicates that Model 3 and
Model 4 are excellent maltch between predicted and experimental values.

t : I

£ g Model! E og |Model2
g 2 0.6 g 2 0.6
2 E o4 TE 04
K i}
E 0.2 g 0.2
0 : - & 0
0 02040608 1 ¢ 020400608 1
Experimental moisture ratio Experimental moisture ratio
u | X |
g 0.g | Model3 é’ 0.8 |Model4
4 g '
g g 0.6 g 2 0.6
T B 04 T8 04
- g
E . “3 0.2
0. 8. 0
0 020400608 1 0 02040608 1

S . . X perin isture rati
Experimental moisture ratio Experi 1cnta! moisture ratio

Figure 2. Comparison between predicted values and experimental values of

moisture ratio using various models.
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Figure 4. The diffusion coefficient calculated by various models at drying air
temperature of 55 °C

~ Figure 4 shows diffusion coefficient in a function of moisture content in each
model. The diffusion coefficient using Modet 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
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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 analytical solutions of the Fick’s equation. The predicted values
of moisture ratio using Mode! 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
papaya glace’ shrinks a little bit during drying.

NOTATION
D diffusion coefficient (m%h)
Ea encrgy of activation ( k}/mol )
] size of papaya glace’ (m) ‘
M moisture content ( % or decimal, dry basis )
MR moisture ratio ( decimal )
MRS mean residual square ( decimal )
R universal gas constant ( kJ/mol-K )
T temperature (°CorK)

Subscripts

abs absolute

eq equilibrium

ex experimental value
in initiad

pr predicted valtue
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ABSTRACT

The objectives of this research were (o 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, 25
and 30 kg. Experimental results showed that minimum spouting velocity of drying air
at the inlet of drying chamber was 15.4-16.4 m/s. The cross section area of the draft
plate channel was twice 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
Sfinal moisture contents of paddy and drying air temperature. Entrance height
directly affected energy consumption of fan. The suitable entrance height was 10 cm
as it resulted in minimum energy consumption. The first order polynomial equation
was accurate and appropriate for predicting drying rate.

INTRODUCTION

Rice is one of agricultural products which is heat sensitive especially during
drying. Spouted bed drying is one among techniques which may overcome this
problem. Viswanathan er al. [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 velocily and bed diameter were taken into consideration. The linear
empirical equation was presented for predicting average drying rate. Kalwar ef al.
(2] studied drying of soybean, corn and wheat by using a two-dimeunsional spouted
bed with draft plates dryer. The experimental conditions were as follows: the slant
angle of base plale was 60°, drying air temperatures were varied at 50,70 and 90 °C,

inlet drying air velocities for drying wheat, corn and soybean were 10.7-16.7 m/s,
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19.1--21.5 n/s and 191 mfs, respectively. [t was found that drying rate related with
the grain circulation rate. Drying air temperature at the draft outlet varied when slant
angle was changed. In case of low slant angle, e.g. 30°, it would have the dead zone
of material at the bottom of bed. Kalwar [3] studied grain drying, scalc-up and
potential evaluation of two-draensional 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 rattos 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 soybean. It was found that: 1)
Slot width, slant angle, grain type 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,
drying air and material properties and physical characteristic of spouted bed; 3) The
parameters affected drying rate were drying air temperature, initial temperature of
material, bed hold-up, initial moisture content of material, average cycle time of
material, relative moisture contenl 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 tcchrii‘que. Therefore, it is the objective of this paper to investigate
cxperimentally the appropriateness of the spouted bed drying of paddy. Drying
kinetics, energy consumption and paddy quality were studied. '

MATERIALS AND METIHODS

In this experiment, a two-dimensional spouted bed dryer with controlled air
temperature and flow rate as shown in Figure 1 was used. The inlet cross sectional
area, width of spout and entrance height are 0.04x0.15 cm?, 8 cm and 10 cm,
respeclively.  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 velocily were measured by a U-tube manometer and a hot wire
ancmometer with an accuracy 14 %, 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.
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Figure 1. Diagram of the experimental two-dimensional spouted bed dryer

Moist paddy was prepared by spraying 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 drying conditions were as [ollows: 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 150 °C. Paddy dried by spouted bed technique was
further dried with ambient air unti] the moisture reduced te 16 % dry-basis. Finally,
head rice yield was determined according to the method of the Rice Research
Institute and rice whiteness was measured by Kett meter. Both head rice yield and

rice whiteness were reported in terms of relative values as follows:
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RESULTS AND DISCUSSION

Pressure Drop and Minimum Spouting Velocity

Before conducting the experiment, suitable width of spout was investigated. It
was found that the suitable width was 8 cm. If it was less than 8 cm, the paddy
would not flow well in the draft plate channel. 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 relation between pressure drop and air velocity

at the dryer inlet with the width of 4 cm. It was found that when drying 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 mtnimum spouting velocities in different hold-

ups and moisture contents were approximately 15.4-16.4 m/s.

L]

The Influences of Variables on Drying Rate
The variables allected drying rate were specific air flow rale (or in terms of
hold-up with fixed air flow rate) and drying air temperature. Drying rate increased as
drying air temperature and specific air flow rate increased.
A linear equation was employed to describe the drying rate. [t is wrilten as
follows:

MR = a+ bt (1)
where MR is moisture ratio, t is drying time {(minute), 1 is hold-up (kg), and a, b are
parameters obtained from curve fifting.

a = 1.51167-0.018331 - 0.003961T + 0.000143H-T (2)

b = 0.077656-0.002367H - 0.0008897 - 0.000023H{-T (3)
where T is 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.
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Paddy Quality

Figure 4 shows the relationship between percentage of relative head rice yield
and final moisture content of paddy at initial moisture content 30-45 % dry-basis. It
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 drying
air temperature on relative head rice yield. 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 causcd humidity of paddy reduce rapidly that
resulted in cracking and breakage in paddy kernel.
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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 to yellow because of
the reaction of rice browning, without enzyme involving. The yeliowness 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. It 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.
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Comparing with the results of fluidized bed paddy drying [5), it was found that
the qualities of paddy from both spouted bed and fluidized bed drying 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 drying air temperature increased, specific heat consumption slightly
increased {from 4.35 to 5.19 Ml/kg-water evap.)). When specific air flow rate
increased specific heat consumption also slightly increased (from 4.64 to 5.85
MJ/kg-water evap.). The proportion of electricity for driving fan was relatively small.
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CONCLUSION

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

1. The minimum spouting velocity at 4 cm-wide dryer-inlet with width of spout
8 cm and entrance height 10 cm was in range of 154 - 164 m/s. The maximum
pressure drop at the start of spouting state was in 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 drying rate,
i.e. as the specific air flow rate or drying air temperature increased, drying rate
increased. [First order polynomial equation was appropriate for predicting paddy
drying rate.

