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Fig.l Scanning electron microscopy of PT1 rice kernel in
cross section view before and after drying under near
ambient air ventilation at [.20 m*/min-m’ of paddy

[10 kV with magnification of 1400 times of the criginal size]

(2) Chemical property

The chemical property of rice sample show that amylose
content, total fat, protein and gel consistency of rice flour
remain unchanged over the drying pericd, except for the fat
acidity value of rice sample that shows slight increase after
drying. This is due to hydrolysis and auto-oxidation of lipid
during a long period of in-store drying, comresponding to
natural aging of paddy during storage duration of paddy in
ambient environment. This experimental result is similar

trend 1o the previous work [27].

(3) Physicochemical property
{(a) Texture property of cooked rice and pasting viscosity

of rice flour

The physicochemical results show that the hardness value
of cooked rice samples obtained from different drying
conditions seems to slightly increase whilst the stickiness
value slightly decreases. The peak viscosity and final
viscosity after drying relatively increase with increasing of
operating time. However, the value of the final viscosity
remains higher than the comresponding value of peak
viscosity in all the drying cases except for the Experiment
Nos. 8 and 9. According to the changes of hardness and
stickiness of cooked rice after drying, these results are
correlated with RV A tests in terms of peak viscosity and final
viscosity. The peak viscosity and final viscosity of rice after
drying slightly increase comparing with those of control
sample. The increase in hardness and decrease in stickiness
are because rice after drying is tightly packed with polygonal
granules and spherical shaped protein bodies thus providing
the stronger adhesive forces between them.
(b) Alkati spreading value

The result shows that for SP1 dried by Condition 1, the
alkali spreading value is in the range of 6-7, meaning that the
gelatinization temperature was an intermediate value of 70-
74°C [10]. This value is the same range as the control sample.
For PT! dried under Condirion 1 and 3, it indicates that the
alkali spreading value of rice before and after drying is in the
range of 5-6, implying low gelatinization temperature
{<70°C). Thus, the conclusion is that an alkali spreading
value of dried rice is unchanged relative to the control sample.
The alkali spreading value implies that the dried rice sample
in each experiment has the same gelatinization temperature
as the control rice.
(¢) Gel consistency

The results show that the ge! consistency of rice flour
before and after drying in these three drying conditions was
in the long cold gel distance ranges of 5i-100 mm. This
implied that the cooked rice samples are soft taste value.

{4) Germination of paddy

After storage the dried paddy and control sample in each
experiment for a month, the mature paddy was taken out for
germination test. The results show that the average
percentage of paddy germination of dried paddy by different
drying conditions has no significantly difference comparing
with that of the control sample. The average percentage of
dried paddy germination and control sample for SPl (8
experiments) is in ranges of 93.1-98.4 and of 92.5-98.2,
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respectively, While the average percentage of dried paddy
and control sample for PTI is in ranges of 95.3-96.1 and of
93.7-95.2, respectively. This is due to the fact that all of
experiments were carricd out under low temperature drying.
However, the results indicate that the percentage of
germination of SP1 is slightly higher than that obtained fram
PTI.

(5) Sensory evaluation

Based on the natural chemical compound of rice variety,
PT1 with a low amylose content of 15-17% has aroma
slightly higher than SP] with a high amylose content of 23-
27%. Table 2 shows the sensory evaluation of cooked rice
before and after drying with different drying conditians, In
addition, the cooking quality in terms of tenderness,
cahesiveness and glossiness for PT1 was higher than those
obtained from SP1 cooked rice whilst the whiteness of
cooked rice for SP1 was higher than PT1. This means these
panelists prefer the cooked rice with a low amylose content
rather than the cooked rice with a high amylose content.

Most cooking qualities of SP] rice was in hedonic score
below 5 for drying with Condition 1 (Experiment No.5) and
for intermintent drying by Condition 3 (Experiment No.11) as
shown in Table 2. This score meaning is slightly dislike. The
results imply that the cooking quality of rice after drying with
Condition [ and 2 was instgnificantly different from those
obtained from control sample. Similarity, the cooking quality
of SP1 which was dried under Condition 1 and 3(Experiment
Nos.5 and 11, respectively), was not shown significantly
different between dried rice and control sample (p<0.05). The
same trend of this cooking quality was observed in PTI
continuous dried using Condition 1 and 2 (Experiment Nos.6
and 9, respectively). However, the hedonic score of PT1 is
about 7, meaning as slightly like. It indicates that the scusory
evaluation of cooked rice is insignificantly differcnt between
dried rice and control sample in three drying corfigurations
(Condition 1-3) [p<0.05].

Table 2.Cooking quality of rice after dried by in-store drying
with various drying conditions

Experiment No. Samples Aroma Tenderness
Exp. No. 6-PT1 Control rice 7.4a 6.4a
Condition 1) Dricd rice 6.9 6.7a
Exp. No.9-PT1 Control rice 6.2a 7.0a
(Condition 2) Dried rice 6.2a 6.2ab
Exp. No.5-SP1 Control rice 5.2b 3.5a
(Condition [} Dried rice 5.9b 3.2a
Exp. No.11-SP1 | Control rice 5.5a 4.2a
(Condition 3) Dried rice 6.2a 3.9a

Experiment No. Cohesiveness | Whileness Glossiness
Exp. No. 6-PT1 6.5a 6.4a 6.3a
{Condition 1) 6.7a 6.4a 5.6a
Exp. No.9-PT1 6.8a 6.9a 5.3a
(Condition 2) 6.5a 7.la 5.1a
Exp. No.5-SP! 32a 7.4a 2.6a
(Condition 1) 3.2a 6.9a 2.7a
Exp. No.I1-SP1 3.5a 7.7a 2.9a
{Condition 3) 3.5a 7.2a 3.0a

Note: The same letter in column in each experiment means ne significant
difference of data at cenfident limit of 95% (p<0.05)

CONCLUSIONS

The results of this work can be concluded as follows:
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The in-store paddy drying wusing nsgar ambient
temperature, relative humidity controlled below 70% and
stopping drying at relative humidity above 70% has a
slight effect on milling guality, fat acidity, stickiness of
cooked rice and pasting property.

The whiteness value of rice after drying slightly decreases
with drying time. For continuous drying with near
ambient air ventilation and intermitient drying with
switching fan off when the relative humidity above 70%,
the decreasing of whiteness at the upper level is faster
than that obtained from the other lower level of bed
depth. This may be because of enzymatic browning
reaction. For continuous drying with controlling relative
humidity below 70%, the decreasing of whiteness at the
lower level is faster than that obtained from the upper
level of bed, especially on the bottom level. This may be
because of non-enzymatic and enzymatic browning
reactions.

The simulated value of moisture content, including the
respiration effect for paddy drying by continuous drying
under the condition of controlled relative humidity below
70% and drying by stopping drying off at relative
humidity above 70% shows a relatively higher accuracy
than that obtained from excluding respiration effect
predictions.

The total specific energy consumption of paddy drying by
using near ambient air ventilation is lower than those
obtained by continuous drying under the condition of
relative humidity controlled below 70% and intermittent
drying with switching fan off when relative humidity is
higher than 70%. Even the drying time under condition 2
is relative fast comparing to the latter two drying
conditions but the total energy consumption for electrical
heater is relatively high.

At drying with low flow rate, the dry matter loss seems 1o
be higher than those obtained from drying with high flow
rate and heat liberated from grain respiration is used for
moisture reduction among the bed.

For in-store paddy drying by using three drying
conditions with low air flow rate, the drying strategy
under the condition of near ambient air ventilation seems
to be the most of interest because the specific energy
consumption is refatively low comparing to the latter two
drying conditions and the quality of rice after drying is
not significantly differeat from the control sample.

The drying under these three drying configurations has no
effect on morphological structure, scnsory evaluation,
similarity with chemical quality of rice.
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MOISTURE TRANSPORT AND CHANGE OF YELLOWNESS OF PADDY DURING STORAGE
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' Faculty of Engineering, > School of Energy and MaterialsKing Mongkut's University of Technology Thenburi
Suksawat 48 Road, Bangkok 10140, Thailand

ABSTRACT

The models of heat, mass and momentum transfer, in
conjunction with the kinetics of rice yeliowing, have
been developed to describe phenomenological and
physiochemical changes during which paddy is stored in
cylinder-shaped silo. The models are evaluated using the
published data and the agreement between simulated and
experimental results is good. The cffect of temperature
results in an amount of moisture migration to the outer
region. Such moisture migration, besides temperature,
introduces to the change of colour of paddy.

INTRODUCTION

Freshly harvested paddy contains the moisture content
in the range of 20 10 25% dry basis. This moisture level
could not be safe for keeping paddy a long time. In
common practice, the water content inside the kernel is
removed by convective dryers, i.e. mixed flow, fluidised
bed and circulating dryer. The safe moisture level
depends on the geographical area where the paddy is
processed. The safe levels are in between 14 and 16% dry
basis for tropical and temperate weathers. After
processing, the paddy is stored in silos at least 6 months
before mitling. This storage period is a typical condition
used in rice industries for domestic consumption.

During storage period, the heat generated from
respiration of the grains and of any insects induces the
temperature in the grain bulk to be changed. The gradient
of temperature encourages the air cuwrrents to circulate
within the bulk. The natural air currents carry the water
vapour from warm regions of the grain stores to the
cooler areas (Griffith 1964). In the warm regions of the
grain bulk, the vapour pressure in the gas phase is high
and the resulting motisture content in the grains is loosed.
As the air reaches the cooler regions, its relative humidity
escalates, thereby gaining moisture content of grains. The
increased moisture content of grains may lead to unsafe
moisture levels causing some amount of spoilage even
though the average moisture content in the stored grains
is safe. The deterioration can be divided into 3 main
categories i.e. discolouration, grain infection and grain
agglomeration. The grain agglomeration is usually found
near the walls of silos where the vapour pressure is low
and the temperature gradient is relatively large (Thrope,
1995).

Another factor affecting the natural convection in silos
is the solar radiation. The amount of heat absorbed by
silo due to radiation mode is difficult to predict because
of many factors involved, including silo position,
geographical area, absorbtivity/reflectivity properties of
material and cloudiness factors (Freer et al., 1990).
However, the radiative heat transfer effect has an
insignificant involvement, comparing with the respiration
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effect. The temperature variation in the bulk was present
only to a depth that was not far from the periphery
(Babbit, 1945).

In the present work, the transport models of heat, mass
and momentum In cooperation with the kinetics ot rice
yellowing are developed to describe pheromenological
changes during which the grains are stored under the
tropical condition. The developed models can be applied
to a variety of grain and weather conditions to predict the
distribution of moisture, temperature and airflow in
stored grain.

MATHEMATICAL MODEL

The paddy is supposed to be stored in a silo that has a
cylindrical geometry with a dimension of 6 m height and
3 m diameter as shown in Fig.1. This simple geometry is
rather modified to make the calculation easily. [n fact,
silos that are used in the rice industries have a cylindrical
shape with a conical base. The conical base is deuigned
for effectively unloading paddy from the bin, without
dead zone. In addition to the simple geometry, the
moisture migration and temperature gradient presumably
oceurs in two-dimensional systems, radial and axial
directions. However, this simplified approach can be
extended to the grain storages that are three-dimensional
systems or that have arbitrary shapes. The method
involves using a mathematical transformation of the grain
storage into a computational domain that has the simple
geometry of a cube (Singh and Thrope, 1993; Shih et al.,
1991). The fundamental equations of heat, mass and
momentum, including the kinetics of rice yellowing
apply to storage and the initial and boundary conditions
must be given to solve the convective flow and quality
change problems.
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Fig. 1 Idealised geometry of grain storage

Heat transport mode!

The stored grains release the energy from their
respiration and the resulting temperature in the bulk is
increased. The increased temperature produces the
natural convective airflow in the bulk which is carried
not only moisture but also the heat. To describe such



change, the energy balance was made, for a small
element, and the energy equation is written as:

2. (C. + WC,)%+ 2.8 {C, +mC,)%tT- +

aT T 8T 18T &'T
C +C — v, — =k | ——F+—— = |+
A.(C, ')[V{ar ] LE|:Brl c o 622}

2.6,(Q, —0.6h )DML
(1)

In writing eq. (1), the energy source from solar radiation
is negligible since grain is a good insulator. The first two-
terms on the left hand side of eq. (1) are accounted for
the change of temperatures of grain and air with time,
assuming temperature in solid and gas phases to be equal.
The last term on the left hand side of eq.(1) represents the
bulk heat flow, carried by the natural convective currents.
The net change of internal energy, plus heat flow term, is
equal to the energy conducted through the grain bulk,
presented by the first term on the right hand side of eq.
(1), and the energy released by paddy, presented by the
second term on the right hand side of eq. (1). In the
second term, the energy of respiration minus that of water
produced from respiration and then vaporised in the form
of vapour is taken into account,

The temperature distribution in the bulk can be known
when the initial and boundary conditions are specified. In
this work, we suppose the temperatures at the wall and on
the top of silo to be equal to weather temperature and
average ambient temperature on the day and night times
are used as boundary condition. In addition, it is usual to
assume that the floor of silo is thermally insulated. The
following boundary conditions are:

T(R,z) = T(t) atr=R 0<z<Hfort=0 (2)
T(r,H) = T(t) atz=H 0<r<Rfortz0 (3)
awo) _, atz=0 0<r<R @)

Rate of dry matter loss can be readily determined if the
moisture content of paddy is known. Respiration is the
process of oxidizing carbohydrates and producing carbon
dioxide, water vapour and energy. Respiration therefore
consumes the amount of dry matter. Teter (1981)
reported that rate of dry matter loss was higher with
higher moisture content. Their data were taken to be
statistically fitted with the empirical equations proposed
in the present study, of which the power equation was
applied to low moisture content of 13 to 16% wet basis
and polynomial equation with degree 3 was used for a
higher range of moisture content than 16% wet basis. The
empirical equations of dry matter loss are expressed by

DML=7x10" M*¥' 13 <M £16% wet basis

DML=—0.0636M" +4.0827M* - 80.608M + 505.38

16 < M < 28% wet basis
(5)
Eg. (1) is written in the discretised form, in which the
first derivatives are written as backward differences and
the second ones with central differences, and then solved
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by alternating direction implicit method (Holman, 1997).
This method treats the problem as being implicit in the
direction of one coordinate, the r coordinate given by the
present work, during the first half of time increment,
During the second half, the temperatures in z components
are calculated by using the values from the end of first
time step.

Moisture transport mode!

Moisture migration in silo causes by two possible
mechanisms, natural convection and diffusive transport,
with the first mechanism to be in the majority. The
moisture movements in the bulk can accordingly be

described by
PE ﬂ+p/§[v a—m+v 6_w]_D sy az_w+lacu+
3k 1 3" a 4 af z aZ cff apa

ot ol ror
@ :

'(?-:|+O.GPSESDML

(6)

The first term on the left hand side of eq.{6) presents the
moisture content of paddy which will decrease or
increase depending upon the local conditions surrounded
the existing kemnels. On the right hand side, the first term
shows the water vapour diffusion through the void spaces
of bulk grain and the last term is accounted for the water
vapour produced by the oxidation reaction.

In this study, we assume that the water vapour cannot
diffuse through the wall of silo and the moisture content
of stored grains initially has uniform moisture content.
Hence, the boundary conditions may be written as

%w at=Rand 0 <z < H )

6@(T,H) =0 atz=Hand0<r<R (8)
oz

6w(0,2) =0 atr=0and 0 <z<H (9)

aa.g,(}_):o atz=0and 0<r<R (10)

Except for the other boundaries, eq.(9) implies the lowest
moisture content at the central bulk. Before solving Eq.
(6) to determine the moisture content, it is essential to
know the humidity ratio of air surrounding the kernels.
The air humidity is calculated by a psychometric
equation given in elsewhere (Thorpe, 1995). Due to very
low natural convective currents, the moisture content of
the prains chanpges very slowly, and the explicit method
can be used to calculate the moisture content for the next
time step.

Momentum mode!

