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SYNOPSIS N
The objective of this work is to determine the
optima! operating conditions for the process of
longan drying. The evaluation criteria of the
process are the specific enargy consumption and
the drying time. Mathematical models were
developed to simulate the longan drying process.
The models are verified by comparison between
the predicted results and experimental
measurements. Comparisons  between the
predicted resufts and the measurements showed
good agreement. The models were used fo
evaluate the effects of the ¢Qperating parameters
on the specific energy consumption. The
operating parameters are drying air temperature,
specific airflow rate, and the fraction of recycled
air. At the optimal operating conditions, the
specific energy consumption was determined to
be 4.2 MJ/kg-water.

INTRODUCTION

The lengan is an important fruit that grows in
Northern Thailand. The productien velume of fresh
longan fruits fluctuates from season {o season
depending on climatic conditions and production
area. The problem that challenges the. longan
growers is the overwhelming. quantity of longan
during the harvest time. The longan drying
process can extend the period of time that the
fruit can be preserved and can reduce losses
arising from seasonal glut. Conventional hot air
dryers are widely used to produce longan. In the
literature, there are only a few reports on longan
drying. Yongnichakul and Phanvuch [1] evaluated
the drying constant and sorption isotherms of
longan drying. Sitthipranee [2] suggested that the
drying air temperature for longan fruit drying using
a hot air dryer should be 75°C. Sitthipong et al. [3.
4] tested and modified existing dryers of longans
by experiments.

Longan drying is an energy intensive process.
The energy cost becomes an important factor
contributing to the financial success of longan
growers. Therefore, studies of the- operating
parameters of longan drying are necessary in
order to determine the optimum drying method to
save energy and time. The geals of this work are
to develop and simulate a mathematical mode! of
whole longan drying. The effects of drying air
temperature and specific airflow rate on specific
energy consumption {SEC) are investigated. Also,
the effects of dryers with or without air recycling
are investigated. To achieve these objectives.
drying kinetic equations are developed based on
Fick's law, with a homogenous sphere form. Four
alternative diffusion models are developed, by
modifying the parameters in the Arrhenius
equation as a function of moisture content.
Desorption isotherms are also developed by fitting
the experimental data to the various well-known
models.

-Y
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MATERIALS AND METHODS

Experimental procedure. In this study, fresh
longan fruit of variety £-dor were purchased from
the local market. The initial moisture content of
whole longan varied from 200 to 260% dry-basis.
The uniform sizes of whole longan {average size
2522 mm in diameter) were selected by
measurement with vernier.

Equilibrium moisture contents of whole longan
were determined by the static method, using
saturated salt solutions. A series of seven different
salt solutions (LiCl, MgCLBH,0, Mg(NQO,},, NaCl,
{NH,);80,, KNO, and K,50,) were used to main-
tain the relative humidity in a closed container.
The experiments were done in a temperature-
controlled oven at 45°C, 60°C, 75°C and 85°C.

Volume change or shrinkage of whole longan
during drying was studied. The diameter of each
fruit was measured by vernier before drying. After
drying, with a final moisture content of about 18 %
dry-basis, the volume was determined by a liquid
displacement technique using toiuene at room
temperature. A total of 80 duplicate experiments
were done under convective drying air of 75°C
and drying air velocity of 1 m/s.

. The drying experiments were performed in a
faboratory hot air dryer with no air recirculation.
The experiments were carried out using air
temperatures of 52°C, 60°C, 72°C and 82°C with
a constant air velocity of 1 m/s. The humidity
ratios of the drying air varied from 0.017 to
0.019 kg-water/kg-dry air. In each experiment, the
weight of the product was recorded as a function
of drying time. Before drying, the diameters of the
sample were measured by vernier. Drying was
continued until the fina!l moisture content of about
18% dry-basis was reached. Each experiment was
replicated three times. The bone-dry moisture
contents were determined by using a hot air oven
at 103°C for 72 hours.

The rehydration ratio (RR) was defined as the
ratio of the mass of the rehydration sample to
the dried mass sample. 1t was determined by
soaking the dried sample in distilled water at 30°C
for 4 hours [5].

The colour of ithe dried products was
measured using a Spectro-Colorimeter (JUKI JP-
7000 Series) and expressed as L {Lightness), a
(redness-greenness), and b {yellowness-blueness)
values. Each Sample was scanned at three
different locations to determine the average L, a
and b values. An analysis of variance was used
to determine the statistically significant difference

(™ 0.05).