3. Percentage of head rice yield increased when initial moisture content
increased. As drying air temperature increased, percentage of head rice yield
decreased. Rice whiteness decreased when initial moisture content increased, while
drying air temperature slightly affected to rice whiteness.

4. Specific energy consumption slightly increased when temperature and
specific air flow rate increased.
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ABSTRACT

An industrial-scale prototype of heat pump dryer (HPD) was designed,
constructed and tested. The drying chamber contains four trolleys with product
capacity of 600-700 kg. In the experiments, papaya glace ‘was dried in close system
at an average temperature of 55°C, specific air flow rates of 25-32 kg dry air/h-kg
dry papaya glace” and the evaporator by-pass air of 81%. The papaya glace” with
initial moisture content of 83-86% dry basis was dried in three stages to final
moisture content of 12-14% dry basis within approximately 32 hours. No significant
final moisture gradient along the vertical and horizontal directions of the dryer was
observed due to uniform air distribution within the drying chamber and high enough
air flow rate respectively. The experimental results indicate that drying rate
decreases rapidly with time, while total power consumption remains nearly constant.
At high initial moisture content, the moisture removal is higher than that at low
initial moisture content. The maximum average drying rate (DR) and specific
moisture extraction rate (SMER) are 9.34 kg water evap./h and 0.732 kg water
evap./kWh respectively. The maximum average moisture extraction rate (MER) is
8.59 kg water cond./h and the relative lowest average specg/' c energy consumption
(SEC) is about 4.92 MJ/kg water evap. The coefficient of petjformance of heat pump
(COPhP)SyS;em varies from about 4.1 to 4.7 which is higher than (COPpp)yused
obtained by the internal condenser load which varies from 3.0 to 3.8. This attributes
1o the excess heat refected to atmosphere through the external condenser. Operating
system on partially open mode does not offer more benefits than close system. The
quality of dried papaya glace’ in terms of color is acceptable due to low drying
temperature. Cost evaluation showed that cost of papaya glace’ drying was 6.43
Baht/kg water evaporation of which 2.73 was energy cost, 0.55 was maintenance
cost and 3.15 was fixed cost (US$ I = 40 Baht). In conclusion, HPD achieves high
energy efficiency, and it is feasible to be commercialized, particularly in food drying
industry. Latest information shows that the HPD prototype has been sold.

INTRODUCTION

Using low drying air temperature of HDP enhances product quality by
retaining texture, and reduces the incidence of color degradation. Some of the
literature concerning heat pump drying was reported by Soponronnarit et al. [1]

which can be summarized as follows: HHPD could be operated on close or open
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systems, drying temperature depended on refrigerant and it could be increased by
adding electrical heat into HPD but caused COP to reduce, HPD performance could
be increased by selecting suitable ratios of evaporator by-pass air; and usirig
recuperator (Economics of using recuperator is a concern.). Prasertsan et al.[2]
conducted computer simulation to study effects of drying rate and ambient condition
on the operaﬁ'ng modes of HPD in batch drying. The result was in agreement with the
previous study as reported by Clements et al. [3] that SMER and MER strongly
depended on the relative humidity of outlet air from the drying chamber. It was
recommended to run HPD on open system during the stage of high drying rate (early
stage of drying) and partially closed system during the stage of low drying rate (final
stage of drying). Prasertsan and San-saby [4] studied heat pump drying of -
agricultural materials. From the economic analysis of HPD and conventional dryers
(i.e., an electrically-heated hot air dryer, a direct-fired dryer), it was found that HPD
had the lowest operating cost. HPD was operated on both partially closed and open
systems. In batch wood drying, the maximum average MER and SMER were 2.854
kg/h and 0.572 kg/kWh respectively. Batch banana drying yielded the highest
~ average MER of 2.710 kg/h and SMER of 0.540 kg/kWh.

In this study, A prototypc of industrial-scale HPD was designed, constructed

and tested in a food processing factory. Papaya glace” was chosen as test material.

" MATERIALS AND METHODS

A prototype of industrial-scale HPD which could be operated as a close
system or a partially -open system was constructed, as shown in Figures 1.-In this
paper, experinients were carried out on the close system according to test nos. 1, 2
and 3 only by cio'sihé'&ampcm A and B and partially open system as test nos. 4, 5
and 6 respectively. The HPD consists df a drying chamber and a heat pump. The
drying chamber is 1.0 m wide x 40m long x 1.5 m high, and contains four trolleys.
One trolley has 17 trays of 90 cm x 70cm. The main components of the heat pump
are a 6.7 kW hermetic reciprocating compressor using R-22 as refrigerant, a 25 kW
internal condenser (4 rows x 25 columns, 512 fins per meter), a 10.5 kW external
condenser (2 rows x 18 columns, 512 fins per meter), a 25 kW evaporator (551 fins
per meter), a thermostatic expansion valve, a forward-curved-blade centrifugal fan
equipped with a motor of 5.5 kW corresponding to air volume flow rate of 2.8 m*/s at
750 kPa and two axial fans equipped with a motor of 200 W each ( for the external

condenser).
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This study was experimentally performed at the fourth Royal Project - Royal
Recommended Project Food Processing Scction in Burirum province. Papaya glace’
was chosen as the test material 10 be dried. s initial mass varied between 600-700
kg. The locations ol measuring temperature and pressure for both of the air and
refrigerant circuits were shown in Figure 1. For air circuit, the dry bulb and wet bulb
temperatures were measured by type k thermocouples. For the refrigerant circuit,
temperatures v‘\}ére‘\indircclly measured by inserting type k thermocouples through
small copper tubes with their close ends inserted and brazed in 'to the wall of
refrigerant piping. The outputs of temperature sensors were recorded by a data logger
with an accuracy of+ 1°C. The refrigerant pressures were measured by Bourdon-
tube-type pressure gauge. The measurement points were located as shown in Figure
1. Air {low rate in the return and by-pass air ducts were measured by a hot wire
anemometer. The refrigerant mass flow rate was not directly measured, but
determined from the compressor input work by assuming compressor and motor
efficiencies. The power consumption was measured by a kilowatt-hour meter and a
clip-on-meter. The initial and final mass of papaya glace’ and condensed water were
determined by weighing.