Darcy’s equation, where the pressure gradient is
directly proportional to the velocity gradient and the
hydro static head, is applied to describe the buoyancy
driven flows in silo and it is mathematically expressed as

Vp=§i—p.g (1)



Rearrangement of eq.{11) and writing in terms of
velocity components yields

v, =-E% (12)
5L pg | (13
J7AN: =

Differentiation of eq. (12) with respect to r is minus with
the z derivative of velocity component in eq.(13), giving
o, o, _xe 00, (14)
dz o0z u or
To account for the buoyancy force effect, the density of
air can be approximated by Boussinesq’s equation,
p = (o), [1-8(T-T,)] (15)
White (1994) defined the velocity components in form of
stream functions as follows:

10y
=—— 16
Vi r oz (16)
1 dy
-2 17
’ T or a7

Differentiations of eqs. (16) and (17) with respect to z
and r, respectively, replace into eq. (14), together with eq.
(15), and yield the expression for behaviour of stream
function:

Py v __res(p),BOT 13y
a'r u ar r o

3z (1)

Because of the impermeable surfaces at the wall, and
bottom and on the top, the following boundary conditions
on stream function are

w (R, z)=0 atr=R 0<z<H (19)
yr (r, H) =0 atz=H 0<r<R (20)
W (r, 0) =0 atz=0 0=r=<R (21}

In addition to the impermeable boundaries, the necessary
boundary condition for central region of the bulk, which
presents no flow across the line of symmetry, is

wi{0,z)=10 atr=0 0<z<H 22)
The stream function expression, along with the boundary
conditions, was solved by explicit method since
temperature field in the bulk at the previous time step had
afready been known.

Kingtics of rice yellowing
During stored grains, the environmental conditions in
the bulk, such as relative humidity and temperature,
encourage the cotour of white rice to be changed in a way
that its colour becomes more yellow. The change of b-
value followed with zero-order reaction (Soponronnarit et
al., 1990),
db —k

dat 23
dt (23)
: 127
where k=exp(71.87-25.32RH.—212-3_, 10712.78RH,
T+273.15 | T+273.15
(24)

The relationship between the whiteness and b-value was
given by (Tirawanichakul et al., 2003}

W=85.1-3.36b (25)
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RESULTS AND DISCUSSIONS

The mathematical models were compared with the
experimental data reported by Naupanich et al. (1993). In
their work, paddy with an initial moisture content of 14
to 15% wet basis was stored in steel silos, with a
dimension of 6 m height and 3 m diameter for which 20
ton paddy were kept. The wall was layered with bamboo
sheet and without bamboo sheet. The grain temperature
at the beginning was 30°C.
Validation of the model

As shown in Fig.2, the temperature in the bulk is
increased by 5 degree for 7 month storage and the
temperatures in the silos with and without bamboo sheet
are almost the same. A comparison between experimental
and predicted results is also shown in Fig2. In
calculation, a grid of 16 points in the radial direction and
61 points in the axial direction was used. The predicted
results show the same tendency as the experimental
results in which the temperature is highest at the middle
and declines to the exterior surface.
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Fig. 3 shows average moisture content of paddy during
storage, indicating that the moisture content of paddy
reduces slightly, the value laying down from 15% wet
basis at the beginning to 14.7% wet basis at the end.
However, the models predict the slightly increased
moisture content. This difference is due to the
assumption used in the model, that is, the silo is perfectly
sealed, so that the water vapour produced from the
respiration and released to the surrounding is adsorbed by
grains.

Temperature distribution

Fig.4 the simulation results of temperature
distribution in the bulk stored paddy at initial moisture
content of 15% wet basis. Afier one month, a small
creation of temperature gradient is obvious, as indicated
by a small number of isotherm lines, and when the grains
are stored longer than 3 months, a larger temperature
gradient is seen. Note that at the 8-month storage, the
temperature inside the bulk is reduced to be lower than
that at 3-month storage. This result is affected by the
change of weather condition: the ambient temperature is
relatively cooler for the 8-month storage, resulting in
more heat to be transferred to the environment.

From this figure, it also can be seen that the high
temperature zone is moved to the upper level. If the
stored grains are extended for a longer period, we expect
that the highest temperature is taken place above the
middle region of the grain bulk. This part is reflected by
the high-temperature air currents that move up to upper
level.

one-month storage 3-month storage 8-month storage
Fig 4 Temperature distributions in grain bulk
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one-month storage

8-month storage

3-month storage

Fig.5 Streamlines during different periods of storage (x10-¢m¥/s)

Fig.5 presents the streamlines at different storage periods.
The buoyancy driven airflow transports within the grain
bulk in a way that it moves vertically up to the top part
and then moves down near the inside of the wall, The
natural convection flows are very low at the early storage

period and become higher for a longer period, similar to
temperature distribution. From Fig.5, it also gives
qualitative picture that the vertically downward velocities
are very high near the wall, as indicated by the
streamlines close together, whilst the upward velocities
near the centre of the silo are relatively lower.

Moisture distribution

The moisture migration in silo is absent at the one-
month storage although there are a small temperature
gradient and natural convective airflow. As the storage
period is taken longer for 3 months, the moisture
movement is shown up near the inside of the wall and at
the top of silo wherc the moisture content of paddy
increases to [5.6% wet basis. This reflects the effects of
the temperature field and the flow field where the air
rises from the warm central region to the upper surfaces.
At 8-month storage, the moisture content of paddy
changes to 16.1% wet basis at the periphery whereas the
moisture content of paddy at the central region becomes
lower than the initial value. According to these results, it
indicates that the top and the inside of the wall of silo
have the highest potential for grain spoilage and mould
growth.

|
|

one-month storage 3-month storage 8-tnonth storage

Fig.6 Distribution of moisture content of paddy during storage

Whiteness distribution

Colour of product reflects a sensation to human eye
and the wvisual examination is the common method of
evaluating the product quality. In view of commercial,
the white colour for paddy is favourably preferred and is
accepted for premium price. The change of colour, due to
browning reactions, is caused by the reactive components
in paddy to be activated under suitable storage condition.

One-month storage 3-month slorage

§-month storage

Fig. 7 Whiteness distribution in the bulk during storage
{initial moisture content of 15% wet basis)



As reported by several researchers for agricultural
materials, the maximum browning rate occurs under the

range of relative humidity of 70 to 80%
{Prachayawarakom et al., 2004; Rapusas and Driscoll,
1993).

In simulation, we assumed that the colour of stored
paddy bad an initial b-value of 11.3, corresponding to
value of rice whiteness of 46.4, The combined effects of
natural convective flow and temperature gradient produce
more complex phenomenon of colour change than the
moisture migration behaviour. The increases in relative
humidity and temperature accelerate the development of
yellow pigments, relating to lower value of whiteness. As
shown in Fig.7, the value of whiteness around the
exterior surface of the grain bulk is higher than that at the
interior during which the grains were stored at the early
period, presenting the dominamt effect of relative
humidity on lowering of whiteness value while the
temperature  effect is insignificant because  the
temperature difference between inner and outer is small.

However, when the larger temperature difference is
notable for a longer period, the change of whiteness
behaves differently with that found at the early period. In
this case, the values of-whiteness at the inner part of the
grain bulk are almost lower than those at the outer part,
except the colour of paddy at the periphery. The lower
whiteness is caused by the temperature effect, which
plays an important role in forming yellow pigment. In
contrast, for the paddy being near the wall and at the top
of the bulk, the temperature is less influential to the
colour development, comparing to the relative humidity
effect. The prevalent contribution of relative humidity
stimulates the reactive components to be reacted and thus
leads to relatively lower vatue of rice whiteness at those
areas than at the inner part. This result can be illustrated
in Fig. 7 for 3-month and 8-month storage.

Effect of initial moisture content

This section draws aftention to the applicable
developed models to explore how long the paddy can be
kept, without deterioration of colour, when the paddy at
different initial moisture content is stored. This
information is very useful for the related industries to
make sure that the paddy is still safe because a large
amount of harvested paddy is directly transported to the
industries and it may not be dried immediately due
limitation of drying equipment, so that the remaining
portion is placed on a concrete pad in the shade.

The simulated resuits shown in Fig.8 are presented in
form of the average value. The average values of
temperature and whiteness are respectively calculated by

HT(r,z}2mdrdz
" ora =
HW(r,z)errdrdz
We——— (27
”IZn'rdrdz
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The temperature in the bulk is strikingly increased
with initial moisture content besides the storage period.
The raid rise in temperature causes by the high
respiration rate of paddy at elevated initial moisture
content. This can be clearly iltustrated in Fig. 8a by the
case of initial moisture content of 24% wet basis at which
temperature linearly strikes from 30°C at the beginning to
45°C afier the fourth day of storage. As the initial
moisture content becomes lower, the increasing rate of
temperature is obviously lower. According to this result,
it indicates that the limitation of storage period for high
moisture level is thus governed by the temperature since
the temperature determines the potential reactivity of
active components. However, the relative humidity and
temperature are comparatively important for the paddy
sample at lower moisture content.

As shown in Fig.8b, the drop of whiteness value is
very fast for initial moisture content of 24% wet basis
and the yellowing rate is declined with lowering of initial
moisture content. To obtain the acceptable white colour,
the paddy at initial moisture contents of 24, 20 and 18%
wet basis should not be kept longer than 4, 9 and 18 days,
respectively, otherwise the colour of paddy in some
places within bulk becomes lower than 35.

a) average temperature

I3 24% woh,

\

Tame (et

50 b) whiteness
A‘] 5% w.b.

45
£ T d18% wh.
£ 40 -

357 T 24% wh \\

' \
30 — .
0 10 20 30 40

Storuge thme (Day)

Fig 8. Changes of temperature and colour of paddy with
storage time at different initial moisture contents

CONCLUSIONS

The temperature gradient is the main cause of
moisture migration and natural convective air currents in
the paddy bulk. Mathematical modeis for the heat, mass
and momentum transfer, with incorporation of yellowing
kinetics, are used to describe their changing behaviours



in the eylinder-shaped silo and the computational results
reasonably agree with the published data. The amounts of
air currents and water migration are very small at early
storage period and become larger for a longer period,
thereby gaining in moisture content of paddy at the outer
region of the bulk. [n contrast to water movement
behavicur, the paddy located at the inner part of the bulk
has a relatively more yellowness than at the outer part,
except for the sample near the wall and at the top of the
bulk. The simulation has been made further to investigate
the initial moisture content effect and the results show a
shorter storage period with higher initial moisture content
if the colour of paddy is to maintain as white colour.

ACKNOWLEDGEMENT
The authors would like to thank the Thailand Research
Fund for supporting this work.

NOMENCLEATURE
C  Specific heat, ki/kg®C
D.r Effective diffusivity of water vapour through
grains, m’/s
DML Rate of dry matter loss, kg/s
Gravity vector, m%/s
Height of silo, m
Heat of vaporisation, J/kg
Effective thermal conductivity of paddy, W/m*°C
Heat from respiration, J/kg of dry matter
pressure, pa
Radius of stlo, m
Distance in radial direction, m
Temperature, °C
Time, s
Velocity vector, mfs
Moisture content of paddy, decimal dry basis, or
Whiteness
Distance in axial direction, m
Porosity
Density, kg/m’
Humidity ratio, kg water/kg dry air
Permeability of grain bulk, m
Viscosity of air, Pa s/m
Volume expansivity of air, 1/K
ubscript
Air
Reference state
Radial direction
Paddy
Axial direction
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ICFPTE'04

MODELLING OF DEHYDRATION AND
REHYDRATION KINETICS OF DURIAN

1. Jamradloediuk', A. Nathakaranakule', S. Soponronnarit',
and S. Prachayawarakom’

'School of Energy and Materials, *Faculty of Engineering
King Mongkut’s University of Technology Thonburi
91 Prachautid Rd., Tungkru, Bangkok 10140, THAILAND

The kinetics of dehydration and rehydration of dunan were
investigated. Drying characteristics of durian slices were
studied in the environment of hot air and superheated steam.
The drying experiments were conducted at temperatures of
130-150°C and a drying medium velocity of 2.0 m/s. The
experimental data were then fitted with two selected
mathematical models: Page model and Fick’s diffusion model.
Effective diffusion coefficients were also determined and
found to be affected by the medium type and temperature. The
effective diffusion coefficient increased with increasing drying
temperature. Sample dried by hot air had the higher diffusion
coefficients than those dried by superheated steam. Peleg’s
equation was proposed to describe the rehydration behavior of
dried durian during soaking in semi-skimmed milk at
temperatures of 10, 25, and 40°C. A regular increase in water
adsorption was noticed as the soaking temperature increased.
Products dried at higher temperature had the higher initiai
moisture adsorption rate than those dried at lower temperature.
The Peleg constant K, varied with the soaking temperature,
while Peleg constant K; was almost unaffected by the soaking
temperature. The Peleg model was observed to be well capable
of predicting milk uptake process.

Keywords: Drying / Durian / Milk uptake / Superheated steam
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Introduction

Durian {Durio zibethinus Murray) is one of the most popular and expensive
tropical fruits in South-East Asia. Due to two facets of the fruit: its superlative
flesh, which is highly nutritional; and its appearance, which resembles the throny
thrones of Asian kings, durian is entitted “king of tropical fruit”
(Subhadrabandhu and Ketsa, 2001). It is rich in carbohydrate, protein, fat,
phosphorous, iron, and vitamin A. Thailand is considered one of the leaders in
durian cultivation, and the world’s fargest producer and exporter of high quality
durian. Responding to the government promotion for durian as a strategic export
fruit, more Thai farmers have expanded their durian sites to 7.3% of the total
crop area. Consequently, a slump in durian price is unavoidably occurred. This
encourages seeking new processing for developing products from the excess of
fresh fruit. Presently, one of the most popular processed durian is durian chip
(deep-fried). Due to its high in oil content, however, conventional fried durian
frequently causes rancid after a period of storage time.

Drying of food and agro-products is widely used for several purposes:
developing value added products, extending shelf-life, reducing packaging and
shipping costs, improving sensory attributes, encapsulating flavors and
preserving nutritional value (Achanta, S., 1996). In recent years research has
focused on the improvement of the quality of dried products, either by
developing new drying processes, or by simulating and optimizing conditions of
conventional processes. Drying kinetics of foods have been more extensively
studied by numerous researchers. Since many dried products are consumed or
further industrially used after rehydration, many studies have been published on
the rehydration characteristics (Krokida and Marinos-Kouris, 2003; Machado et
al, 1998; Lin et al,, 1998). Much of the progress in rehydration has been made
by analogy with dehydration process (Garcia-Reverter et al.,, 1994), several
aspects of rehydration, however, cannot be satisfactorily addressed by simply
reversing the phenomena that occur during drying. Rehydration of dried plant
tissues is essentially a sorption process. However, because of the
nonhomogeneity of the tissues and the complexity of the many physical and
biochemical phenomena involved, mathematical modeling of the process
kinetics is often based on empirical models.

The level of rehydration depends on the application. Most dried foods should
undergo a full and fast rehydration in order to improve their characteristics
before cooking, but other products, such as dried fruit pieces mixed with
breakfast cereal, should remain crispy while immersed in milk for a short period.
The present work is therefore aimed at analyzing and modeling dehydration-
rehydration kinetics of durian slices undergoing superheated steam and hot air
drying.
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Material and Method
Experimental Setup

The experimental apparatus consists of five main components: a 31.5 kg/h
boiler, a 13.5 kW heater, a 0.3x0.3x0.1 m* drying chamber, a fan driven by a 2.2
kW motor, pipe and valve systems. Such a drying system could be operated
using either hot air or superheated steam. In case of using superheated steam, a
valve connected to the boiler is opened for supplying steam into the system.
Both drying media are heated by the heater and are forced to flow in parallel
with a series of 0.28x0.28 m® mesh trays fitted in the drying chamber and then it
is sucked by blower to recirculate within the system. Drying medium
temperature is controlled by a PID-controller with an accuracy of +1°C.

Materials

Durian CV. Monthong was purchased from a local market and sliced by an
electrical slicer to 2.5 mm thick. The slices were then cut into blocks of 30 mm
%30 mm using a die. The initial moisture contents of durian flesh determined by
the vacuum-oven drying method (AACC, 1995) was 294.5-364.9 %dry basis.

Method
Drying characteristic

Drying was performed at a drying medium velocity of 2.0 m/s and inlet
drying temperatures of 130, 140, and 150°C. When the -conditions of drying
system reached steady state, the samples placed on the mesh tray were inserted
into a drying chamber. Water loss from the samples was determined by weighing
the sample tray outside the drying chamber every 5 minutes using an electronic
balance (1£0.01 g). The weighing procedure took not more than 15s. Dried durian
slices were kept in a zipped plastic bag and kept in a desiccator overnight for
further tests of quality attributes.