Development of desorption isotherms. In this
study, the moisture equilibrium models of
Brunaruers et al. [6], Oswin [7] and Henderson [8]
were developed. The parameters were evaluated
by fitting the moisture equilibrium experimental

data to each moisture eqguilibrium model using the
least square method.

Development of drying kinetic equation. The
mathematical model of the drying kinetic equation
uses Fick's law of diffusion, where the effective
diffusion coefficient depends on moisture content.
The whole longan changes its size only slightly
during drying; less than 5%. Therefore the effect
of product shrinkage during drying is neglected in
the analysis. To obtain a solution, a numerical
method was used for the analysis with the
assumptions that the sample is a homogenous
spherical form and the initial moisture content is
uniform,

In solving this problem, a solid sphere of radius
R is divided into N (N = 50) spherical shells of
constant thickness Ar. The spherical shell of
radius r is defined by integer j (see Figure 1). 1t can
be written as:

r = jar forj=0,1,2,..., N (1}

R = Nar {2)

The mass balance during the increment of time
At is calculated by taking into account the
diffusion of moisture through the surface of radii
(i - 0.5)Ar and {j + 0.5)Ar (shaded area in Figure 1).
The new moisture content at position j after time
At is thus expressed in terms of the previous
moisture at the same place and adjacent
positions. The equation can be written as:

AtD

MR, e = MR + TP [(+0.52(MR,,,,~MR,)

- (i -0.5PF (MR -MR;_, )] (3)

The boundary conditions can be written by
considering the diffusion of moisture through the
surface of the small sphere at the centre {j = 0).

6DAt
MR tear = MRy + W [(MRg,-MR, )] (4)

The boundary condition at the surface (j = N)
can be written as:

MRy, =0 {5)
The initial condition can be written as:

MR g =1 forj=0,1.2,....N (6)
Development of diffusion models. The effective
diffusion coefficient of whole longan was
determined by fitting the experimental data to the
drying kinetic equation using the least squares
method. A Fortran computer program was written
to solve the set of equations and it calculated the

213



Energy optimisation of whole longan drying: simulation results

Achariyaviriya, Tiansuwan, Soponronnarit

Figure 1 Scheme for a solid sphere, with integer j and for spherical shell of radius r.

moisture distribution inside the solid sphere and
the average moisture content as well as the
effective diffusion coefficient. To develop the
diffusion modets, the parameters in the diffusion
mode! were evaluated by fitting the calculated
data to each diffusion model. In this study, four
different models were developed. The detailed
models are as follows:

Mode! 1. The effective diffusion coefficient is
determined by regression analysis of the
experimental data to Equation (3). The
dependence of the effective diffusion coetficient
on the drying air temperature is considered as an
Arrhenius-type equation. It is written as:

D = D, exp [— Eu/RT,,] {7)

where D, is an Arrhenius factor, E, is an energy of
activity, R is the universal gas constant and T,,, is
the absolute temperature.

Model 2. The effective diffusion coefficient is
calculated by fitting the experimenta! data to
Equation (3) at each short time interval, thus
obtaining the effective diffusion coefficient as a
function of average moisture content in that
interval. The dependence of the effective diffusion
coefficient on drying air temperature and product
moisture content is described by Equation (8). The
Arrhenius factor is modified as a second-degree
polynomial function of product moisture content. It
is written as:

D = (a, M2 + a, M + aj) exp |- E,/RT,.J] {8)

Model 3. This model is similar to Model 2. The
Arrhenius factor and the energy of activity are

214

modified as a linear function of product moisture
content. It is written as:

D = {b, + b, M}exp [~ (b; + by M)/RT ] (9)

Model 4. This model is also similar to Model 2. The
Arrhenius factor is modified as an exponential
function of product moisture content and the
energy of activity is modified as & linear function of
product moisture content. It is written as:

D = [ciexp(c, M) exp [~ (Cy + C,M)/RTs]  (10)

Development of a mathematical model. A
mathematical model to predict drying performance
has been developed for studying the effect of
drying air temperature, specific air flow rate and
fraction of air recycled on energy consumption.