Six drying experiments were carried out in batch. The drying process was
divided into three stages. At the first stage, papaya glace’ of about 11.5x6.5x1.7 cm®
with initial moisture content varied from 83 to 86% dry basis was dried, and drying
time was about 19 h. At the second stage, the dried papaya glace’ of the first stage
was prepared into dimension of about 1.0x1.0x1.0 cm’. In order to make papaya
glace’ be cut easily, a small amount of water should be sprayed on it during
preparation process. The papaya glace’ was dried to moisture content of 17-22% dry
basis with approximately 9 h. In the third stage. dried papaya glace” was mixed with
icing (sugar) before being dried to final moisture content between 12 and 14% dry
basis with approximately 4 h. The total drying time was approximately 32 h. The
temperature, pressure, mass of condensed water and power consumption were
recorded every 1 h for the 1* stage and Y h for the 2™ and 3" stages. To determine
the moisture content, the samples were cut into small pieces and weighed by digital
balance (accuracy of 0.01g). The samples were dried in an hot air oven at
temperature of 103 °C for 72 h. All samples were taken from the middle of trays
nos.1, 5, 9,13 and 17 of each trolley. Drying tests were carried out at temperature of
53-35 °C, 45-50 °C for close and partially open system respectively and air flow rate
of 2.8 m'/s. The evaporator by-pass air was set between 70-85%.

The COP,, was analyzed and obtained from measurements made on both the
air and refrigerant circuits. In this study, COP,, was classified into 1) COP,, .
obtained from the calculation regarding both internal and external condenser heat-
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loads, and 2) COP,, ., obtained from the calculation regarding only internal

condenser heat load.

RESULTS AND DISCUSSIONS

Close System

Variations of air temperature ar:! moisture content of papaya glace

The experimental results of batch papaya glace’ drying are prcscmcd in Table
1. Temperature gradient along the horizontal direction of the drying chamber
decreased with drying time. At the end of cach drying stage, air temperature at the
entrance and exit of the drying chamber was only slightly different with about 1°C.
As a result, the average moisture gradient along the horizontal direction of the drying
chamber was relatively small, approximately 5% dry basis during the 1" and 2™
stages and was minimum (1.4% dry basis) at the end of the 3"stage. Average air
temperature along the ycrtical‘ direction of the drying chamber was not varied as
indicated by tray nos. 1, 9 and 17. This was due to the proper function of the air
- splitter at the right corner as shown in Figure 1. As a consequence, the average
moisture gradient along the vertical direction of the drying chamber was quite small,
[.2% dry basis at the end of drying.

HPD performance
The experimental results indicated that the moisture content and MER

decreased rapidly with time; that meant the DR was also in the same behavior.
However, it was observed that reduction of moisture content or MER was improved
during the early period of the 2 stage as compared to the final period of the 1* stage.
This was according to the size reduction of papaya glace” afier the 1”stage.

By comparing the results of the 2" and 3" stages of all cxpenments (Tablc
1), it was found that an increase in moisture from about 20% to 40% dry basis gave
approximate 4 times increase in the water removal of the 2™ stage. Nevertheless, the
initial mass of 2™ stage was not substantially higher than that of 3" stage. This was
simply explained that when the papaya glace’ had high moisture content, the surface
was nearly saturated with water which consequently increased the moisture diffusion
rate. But when the moisture content reduced to relatively low, the moisture diffusion
from the inner part to the outer surface became more difficult, and resulted in
ineffective drying and low SMER, while SEC increased.
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Moreover, it should be noted that SMER defining as the ratio of water
evaporated and power consumption were directly proportional to the water removal
rate because the power consumption remained nearly constant. By averaging
numerical results of all experiménts. the HPD achieved a maximum average DR and
SMER of 9.34 kg water evap./h and 0.732 kg water evap./kWh, respectively. The
average maximum MER was 8.59 kg water cond./h. MER and DR were slightly
different due to air leakage through the system . In these experiments, the_initial
moisture content, initial mass and dimension of papaya glace’ were not \much
different and hence resulted in less difference of SEC and drying time compared to
the same stage of each test. SEC of test no.3 was 4.92 MJ/kg water evap. and was
considerably lowest compared to others.

Analyzing data from the air circuit showed that (COP, ), , was in the range of
4.1 10 4.7 and (COP,),,4 obtained by internal condenser varied from 3.0 to 3.8. It
was obvious that (COPhp), , was higher than (COP),,,. This was because in order to
control tcrﬁpcraturc inside the drying chamber within a certain limit, substantial
amount of heat correspénding to compressor and fan work inputs had to be rejected

_across the external condenser. By using low air temperature, the quality of papaya

glace’ in terms of color was found to be well acceptable. The color was light reddish-

orange (code 34-C from R.ILS. color chart).

Partially Open System
The experimental results are summarized in Table 1. During test nos. 5 and 6,

it rained whole day, thus ambient air was cool and humid. It is obvious that ambient
air conditions played an important role on HPD performance even small amount of
ambient air was induced to the system such as the 1* stage of test no. 5 which drying
temperature could not be raised higer than 45°C. This resuited in less drying potential
and SMER as compared to the 1* stage of test nos. 4 and 6. The best results in terms
of drying capacity and cncigy clicctiveness done by partially open system were
close to that of close system (as compared test nos. 4 and 6 to test nos. 1, 2 and 3).
Therefore, to achieve a satisfactory performance, the system can not operate by
sustaining a certain amount of ambient air at all time but it has to be varied according

to variable ambient air conditions.

Cost Evaluation

. Conditions for cost evaluation of IIPD are as follows: holding capacity is
670 kg/batch, drying capacity is 96 batchesfyear, dried papaya glace’ capacity is
34,540 kg/year, average drying time is 31.5 h/batch, cost of HPD construction and
cost of stainless steel trolleys and trays are 216,340 and 95,400 Baht respectively
(US$ 1=40 Baht), life time was 5 years, salvage value is 24.5 % of system first cost
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(assuming that trolleys and trays can be further used), maintenance cosl per year is
5% of system first cost, evaporation water ability is 267 kg water evap./batch,
electricity cost is 2.0 BahvkWh, electricity use rate is 12.76 kWh/h and interested
rate was 18%/year. Other operating costs are neglected in this study. 'l:hc results of
evaluation are as follows.

Total annual‘cosl 181,785 Baht/year or 6.43 Baht/kg water evap. of which

2.73 is energy cost, 0.55 is maintenance cost and 3.15 is fixed cost.

CONCLUSION

1. Moisture gradient paralell and perpendicular to the direction of air flow
approached to 1.4% and 1.2% dry basis at the final stage respectively. Water
removal was very fast at early stage and reduced thereafter when the moisture
content were relatively low, similarly to that of MER behavior. Size reduction of
papaya glace” after the 1* stage enhanced DR or MER during the 2™ stage of drying.
Power consumption remained nearly constant, whereas the drying process was
transient. This attributed to an effort to sustain constant drying air temperature by
- releasing the excess heat corresponding to compressor and fan work inputs across the
external condenser. Consequently, (COP,),.., was less than (COP,,p)m.