Diffusion Model
Fick’s second law of diffusion was used to analyze the drying kinetic by
assuming that diffusion coefficient is constant. The equation is written as
oM '™
B Dcff (1)
ot ax?
where M is the moisture content, x is the material thickness, t is the drying time,
and D is the effective diffusion coefficient.

For an infinite slab with the spatial uniform moisture distribution and
negligible external mass transfer resistance, the solution of the eq. (1) is:
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n=o _ 2.2
M, 8 . [ D5 (0+1)*n t] @

M

M -M. S @n+a’ (Li2)?
where M, and M; represent the equilibrium and initial moisture contents,
respectively, and L is the material thickness.

The effective diffusion coefficient as a function of drying temperature is
correlated by Arrhenius-type equation,

-E
D = Doexp[ RT‘ J 3

where D, is the Arthenius factor, E, is the activation energy, R is the universal
gas constant and T is the temperature in Kelvin.

Page Model
Page (1949) proposed an empirical modification of the exponential model
by introducing a new coefficient “n” to the time term. This model has widely
been utilized to simulate drying kinetic of for the thin layer drying of various
fruits and vegetable. The model can be expressed as:
M-M
MR =———S=exp|-kt" 6
MM p( ) ()]
where k is the drying rate constant (min™), t is the drying time (min), and n is the
exponential.

-3

Rehydration behavior

Milk uptake of dried sample was determined by immersing pre-weighted 4
samples in a 600-mL beaker containing 400 mL of UHT semi-skimmed milk.
Milk was preconditioned to 10, 25, and 40°C in a water bath and agitated by
means of a magnetic stirrer, After selected times (0, 0.5, 1, 1.5, 3, 5, 10, 20, 30,
40, 50, 60, 90, 120, 150, 180, 240, 300, 360, 420, 480, 600 min), the samples
were gently blotted on the paper towel to remove surface milk and weighted by a
balance with accuracy of £0.0001 g.

Rehydration model
Peleg model

Since the laws of diffusion are complex and involve numerous functions and
parameters, they are not convenient for practical computations under most
situations. Therefore, a two-parameter, non-exponential empirical equation (Eq.
7) was proposed by Peleg (1988) to model water adsorption characteristics of
food materials and become know as the Peleg equation:

M) = M, !

— (7)
K; +K,t
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where M(t) is the moisture content of the material at soaking time t (% dry
basis), M, is the initial moisture content of the material (% dry basis), t is the
soaking time (min), K, and K; are Peleg constants.
As t—ow
t
M, = My+— 8
[ 0 K2 ( )
where M, is the equilibrium moisture content (% dry basis). The equation § can
also be transformed to the linear relationship:
1
M(t)-M,
where 1/K, is the initial rate of adsorption. The unit of K, is hi/% weight and
that of K, is the reciprocal of % weight.

The estimated Peleg constants K, and K; and the temperature dependence of
the constants can be obtained by nonlinear regression analysis.

K, +K,t (9

Statistical test methods

In order to evaluate the adequacy of the fit obtained by using the
mathematical models to simulate the experimental data, different criteria are
used in literature. In this study, R* and RMSE were used to determine the
adequacy of the model fit. Root mean square error can be calculated as
following:

>

12
&
RMSE = [EZ(MRPM -MR,,; )2]
i=1

where MR..;; stands for the experimental moisture ratio found in any
measurement and MR, ; is moisture ratio predicted for this measurement. N and
n are the number of observations and the number of constants respectively
{Demir et al., 2004; Togrul and Pehlivan, 2004).

Results and Discussions
Drying characteristic
A regular drying curves of durian slices depicted in Fig.1 showed that the
water removal rate could be enhanced by drying with hot air and/or drying at
higher temperature. This can be described by the fact that higher drying

temperature induces higher moisture diffusion corresponding to Arrhenius’s
equation.
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Figure 1. Drying curve of durian at different drying conditions

Diffusion model

Arrhenius factors (Dy), energy of activity (E,) as well as * and RMSE are
presented in Table 1. The temperature dependence of effective diffusion
coefficients can be written as: =

D= 1.67x10%exp(-737.49/T) for hot air drying
D, = 1.41x10%exp(-848.09/T) for superheated steam drying

Table 1. Arrhenius factors and energy of activity for different drying

conditions
Drying condition Dyx10° E, 2
(m¥/s) (kikg)
HA-130 0.9758
HA-140 1.67 6131.50 0.9831
HA-150 0.9824
SHS-130 0.9770
SHS-140 1.41 7051.05 0.9851
SHS-150 0.9832
Page model

The estimated parameters k and n of Page’s equation were shown in Table
2. The values of k and n can be expressed as a function of drying temperature for
both drying media. The best polynomial fitting for constant parameters was
obtained by curvilinear regression.
for hot air drying:
k=-2.98x10" +5.27x10°T — 1.9x10°T?
n=12.03- 1.64x10"'T + 6.23x10™T*

wn

272



(r' = 0.998;

RMSE = 1.54x10'%)

for superheated steam drying:

k=048 + 6.19x107T — 2.2x107°T?

n=-1.05+1.95x107T - 1.6x10°°T*

(7 =0.991;

Table 2. Page’s equation constants at different drying conditions

RMSE =17.76x10™)

Dry_u}g Kk n £ RMSE

condition
HAI130 0.0631 1.2422 0.99%7 0.0083
SHS130 (0.0421 1.2130 0.9989 0.0107
HA140 0.0640 1.2839 0.9599 0.0036
SHS 140 0.0385 1.3642 0.9997 0.0057
HAL150 0.0610 1.4502 0.9597 0.0085
SHS150 0.0392 1.5121 0.9991 0.0106

To compare and validate the applicability and accuracy of the diffusion and
Page models, the experimental and predicted moisture ratios for selected drying
conditions were shown in Fig. 2. Validation of the diffusion model showed
some deviations by under-predicting at the early stages of drying and over-
predicting at the later stages of drying. Page’s model, on the other hand,
provided excellent fit for the data under all conditions tested with higher r*.
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Figure 2. Comparison of the experimental and predicted moisture ratio of
durian at selected drying condition

Rehydration characteristic

Rehydration can be considered as a measure of the injury to the material
caused by drying and treatment proceeding dehydration. Rehydration of dried
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plant tissues is composed of three simultaneous processes: the imbibition of
water into dried material, the swelling and the leaching of solubles (Meminn and
Magee, 1997) It is generally accepted that the degree of rehydration is
dependent on the degree of cellular and structural disruption. During drying,
Jayarman et al. (1590) observed irreversible cellular rupture and dislocation,
resulting in loss of integrity and hence, a dense structure of collapsed, greatly
shrunken capillaries with reduced hydrophilic propertics, as reftected by the
inability to imbibe sufficient water to rehydrate fully.

Peleg model

Peleg’s equation was used to model rehydration characteristics of dried
durian and a comparison between observed and calculated values is illustrated in
Fig. 3. As shown, the rate of water adsorption was initially rapid and gradually
slowed down to the equilibrium moisture content. Higher rehydration rate can be
achieved at the higher milk temperature. This is due to the fact that the higher
soaking temperature promotes faster water diffusion within the product through
swelling and plasticizing of cell membrane and due to lower viscosity of the
medium (Lazarides and Mavroudis, 1996; Oliveira and Ilincanu, 1999)
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Figure 3. Experimental and predicted moisture content at different soaking
temperatures

Moreover, the rehydration rate as well as rehydration ratio of dried durian
slices were accelerated by drying the samples at the higher temperature. This
was because drying at higher temperature provided products with more porous
structure, thus facilitating rehydration.

The proposed model was fitted to the experimental data and the estimated
constants K; and K, as wel! as the corresponding values of the r* are summarized
i Table 3. It was observed that the Peleg constant K, decreased as the soaking
temperature increased. The constants K;, however, were found to be unaffected
by soaking temperature. The temperature dependence of Peleg constant K, has
been determined and the relationship can be described as
K, =0.0002T* -~ 0.0158T+ 0.3817; r* = 0.9927/98.54 for durian dried at 130°C
K, =0.0003T* - 0.0038T+ 0.1859; r* = 0.9412/88.59 for durian dried at 140°C
K, = -0.000018T? — 0.0016T+ 0.1543; ¢ = 0.9792/95.88 for durian dried at
150°C

The model indicated a good fit for the immersing temperatures of 25 and
40°C. Nevertheless, much over-predicted fits were noticed for immersing
temperatures of 10°C, especially for durian dried at 140 and 150°C.

The equilibrium moisture content of the soaked durian has not reached the
moisture content of raw materials, indicating that the rehydration is not a
reversible procedure of dehydration. This is because structural damage and cell
shrinkage occurring during drying result in a loss of rehydration ability. The
maximum moisture of rehydrated durian slices is approximately 75-85% of the
initial moisture content of raw samples.

275



Tabtle 3. Peleg's equation constants K, and K, at differeat conditions

Soaking
Drying condition temperature K, K 7
(o)
L0 0.2581 0,0058 0.9820
HA13Q 25 0.1113 0.0065 0.9807
40 0.0826 0.0065 0.9883
10 0.2301 0.0060 0.9695
SHS130 25 0.1198 0.0059 0.98.36
40 0.0782 0.0060 0.9779
10 0.1374 0.0058 0.9612
HA140 23 0.1191 0.0057 0.9809
40 : 0.0746 0.0060 0.9846
10 0.1646 0.0057 0.9558
SHS140 25 0.1000 0.0058 0.9798
40 0.0876 0.0057 0.9835
10 0.1324 0,0055 0.9682
HA150 25 0,1128 0.0055 0.9820
40 0.0583 00057 0,9853
10 0.1409 0,0054 0.9749
SHS150 25 0.0940 00054 D98LE
40 0.0657 0.0055 0.9837

Conclusions

Dehydration kinetics of raw durian slices were described using two different
models. Validation of the diffusion model showed some deviations by under -
predicting at the early stages of drying and over-predicting at the later stages of
drying. The Page model clearly improved the drying prediction in comparison
with the results obtained by using the diffusion model. Drying rate could be
accelerated by using higher drying temperature and/or hot air in place of
superheated steam. Peleg's equation was proposed to characterize the
rehydration attributes of dried durian during immersing in semi-skimmed milk at
temperatures of 10, 25, and 40°C. Initial water adsorption rate increased with
increasing milk temperature. Products dried at higher temperature had the higher
initial moisture adsorption rate than those dried at lower temperature. The Peleg
constant K, varied with the soaking temperature, while Peleg constant K, was
almost unaffected by the soaking temperature. The Peleg model was observed to
be well capable of predicting milk uptake process.
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DRYING OF PADDY USING RICE HUSK
AS ADSORBENT
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This research is to study paddy drying using rice husk as an
adsorbent medium. The effects of the volumetric mixing ratio
between rice husk and paddy and initial moisture content of
rice husk on the desorption characteristics and final moisture
content of paddy were investigated. The experiments were
conducted in closed insulated plastic vessels to dry 33% dry-
basis paddy by using rice husk at the volumetric mixing ratios
of 0.8:1, 1.5:1, and 2.0:1, initial moisture contents of 11.5, 4.5,
2.5 and 0.6% dry-basis. The experimental results showed that
rice husk with low initial moisture content decreased the
moisture of paddy faster than that with high initial moisture
content. The high mixing ratio resulted in faster moisture
descrption rate of paddy compared to the case of low mixing
ratio. Considering dried paddy qualities, the method of
desorption using rice husk can maintain head rice yield and
whiteness the same value as found in the reference samples
which were dried by shade drying.

Keywords: dehydration, desiccant, quality
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Introduction

Moisture content of paddy is usually harvested at 25% dry-basis. On some

occasion, it can be up to 33% dry-basis, especially for the rainy season. The most
important quality determinant of paddy is the moisture content because storage
of moist paddy causes the grain deterioration and the good management of
harvested paddy is therefore important to reduce grain deterioration. Moisture
content of paddy must be reduced to a range of 15 to 16.5% dry-basis, which is a
safe moisture level for prolong storage. (Soponronnarit and Nathkaranakule
1990) Hot-air drying is likely to be an appropriate method for countries in
tropical zone, in order to reduce rapidly the moisture content before grain
damage. :
In the time of harvest, however, a massive amount of moist paddy from
cultivation areas is transported to the rice mills and some rice mills may
occasionally have a limited drying capacity, and delay of paddy drying is
unavoidable, resulting in deterioration of paddy quality. Mixing adsorbent with
moist paddy is an altemative approach to reduce moisture content to a certain
level before it is dried by mechanical dryer. This method does not want the heat
to remove the moisture and the corresponding grain quality, which is usually
sensitive to heat, may possibly be not degraded. In adsorption process, a
desiccant may adsorb moisture from air or release moisture to the air depending
on the vapor pressure difference between the water vapor in the air stream and
the water vapor near the adsorbent. If the partial vapor pressure is greater in the
adsorbent than in the surrounding atmosphere, the water is then released from
the adsorbent. On the other hands, if the partial vapor pressure in the adsorbed
becomes lower, water is extracted from the air by the adsorbent, and the
corresponding water concentration in the air is decreased. The adsorption
process is stopped when the adsorbent reaches the saturation for a given set of
conditions. The amount of water adsorbed on the desiccant at this point is known
as equilibrium capacity (ASHRAE 1993).

Many researchers (Yamaguchi and Kawasaki 1994, Sturton, Bilanski, and
Menzies 1981 and 1983) have shown that the final moisture content of the grain
was dependent on the initial moisture content of grain and desiccant type and on
the mass ratio. In addition, high initial temperature and small size of desiccant
led to high removal rate of moisture (Raghavan 1988).

Rice husk, as waste material from milling process, is generally available and
low price. Rice husk is also a very light material when compared to paddy and it
can be separated easily from the paddy after the equilibrium state is reached. In
this work, rice husk is therefore used as adsorption medium to remove moisture
from paddy. The aims of this work are to study the effects of mixing ratio
between rice husk and paddy, initial moisture content and temperature of rice
husk on moisture changes in paddy and qualities of dried paddy in terms of head
rice yield and whiteness.
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Material and Methods

A closed insulated plastic vessel with an inner diameter of 18cm, an inner
height of 22e¢m and insulated thickness of 10 cm was used to dry wet paddy by
using rice husk. The long grain paddy (Suphanburi 1 indica variety) was
rewetted to a calculated moisture content of 30-33% dry-basis, and kept in a cool
storage at a temperature range of 4-6°C for a weck. For the rice husk, four initial
moisture contents, 11.5, 4.5, 2.5 and 0.6% dry-basis were prepared, the highest
value being the equilibrium moisture content at normal temperature. To obtain
the desire moisture content of rice husk which is lower than equilibrium value,
the rice husk at 11.5% dry-basis was dried overnight using hot air oven at
different conditions where the temperatures of 45, 60 and 90°C were required for
4.5, 2.5 and 0.6% dry-basis, respectively.

Before conducting the experiments, paddy was left in the ambient
atmosphere until grain temperature was closed to ambient air temperature. Paddy
was then mixed with rice husk on the following conditions: the volumetric
mixing ratios between rice husk and paddy of €.8:1, 1.5:1, and 2.0:1
(corresponding to mass ratios of 0.14:1, 0.26:1, and 0.34:1} and the initial rice
husk temperatures of 33, 45, 60, and 90°C. The mixture of paddy and rice husk
was packed and sealed in the closed insulated plastic vessel. Temperatures of the
mixture were measured by K-type thermocouple connected to a Yogokawa data
logger with an accuracy of £1°C. Each of the closed insulated plastic vessels was
opened at drying times of 1, 3, 5 and 7 hours and the mixture was separated by
electric fan. The moisture contents of paddy and rice husk were determined by
the hot air oven method at 103°C for 72 hours, according to (AOAC 1995). The
moisture content of paddy, which was still higher 16.5% dry-basis after
desorption process, was then dried by ambient air ventilation until it reached
16.5% dry-basis. Qualities of paddy in terms of head rice yield and whiteness
were determined and compared to the reference samples, which were dried by
shade drying.