Calculation of moisture content after drying. The
procedures for calcuiating the moisture content,
after drying, of each thin section are: to calculate
the effective diffusion coefficient using Model 4, to
calculate the eqguilibrium moisture content using
the Oswin model; to calculate the average
moisture ratios (MR, after drying by integrating
MR. .4 in Eguation (3) over the range j=0 to N;
and then to calculate the moisture content after
drying with the following equation.

Mf = Mi+(M|n“Meq)MRf (11)
Calculation of drying air properties after drying.
The moist air properties at the outlet of the drying
chamber can be calcutated by using the principle
of mass and energy conservation. From mass
conservation, the increase of moisture in the air is
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equal to the decrease of moisture content in the
product. 1t is given by equation (12).
Atmy (Wy, ~Wy) = mg (M, - M) (12)
From energy conservation, it is assumed that
the moist air and product are in thermal
equilibrium. The equation can be derived from the

first law of thermodynamics. It is given by the
following equation.

Ca le + Wdi (hfg + Cv Tdi) = Ca Tdn

- Wdo (hig + Cv Tdo) =0 (13
Calculation of electricity consumption at blower,
The rate of electricity consumption (E, ...} for
driving the blower can be calculated by following
equation,

Eviower = Mg P/(py ey en) (14)
Calculation of heat consumption at heater. The
rate of heat consumption {E.....) can be
calculated by following equation.

Ehealer = My (Ca +Cv Wdi) (Tdi"'Tamb_Tblcwer) (18)
where T, . iS the temperature rise of the drying
air across a blower. It can be calculated from an
equation derived from the first {aw of thermo-
dynamics for steady flow. It can be written as:

Tblcwer = P/[pa eb (Ca + Cv Wdi)] (1 6)

Calculation of specific energy consumption. The
specific energy consumption is defined as:

SEC = DT” (2'6 Eblower + Eheatet) / [(Min - Mfi) mp]

where the value of 2.6 is the energy conversion
factor.

RESULTS AND DISCUSSION

Desarption isotherm. The Oswin model presents

the highest value of coefficient of determination |

(R2=0.96) and the lowest value of mean residual
square (MRS = 0.0019). The parameters in the
models are shown in Table 1. It was found that the
Henderson model is in good agreement with
experimental data in the relative humidity range of
less than 80%. The modei of Brunaruers et al,
(BET model) does not agree with the experimental
data, especially for low relative humidity. Oswin's
model agrees very well with experiment in the
entire range of relative humidity.

Drying kinetic equations. Experimental resuits
showed that there was no constant drying rate
period. Shrinkage of whole longan was negligible
because it was lower than five percent. The
effective diffusion coefficient is calculated by
curve fitting and then the parameters in the
diffusion modelfs are calculated by fitting the
calculated data to each diffusion model. Figure 2
shows the effective diffusion coefficient as a
function of moisture content. It can be seen that
the effective diffusion coefficient increases with
decreasing moisture content for Models 2, 3 and 4.
Generally, the effective diffusion coefficient increases
with increasing moisture content. However, it has
been reported that the effective diffusion
coefficient increases with decreasing moisture
content for carrot {9] and corn [10]. The results
are shown in Table 2. 1t can be seen from Table 2
that Model 3 gives the minimum value of MRS.

Quality of dried product. Table 3 shows the
lightness (L), redness (a), yellowness (b), and
rehydration ratio {RR) values of the dried whole
longan’s aril which are significantly affected by
drying air temperatures in the analysis of variance.
It can be seen that the RR and a-values increased
with drying air temperatures but the L-value and

Table 1 Equilibriurﬁ moisture content models of whole longan.

Name of model

Type " R? MRS
"‘Henderson 1-RH = exp [~ 0.025108T 4 Mg} "4 0.57 0.0064
BET RH . I ) R 0.59 0.0118
(1-RH) M, cM,, cM,,
— where M, = 13.3415 + 8.4125T
¢ =-0.25684 exp (- 0.001595T)
Oswin M,q = 0.16187{RH/(1 — RH) (0.7095 - 0.60386T) 0.96 0.0019

n n
TR2= E [(MR) - MR/ T (MR}, - (MR}, ]2

=l il

n
. MRS = E [(Mno()|_(MRen)|]2 /In
il
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Table 2 Diffusion models of whole longan drying.