2. Water removal from papaya glace” with relatively low moisture content was
extremely difficult compared to that with high moisture content at the same level of
initial mass. This resulted in relatively low DR and SMER. The water removal rate
was directly related to SMER and SEC. The HPD achieved a maximum average DR
and SMER of 9.34 kg water evap./h and 0.732 kg water evap./kWh, respectively. The
maximum average MER is 8.59 kg water cond./h, and the relative lowest SEC was
about 4.92 MJ/kg water evap. The (COP,), , varied from about 4.1 to 4.7 and
(COP,,),scq were in range of 3.0 to 3.8. By using low air temperature, it was observed
that the quality of papaya glace” was well acceptable.

3. To run system on partially open mode did not offer more benefits in
comparison to close system mode. The ambient conditions had a strong influence on
HPD performance. To obiain the best performance, fraction of air recycled has to be
varied according to uncertain ambient air conditions. Therefore, it seems that the
system is complex and not convenience to user to operate.

4. Cost evaluation showed that total cost was 6.43 Baht/kg water evaporation
of which 2.73 was energy cost, 0.55 was maintenance cost and 3.15 was fixed cost.
Total cost was less than two times of which previous study reported by
Soponronnarit et al. [1] according to the size reduction process which yielded lower

drying time and energy consumption.
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PROTOTYPE OF CYCLONIC RICE HUSK FURNACE

Thanit Swasdisevi', Somchart Soponronnarit '

Viboon Thepent’, Adisak Shujinda’ und Boonrueng Srisawat’

ABSTRACT

The objectives ol this research were to design, construct and test a rice husk
furnace lor a commercial 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 a feed rate of 110 - 136 kg/h. Air and rice husk
enlered to the combustion chamber in tangential direction with vortex rotation. The
experimental results showed that at heights of ash on grate 30, 45, 50 and 60 ¢m, rice
husk feed rates 110 - 136 kg/h, excess air 265 - 350 %, combustion gas lemperature was
approximately 523 - 710 °C. Thermal efficiency of the furnace system increasing with
excess air was approximately 57 - 73 % while carbon conversion efficiency was
approximately 89 - 97 %. The height of ash on grate had no effect on the system
performance.  The Turpace has been commercialized for more than 20 units since the
bepinning of the year 1999.

Key words and phrases : Biomass, burner, rice hull
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INTRODUCTION

Singh ef al. (1980) designed and tested a cyclonic rice husk furnace for drying one
ton of paddy from moisture content of 35 % down to 14 % d.b. Efficiencies of the
furnace were dilferent 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 {low rate of 168 m'/h.
Tumambing {1984) investigated the cyclonic rice husk furnace of Padicor for paddy
drying and found that combustion efficiency was 98 %. Xuan ef af. (1995) investigated
two types of husk [urnace. The first one was a furnace with inclined grate and
cylindrical combustion chamber. The upper part of the furnace was a heat exchanger.
Inlet air entered at the lower part of inclined grate on which rice husk with a feed rate of
20-25 kg/h was burnt. ‘The cfficiency of the furnace was 70 %. The second one was a
pneumatic-fed cyclonie furnace. 1t consisted of combustion chamber and rice husk feed
system.  Rice husk was {ed into the combustion chamber with primary air and was
burnt. Then it fell down to the lower part of the chamber. The secondary air entered at
the upper part ol the combustion chamber in tangent direction in order to eliminate dust
from flue gas. Rice husk consumption and furnace cfficiency were 10 - 12 kg/h and 75
%, respectively.

The past rescarch showed that there were several designs of rice husk furnace, i.e.
vortex or inclined grate types or direct use of flue gas or indirect use of thermal energy
from combustion via heat exchanger. Acceptance of the [urnace was still limited in the
experimental sites. Therefore, the objectives of this research were to design, construct

and test a commercial-scale prototype of cyclonic rice husk furnace for a commercial



Muidized bed paddy dryer with a capacity of 10 tons/h. The dryer has been sold in

several countries for more than 3 years (Soponronnarit ef al., 1996).

MATERIALS AND METHODS

Detail design of the rice husk furnace prototype is available in Shujinda (1997). It
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 inner and outer diameters of 1.37 and 1.76 m, respectively 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 covering steel.
The combustion chamber was instatled on 1-Beam steel. There were grate with diameter
of 1.37 m, thickness of 9.5 mm (583 holes/ m’, hole diameter (.0127 m) and ash paddle
with size of 50 x 50 mm, length of 1.1 m at the lower part of combustion chamber. The
primary air duct was connected to the upper part of the combustion chamber in
tangential dircetion. On the upper part of the combustion chamber, a steel cylinder with
inner diameter of 0.8 m and height of 1.6 m. was installed. It was insulated with 0.06 m
thick cement. The secondary air duct was connected to the cylinder in tangential
dircction in order to clean up flue gas. Rice husk ash was removed from the combustion
chamber by the ash paddle [ollowed by a screw conveyor installed under the
combustion chamber. The tertiary atr duct was connected to the bottom part of the
combustion chamber i order to support complete combustion. Rice husk feeding

system consisted of a rectangular in shape rice husk hopper with a screw installed at the



bottom and driven by a 0.37 kW motor, 0.152 m primary air duct for pneumatic feed of
rice husk and conveying fan. The secondary air duct was 0.102 m in diameter. ‘The
tertiary air duct with diameter ol 0.076 m separated from the secondary air duct and then
was divided into 4 ducts with distributor at the bottom of the combustion chamber under
the prate. Air suction system consisted of a 15 kW blower, duct wilh diameler of 0.254
m and a valve for regulating inlet fresh air into the combustion chamber.

The measuring instruments used in this experiment were as follows: data logger
connected to type K thermocouple (accuracy £ 1 °C ), clamp-on meter, manometer of 0 -
200 mmH,0O (accuracy £0.1 mmH,0), Hygrometer of 0 - 100 % (accuracy of 1 %),
balance machine of 0 - 50 kg (accuracy 200 g), gas combustion analyzer of O,, CO,
NO, and SO, with range of 0 - 600 °C ( accuracy x3 “C for temperature, £20 ppm for
CO, £0.3 % for O,).

To start the experiment, air {low rates in primary, secondary and tertiary air ducts
were set.  Sample of rice husk was taken for component analysts.  Rice husk was
weighted and fed into the furnace until it reached the height required.  Then it was
ignited by burning oil and paper. The fans number 4 and 10 were switched on for
supporting the combustion.  Alter 10 - 15 minutes, the tun number 3 and controller
system ol rice husk leeding and ash paddle were switched on. Control temperature was
set at 325 “C. Temperature was measured every 3 minutes and flue gas was analyzed
every 10 minutes. Relative humidity was measured by hygrometer. Dry bulb and wet
bulb temperatures of ambient air 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. Finally, the



fan number 10 was switched ofl and samples of ash were taken for component analysis.

Figure | shows the schematic diagram of (he cyclone rice husk [urnace.