Results and Discussion

Change of Temperature

The temperatures of mixture within closed vessels at different temperatures
of rice husk were shown in Fig. 1. After mixing, the temperatures within vessels
at the beginning were at 30, 33, 35 and 38°C, corresponding to rice husk
temperatures of 33, 45, 60 and 90°C, and the increase of temperature was small
after that, approximately 2 or 3°C rise. These results imply that the processes
mostly occur at isothermal condition.
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Figure 1. Temperature change of mixture between rice husk and paddy at
volumetric mixing ratio between rice husk and paddy of 1.5

Effects of Initial Moisture and Temperature of Rice Husk on Paddy
Moisture Content

Figure 2 showed the effects of the initial meisture and temperature of rice
husk on removal rate of moisture of paddy. Moist paddy, when desorped using
lower moisture content of rice husk, had a faster rate of dehydration than that
using higher moisture of rice husk. This was because the larger partial pressure
difference of water vapour or, in other words, the larger difference of vapour
concentration between rice husk and moist paddy induced the rice husk quickly
adsorbing the moisture which was released from the paddy. Such explanation
can be illustrated by the case of using rice husk temperatures of 33 and 45°C,
corresponding to initial moistures of rice husk of 11.5, 4.5% dry-basis,
respectively. When initial moisture content of rice husk was lower i.e. 2.5 (60°C)
and 0.6% (90°C) dry-basis, the moisture desorption curves of both cases were
almost superimposed, despite higher temperature of rice husk to be employed
which correspondingly provides the higher temperature of mixture, and these
findings emphasized the less important effect of initial temperature of rice husk
on the desorption rate of paddy. Such phenomenon occurring in the simultaneous
processes of desorption and adsorption is radically different to that found in
drying with hot air where the temperature is a main driving force to accelerate
the water movement. The possible explanation of the difference is that the water
concentration surrounding the paddy and rice husk within the closed vessel is
high, nearly almost saturation, while the low water concentration surrounds the
sample throughout the operation for convective drying method where the hot air
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flows through the solid bodies. In the desorption-adsorption processes, the
limitation of water removal rate in this circumstance is thus governed by the
external mass transfer resistance.

As observed from Figure 2, it is interesting to note that the reduction in
moisture content of paddy was very rapid at the first 2 hours of drying time and
almost nil afterwards whether the initial moisture content of rice husk used in
this study was low or high. To get the lower moisture content of paddy, the new
rice husk should therefore be replaced in every two hours.

40
—— paddy
-=-== rice husk
30
- Initial rice husk

temperature and
moisture content

» 90°C (11.5%d.b.)

Moisture content (%d.b.)
[ ed
[==]

10 & 60°C (4.5%d.b.)
® 45C (2.5%d.b.)
0 | 33°C (0.6%d.b.}
0 2 4 6 8
Time (h)

{(d) Volumetric mixing ratio between rice husk and paddy of 0.8

‘0 —— paddy
= " --~- rice husk
g - [nitial rice husk
E temperature and
8 20 moisture content
a‘a.’ " ®» 90°C (11.5%d.b.)
-8 A 60°C (4.5%db)
= & 45°C (2.5%d.b)

0 B 33°C (0.6%d.b.)

0 2 4 6 3
Time (h)

{B) Volumetric mixing ratio between rice husk and paddy of 1.5

Figure 2. Moisture change of paddy and rice husk at various initial moistures
and temperatures of rice husk
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Effect of Mixing Ratios between Rice Husk and Paddy on Moisture Change

The experimental results shown in Fig. 3 indicated that an increase of
mixing ratio from 0.8 to 1.5 resulted in the higher rate of moisture reduction and
the subsequent lower final moisture content of paddy. This is due to greater
amount of rice husk that provides higher area to adsorp the surounding water
vapour. However, the mixing ratio effect became less important at the mixing
ratio beyond 1.5 and this fact might possibly be explained by a couple of reason
Firstly, the moisture movement inside paddy is limited by the mechanisms of
internal diffusion although the vapour concentration surrounding the paddy was
lower with larger amount of mixing ratio. This behaviour is similar to that found
in hot air drying where the increase in air velocity does not affect the drying ratc
of sample for which the diffusion mechanisms are dominated. Another reason
might be because the contact area between rice husk and paddy is not improved
as mixing ratio increased beyond 1.5.

40

—_ —— paddy
= -==« rice husk
& 30 1
< - b - Volumetric mixng
s o * . .
2 s e et . ratio between rice
8 20 - _.';;::::::4””“"‘ """" husk and paddy
g : . 20:1
g 1077 » 151
§ + * 0.38:1
0 T T T T
2 4 6 8
Tire (h)

Figure 3. Moisture change of paddy and rice husk at various mixing ratios at
initial rice husk temperature of 45 C

Head Rice Yield and Whiteness of Paddy

Head rice yield and whiteness obtained from the desorption procuss ai
different conditions were shown in Tables I and I, respectively. The head rice
yield and whiteness of rice sample were insignificantly different to those found
from the reference samples which were dried by shade drying.
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Table I. Head rice yield of rice at various experimental conditions

.. Volumetric ratio between rice husk and
Initial rice husk

paddy Reference
temperature(°C) 038 15 70
33 58.1+0.13  58.50.11  58.5%0.15
45 57.5+0.36  57.810.08  57.910.46 58.1£0.26
60 58.840.44 5891045  58.910.15
90 58.5+0.35 59.5+0.21  60.210.05 59.740.05

Table 1. Whiteness of rice at various experimental conditions

P Volumetric ratio between rice husk and
Initial rice husk

paddy Reference
temperature("C) o3 o —
33 5558046 5584020  56.2+0.50
45 5545020  560+057 5504035 -00%021
60 5726047 58.610.42  58.030.40
90 5824026  57.6:0.40 5731042  o4t030
Conclusions

Rice husk used as an adsorbent can reduce moisture from 33% dry-basis to a
certain level. The acceleration of desorption process was accomplished by
increasing volumetric mixing ratio but not beyond [.5:1 and reducing the initial
moisture content of adsorbent. After 2 hours of operation, the paddy should be
separated from the rice husk and then mixed again with the new one. The
suitable volumetric mixing ratio was around 1.5:1. The head rice yield and
whiteness of paddy dried by this technique were not changed from the reference

samples.
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PROPERTIES OF DRIED PORK USING
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Drying pork using combined techniques would produce
superior quality with high value added The objective of
this research is to study the drying kinetics and physical
properties of pork dried using two-stage techniques. A
drying process consists of superheated steam or hot air
drying at a temperature of 150°C in the first stage
followed by heat pump drying at a temperature of 50°C.
The physical properties studied are color, shrinkage and
hardness of dried product. Experiments were conducted at
the following conditions: at the first stage drying, samples
were dried by superheated steam or hot air from the initial
moisture content of 76.5%w.b. to the finral moisture
contents of 30, 40, 50, and 60%w.b., respectively, and
subsequently dried by heat pump dryer at low temperature
to the final moisture content of 20%w.b. The analysis of
variance was used to quantify the effect of processing
methods on the physical properties of dried pork by using
the significant level at p<0.05. The experimental results
show that pork dried using superheated steam at the ficst
stage drying gives lower drying rate in the second stage
drying, less shrinkage, more reddish and higher hardness
value than that dried using hot air at the first stage. The
physical properties of dried product depend on the
intermediate moisture content of the drying process where
the higher intermediate moisture content results in the
lower shrinkage, less reddish and higher hardness value.

Keywords: Dehydration, Heat pump, Meat, Quality,
Superheated steam
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Introduction

Proteins are fundamenta! components of all living cells and include
many substances, such as enzymes, hormones, and antibodies. They are
essential in the diet of animals for the growth and repair of tissue and can be
obtained from foods such as meat, fish, eggs, milk, and legumes. Muscles of
meat comprise of approximately 75% water. To preserve meat quality,
drying is needed. There are many types of drying method such as solar
drying, hot air drying, vacuum drying, infrared drying, microwave drying.
Recently, superheated steam has been applied to dry the agricultural
products and the results shows superior physical properties of dried
products.

Superheated steam drying has the following advantages over heated
air-drying on account of high energy efficiency, the possibility of re-use of
the latent heat of evaporation, better pollution control, absence of oxygen,
eliminating the risks of explosions and burning, and high heat transfer
coefficient, leading to less drying time (Wimmerstedt, 1994). On the other
hand, the disadvantages of the superheated steam drying are that the product
temperature is generally higher than 100°C, which may cause damage to
heat sensitive products; therefore, using superheated steam as drying
medium is more appropriate for drying non-food materials. In the present,
superheated steam drying is interesting for food industries by the reason of
higher product qualities such as higher porosity and lower shrinkage of
products (Moreira. 2001, and Li. et al. 1999).

In our previous work (Uengkimbuan et al. 2003), we found that pork
dried using superheated steam gives the high qualities in terms of low
shrinkage, more redness wvalue than that dried wsing hot air at high
temperature (about 120 -160°C). However, drying with high temperature
for a long time had direct effects on meat product qualities such as loss of
nutritional value because of protein denaturation, discoloration, and
structure degradation of dried products. To improve the product qualities,
Namsanguan et al. (2003, 2004} reported that two-stage drying technique
{superheated steam drying followed by heat pump drying) for dried shrimp
gave the better qualities of dried products than that dried by only
superheated steam drying. By these reasons, two-stage drying (first stage
drying with high temperature followed by low temperature at the second
stage drying) was applied for this work.

The objectives of this work are to study the drying kinetics and the
physical properties of pork dried using two-stage drying. First, pork is dried
by superheated steam or hot air dryer to the predetermined motisture content
and suddenly dried by heat pump dryer for the second stage drying. In the
physical properties, color, shrinkage, and hardness are measured.
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Material and Methods

Sample preparation

The fresh loin (m. longissimus dorsi) muscles of pigs were taken
from the local supermarket in Bangkok, Thaifand. Then they were frozen for
2 hours and cut into 3 cm x 3 cm x 0.3 cm slices using a slicing machine. In
this study, the pork loin muscles were cut perpendicular to the fibre
direction to let internal water transfer in the direction parallel to the fibres in
order to get high effective diffusion coeffictent (Gou, Comaposada, and
Arnau 2002, Godsalve et al. 1977, Thorvaldsson and SkjQldebrand 1996).

The moisture contents of the samples were determined by the hot air
oven method at 103°C uatil reaching constant weight, according to AGAC
(1995).

Drying equipment

Vit
V.2 =» V4

V.1
4 2

Steam from bailer

R

Figure | Schematic diagram of superheated steam / hot air dryer

Figure 1 showed a schematic diagram of closed-loop superheated
steam/hot air drying system. It comsists of a mechanical blower, a
superheated unit, a batch dryer, a steam generator, pressure gauges and
steam conveying pipe lines. In case of superheated steam dryer, steam
generated by the stcam generator (No 4) at 1 bar was heated to superheated
state when passing through the superheated unit (No. 2) with a heating

322



capacity of 13.5 kW. The superheated steam was then passed through a
sample tray inside the smalil cabinet dryer with a size 0£0.3 m in width x0.3
m in depth x0.1 m in height (No.3). The steam velocity was fixed at a value
of 2.1 mfs. Its pressure inside the drying chamber was operated slightly
above atmospheric pressure to prevent air leaked inte the system. All
quantitics of the exhausted steam were eventually re-circulated by the
backward-curved blade centrifugal fan (No.1), driven by a 2.2 kW electric
motor which was controlled by a mechanical speed controller to obtain the
desired air flow rate. Before running the system, hot air was first used for
warming up all the units until the temperature reach the drying temperature.
Then, superheated steam was fed into the system to avoid water
condensation in the pipelines. In case of hot air dryer, steam generator
(No.4) was closed by V.1 and hot air in the closed system was used as
drying medium.

Second stage drying, a heat pump dryer unit, drying was performed in
a closed loop heat pump dryer consisting of a 0.5 kW reciprocating
compressor, a 1 kW evaporator, a 1.8 kW internal condenser and a 1.1 kW
external condenser. The air temperature and air velocity were set at 50°C
and 1.1 m/s, respectively.

Drying process

The prepared samples of loin muscles were continuously dried by
two-stage drying process. In the first stage drying, samples were dried using
hot air or superheated steam dryer operated at the temperature of 150°C. In
this stage, samples were dried from the initial moisture content about
76.5%w.b. to the final moisture content of 30, 40, 50, and 60%w.b. with the
drying time of 15, 12, 9, and 6 minutes for superheated steam drying and
14, 12, 9, and 6 minutes for hot air drying, respectively.

The samples dried from the first stage drying were immediately
moved to continuously dry by heat pump dryer in the second stage of drying
at the drying temperature of 50°C until the final moisture content of the
samples were 20%w.b. for testing the physical properties.

Color measurement

The color system that used in this study was CIE system. The color
was presented in terms of L, 2, and b that indicated the lightness, redness or
greenness, and yellowness or blueness, respectively. In this study, color of
dried products was measured by a colorimeter (Juki, model no. IP7100p,
Japan). The redness was only interested because it could represent the
differences in quality between dried and fresh products. The average value
of each drying conditions was the mean of 10 samples. Before measuring,
the instrument was calibrated to standard black and white tiles.
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Shrinkage measurement

Shrinkage of dried products was represented in terms of the reduction
of the thickness of dried products reported by Uengkimbuan et al. (2003). It
was measured by a vernia caliper. For each drying conditions, the thickness
of fifteen samples were measured and used to evaluate the average value.

Texture analysis

Hardness of dried products was used to compare the texture of dried
products. It was measured using a Texture Analyzer (Model TA-XT2i,
Stable Micro System, Surrey, UK) with a 5 kN load cell. Fifteen samples
were measured for each drying conditions and the mean value was
determined.

Statistical Analysis

Significance of differences in qualities among dried products in each
drying condition was determined by analysis of variance (ANOVA) using
the least square difference method (Duncan test). Statistical analysis was
carried out with the commercial statistical software package. The
differences were considered significant at the p<0.05 level.

Results and Discussion
Drying kinetics

Figure 2 showed the moisture changes of pork during the second
stage drying in the heat pump dryer. The moisture contents at zero hour
were the moisture contents of pork after the first-stage drying with
superheated steam or hot air. It can be seen that the pork dried with
superheated steam resulted in lower drying rate in the second stage than that
dried with hot air. The lowering of drying rate for the superheated steam-
dried pork is possibly due to the rapid gel network formation of collagen
which was induced by strikingly increasing in temperature of product along
with increasing moisture content of pork at the early period of first stage
drying. This physical behaviour is contrast to that found in hot air drying,
where the increase in the product temperature is slower and the loss of
product moisture is faster- both phenomena limiting gel formation. When
gel matrix is occurred, it can entrap water inside products and resist the
diffusion of water from inside to outside of the products during the second
stage drying.

324



—s—hot am, 30%wb.
50 —a—hot air, 50%w.b.

Moisture content, Yow.b,

—a— superheated steam, 30%wb.
—»—superheated steam, 50%wb.

0 2 4

T T T T

6 8 10 12 14

Drying time, h

16 18

Figure 2 Drying curves of pork dried in the second stage drying with heat

pump dryer.

Color

Table 1 Redness value of dried products using different two-stage

drying conditions

Initial MC for HP (%w.b.) Redness
Hot air Superheated steam
No Heat Pump Dryer* 7.24+1.84° 12.88 + 4.03°
30 469 +2.01° 937 + 3.48°
40 3.57 £ 0.84% 6.40 £ 3.64°
50 2.54 + 1.08° 2.65 +2.19°
60 3.16 + 0.81* 1.39 +1.25°

*No heat pump dryer is defined as only the first stage drying to the final moisture

content of 20%w.b,

Meanststandard deviation within a column with a common lefter are not
significantly different. (p<0.05)

Table 1 shows the changes in redness of pork after dried by different
two-stage drying conditions. When the single stage drying is used to dry
pork from 76.5% w.b. to the final moisture content of 20% w.b., the color of
product is more redness for drying with superheated steam than drying with
the hot air, although the inlet temperature for both medium is identical. The
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higher a-value of the superheated-steam dried pork causes by the combined
effects of the higher product temperature and longer drying time, both of
which are important factor to the large development of colour.