The elficiency of the furnace was determined by using the equation;

g -Cp '[TZ - Tl )

= N2 00
it m e HEV
where T, -~ efficiency of the furnace, %
m, = {low rate of mixed air between fresh air and flue gas, kg/h
¢, = specilic heat of air, kl/kg K
1, = ambient aw temperature , K
T, = temperature ol mixed air between fresh air and flue gas, K
m; -~ rice husk feed rate, kg/h

HEY = high heating value of rice husk, kl/kg

The carbon conversion elliciency was calculate by the following equation:

C C
N~ A X100

where n. carbon conversion cllicieney, %

percent of carbon in ash xash weight, kg

&
[

percent of carbon in rice huskXhusk weight, kg

e
!



RESULTS AND DISCUSSION

1. Air distribution in tertiary air duct

Tables 1 and 2 show the efficiencies of the furnace and carbon conversion
clticiencies at various heights ol ash with 4 air distributors under the grate. The results
of experiments 1/97, 2/97, 3/97 and 4/97 with heights of ash 30, 45, 50 and 60 cm were
as follows: the carbon conversion efficiencies were 93, 95, 96 and 97 %, respectively,
and the efficiencies of the furnace were 57 - 59 %. Tables 4 and 5 show the carbon
conversion clficiencies at heights of ash 30, 45, 50 and 60 cm with only | air distributor,
The results of experiments 1496, 2/96, 3/96 and 4/96 showed that the carbon conversion
efficiencies were 88, 93, 85 and 90 %, respectively while the efficiencies of the furnace
were 58 - 63 %, It can be concluded that the method of air distribution in tertiary duct
did not significantly aflect the carbon conversion efficiency and cificiency of the

furnace.

2. Air flow rate in tertiary duct

Combustion was not complete when too high air flow rate was used in tertiary
duct. This was because increased air made some part of ash {ixing on grate fell down.
Consequently, carbon component alter combustion was high which resulted in low
carbon conversion cfliciency, as shown in Tables | and 2 ( comparison between

experiments no. 6/97 and 11/97).



3. Excess air

The results in Table | showed that when excess atr in combustion was 260 - 280
% (experiments no. 1/97 - 4/97), the efficiencies of the furnace was 58 - 59 % and the
carbon conversion elliciencies were 93 - 97 %. When the excess air increased to be 342
- 350 % (experiment no. 5/97 - 7/97), the efficiency of the furnace increased to be 70 -
73 % and the carbon conversion efficiency increased to be 95 - 97 %. The increase of
excess air was derived from decreasing of rice husk feed rate. The best condition of
several experiments was as tollows: height of ash on grate 50 cm, rice husk feed rate
110 kp/h, excess air in combustion 350 %, yielding in average furnace temperature 628
°C. Carbon mn ash after combustion was 5.5 %. The carbon conversion efficiency was
96 % and the efficiency of furnace was 73 %. Temperature distribution in the furnace

with height of ash 50 ¢cm is shown in igure 2.

4. Height of ash on grate during combustion
The height of ash on grate during combustion did not affect the elficiency of the

turnace, as shown in Table 4.

5. Component analysis of rice husk and ash

Composition of substance in rice husk before combustion were as lollows: carbon
39 %, hydrogen 5.4 %, oxygen 40.3 %, nitrogen 0.19 %, sulfur 0.04 %, moisture 8.10
%, ash 15.1 % and calorific value 3,566 cal/p.

Ash of cach experiment was analyzed at the Department of Science Service,

Ministry of Science, Technology and Environment. Results showed that the quantities



of carbon alier combustion of 12 samples were as follows: 9.9, 7.5, 5.9, 4.4, 7.0, 4.9,
5.5, 134, 14.8,28.7, 20.3 and 22.8 %, respectively, Carbon alter 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 feil down to

the bottom of the combustion chamber when air flow rate increased.

6. Power consumption of rice husk furnace

Power consumption of rice husk [urnace was as l[ollows: conveying fan of primary
air 1.25 kW, conveying fan of secondary atr and tertiary air 1.18 kW, suction blower
8.36 kW, motor of ash paddle 1.79 kW, motor of rice husk feeding system (.66 kW and
screw conveyor for ash unloading 0.72 kW. The total power consumplion was 13.96
kW.

ldectricity consumption in these experiments was compared to thermal energy
production of the lumace. The results showed that clectricity consumption in terms of
primary encrgy (mulliplying factor 2.6) was approximately 7 % ol thermal energy

production ol the rice husk furnace, as shown in T'able 3.

7. Fimancil analysis and commmercialization

FFor financial analysis, the rice husk furnace was compared 1o a dieset oil burner
when it was used in Nluidized bed paddy dryer with capacity of 10 lons/h (Soponronnarit
et al|1996]. The conditions were as follows: cost ol dryer and rice husk furnace
950,000 balyt, dryer capacity 10,260 tons/year, initial 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, service lile 5 years, interest rate 15 %, salvage value 10 % ol initial cost.
The results showed (hat total cost of the system was 400,274 buht/ycar. When the dryer
was used with diescl oil burner, cost of the dryer and burner was 850,000 baht. Diesel
oil consumption was 31.34 litres/h (7.50 baht/litre) and power consumption was 32.3
kW. The other conditions were the same as those of the dryer operating with the rice
husk furnace. The total cost of the dryer and burner was 596,618 baht/year, 196,344
baht/year higher as compared the former case.

The cyclonnic rice husk furnace has been commercialized for more than 20 units

since the beginning of the year 1999, All of them were instatled in private rice mills.

CONCLUSION

1. Excess air using in combustion affected efliciency of the furnace. When excess air
increased from 260 1o 350 %, the efficiency of the (urnace increased from 57 to 73
00.

2. Air distribution in tertiary duct did not significantly atfect carbon conversion
efticiency and efficiency of the furnace.

3. Height of ash on grate had no clfeet on the elficicncy ol rice husk furnace.

4. Too high air low rate in tertiary duct did not support combustion according to quick
fall down of combustible rice husk from grate which resulted in incomplete
combustion.

5. Total cost of fluidized bed dryer with capacity of 10 tons operating with rice husk

furnace was lower than that operating with diesel oil burner.
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Table 2 Carbon conversion ellicieney of rice husk furnace(experiment in 1997)

Experiment no. Catbon in- Carbon Rice husk — Ash CO value O, value  Curbon conversion  Carbon
rice husk  inash  consumption cliciency oblained  conversion
from carbon balance efficiency
measured
(%) (%) (kg) (kg) (ppm) (%) (%) (%)
T w ey s B11625-1869 17.4-18.6 Y 93
2197 39 7.5 288 70 1129-1999 17.2-18.7 93 95
3/97 39 59 320 75 142-1732 17.4-18.4 94 96
1197 39 44 254 60 1083-1982 17.0-19.1 95 97
s 7.0 259 62 1233-1946 17.9-18.9 96 95
6/97 39 4.9 253 60 1204-1832 174-18.4 98 97
7197 39 55 237 53 200-1803 17.4-18.4 96 96
8/97 39 13.4 250 58 12001993 174-184 90 92
9/97 39 14.8 262 74 1232-1879 17.5-18.6 87 89
10797 39 28.7 320 83 1230-1896 17.4-18.4 81 81
11/97 39 26.3 289 74 1235-1999 17.4-19.0 83 82
12/97 39 228 320 79 1260-1988 17.2-18.7 85 85

- Low values of NO2 and SOQ (NO2 1 1-12 ppm, 807 : 1-20 ppn)

Table 3 Electricity consumption(experiment in 1997)

Experiment no.

Feed rate of
rice husk

Electricity

Consumption rate

Electricity consumption rate
i terms of primary encrgy *

Heat production rate of
rice husk furnace

(kg/h) (kW) (kW) (kW)
1797 135 13.96 36.30 559.68
247 133 13.96 36.30 551.40
3197 136 13.96 36.30 563.83
4/97 130 13.96 36.30 518,95
597 1o 13.96 36.30 456.04
6/97 12 13.96 36.30 164.33
7197 1o 13.96 36.30 ) 45604
UM T T T 13.96 B 3630 460.20
9/97 125 1396 36.30 518.23
10/97 133 13.96 36.30 551.40
1197 125 13.96 36.30 51823
12/97 136 13.96 36.30 563.83

* Multiple by {actor 2.6
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4 conveylng tun of air feeding system 8 butlerfly valve

Figure 1 Schematic diagram of rice husk furpace
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at height of ash on grate 50 cm({experiment no. 7/97).



Evaluation of Drying System Performance in Rice Mills

Naret Meeso” Somchart Soponronnarit’

and Somboon Wetchacama’
ABSTRACT

This work relules 1o the study on the suilability of paddy drying system in hree rice
mills with different product capacity and drying system installation. The study included
drying technique, paddy quality, energy consumption and problems arose during operation.
Finally, the most suitable paddy drying system was concluded. The result will be useful as
guideline for improving the efficiency of paddy drying systems and minimizing the cost of
drying. Important other results can be sumimarized as follows:

1. Fluidized bed drycr with tempering during cach drying stuge could reduce
moisture content of paddy from 24 % fo 14 % d.b. with acceplable paddy quality.

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

3. Lnergy consumption ol each drying system depended on initial and final

maoisture content of pacddy, ie. higher moisture content, lower cnergy consumption.

Key words : Dchydration, grain, performance, systemn
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INTRODUCTION

Al present, mechanical dryers, L.e. LSU dryer, cross {low dryer, recirculation batch dryer
and Tuidized bed dryer are widely used in Thai rice mills. In-store drying is becoming
adopted. Soponronnarit (1995) studied the damage of moist paddy afier hai"vesling, effecting
lactors and systemaltic approach for solving the problems. The solution included aeration of
ambient air through moist paddy bulk with a low {Tow rate of 0.35 m*’min-m* (paddy) to
exhaust the heat liberated [rom 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 tluidized bed drye:r or other types of dryer as for the reasons of quality. Then
lollowed 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 0.5-1.0 m*/min-m’
(paddy) during day time. In case of paddy storage for several months, it nceds intermiltent
acration ol ambient air through paddy bulk 1-3 hour/week to exhaust heat liberated from
paddy.

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 [rom 27 (o 18 % d.b. and gatned 30 tons of paddy per day. Using rice husk as [uel
costs approximale 20 baht per ton of paddy. Soponronnarit ef al. (1995) designed and tested
a prototype, .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 100-150 °C,

fraction of air recycled of 0.66, specific air flow rate ol 0.05 kg/s.kg-dry matter, superficial



air velocity of 3.2 mi/s, bed depth of 0.1 m, total primary energy consumption was 2.32
MJ/kg-water evap.  Irom 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 ol paddy.

Soponronnarit et al. (1999) investigated strategy for reducing moisture in paddy by
lHuidization technique, tempering and ambient air ventilation considered from total operation
time and milling quality. Experimental results showed that after three processes, moisture
content ol paddy was reduced from 33 1o 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 1o 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 mi/s for 20 minutes. Quality of paddy in terms of head rice yield and
whileness was acceplable. Taweerattanapanish ef ol (1999) studied yield of paddy drying
by fluidization technique with various initial and final moisture contents oi 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. llead rice yield of tempered paddy was higher than that ol no-tempered one
while cating guality scores ol tested rice showed no difference between no-tempered paddy
drying by [Muidization technigue 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 quahity, encrgy consumption and problems arose during operation. The resuits will be

uselul for improving the etficiency of paddy drying system and minimizing the cost of drying,.
MATERIALS AND METHODS

The paddy drying systems were studied in three different rice mills, ie. Nithithanyakit,
Kungleechan and Poonsinthai.  Fach rice mill has ditferent paddy drying methods and
systems consisting of some sub-components as follows: fluidized bed dryer, LSU 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 (o 14 % d.b. "

Drying air temperature setiing 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 em

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)
L1 First stage included two parallel system installation.
Referred to Figure 1, the average moisture content, head rice yield and rice
t whiteness ol paddy in a paddy pit (10.1) were 23.3 % d.b., 39.2 % and 46.8, respectively.
Afler passing through a {luidized bed dryer (2.1) with a feed rale 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

|
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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 n 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 ol 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 1;0 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 yield of 46.3
% and the average rice whiteness ol 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 venttlation. The average head rice yield was 38.7 % with no change in the rice
whiteness.

From the cxperimental results above, the average initial moisture content of paddy

was 200.6-23.3 % d.b. After the first slage, the average moisture content of paddy was 17.0-



17.3 % d.b, lead rice yield and whiteness were in a good range as compared to the initial
condition. After the sccond 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. Afier passing through a cleaner, the average moisture content was reduced o
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 {eed 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 rcdtlcc 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 ol'43 °C, 44.4 % and 40.7, respectively.

1.2.2 Second stage: Paddy was further dried by a tluidized bed dryer (2.2) with a
feed rate of 9.06 tons/h, the average drying air temperature of 141 °C, bed depth of 12 cm
and residence time ol 1.2 minutes,  the dryer could reduce the moisture content of paddy
down 10 15.6 % d.b. with the average paddy temperature of 75 °C, average head rice yield
of 43.7 % and average rice whiteness of 412, Then the paddy passed through a LSU dryer
with 17 tons volume, which operated as tempering and cooling bin (4) instead of drying. 1t

could reduce moisture content of paddy down to 14.2 % d.b. with the average paddy

- temperalure of 42 °C, average head rice yield of 44.5 % and average whiteness of 40.2.

i
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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 {luidized bed dryers, the motsture content of paddy was
reduced to 14.2 % d.b. licad 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 stuge: 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 1o
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 NMuidized bed dryer (2) with a feed rate of” 9.32 1ons/h, the
average drying air temperature ol 103 °C, bed depth of 10 cm  and restdence time of 0.96
minute, the dryer could reduce moisture content of paddy down to 21.7 % d.b., with the
average paddy temperature ol: 65 °C, average head rice yield of 39.6 % and average rice
whiteness ol 45.9.