When the combine drying technique is intreduced, the color of dried
pork becomes less reddish and the a-value of product dried by superheated
steam is still higher than that dried hot air, except for the samples that are
dried to moisture contents of 50 and 60% w.b. at which the a-value is not
importantly different for pork dried by hot air or superheated steam in the
single stage drying. It is noticed from Table 1 that product color, whether
pork is dried to the moisture content between 30 and 60% w.b. by using hot
air in the first stage, is insignificantly different whereas the color of the
superheated steam product is less reddish for sample possessing higher
initial moisture content for heat pump.

Shrinkage
Table 2 Thickness of dried products using different two-stage drying
conditions
Initial MC for HP (%w.b.) Thickness {mm)
Hot air Superheated steam
No Heat Pump Dryer* 220+0.22" 2.97+0.045
30 225+022° 297+ 0.046"
40 2.39 +0.26" 2.97  0.046*
50 2.45+0.20° 2.97 +0.045%
60 2.68+0.15° 2.97+0.053"

*No heat pump dryer is defined as only the first stage drying to the final moisture
content of 20%w.b.

Meanststandard deviation within a column with a common letter are not
significantly different. (p<0.05}

Table 2 shows the thickness value of pork dried using different drying
conditions, indicating that drying pork with superheated steam at the first
stage has less shrinkage than drying with hot air. It is also seen that samples
dried by superheated steam in the first stage with the different intermediate
moisture content are not different in terms of thickness value since the water
vapor produced inside the product expands into cells, which subsequently
produces a highly porous dried product. The effect of high steam
temperature on less product shrinkage was also reported by Li et al. (1999).
In case of hot air drying in the first stage, however, thickness value of dried
products increases with the increasing of the final moisture content after the
first stage drying because of the sherter drying time during the first stage
drying and the advantage of heat pump drying at low temperature in
maintaining the shape of dried products in the second stage (Namsanguan et
al. 2004).
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Hardness

Table 3 Hardness value of dried products using different two-stage
drying conditions

Initial MC for HP (%w.b.) Rardness (N) |
Hot air Superheated steam |
No Heat Pump Dryer* 12.82 + 4.08* 17.42 + 4.06* i

30 13.84 + 3.66% 17.04 + 3.40°
40 15.60 + 4.48" 2053 +4.67 |

50 16.19 + 4.75* 2237+ 4.43°

60 20.09 + 4.79° 23.03 +4.79°

*No heat pump dryer is defined as only the first stage drying to the final moisture
content of 20%w.b.

Meanststandard deviation within a column with a common letter are not
significantly different. (p<0.05)

Table 3 shows the hardness value of pork dried using difterent two-
stage drying conditions. It can be clearly seen that pork dried by superheated
steam in the first stage drying gives the higher hardoess wvalue (fhe
maximum force for breaking products) than that dried by hot air. In
addition, the results show that hardness of dried products depends on the
final moisture content after the first stage drying or the initial moisture
content of the second stage drying. For both drying with superheated steam
and hot air in the first stage, hardness value increases with the increasing of
the initial moisture content of the second stage because the low intermediate
moisture contents provide the higher thermal denaturation of pork muscles
due to the longer drying time., However, when the intermediate moisture
contents are decreased lower than 40% w.b. for the hot air, hardness values
of the dried pork are not significant difference (p>0.05) from pork dried by
only hot air. Similarly, the hardness values of pork dried by only
superheated steam are identical to that obtained from the combin:
technique, where the intermediate moisture level leaving from supetheated
steam is 30% w.b.

Conclusion

Two-stage drying techniques, where the first stage is processed with the
superheated steam or hot air drying at high temperature followed by heat
pump drying at low temperature, are studied. Both drying technique,
especially superheated steam followed by heat pump drying, can improve
some qualities of dried products. The experimental results indicate that pork
dried using superheated steam at the first stage has lower drying rate in the
second stage drying, less shrinkage, more reddish and higher hardness value
than that dried using hot air at the first stage. The physical properties af
dried pork depend on the intermediate moisture content where the higher



intermediate moisture content results in the lower shrinkage, less reddish
and higher hardness value.
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MULTI-PASS DRYING OF PADDY USING RICE HUSK

Kittisak Witinantakit', Somkiat Prachayawarakorn, Adisak Nathakaranakule and
Somchart Soponronnarit

ABSTRACT

Moisture content of paddy can not be reduced to the safe level by a single-stage drying using rice
husk as adsorbent medium because high relative humidity within bin limited its drying rate. To solve
this problem, multi-pass drying is applied to achieve the required final moisture content of the
matenial. This research is therefore aimed at studying on multi-pass drying using rice husk to dry
paddy from the moisture content of 31.4-32.9% dry-basis to the moisture content of 16.5% dry-basis.
Influences of volumetric mixing ratio between rice husk and paddy, bulk density and initial moisture
content of rice husk on drying kinetics and quality parameters of paddy in terms of head rice yield and
whiteness were investigated. The high-moisture paddy was intimately mixed with rice husk in closed
containers. The moist paddy was separated from the rice husk by an electrical fan and it was re-mixed
with dry rice husk every 2 hours. The experimental results showed that the moisture content of paddy
was reduced to the desire level using low initia! moisture content of rice husk and the drying rate of
paddy was faster with increasing both volumetric mixing ratio and rice husk density and decrease in
initial moisture content of rice husk. Considering dried paddy qualities, the head-rice yield clearly
tended to decrease when high temperature of rice husk was used. For quality in terms of whiteness, all
experimental conditions can maintain whiteness the same value as the reference samples which were
dried by shade drying. .

Keywords: adsorbent, adsorption, dehydration, quality
1. INTRODCUTION

At present, hot air drying method is widely used in the rice factories. However, the use of
high air temperature to remove the water from the grain results in the rice fissure creation and hence,
head-rice yield reduction because the moisture gradient inside kernel created during the moisture
reduction (Cnossen et al., 2003; Bonazzi et al., 1997 and Tirawanichakul et al., 2004). Te minimise
the loss of head-rice yield, tempering of dried paddy between each drying stage is used practically
(Poomsa-ad et al,, 2002 and Steffe et al., 1979). In addition to hot air drying, drying using adsorption
technique, by mixing an adsorbent with moist paddy, is an alternative approach to reduce moisture
content of the paddy to a certain level. In this process, moisture is removed from the grain by pressure
differences between the water vapor at the grain surface and the water vapor in the surrounding. This
method does not require heat to remove the moisture from grain and the resulting grain quality, which
is usually sensitive to heat, may not be degraded.

According to the literature, several materials i.e. silica gel (Danziger et al, 1972 and
Yamaguchi et al., 1994), bentonite (Sturton et al., 1981 and 1983), molccular sieve (Raghavan et al.,
1988) and ash {Akpaetok, 1974), are used as desiccant to remove moisture from agricultural products.
Mass ratio between desiccants and agro-products and the initial moisture content of the adsorbents
and adsorbates (Danziger et al,, 1972; Sturton et al. 1981 and 1983; Raghavan et al, 1988 and
Yamaguchi et al., 1994) are found to be affected the final moisture content of the products. The
optimum value of mass ratio varies from material to material. Moreover, the particle size and
temperature of the adsorbent also have influences on the moisture removal (Raghavan et al., 1988).

From the previous work (Witinantakit et al., 2004), a single-stage drying by using rice husk as
adsorbent material could not reduce the moisture content of paddy to the safety level for long-term
storage even though the low initial moisture content of the rice husk and the high mixing ratio were
used. The remaining moisture content is high which is still risk for paddy to be spoilaged by either
microorganism infection or yellowing-induced grain respiration. Therefore, the objective of this
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research is to study the effects of mixing ratio between rice husk and paddy, initial moisture content
and density of rice husk on moisture changes of paddy in the multi-pass drying process, and to
examine qualities of dried paddy in terms of head-rice yield and whiteness.

2. MATERIALS AND METHODS
2.1 Materials

The long grain paddy (Khao Dawk Mali 105, low amylose indica variety) was rewetted to 2
calculated moisture content of 31.4-32.9% d.b., and kept in a cool storage at a temperature range of 4-
6°C for a week. For the rice husk, three initial moisture contents (11.8, 5.9 and 0.9% d.b.) were
prepared. To obtain the moisture content of rice husk to be lower than the normal value, at which the
moisture content of rice husk is equilibrated with the ambicnt air value, the rice husk at 11.8% d.b.
was dried overnight using hot alr oven at temperatures of 45 and 90°C, which were then obtained the
moisture content of 5.9 and 0.9% d.b., respectively. To prepare the rice husk with density of 160
kg/m’, the rice husk with density of 105 kg/m’ was ground by Los Angles Abrasion (steel ball 4.5 kg)
for 1 hour and then the ground sample was sieved using a screen (500 pm).

2.2 Methods

Before conducting the experiments, the cooled paddy was placed in an ambient environment
until its temperatures were closed to the ambient air temperature. Paddy was then mixed with rice
husk at the following conditions: the volumetric mixing ratios between rice husk and paddy of 1.5:1
and 2.0:1 (corresponding to mass ratios of 0.26:1 and 0.34:1). An intimate mixture of wet paddy and
rice husk was packed and sealed in a closed tnsulated plastic vessel with an inner diameter of 18 cm,
an inner height of 22 c¢m and insulated thickness of 10 cm. Temperatures of the mixture were
measured by K-type thermocouple connected to a Yogokawa data togger with an accuracy of +1°C.
Relative humidities of the air in the airtight plastic vessels were measured by a thermo/hygrometer
(Sato SK-110TRH) with an accuracy of +4%RH. The paddy was separated from the rice husk using
an electrical fan and then mixed again with the new rice husk every 2 hours. The moisture contents of
paddy and rice husk were determined by the hot air oven method at 103°C for 72 hours, according to
AOAC (1995). The final moisture content of paddy which was higher than 16.5% d.b. was then dried
by ambient air ventilation. Qualities of paddy in terms of head-rice yield and whiteness were
determined and compared to the reference samples, which were gently dried by shade drying. The
head-rice yield was defined as the ratio of mass of head-rice obtained from milling to mass of paddy
before milling. The whiteness value of rice kernel was determined by using whiteness tester model
Kett C-300-3.

3. RESULTS AND DISCUSSION
31 Temperature and Relative Humidity Change of Mixture between Rice Husk and Paddy

The temperatures of mixture between rice husk and paddy and relative humidity of the
existing air within the ciosed vessels at different temperatures of rice husk are shown in Figure 1. At
the beginning of the experiments, the temperatures within vessels at the beginning were 28, 31.5 and
36°C, corresponding to the initial rice husk temperatures of 33, 45 and 90°C. It was seen from the
figure that the change of the mixture terperature in each drying cycle was relatively small (1-3°C).
For all experiments, the temperature of the mixtures was found to increase at the early stage of drying
and tended to decrease in the later drying cycle. Considering relative humidity of the mixture, it
rapidly increased for the first hour of drying cycle and slowly increased for the last hour of the drying
cycle. Furthermore, the relative humidity of the mixture had a trend to decrease through the drying
process.
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Fig. 1: Temperature and relative l'xumig?fi;P éﬁgﬁgé” oihlzﬂxrurc between rice husk and paddy at volumetric
mixing ratio between rice husk and paddy of 1.5 and rice husk density of 105 kg/m’

32 Effect of Volumetric Mixing Ratie on the Moisture Change of Paddy at High Rice Husk
Moisture Content

In Fig. 2, the. experiments were carried out at the initial rice husk moisture contents of 11.8%
d.b. and the volumetric mixing ratios of 1.5 and 2.0. Dunag the experiments, the temperature within
the bin was in a narrow range (29-32°C). The experimental results shown ia Figure 2a indicate that
after eight times of rice husk replacement, the moisture content of paddy was reduced to 24.7% d.b.
for the volumetric mixing ratio of 1.5 and 23.2% d.b. for the volumetric mixing ratio of 2.0.
Comparison of figure 2a and 2b showed that the bulk density of rice husk had little effect on moisture
reduction of the paddy. The rice husk at high initial moisture content cannot reduce the moisture
content of paddy to the desire level. This is due to the fact that the relative humidity of the air within
the bin at the beginning of each replacement is in the range of 63 to 74% which is near the water
concentration at the rice husk surface, thereby slowly adsorbing the moisture from paddy, in
particular, at the 7* and 8" replacement which show very small reduction of moisture content.
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Fig.2: Moisture changes of paddy and rice husk at rice busk bulk density of 105 and 160 kg/m’ and initial rice
husk motsture content of 11.8%d.b.

33 Effects of Initial Moisture and Temperature of Rice Husk on Moisture Change of Paddy

To obtain a safe level of paddy moisture content, the low initial rice husk moisture content of
5.9% d.b. and 0.9% d.b. were used in the experiments. Fig. 3 shows the effect of the initial moisture
contents of rice husk on the removal rates of paddy moisture content. The experiment results show
that using lower moisture content of rice husk resulted in a faster rate of dehydration than that using
higher moisture of rice husk. The final moisture contents of paddy were 24.7, 18.1 and 17.3% d.b. for
the respective rice husk moisture contents of 11.8, 5.9 and 0.9% d.b.

paddy
-—--mce husk

W
[}
L

- initial rce husk
temperature and
moisture content
® 33°C(118%d.b.)
4 45°C(59%d.b.)
s 90°C(0.9%d.b.)

Moisture content (%d.b.)

0 2 4 6 8 10 12 14 16
Hapsed time (h)

Fig. 3: Effect of rice busk initial moisture content on meisture change of paddy at rice husk bulk density of
105 kg/m® and volumetric mixing ratio of 1.5:1
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34 Effects of Volumetric Mixing Ratios and Rice Husk Density on Moisture Change of
Paddy

It was found from the Fig. 3 the moisture content of paddy can be reduced to the desire [evel
only with the initial rice husk temperature of 90°C. It required 8-9 hours to finish the drying process.
Due to the long drying time for the above case, it is necessary to improve the drying rate, without
product quality loss. The drying rate can possibly be accelerated by increasing density of rice husk
and the volumetric mixing ratio. Fig. 4 shows that rice husk with bulk densities of 105 and 160 kg/m’,
with an initial moisture content of rice busk of 0.9%d.b., can reduce the drying time by 1-1.5 hours.

The final moisture contents of paddy were 17.3 and 17.1% d.b. for the corresponding rice husk bulk
densities of 105 and 160 kg/m’.

The effect of volumetric mixing ratio of rice husk to paddy is tllustrated in Fig. 5. It
represented that there was a small difference between the final moisture contents of paddy for the rice
husk-to-paddy ratios of 1.5 and 2.0. The final moisture contents of the paddy were 17.1 and 15.8%
d.b. for the corresponding mixing ratios of 1.5 and 2.0.
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Fig. 4: Effect of bulk deasity of rice husk on moisture change of paddy at volumetric mixing ratio of 1.5:1 and
initial rice husk moisture content of 0.9% d.b.
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Fig 5:  Effect of volumetric mixing ratio on moisture change of paddy at rice husk bulk density of 160 kg/m®
and initial rice husk moisture coatent of 0.9% d.b.
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35 Head-Rice Yield and Rice Whiteness

Head-rice yield and whiteness obtained from the multi-pass drying process at different
operating conditions are shown in Table L. The results show that initial rice husk temperatures of 33
and 45°C had negligible effect on head rice yield, whereas head rice yield significantly decreased at
rice husk temperature of 90°C. The whiteness values of the paddy were in the range of 43.3-45.7,
which is insignificantly different from the reference dried by shade drying.

Tablel: Head-rice yicld and rice whiteness value

Bulk density of |Volumetric ratio| Initial rice husk |  Finial paddy . . .
F Tice husg of rice husk to | temperature moisturcpcontent ﬁ[ﬁ: 11(1hg) Heyag-[:(-;ce whictfess
(kg/m*) paddy Y] (%d.b)

Reference - - - [535409] 44.710.1|

33 24.740.2 16 53.8+1.0 | 44.740.1

1.5:1 45 18.140.2 12 52.240.1 ) 45.140.1

105 90 17.340.1 3 50.2+0.4 | 44.810.3

13 23.240.3 16 53.2£1.2 | 45410.1

2.0:1 45 17.410.2 12 51.0+0.7145.7202

| 90 15.610.2 8 |45.70.7]45.4£0.3

Reference - - - 53.440.4 | 44.310.1

33 22.410.2 16 52.940.7 | 44.310.2

[.5:1 .45 17.140.2 10 52.640.8 | 44.720.4

160 N 17.130.1 6 48.1+0.4 | 45.140.1

33 21.3+0.3 16 52230.3 | 45.140.1

2.0:1 45 16.740.1 10 52.5+0.2 | 44.910.6

90 15.8+0.2 6 41.5+0.2 [ 45.310.1

Note: The Initial paddy moisture contents were 32.9+0.1 and 31.440.1% d.b. for rice husk bulk density
condition of 105 and 160 kg/m®.