1.3.2 Second stage: After passing through a Nuidized bed dryer (2), the paddy was
conveyed 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 {low dryer (4.3) for 1 hour and a
half which could reduce the meisture down to 21.0 % d.b. with the average paddy temperature
of 33 °C, average head rice yield ol 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 ol 71 °C. Cireulated paddy was in the cross low dryer lor 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 yield of 42.0 and average rice
whiteness off 44.8. Then it was conveyed o a dust extraction bin (9.2).

AL poonsinthat, the average inttial moisture content ol paddy was 28.6 % d.b. The

paddy was dried to 17 % d.b. with head rice yield and rice whileness in a good range, It



should be noted that the bottleneck of the drying capacily was due to the limited capacity of

the cross flow dryer.

2. Energy consumption

Energy consumption for paddy drying system was thermal energy for air heating and
clectricity for running motor.  Tables T and 2 showed that energy consumption increased
when moisture content of paddy decreased. Air recirculation could minimized energy, fe.
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

I. Rotary feeder could not work well due 1o stopped feed caused by high pressure in the
drying chamber, excepl 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 (o long time using of fuel oil
which could close fuel nozzle.

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

4. Lack ol knowledge lor operating dryers.

CONCLUSIONS
Important results can be summarized as follows:
1. Fluidized bed dryer with tempering during each drying stage could reduce
moisture content ol paddy from 24 % d.b. to 14 % d.b. with acceptable paddy quality.

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



3. Energy consumption ol 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 (o rotary feed operation of fluidized
bed dryer and the lack of knowledge Tor 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 Figthu'e 5. Paddy with 25 % d.b. moisture content in a paddy pit (8)
is conveyed by elevators (5.1} and (5.2) to a cleaner (1}, a 5 ton bin (4) and a 10 tons per hour
luidized bed dryer (2.1). Moisture content of paddy 1s expected to reduce 1o 20 % d.b. Then
paddy is conveyed Lo a 10 ton capacity tempering and cooling bin (3.1).

In the second-stage drying, paddy flows through a 10 tons per hour {luidized bed dryer
(2.2) with an expccted moisture content of paddy of 16 % d.b. Then it is conveyed to a 10 ton
capacily tempering and cooling bin (3.2), and {inally 1o a paddy bulk.

IUis atso suggested to use rice husk burner as it gives lower energy cost.
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ABSTRACT

The objectives of this research were to design. construct and test a prototype of vibro-
tluidized bed paddy drver with a capacity of 2.5-5.0 t'h and develep a mathematical
model that determines optimum operating parameters. Experimental drving conditions
were: air flow rate. 1.7 m’/s: bed velocity, 1.4 mys; average dryving air temperature. 123-
140°C: residence time of paddy approximately 1 minute; bed height. 1.5 ¢cm: fraction
of air recycled. 0.85 and vibration of intensity. 1 {frequency. 7.3 Hz and ampiitude. 3
mm). Moisture content of paddy with a feed rate of 4821 kg/h was reduced from 28 to
23% d.b.. Specific primary energy consumption (SPECY was 6.13 MJ/kg-water
evaporated. Electrical power of blower motor and vibrator motor was 3% as compared
to electrical power of blower motor used in fluidized bed drying without vibration.
Comparison between the experimental and simulated results showed that the
mathematical model could predict tairly well. To find out optumum operating
parameters. the grid search method was emploved with criteria based on acceptable
moisture reduction and quality and minimum energy consumption.

INTRODUCTION

Soponronnarit and Prachavawarakorn (1994) siudied drving of high moisture content paddy using
fuidization technique. The factors attected on paddy guality after drying and energy consumption wer
investigated. The experimental conditions were as tollews: dryving air temperature of 100-130°C. specitic
air flow rate ot 0.13-0.33 ky/s-kg drv matter and initiai moisture contents of paddy of 28-40% d.b. The
result showed that drving rate increased with specitic airflow rate and/or temperature of dryving air.



Energy consumption decreased when specific airflow rate increased or fraction of air recveled increased.
The suggestions to obtatn good paddy quality in terms of head rice yield and rice whiteness were: drying
air temperature should be tower than 115°C and moisture content of paddy after drying should not be
lower than 24-25% d.b. The study and development of paddy drving using fluidization technique was
continued and succeeded in 1996, a prototype of fluidized bed dryer was constructed. The commercial
fluidized bed dryers with capacities of 5 and 10 t/h were constructed and had been sold since the
heginning of 1996. The conditions of paddy drying were as follows: drying air temperature in range of
120-150°C, drying air velocity approximately 2.0-2.3 m/s and fracton of air recycled approximately 0.8.

Rysin {1992) studied food product drying using vibro-fluidization technique. It was found that
vibration intensity (Awm/g) should be lower than 3.3. The suitable values of vibration intensity and
amplitude {A) were 1.5-2.0 and 5-10 mm, respectively. Ringer and Mujumdar (1982) designed a chart
which provided to aid in the selection of the operating parameters of drying by using vibro-fluidization
technique (the ratio of drying air velocity to minimum tluidization velocity and vibration intensity not
more than }.1 and 3.3, respectively.). Han et al. (1991} studied the residence time distribution and drving
characteristics of a continuous pilot-plant vibro-fluidized bed drver. Wheat particles and BYN (irade
name Biyanning, a medication for rhinitis) were used as testing materials. Operating variables in the study
included vibration intensity, mass flow rate ot air, feed rate, inlet air temperature, and particle size. The
Jow of particles in the dryer was considered as plug flow. It was found that vibration intensity was the
most significant factor affecting particle mean residence time and drying rate. As vibration intensity
increased. mean residence time decreased and drying rate increased.

From the past research, it can be concluded that the appropriate operating conditions of paddy drying
using fluidization technique to obtain good paddy qualiry were as rollows: moisture content of paddy atier
drving not lower than 23% d.b.. bed height of 10-15 cm. drying air temperature not higher than 150°C.
For drying using vibration fluidization technique, it was recommended that vibration intensity and
amplitude should be in range of 1.0-3.5 and 3-10 mm. respectiveiv. and low frequency should be used 10
avoid the deterioration of vibration svstem.

According to the success of commercialization of fluidized bed paddy dryers in various countries and
requirement to reduce electrical power of blower motor. the objectives of this research are therefore to
design, construct, and test a commercial-scale vibro-fluidized bed vaddy dryer with capacity of 2.5-5.0 t'h
and develop a mathematical model that determines optimuwm operating parameters.

MATERIALS AND METHODS

Design and experiment of prototype

A vibro-fluidized bed paddy drver with capacity of & t/h was rabricated by Rice Engineering Supply
Co., Lid. and tested at Thanyakanwangtaphet Rice Mill, Supnanburi province. Thailand. The unit
comprised of a diesel burner and combustion chamber. a backward-curved-blade centrifugal fan driven by
a 7.5 KW motor, 0.6x2.1x1.2 m drying chamber and 0.6x2.1 m perforated steel sheets with 0.5 mm
thickness and .1 cm diameter hote. The vibration svstems comprised of cams, cotl springs, watch
springs, 1.5 kW vibrator {frequency of 7.5 Hz, vibration intensitv of | and vertical amplitude of 5 mm),
hopper. rotary feeder. rotary discharger. recycle air duct and cvcicne. the details as shown in Figure 1.
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Figure| Diagram showing the vibro-fluidized bed paddy dryer,

During drying, paddy samples before and after drying were kept every 20 minutes to investigate
moisture and quality. Before testing of paddy quality, paddy samples were blown with ambient air until
moisture content decreased to approximately 16% d.b. The locations for temperature and air velocity
measurements were shown in Figure 1. Temperatures were measured by type k thermocouple. connected
t0 a data logger with an accuracy of £1°C. Air velocities were measured by a hot wire anemometer with
an accuracy of +4% and electrical power was measured by a clamp-on meter with an accuracy of £0.5%.

Optimization

Soponronnarit et al. {1996) developed a mathematical model for continuous cross-flow fluidized bed
paddy drying with important assumptions that thermal equilibrium between grain and air exists and both
grain flow and air flow are plug type. The model is consisted of several equations including main
equations derived from the principle of energy and mass conservation and drying kinetics equation. The
mode! was validated with the expernimental results. With mechanical vibration, one more additional
equation for predicting energy for vibration is required. All these mentioned equations served as the basis
for the optimization. To optimize the fluidized bed paddy drving, the first step is to minimize the exit
moisture content of grain that is the favorite of rice millers. The second step is to minimize the specific
energy consumption (SPEC). The grid search method was selected in this study. [n the first step. the
objective function and constraints are written as follows:

Minimize v, = M(RC.H.T..fn {1

Giving the value of fluidized bed velocity of 2.3 mv/s and 1.2 m/s for fluidized bed drying and vibro-
fluidized bed drying, respectively and paddy teed rate of 3.4 and 3 t/h. the solutions are feasible for the
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outlet moisture content higher than 19% d.b. in order to maintain head rice yield (Soponronnarit et al.,
1999) and the moisture reduction in a single drying pass higher than 4%.

Subject to ¢ < RC < 097 (2
005 <H < 020m {3)

100 € T < 130°C €

10 <T <25 (%)

5 < fr < 25Hz (6)

where M, = Exit moisture content of paddy, % d.b.
RC = Fraction of air recycled
H =Bed height. m

T = Drying air temperature, °C
[ = Vibration intensity
fr = Frequency, Hz

In the second step. the objective function is as follows:
Minimize y, = SPEC(RC,H.T.[.fr) {7

The solutions are feasible for the outlet moisture content of paddy that is in the range of 0.3% d.b. of
the minimum moisture content obtained from the first step. The constraints are the same as those in
equations (2)-(6).

RESULTS AND DISCUSSION

Experimentai conditions are as follows: paddy feed rate of 4.82 t/h, air flow rate of 1.7 m/s (velocity.
1.4 m/s), fraction of air recycled of 0.85, drying air temperature in range of 125-140°C and vibration
mtensity of 1 {frequency, 7.5 Hz and vertical amplitude. 5 mm). Experimental results are presented in
Table 1.

Moisiure content of paddy und temperature in drying chamber

Figure 2 shows the values of temperature at various locations of dryer, In case of average inlet air
temperature of 140°C, average temperature and relative humidity of ambient air were 35°C and 66%.
respectively. It was found that average paddy temperature at drying chamber outlet was 64°C. Figure 3
shows the inlet and outlet moisture contents of paddy. the average of these were 28 and 23% d.b..
respectively.



Table | Performance of the vibro-fluidized bed paddy dryer (bed height = 11.5 cm, bed velocity = 1.4 m/s,
vibration intensity = 1, fraction of air recycled = 0.85 and feed rate = 4821 kg/h).

T M; M, | T, | HRY | HRY | RW | RW SEEC STEC

From | From | From | From
AAD |VFBD| AAD | VFBD
(MJ/kg- {(Mlkg-

(°CY |(%od.b.)[(%ed. b} (°CY | (%) | (%) water evap.) | water evap.)
125 | 26.8 | 23.7 | 62 | 33.0 | 325 | 424 | 429 0.77 547
133 | 241 | 20.7 | 63 | 352 | 375 | 415 | 41.0 0.66 4.69
140 | 28.0 | 23.0 | 64 | 32.0 | 37.0 | 425 | 412 0.48 3.80

Remarks: AAD Ambient air drying

VFBD = Vibro-fluidized bed drying

HRY = Head rice yield

RW = Rice whiteness

SEEC = Specific electrical energy consumption in terms of primary energy (x2.6}
STEC = Specific thermal energy consumption

M, = Inlet moisture content of paddy

M, = Qutlet moisture content of paddy

T = Drying air temperature
T = Paddy temperature at drying chamber outlet
Paddy quality

[n order to investigate the percentage of head rice vield. paddy samples before and after drying were
kept everv 20 minutes. It was found that average percentages ot head rice yield of paddy samples dried by
ambient air and vibro-fluidized bed dryer {in case of average inlet drying air temperature was 140°C)
were 32.0 and 37.0. respectively. Head rice yield obtained rrom ambient air drying was approximately
39% lower. as shown in detail in Figure 4. This resulted from high enough initial moisture content of
paddy as well as from using suitable drying air temperature (140°C) within short drving time
{approximately | minute). Consequently, partial gelatinization occurred in paddy kernel especially at the
surface. which was the same as the results from the study ot paddy drying using fluidization technique by
Taweerattanapanish et al. (1999),

From the test of rice color of paddy samples dried by ambtent air and vibro-fluidized bed dryer, it was
tound that average rice whiteness were 42.3 and 41.2, respectively (according to scale of whiteness
measuring instrument type Kett C-300), with approximatelv 1.3 difference. as shown in detail in Figure 5.
The difference is small as per in terms of practice of rice mill in Thailand. rice whiteness over 36 is
normally accepted.