4. CONCLUSIONS

Multi-pass drying of paddy using rice husk as adsorbent were investigated in this study. The
faster drying rate and the lower final moisture content of the paddy were accomplished by reducing
the initial moisture content of rice husk and increasing density of rice husk and voluwmetric mixing
ratio. The high initial moisture content of rice husk could not reduce the moisture content of paddy to
the levetl for safe storage although the high mixing ratio and density of rice husk were used. The
moisture content of paddy can be reduced to the desire level using low initial adsorbent moisture
content of 0.9% d.b.. The process required 6-§ hours depending on the density of rice husk used. For
qualities of paddy, the head-rice yield clearly tended to decrease when higher initial rice husk
temperature was used. The whiteness of the rice sample processed by multi-stage adsorption were
insignificantly different from those processed by gently drying. The adsorption process using rice
husk as adsorbent is technically feasible to replace the hot air drying for reducing high-moisture
paddy.
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EFFECT OF DRYING METHODS ON QUALITY OF COOKED RICE

Pakorn Luangmalawat', Adisak Natkornkul, Somkiat Prackayawarakorn
and Somchart Soponrennarit

ABSTRACT

To obtain a good quality of cooked Thai jasmine rice, this research is thus focused oz the study of
effect of drying methods iec. heat pump, hot air, hot air- far infrared drying, heat pump-far infrared
drying and two-stage drying on the drying characteristics and the cooked rice quality, Drying
temperatare was fixed at 55°C for the above-mentioned drying methods, except for the two-stage
drying where the first stage was st at a femperature of 110°C followed by the low temperature of 55°C
at the later stage. The experimental results showed that the two-stage drying and the hot air-far
infrared, as well as heal pump-far infrared provide shorter drying time than the hot air or heat pump
alone. The qualities of product i.e. degree of shrinkage and stickiness obtained from the studied drying
methods were insignificantly different The lowest luminosity, but fast rehydration capability of the
two-stage-dried product was evident whilst the hardness value was relatively lower.

Keywords: Instant rice, heat pump, far infrared

1. INTRODUCTION

Rice is the staple food of over half of the world’s population. Approximately 90% of the
world’s rice is produced and consumed in Asia. Thailand, as one of the leaders in exporting rice, has
many varieties of cultivated rice, such as Suphanburi 1, Chainat 1 and Khao Dawk Mali 105.
Amongst those, Khao Dawk Mali 105 (KDML), well known as Jasmine Rice for the trade name, is
the most popular variety for consumption. KDML 105 when cooked provides the excellent aroma and
soft texture. In the present work, KMDL is therefore selected to produce the instant rice. The
snccessful or failure of instant rice is dependent on the quality after rehydration. It is inevitable that
the freshly cooked rice must be dried to a certain level before packaging. Normally, the moisture
content of the product should be less than 10% dry basis.

1t is well known that the quality of a dehydrated food product is strongly affected by drying
methods and drying processes. Long drying time or high-temperature drying may cause the
degradation of food qualities, for example, color, shrinkage, nutritional substances, rehydration
capability and microstructure. All these physical and chemical changes absolutely reduce product
quality. There are many drying methods such as hot air, heat pump, hot air-Far infrared (FIR), heat
pump-FIR, microwave. Any drying methods have the same purpose that is aimed at reducing the
water content from products with minimum loss of product quality and maximum throughput. This
study deals with the four drying methods i.e. bot air, heat pump, hot air-Far infrared (FIR), heat
pump-FIR. ) :

Conventional hot air drying is the most common drying method employed for food
dehydration because of the simplest and most economical method. The disadvantages of conventional
hot air drying: the slower drying rate as compared to other drying methods and the quality of product,
which may be improved by other drying methods. The heat pump drying is similar to the conventional
hot air, but it can dry foods at the temperature and refative humidity of drying air being lower than the
conventional method. The product which dry with heat pump possesses better qualities i.e. color and
smell than the qualities of those dried by conventional hot air dryer (Rukprang et al ,1998). In
addition, using heat pump is more economical than the conventional system under a certain drying
condition (Teeboonma et al.,2001). :

Far infrared irradiation is not entirely a surface heating source, but the energy rather
penelrates inside the kernel in a non-contact mode, hence accelerating the moisture movement and

! School of Energy and Materials King Mongkut's University of Technology, Thonburi Bangkok Thailand
(d012051909(@mail.dtac.co.thy
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reducing moisture gradient within kernel as compared to the hot air. However, the use of FIR alone
may not improve the drying rate significantly because the water vapor evaporated from product still
exists within drying chamber. To reduce the high level of humidity, the combination of hot air or heat
pump with FIR has been adopted in several food processes in order to improve food quality and
reduce drying time. Another possible drying method involves with two-stage drying, where the
material is dried at high temperature followed by the low temperature.

The selection of the appropriate drying method may affect the final product quality and
drying cost. This research is to study the effect of drying method i.e. hot air, heat pump, hot air-FIR,
heat pump-FIR and two-stage drying on the drying kinetics of cooked rice and its quality after
rehydration. The quality parameters considered i.e. shrinkage and colour hardness and stickiness were
quantitatively determined.

2. MATERIALS AND METHODS
2.1 Material

Thai-jasmine rice (low amylose content) was purchased from local supermarket. A 800 g.
white rice was washed thoroughly to remove the dust particles after which the filtrated water was
poured into the sample with the ratio of 1:1.5 (white rice: water). It was then cooked with electric rice
cooker. Cooked rice was washed with cold water to remove the starch adhering to the surface. The
moisture content of cooked rice was in the range of 240 to 275% dry basis. The moisture content of
each samples were determined by hot air oven at 103°C for 72 hour (AACC, 1995).

22 Drying procedure

The [aboratory dryer was shown in Fig. 1. The drying chamber has an inner dimension of 0.52
x 0.52 x 0.52 m. and it was insulated with glass wool. The tray, with a size of 0.28x0.33 m, was
placed in perpendicular direction to the air flow. The designed tray dryer can operate many
configurations i.e. hot air alone, heat pump alone and both combined with far infrared. The infrared
heater, with 60 x 120 cm in area was operated at 220 V, with the maximum power of 650 W. The heat
pump system consists of a2 0.65 W compressor, a 2.0 kW evaporator, a 3.5 kW condenser. The desire
drying condition was controlled by two PID controllers, one for the inlet air temperature, and another
for the infrared heater. The infrared heater was controlled using the outlet temperature as the
controlled signal. It was set at 52°C.

All experiments were operated at fixed air velocity of 0.3 m/s with the amount of cocked rice
was 1.4 kg and the drying temperature was set to 55°C except for the two stages drying in which two
drying temperatures was utilized. For the hot air alone and hot air-FIR drying, the experiment was
operated in open loop where the fresh air flowed through the heating unit and the drying chamber. For
the heat pump and heat pump-FIR drying, the operation was in the closed system. For two-stage
drying, the air temperature was first set at 110°C for 1 hour and then reduced to 55°C. The
ternperature of inlet air, outlet air, and the surface of infrared heater was measured continuously (at 2
minute interval) using K-type thermocouple which was connected to data logger (YOKOGAWA,
1r1800). The samples were weighted every 30 minutes. The drying experiments were performed until
10% dry basis moisture content was obtained. ‘
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Fig. 1: Schematic diagram of laboratory dryer

1-blower, 2-heater chamber, 3- back FIR, 4-drying chamber, 5-front FIR, 6-¢vaporator,
7-condensing unit, 8-valve, 9- valve, 10-cover, 11 tray.

2.3 Quality evaluation
231 Color

The color of dried cooked rice was measured by a Hunter Lab JUKI colorimeter, JP7100P
model. Before each measurement, the calorimeter was calibrated on a standard white title (1.#=93.55,
b*=.0.27, a*=0.06). The color of dried cooked rice was expressed as L, a and b (luminosity, redness
and yellowness, respectively). For each experiment, five samples were measured and the result was
presented the mean value.

23.2 Shrinkage

Three samples were used for shrinkage measurement. Shrinkage was express in terms of the
percentage change of the volume of the original sample volume. Shrinkage of dried cooked rice was
calculated by the following equation:

V.-V
%Shrinkage = ,V x100 )
i
where V; and V are the volume of freshly cooked rice and the volume of dried cocked rice,
respectively. The average value of the three samples was reported.

23.3 Texture

The textural properties i.e. hardness and stickiness of cooked rice, which had already been
died and rehydrated with hot water at 90°C, were measured using texture analyzer (TA-XT2i).The
rehydrated sample was prepared by pouring filtered hot water in the ratio of 1:1.5 (dred sample:
water). After 8 min., the sample was removed from the container and rested 4 min for eliminating
surface water. The tests were performed with force in compression mode. 6 whole grains were
selected and carefully placed under the cylinder type probe (50 mm diameter). The sample was then
compressed to 85% strain at a speed of 1 mm/s and the probe was lified up to the origin at a speed of
10 mm/s. Textural parameters recorded from the test curve were hardness and stickiness. The texture
analysis was repeated five times for each drying method. The hardness was defined as the maximum
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force that presses on the sample. The stickiness was the force which required for pulling out the test
probe from the food material after compression.

2.3.4 Rehydration

Rehydration ratio was followed by the method proposed by Maskan (2001). The dried
samples were manually weighted and loaded (20 g/sample) into a testing container. The experiments
were performed by immersing a weighed container with sample into hot water (90°C) for 10 min, At
each 2 minutes interval, the container was lifted up and quickly bolted with paper towels 3-4 times in
order to remove the surface water as much as possible. The container was weighted again. The
rehydration ratio was defined as percentage water gain which was calculated from the sample weight
difference before and after rehydration. The rehydration experiments repeated three times.

W -W,
Rebydration Ratio (%) = ('—Wd—)x 100 2)
4
where W is the mass of dried cooked rice before rehydration (g) and W, is the mass of dried cooked

rice after rehydration (g).
3. RESULTS AND DISCUSSION
31 Drying characteristics of cooked rice

The initial moisture content, final moisture content and others drying parameters from
different drying methods are shown in Table 1. The drying characteristic curves of cooked rice dried
by various methods are shown in Fig 2. It appears that moisture content of cooked rice was reduced
apparently faster in the combine drying methods i.e. hot air-FIR and heat pump-FIR than in the hot air
and heat pump alone under similar drying condition. The drying time was reduced by 12 and 28% as
compared to the respective methods of the heat pump and hot air. The faster drying rate is credited to
the FIR, where the emitted energy is absorbed well by the cooked rice due to presence of water in the
material (> 240 % dry basis), thus accelerating movement of moisture from internal to the external
surface. For two-stage drying, the high moisture content of cooked rice was dried at 110°C for a
certain time before yellow color development, followed with the low temperature of 55°C. The two-
stage drying took the shortest drying time, the required time being 180 minutes.

Drying rate curves of cooked rice dried by different drying methods are shown in Fig.3. The
presented rtesuits were numerically determined by statistical fitting the moisture data with the
reasonable exponential function and then by differentiating the equation with respect to time. It is
noticed that there was no evidence of the warming-up period for the drying systems associated with
FIR, unlike another two systems showing the warming-up period where the drying rate increased at
the early drying period and reached a maximum value afler which the rate was monotonically
decreased. In addition, the drying rate of the material was relatively higher in the combine drying
methods than in the heat pump and conventional hot air. These results agree with the moisture
reduction as previously shown in Fig. 2. At moisture content below 0.3 decimal dry basis, the drying
rate curves are superimposed, implying the insignificant contribution of FIR to the drying rate.
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Table 1 Operating conditions for different drying methods
HA 55 HP 55 HA-FIR HP-FIR Two-stage

Initial moisture content (%d.b.) 2413 260.0 246.1 2435 261.5
Fina! moisture content (%d.b.) 102 9.8 10.1 9.9 9.5
Inlet-air temperature (C) 55 55 55 55 110/55
Outlet-air temprature (C) 51 51 52 53 88/53
Relative humidity within drying

chamber (%) 20 18 20 17 2/22
Set point FIR ('C) - - 52 52 -
Drying Time (min.) 270 240 210 210 180

3.2  Shrinkage

Table 2 shows the volume shrinkage of dried cooked rice. Statistical analysis using Duncan’s
multiple range test indicates that the volume shrinkage of material is insignificantly affected by the
drying methods (p>0.05). The value of shrinkage was given in the range of 65.81 to 63.34 percent.

Table 2: Volume shrinkage of dried cooked rice

Drying method Shrinkage(%%)
Hot Air 55 64.91+1.40°
Heat Pump 55 63.34+1.77"
HA - FIR 65.81x0.84"
HP - FIR 63.57+0.70"
Two-stage 63.79+1.27"

Note : the same letter in the same column means insignificant difference (p>0.05)

33 Color of dried cooked rice

The result of measuring color of sample is presented specifically the L -and b-values, because
of unimportant change of the a-value during drying. Table 3 shows the L- and b-values of cooked rice
after drying by different methods. The L-value of sample, presenting the lightness, was highest with
HP-FIR whilst the b-value, presenting the yellowness for positive value, was also highest but it was
insignificantly different to those dried with the conventional hot air and heat pump. It is interesting to
point out that the product color from two-stage drying was niot significantly different to those obtained
from the above drying methods, except when comparing product color obtained from the HP-FIR
which showed brighter.

Table 3:Color of dried cooked rice

L-value b-value
Hot Air 55 . 6433+0.45® 10.4620.18%
Heat Pump 55 64.07+0.39* 10.49+0.13%
HA - FIR 64.70+0.30° 10.35+0.13*
HP - FIR 66.00+£0.52° 10.69+0.25°
Two stage 64.42+0.65% 10.38+0.32%

Note: the same letter in the same column means insignificant difference (p>0.05)
33 Rehydration capability
The rehydration of cooked rice samples were calculated by Eq. (2) and the results are

presented graphically in Fig. 3. The cooked rice dried by the two-stage drying exhibited the fastest
rate of rehydration whilst the samples dried by the other techniques involved at low temperature

Asian Association for Agricultural Engineering (444E) -6-



International Agriculfural Engineering Conference, Bangkok, Thailand, 6-9 December 2005

drying did not show the prominent difference in the rehydration capability. The fast or slow
rehydration is associated with the characteristic of material, with more or less porous. The high porous
materials aliow the faster rehydration. According to these results, it might be posgible that the cooked
rice dried by the two stages was created the cavities inside the sample during which the rice was dried
at the temperature of 110°C.

250
200

150

100

Rehydration Ratio (%)

50

0 T ; T T
0 2 4 6 8 10 12

time (min)

Fig. 4: Rehydration behavior of dried cooked rice at 90°C
35 Textural properties

Table 4 shows the hardness and stickiness values of dried cooked rice after rehydration. The
hardness and stickiness of freshly cooked rice was 10252+581 g and -1431+168 g, respectively. Loss
of water content in the cooked rice using ecither low- or high- temperature drying causes the
modifications of physical strocture and starch properties and these physical and physicochemical
changes, after rehydration, could not retum to the original properties. The significantly lower values
of hardness and stickiness of dried samples, as compared to those properties for the freshly cooked
rice are evident, the values being in the respective ranges of 7892 to 9143 g and of -604 to - 442 g.

Regarding to the drying methods, the way of drying utilizing the heat pump, conventional hot
air or both combined with FIR, did not take a significant effect on both physicochemical properties of
cooked rice. When two-stage drying was applied, however, the hardness value is prominently lower,
especially in comparison with the conventional hot air.
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Table 4: Textural properties of dried cooked rice after rehydration

Ml:::ytll:;%s Hardness(g) Stickiness(g)
Freshly cooked
rice 102524581° -14312168*
HA 55 9143+592° -524£112°
HP 55 81635652 -596+288"
HA-FIR 3636+630% -428+64"
HP-FIR 8843£620™ -442+89°
Two-stage 7892+570" -604+260°

Note: the same letter in the satne column means insignificant difference (p>0.05)
4, CONCLUSION

Drying of cooked rice by five drying techniques i.e. heat pump, hot air, hot air-FIR, heat
pump-FIR and two stages was investigated in this study. With the first four drying methods involved
with low temperature, the combine drying techniques significantly improve on the drying rate of
cooked rice, particularly at very high moisture level, whilst the physical and physicochemical qualities
of cocked rice obtained by the combine drying methods i.e. color, shrinkage, rehydration capability
and textural properties were insignificantly different from those obtained by hot air and heat pump.

The acceleration in drying rate can also be accomplished by two-stage drying method,
providing highest drying rate. The dried cooked rice from two-stage drying exhibited fast rehydration
capability and slightly lower hardness value than the low-temperature dried product whereas the
stickiness, shrinkage and color were comparable.
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DRYING KINETICS AND QUALITY OF CARROT DRIED BY FAR-INFRARED
RADIATION UNDER YACUUM CONDITION

C. NimmoV, S. Devahastin, T. Swasdisevi, and S. Soponronnarit
ABSTRACT

Drying of carrot cube by far-infrared radiation (FIR) under vacuum was carried out to investigate
the effects of various parameters on the drying kinetics and quality of the dried product. Drying
experiments were conducted at the controlled surface temperatures of carrot of 60, 70, and 80°C and
absolute pressures of 7 and 10 kPa. The quality of the dried carrot was evaluated in terms of shrinkage,
rehydration ability and color. The results showed that the time required for drying decreased with an
increase of the controlled surface temperature and a decrease of the drying chamber pressure. A decrease
in the controlled surface temperature and an increase in the drying pressure led to an increase in
shrinkage and rehydration ability of the dried carrot. However, the influences of the controlled surface
temperature and the drying pressure on the redness and lightness of the product were not significant
(p>0.05).

Keywords: Colors, drying, far-infrared. rehydration, shrinkage, surfoce temperature, vacuum
1. INTRODUCTION

Carrot is one of the most commonly consumed vegetables because of its high vitamin and fiber
content. Carrot is generally consumed in different forms including a dried form. Conventional hot air is
a cornmon method that can be used to dry carrot, however, this method leads to loss of thermal energy,
requires mere drying time, and causes many undesirable changes of the product. Recently, many other
drying alternatives have been proposed and applied to many food products, including carrot. Among
these methods 1s infrared drying in which the energy in the form of electromagnetic wave is absorbed
directly by the product. Infrared radiation gives high drying rates leading to considerable energy savings
and uniform temperature distributions (Ginzburg, 1969; Sandu, 1986; Ratti and Mujumdar, 1995; Afzal,
1999).

Since most foods and other bio-products are heat-sensitive, it is desirable to dry these products
at lower temperatures. Vacuum drying is a method widely used to dry heat-sensitive products in which
their qualities are deteriorated at elevated temperatures (Jaya and Das, 2003; Drouzas and Schubert;
1996). In vacuum drying, moisture within the product being dried evaporates at lower temperatures
giving better product qualities and faster drying process.

To combine the benefits of the above-mentioned drying techniques, Mongpraneet, et al.
(2002a,b) proposed a concept of drying using far-infrared radiation (FIR) under vacuum condition.
Their study was carried out at different levels of radiation intensities and operating pressures. They
found that the product (welsh onion) temperature increased rapidly with an increase of the radiation
intensity leading to higher product temperature. This condition resulted in overheating and burning of
the product. To avoid these problems it was suggested that the surface temperature of the product should
be used to control the radiation intensities.

The objective of this research was to investigate the effects of various parameters, i.e., absolute
pressure of the drying chamber and controlled surface temperature, on the drying kinetics and quality of
carrot cube undergoing far-infrared radiation under vacuum (FIR-vacuum drying). In this study, the
surface temperature of carrot cube was used to control the operation of a far-infrared heater.
Comparison was also made with similar sets of data obtained from low-pressure superheated steam
drying (LPSSD) and vacuum drying experiments conducted in the same drying chamber (Devahastin et
al,, 2004).

! School of Energy and Materials, King Mongkut’s University of Technology Thonburi, 91 Pracha u-tid Road,
Bangkok 10140, Thailand (chatchai nim@poppymail.com)
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2. MATERIAL AND METHODS
2.1 Material

Fresh carrot with an initial moisture content of around 9 kg/kg (d.b.) or about 90% (w.b.) was
purchased from a local market and stored in a refrigerator at 4°C. Before starting of each experiment
carrot was peeled and cut into 1 cm”® cubes.

22 Experimental Set-up

A schematic sketch of the FIR-vacuum dryer used in this study is shown in Fig. 1. The dryer
consists of a stajnless steel drying chamber with an inner dimension of 45X 45X 45 cm’ insulated with
rock wool; a liquid ring vacuum pump (Nash, ET32030, Germany), which was used to maintain the
vacuum in the drying chamber; and a far-infrared heater (INFRAPARA, 220V/250W), which was
used to supply radiative energy to the drying sample. The operation of the far-infrared heater was
controlled by the surface temperature of the sample (at about 1 mm below the top surface of the
sample). The sample tray was made of a stainless steel screen with a dimension of 12% 12 ¢cm’. The
distance between the far-infrared heater and the sample was maintained at 13 c¢m. The change of the
mass of the sample was detected continuously (at 60 seconds interval) using a load cell (Minebea,
Ucg-3 kg, Japan). The temperature of the drying sample was also measured continuously (at 30
seconds interval) using type K thermocouple, which was connected to an expansion board {Omega
Engineering, EXP-32, USA). Thermocouple signal were then multiplexed to a data acquisition card
{Omega Engineering, CIO-DASI16Jr., USA) installed in a PC LABTECH NOTEBOOK software
(version 12.1, Laboratory Tecchnologies Corp., USA) was then used to read and record the
temperature data.

Fig. }: A schematic sketch of FIR-Vacuum dryer. 1} vacuum pump; 2) load cell; 3) sample tray; 4) far-infrared
heater; 5) pressure gauge; 6) drying chamber; 7) thermocouples; 8) temperature controller; 9) pc with
data acquisition card; 10} vacuum break-up valve; 11) insulator

23 Experimental Procedure

Approximately 40 g of prepared carrot cubes (about 35 cubes) was placed on the sample tray.
The drying chamber was then sealed tightly. The vacuum pump was switched on to evacuate the
drying chamber to the desired operating pressure, The far-infrared heater was also turned on to heat
up the sample to the pre-determined controlled surface temperature. The experiments were carried out
at the controlled surface temperatures of carrot of 60, 70, and 80°C and absolute pressures of 7 and 10
kPa. The drying experiments were performed until 0.07 kg/kg (d.b.) of moisture content was obtained.
All experiments were performed in duplicate.
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2.4 Shrinkage Measurement

Shrinkage is used as a measure of the quality of many dried agricultural products including
carrot. Shrinkage is expressed in terms of the percentage change of the volume of the original sample.
Shrinkage of the dried carrot was calculated in this case by the following equation:

V.-V
%Shrinkage:{ ’V- }(100 )
I

where ¥; and ¥ are the initial and final volume of carrot sample, respectively. The measurement of
the volume was preformed using a liquid pycnometer with n-heptene as the working fluid. The
average values of 20 samples were reported.

25 Rehydration Aability

The ability of the dried carrot to reconstitute {0 its original state when immersing in hot water is
measured in terms of the rehydration ratio (R). The rehydration ratio, described in terms of the volume
ratio, was evaluated by immersing dried carrot in hot water at 100°C for 10 minutes (Devahastin et al ,
2004). Afier 10 minutes the sample was taken out and blotted with paper towel to eliminate excess
water on the surface. The volume of the rehydrated and dried samples were measured by a liquid
pycnometer with n-heptene as the working fluid. The rehydration ratio of the dried camrot was calculated
by the following equation:

_V afler
R @

where Vg p,, and V are respectively the volume of rehydrated and dried carrot sample. The average
values otJZIO samples were reported.

2.6 Color Measurement

The color changes of the dried samples were measured in a Hunter Lab color system using a
colorimeter (Juki, JP7100p, Japan). The color changes, in terms of a and L values, were calculated by
the following equations:

A= 3)
a;

ar=tti (4)
Ly

where ¢ and L are respectively the redness and lightness of the dried carrot, while a; and Z; are the
redness and lightness of fresh carrot, respectively. The average values of 20 samples were again
reported. .

2.7 Statistical Analysis

The experimental data were analyzed using an analysis of variance (ANOVA). Duncan’s test
was used to establish the multiple comparisons of mean values. Mean values were considered
significantly different at 95% confidence level (p=0.05). A statistical program SPSS (Version 12) was
used to perform all statistical calculation.

3. RESULTS AND DISCUSSION

3.1 Drying Kinetics of Carrot Cubes

The drying times and drying curves of carrot cube undergoing FIR-vacuum drying are shown
in Table 1 and Fig. 2, respectively. Comparisons were also be made with the data of Devahastin et al.

- . 3-
Asian Association for Agricultural Engineering (AA4F)



International Agricultiral Engineering Conference, Bangkok, Thailand, 6-9 December 2005

{2004) who dried carrot cube using low-pressure superheated steam drying (LPSSD) and vacuum
drying at similar levels of temperature and pressure. It can be seen from Table 1 and Fig. 2 that the
drying time decreased with an increase of the controlled surface temperature of carrot and a decrease
of the chamber pressure. It is seen again from Table 1 that the drying time of carrot undergoing
FIR-vacuum drying was less than those required by LPSSD and vacuum drying at all drying
conditions although, in some case, the differences were not much significant, especially when
compared with the time required by vacuum drying. This is probably due to the use of rather thick
carrot samples (10 mm). Since FIR could not penetrate very far though the sample, the effect of using
FIR was not clear when applying it to a thick sample.

Table }: Drying time of carrot cube at different drying methods and drying conditions

0 Drying times, min
Temperature, °C Pressure, kPa FIR-vacuum drying LPSSD! Vacuum drying'
60 10 238 N/A 241
7 202 389 235
70 10 193 290 223
7 171 280 205
30 10 154 210 175
7 130 198 159

Devahastin et al, (2004)
N/A implies that the final moisture of carrot of 0.07 kg/kg (d.b.) was not obtainable at this condition
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Fig. 2: Drying curves of carrot cube undergoing FIR-vacuum drying at different drying conditions

Comparison of the drying curves presented in Fig. 2 reveals that carrot cubes undergoing
FIR-vacuum drying at the same pressure lost their moisture at almost the same rates during the first 70
minutes of drying although their controlled surface temperatures were different. This is due to the fact
that carrot cubes were still probably in the constant rate period and hence the surface temperature of
carrot was always at a fixed value close to the boiling point of water at the corresponding operating
pressure (not at the boiling point since far-infrared heater was presented). Once the surface of carrot
started to dry the surface temperature of carrot began to rise and the effect of the different levels of
controlled surface temperature became more obvious. During the later stage of drying higher
controlled surface temperature resulted in higher rates of moisture reduction, as expected.

Fig. 3 illustrates the temperature evolution of carrot cube undergoing FIR-vacuum drying at
different drying conditions. It can be seen from this figure that the temperature of carrot cube,
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measured at its center, fell suddenly from its initial value within the first 5 minutes of the process.
This is due to the rapid reduction of the chamber pressure, which led to some flash evaporation of
surface moisture. After this period the temperature of camrot gradually rose to the pre-determined
controiled surface témperature.

It is also observed from Fig. 3 (a) and (b) that the rate of change in the carrot temperature
within the first 90 minutes (in the case of drying at 10 kPa} and 75 minutes (in the case of drying at 7
kPa) were nearly the same at any controlled surface temperature. Afier that the temperature of carrot
rose to the desired controlled surface temperature. This is due to the fact that the far-infrared heater
was switched on continuously until the controlled surface temperature at each condition was reached.
Therefore, the level of radiation experienced by the drying sample was more or less the same in all
cases.
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Fig. 3: Temperature evolution of carrot cube undergoing FIR-vacuum drying at different drying conditions

Fig. 4 (a) to (c) depicts the effect of the drying pressure on the temperature evolution of carrot
cube at the controlled surface temperature of 60, 70, and 80°C, respectively. As revezled by this figure
the temperature of carrot dried at a lower pressure (7 kPa) was slightly lower than at a higher pressure
(10 kPa} during the first 60 minutes of the process. This is due to the fact that the drying chamber
pressure was the dominant factor influencing the temperature and moisture content of carrot. Afier 60
minutes the amount of moisture within carrot was smaller and the amount of thermal energy supplied
by the far-infrared heater became the main factor influencing the temperature of carrot led to a more
rapid increase of the casrot temperature at a lower pressure than at a higher pressure.

32 Shrinkage of Carrot Cube

Table 2 lists the shrinkage resulis of dried carrot underwent different drying conditions. It can
be seen that shrinkage of dried carrot was higher at the condition of longer drying duration, e.g., at a
higher operating pressure or at a Jower controlled surface temperature. However, the effect of the
drying pressure on the shrinkage of dried carrot at a higher controlled surface temperature was not
significant. These results were similar to those reported by Mongpraneet et al. (2002b) who observed
that the shrinkage of welsh onion was higher at a lower level of radiation intensities.
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Fig. 4: Temperature evolution of carrot cube undergoing FIR-vacuum drying at different drying chamber pressure

Table 2; Shrinkage and rebydration ratio of dried carrot at different drying conditions’
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Temperature, °C Pressure, kPa Shrinkage, % Rehydration ratio
60 10 92.14F 0.22¢ 419+ 9.08¢
7 91.87t0.57° C407F0.140
70 10 91.40% 027 4.00F 0.11%
7 91.12+0.17° 3.93F0.00®
80 10 90.75 % 0.23* 3.88 1+ 0.06°
7 90.61 + 0.60° 3.87% 0.05*

Values in the same column with different superscripts means that the values are significantly different (p<0.05)

Regarding the effect of different drying methods it was found that the degrees of shrinkage of
FIR-vacuum, LPSSD, and vacuum dried carrot were quite similar. However, the shrinkage pattern of
carrot dried by FIR-vacuum method was nonuniform as compared with that dried by LPSSD

(Devahastin et al., 2004). The photographs of FIR-vacunm dried carrot cubes are depicted in Fig. 5.
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(a) before (b) after
Fig. 5: Photographs of FIR-vacuum dried carrot cube both before and after drying
33 Rehydration Behavior of Carrot Cube

The rchydration ability of carrot cube underwent different drying conditions, which is
expressed in terms of the rehydration ratio is also Jisted in Table 2. It can be seen that the rehydration
ability of dried carrot was lower at the condition of shorter drying, e.g., at a lower drying pressure or
at a higher controlled surface temperature. This is due to the fact that at these conditions the
temperature of carrot was very high, especially during the later stage of drying. This led to a
formation of dense or rigid layers on the surface, which prevented the absorption of water during
rehydration. Fig. 6 shows the photographs of FIR-vacuum dried carrot cubes both before and after
rehydration.

(a) before {b) after

Fig. 6: Photographs of FIR-vacuum dried carrot cube both before and after rehydration

In comparison with LPSSD and vacuwum drying (Devahastin et al., 2004) it was observed that
the rehydration ability of FIR-vacuuem dried carret was much lower than that of LPSSD and vacuum
dried carrot at similar conditions, especially at prolonged drying conditions. This is due to the fact that,
in the case of FIR-vacuum drying, dense or rigid layers were formed rapidly compared with the case of
LPSSD and vacuum drying. )

34 Colors of Carrot Cube

Table 3 lists the changes of redness and lightness of dried carrot underwent different drying
conditions. It was observed that dried carrot was redder than the fresh one for all drying conditions as
indicated by the positive values of Aa. This is probably due to an increase of color pigment
concentration caused by the moisture removal. It can also be seen from Table 3 that dried carrot was
darker than the fresh one for all drying conditions as indicated by the negative vahies of AL.
However, the effect of the controlled surface temperature and the drying pressure on the redness and
lightness of carrot were not significant in all cases. This may probably due to the fact that the ranges
of the controlled surface temperature and drying pressure tested were not large enough.

In comparison with LPSSD and vacuum drying (Devahastin et al., 2004) it was found that the
results obtained by FIR-vacuum drying were significantly different from LPSSD and vacuum drying.
LPSSD yielded dried carrot of redder and lighter colors than those obtained by FIR-vacuum and

vacuum drying.
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Table 3: Redness and lightness of dried carrot at different drying conditions'

Temperature, °C Pressure, kPa Ag AL
60 10 0.084 1+ 0.008" -0.088 + 0.005°
7 0.087 % 0.007* -0.087 1 0.005®
70 10 0.080 1 0.008* -0.090 % 0.006°
7 0.081F 0.007* -0.090 F 0.007*
80 10 0.080 1 0.008* -0.091 % 0.004°
7 0.080 % 0.006* -0.089 % 0.008*

"Walues in the same column with different superscripts means that the values are significanily different (p<0.05)

4. CONCLUSIONS

Experiments on FIR-vacuum drying of carrot cube showed that the time required for drying
decreased with an increase of the controlled surface temperature and a decrease of the drying chamber
pressure. The influence of the controlled surface temperature and drying pressure on the redness and
lightness of the dried carrot were not significant. Drying time required to dry carrot by FIR-vacuum
drying was lower than that required by LPSSD and vacuum drying. However, LPSSD yielded carrot
of higher rehydration ability and redder than that obtained by FIR-vacuum drying. Combination of
LPSSD and FIR is suggested in a future study to combine the advantages of these two drying
processes.
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Development of a Vortexing-Fluidized bed Combustor for Rice Husk Fuel
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Abstract

Vortexing-Fluidized Bed Combustor{(VFBC) for rice husk with
combining the featwres of vortexing-fluidized Bed combustion was
developed In this research. Rice husk feed rate and airflow rate
of each part were varied from experimental ta the other. During
combustion process, the experimental result shown that
combustion chamber was devided into two categorizes by
mechanism  of combustion namely 1)combustion chamber
occupying above the vortexing ring which vortexing combustor
took place. The aggressive swirding of air above yortxing ring

1Cowespond‘mg author

much help in trapping the large unbum partical and perventing
partical escaping from the combustor and 2)combustion chamber
locating below the vortexing ring  which combustor was
dominated by fluidized bed combustion resulted by the uniformity
of the temperature distribution across the chamber. This efficient
space utilization offered the highest thermal load of combustor
that is 0.825 MW,/m’. Moreover , no any inert material was
necessary to mix in to the bed for promoting fluidization. It was
alsoe found that the excess air directly affected on thermal
efficiency and with 110% excess air gave the highest thermal
effidency of 85% and combustion gas temperature at the exit
was around 1,060 "C. To control temperatures inside the
combustor to not exceed 1,000 °C the thirdly air could be
supplied with appropriate airflow rate . Finally , the amount of CO
and NO, were less than 15 and 118 ppm. respectively , which
were comsiderably lower than the acceptable standard level.
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FTf 2 The operation condition of VFBC

The prefiminary sty of VFBC operation condition Tha study of the sffects of thirdly airflow
) on parformance of VIFBC
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Abstract

The objective of this research is designing and constructing
a extruder for producing solid fuel from agricultural and industrial
waste. The sawdust of rubber Xyfla kemi Craib&Huich,
Dipterocarpus alatus Roxb and rubber wood were selected ‘as
tested materials. The appHcation of theory of solid particle
transporting ks screw with accounting for the variation of pressure

with density of material during extrusion was developed for screw-

designing to met a required product cufput However, the
calculated and actual outputs were different due to constrain of
specifying some necessary parameters in  design. The
experimental lesuushow&;atmespeedofsuew.surface
temperature of barrel and initial molsture constant were the main
factor that effected {0 the output rates. The thermal and physical
properties of the briqueties were as followers: HHV 18.2-20.5

‘Gorr%ponding author

Mg, density 1050-1470 kg/m® and max compressive strength
1.27-1.73 Mpa. In terms of energy consumption, it was found that
the specific primary energy consumption was around 0.9 MJ/kg
with corresponding to operating cost of 0.3 Bathikg.
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Abstract _

This research ks an experimental study to invesfigale the
effects of downcomer — ar flowrate on the kinefics of high
temperature paddy drying and milling qualfity. All experiments

'Corr%pondingaumor

were conducted in two — dimensional spouted bed batch dryer
under high drying temperatures of 110, 130 and 150 °C. The
percentage of downcomer — alrflow of 0. 10, 20, and 30 % were
varied foc each of drying temperatures. It was found that the
existence of moisture transfer was also taken place in the
downcomer which was resulted from heat accumulated in paddy
during Intensive heafing and drying period in the spout and
resulted in the presence of evaporative coofing phenomenon in
the downcomer. Moisture transfer in both regions attibuted to
almost finearity of drying curves which drying rate directly related
to the amount of downcomer — airfiow. The experimental results
indicated that the Righ temperature can be vsed to dry paddy
without any affecting on miling quality as long as moisture
reduction not more than 5 and- 8 %d.b. for approxdmate itial
moaisture content of 27 and 35 %db. respectively, The themnal
energy consumplion was almost the same for any level of
molsture decrease and was around 5.5 MJ/kg water evap. Finally
in comparing with fluidized bed drying it was found that spouted
bed drying offers more benefit than the former in drying rate per
unit volume of dryer whilst thermal energy consumption and
milfing quality were comparable with fluidized bed drying.
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COMPRESSIVE BEHAVIORS OF DURIAN SLICES DURING
HOT AIR AND SUPERHEATED STEAM DRYING

J. Jamradloedluk 1", S. Soponronnarit ' A. Nathakaranakule '
and. S. Prachayawarakorn *

! School of Energy and Materials, > Faculty of Engineering,
King Mongkut’s Unjversity of Technology Thonburi, Bangkok 10140, Thailand

ABSTRACT

Compressive characteristics (hardness, initial slope and number of peaks of
force-deformation curve) of durian slices were monitored during drying at
temperatures of 130 and 140°C, medium velocity of 2 m/s, and material dimensions of
30x30x2.5 mm’ and 30x30x3 mm®, The experimental resuits showed that the
compressive characteristics were affected by drying medium type, temperature,
material thickness, and moisture ratio. Hardness and the initial slope of force-
deformation curve gradually increased with decreasing moisture ratio, then they
sharply raised to the maximum values and abruptly dropped. The higher temperature
resulted in the higher values of hardness and the steeper initial slope for both drying
media. Furthermore, it was found that hot air drying led to the slightly lower hardness
and the flatter slope than superheated steam drying. However, it was not evident that
hardness and initial slope of force-deformation curve were affected by material
thickness. The relationship between number of peaks of force-deformation curve and
moisture ratio indicated that the number of peaks increased with decreasing moisture
ratio. Nevertheless, no obvious effects of temperature, thickness and drying medium
type on number of peaks were significantly pronounced.

KEYWORDS : Compression test, Durian, Hardness

INTRODUCTION

Durian, Durio zibethinus Murr, named as king of tropical fruit, is one of the
best-known climacteric fruit in Thailand. Tt is an extremely nutritive fruit, rich in
carbohydrate, protein, fats, vitamins and minerals [1]. Its cultivation lies mainly in the
eastern region, 49% of total cultivated area, and the southern region, 44% of the total
durian cultivation. The popular varieties being planted include Monthong, Kra dum
thong, Chanee, and Puang manee. Monthong is highly praised and is also the highest
prized of all. Thai durian is exported to many Asian countries. About 96% of the total

* Corresponding author. Tel.: (02)-4708695 ext. 112; fax: (02)-4708663
E-mail address: jindaporn@3dup.com (J. Jamradloedluk)




exported fresh durian was transported to Hong Kong, Taiwan, and Malaysia. The
United States of America, Canada and China are also potential markets [2]. Though
durian is categorized as a seasonal fruit, nowadays, it could be harvested almost all
year round. The popular food processings of durian are deep-frying, vacuum frying,
pasting, and freeze-drying. However, high oil coutent of conventional fried durian
causing rancid and high cost of freeze dried durian lead to an effort to initiate another
alternative methods for durian preservation. For instance, Jamradloedluk et.al [3]
studied the feasibility of using superheated steam (SHS) and hot air (HA) to dry durian
slices.

Apart from color, an important quality index for appealing dried products
customer at the fust sight, textural property is another quality indicator of dried
products. Consequently, compression analysis, an approach for determining the
textural behavior of dehydrated materials, has been studied by several researchers
throughout literatures [4-8]. Compression parameters such as shear force, hardness,
Young’s modulus, initial slope of force-deformation curve are usually investigated
during drying.

This present research is an extended study from the previous work [3] to study
the effect of material thickness, drying medium type and temperature on compressive
characteristics of dried durian slices.

MATERIALS AND METHODS

Raw Materials

Durian cv. Monthong was purchased from a local market and sliced to the
dimensions of 30x30x2.5 mm® and 30x30x3 mm’. The moisture contents of durian
slices were in range of 68 - 70 % d.b.

Experimental set-up

A schematic diagram of the experimental apparatus is shown in Fig. 1. It
comprises boiler(1), heater(2), drying chamber(3), blower(4), and pipe and valve
systems. The 30x30 cm drying chamber has the opening in the front for inserting trays
of samples. With this drying equipment, experiments can be conducted using either
hot air or superheated steam. In case of using superheated steam, valve no. | (V.1} is
opened for feeding steam into the system. Valves no. 3 (V.3) and 4 (V.4) are opened
for blowing the remained air out of the superheated steam at the beginning of the
experiment. Both drying media are heated by heater and flown through drying
chamber and then sucked by blower to recirculate within the system. Drying medium
temperatures are controlled by PID-controller with an accuracy of +1°C.

Method

Drying experiments were carried out at drying temperatures of 130 and 140°C
and medium velocity of 2.0 m/s. A sampling of dried products was taken to perform
compressive tests at every drying time interval (5, 10, 15, 20, 25, and 30 minutes). The
tests were conducted by using a texture analyzer (Instron 4301) with the needle size of
3 mm diameter and penetration speed of 30 mm/min. Hardness, number of peaks, and
initial slope of force-deformation curve were investigated.



Figure [. Schematic diagram of the experimental set-up

RESULTS AND DISCUSSION

Compressive characteristics i.e., hardness, initial slope and number of peaks
of force-deformation curve of durian slices during drying are discussed as follows:

1. Hardness
Effect of moisture ratio and temperature on hardness
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The higher operating temperature produced a more rigid outer structure. The
structure acted as a barrier for water vapor to escape, thus resulting in the formation of
bubbles within the sample surface. During the drying of foodstuft, stresses develop
within the sample that causes internal tissue sprit, rendering a more open structure
with an enhanced porosity [9].

The increase in hardness occurred during the initial stage of drying when the
water at the surface was removed and consequently the durian surface became stiffer.
Afterward, the hardness of the samples dropped substantially as shown in Fig. 2. For
both drying media, the durian slices dried at higher temperature had the tougher
surface thus, making hardness of the product increased with increasing temperature.

Effect of drying medium type on hardness

It was known that in case of using superheated steam, gelatinization was
expected to more completely occur than in case of using hot air. The gelatinized
surfaces were predicted to cause hard crust. This was probably the reason that why hot
air drying resulted in the smaller hardness value of dried sample than superheated
steam drying (Fig. 3).

Effect of material thickness on hardness

Effect of material thickness on hardness of dried sample was shown in Fig,. 4.
It can be observed that at the end of drying process, the thicker sample had greater
hardness than the thinner sample. Nonetheless, the hardness difference was not
significant.

2. Initial slope of force-deformation curve
Effect of moisture ratio and temperature on the initial slope of force-deformation
curve
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For all drying conditions, the trend between the initial slope of force-
deformation curve and the product moisture content was similar to the relationship
between hardness and moisture content. During drying, the decrease in moisture
content caused an increase in the initial slope of force-deformation at first, reaching
the maximum value, and then decreasing with the further removal of moisture. For the
final product, a higher temperature corresponding to higher initial slope of force-
deformation curve was shown in Fig. 5.

Effect of drying medium type on the initial slope of force-deformation curve

Changing drying medium from superheated steam to hot air led to the lower
initial slope of force-deformation curve. However, the slope difference was not
significant (Fig. 6).

Effect of material thickness on the initial slope of force-deformation curve

The effect of material thickness on the initial slope of force-deformation curve
was depicted in Fig. 7. It was found that the influence of material thickness was not
much pronounced.

3. Number of peaks of force-deformation curve

Generally, porosity is influenced by number of peaks of force-deformation
curve before the sample failed. Several works has shown that these characteristics may
be used as an index for sensory atfributes such as crispiness and brittleness [10,11].
Therefore, it is necessary to study the factors affecting number of peaks of force-
deformation curve.



Effect of moisture ratio and temperature on number of peaks of force-deformation
curve
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It is observed from Fig. 8 that number of peaks of force-deformation curve
was increased as decreased moisture ratio. The higher temperature resulted in the
higher number of peaks of force-deformation curve but the difference was not

significant.
Effect of drying medium type on number of peaks of force-deformation curve

Fig. 9 shows that drying with hot air provided material with more number of
peaks of force-deformation curve than drying with superheated steam. Nevertheless,

the difference of number of peaks was not significant (p>0.05).

Effect of material thickness on number of peaks of force-deformation curve

Similar to effect of drying medium type, the effect of material thickness on
number of peaks of force-deformation curve was not pronounced as shown in Fig. 10.



CONCLUSIONS

Hardness and initial slope of force-deformation curve of dried durian
gradually increased with decreasing moisture ratio, then they sharply raised to the
maximum values and abruptly dropped. The initial increasing values of hardness and
initial slope according to decreased moisture ratio were due to the stiffer sample after
removal of moisture and the substantial drops of both values were probably due to the
increase in porosity.

The relationship between number of peaks of force-deformation curve and
moisture ratio stated that the number of peaks increased with reducing moisture ratio.
However, no obvious effects of temperature, drying medium type and thickness on

number of peaks were found.
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PORK DRYING USING SUPERHEATED STEAM AND HOT AIR

J Y . - oy < - o o
w5 danuthu" aumdlanusagns aubusd USrynsing® uaz eddnd wanswga’

"nuzndanmazimg ‘suzinanssumans

uninedema lulodnssvoundisuy’ ofsznain wayang ngamma 10140

»
a g

. ¥ ¥ .
yndate : aTdeiliTagilsrasd MednyulSsuisumsoundailenydanlevhfousintaung
o s ¥ o a o ] 4” =

pimadou lasvinisfinynavmansvsanmssunta dudlszdninsunsanuiu manlfouuta
- a o ¢ v - - Y 4 o
Fuowdasusinwldfoulumsnaass Ao gamgiveslehiounatwazeniaiou 130, 140,

d e « 4 [ 3’ -
150 uaz 160°C Aanudaanaraity 2.1 mis uazAuiuvesssuusuudadielethifeusints

o < ] 4 & A ¥ Y

106 kPa TInWansAnIwudy Mmdulsednimsuwsnnuiuveutionyiiosuudedieleridou

a ¥ ' - E s o oo of o Vw Ed -; -3 oy
U'lﬂf.N‘I]Z'Ll’é]Uﬂ?]lﬂﬂﬂﬂu'ﬂﬂﬁ“)ﬂﬂ'lﬂ'lﬁ‘i‘iluﬂ'qm'ﬁﬂmﬂu'lﬂ'l-d ‘Vl'ﬂ'HEl’ﬂ'i']ﬂTiE}Ullﬂ\iluﬂﬂgﬂ‘w'li)u']

-

L4 1
-1 o

r 1 ¥ »
Zaupiadeneaindinisauudesae N eu  Idenyfidumssunted10loi faunieifidng

u

A Y ¥
IHDHIHAMTID UM ??]}'J yaINIAIau

a_ o 14 aﬂ : a
Mgy : myauud /iileny s Tmideusiats

Abstract : The objective of this research was to comparatively study the drying pork
using superheated steam and hot air. Effective diffusion coefficient, drying kinetics,
and color change of dried pork were studied. Experiments were conducted on the
following conditions: drying temperatures of 130, 140, 150, and 160°C, the media
velocity of 2.1 m/s, and operating pressure of superheated steam of 106 kPa. The
result showed that the drying rate of pork dried by superheated steam was lower than
that dried by hot air because of the lower effective diffusion coefficient of superheated
steam. The color of pork dried by superheated steam was more reddish than that dried
by the hot air.

Keywords: Drying / Pork / Superheated Steam
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