Model Diffusion model

- R2 " MRS
Model 1 D = 122.6786 exp [~ 6444.47 / T,..] 0.65 0.0075
Model 2 D = {0.00663M? - 0.0302M + 0.0412) exp [~ 28188 / RT,,,] 0.87 0.0024
Model 3 D = {0.02343M + 0.0067) exp [ (- 26509.2 - 3214.68M) / RT 4] 0.88 0.0020
Model 4 D = 0.003375 exp (¢.2916M) exp [ {~ 20900.8 - 14916.2M} / RT, ] 0.89 0.0025

n A
TR?= 3 [{MRy) = (MRJ,J2 / I [ (MR, = (MR}, )2

b-value decreased. The L-value decreases at high
drying air temperature due to browning reactions,
There is no significant difference (P > 0.05) in
RR-values for all pairs of experimental values. At
drying air temperature 50°C and 65°C, there
are no significant difference (P > 0.05} in a, b and
RR-values and the products are found to be a

Table 3 Objective colour and rehydration ratio of dried
whole longan.

Temperature L a b RR

S0 23.94 3.71 6.08 2.92
65 22.65 7.92 5.9 3.02
75 20.60 4.18 3.92 2.94
BS 18.37 4.97 2.18 2.85

Valyes followed by the same letter in the same column are not
significantly different at P > 0.05.
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MRS = X [(MR,),- (MR}, )2/ n

brown-red coiour. When they are dried with drying
air temperatures of 75°C and 85°C; the colours of
the samples are found to be brown and black
brown, respectively. The brown dried longan is the
colour demanded by the market [11].

Verification of mathematical model. The
evolution of experimental and simulated moisture
contents of whole longan are shown in Figure 3.
The drying conditions are drying air temperature of
75°C, the diameter between 2.1 and 2.5 cm,
specific air flow rate of 338 kg/h-kg dry product,
dry mass product of 1.19 kg, initial and final
moisture contents of 242 and 17% dry-basis,
respectively. It is seen that the simulated moisture
contents are iower than experimental results at the
beginning of drying but a littie bit higher towards
the end of drying. The specific energy consump-
tions obtained from the model and experiments
are 228 and 197 MJ/kg of water evaporated,
respectively. The drying times are 47 and 40 h,
respectively.
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Figure 3

2.5 +. ® Experirment

Moisture content {decimal )

Comparison of simulated
and experimental moisture
content of whole longan
during drying at drying air
temperature of 75°C and
0% of recyctled air. {The
diameter of longan
between 2.1 and 2.5 cm,
specific air flow rate of
338 kg/h-kg dry product,
dry mass product of

1.19 kg, initial and final
moisture contents of 242
and 17% dry-basis,
respectively).

Drying time (h)

50

Effect of specific air flow rate. Figure 4 shows  of 0% initial longan-weight cf 1000 kg, ambient
the effect of specific air flow rate (SAF} on specific  temperature of 35°C, ambient humidity ratio of
energy consumption and drying time at a drying 0.015 kg-water/kg-dry air, and initial and finat
air temperature of 70°C. The simulated drying  moisture content of 316% and 18% dry-basis,
conditions are SAF varying from 14 to 30 kg-dry  respectively. It is found that the SEC depends
air/n-kg dry longans, fraction of air recycled (RC) upon the SAF, i.e. the SEC decreases with

40 100
SEC = specific energy consumption|

RC = fraction of recycled air

80
30 1

- 60
20 1

{MJ/kg-water}

e’ - 40

10 1
- 20

Specific energy consumption

0 10 20 30 40

Specific air flow rate
{kg-dry air/h-kg dry longan)

= ==~ S5ECatRCof 0 %

Drying time at RC of 0 %

A )
Drying time {h}

Figure 4

Effect of specific air flow
rate on specific energy
consumption with no
recycled air. {Initial
longan-weight of 1,000 kg,
initial moisture content of
316% dry-basis, fina!
moisture content of 18%
dry-basis, ambient
temperature of 35°C,
ambient humidity ratio of
0.015 kg water/kg dry air
and drying air temperature
of 70°C.)
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increasing SAF to a minimum point, and then
increases due to an excessive air flow rate. it is
also found that the drying time (OT) depends upon
the SAF, i.e. the DT decreases rapidly with
increasing SAF when the SAF is small, but
thereafter the DT is nearly constant.

Effect of drying air temperature. The effect of
drying air temperature on SEC was aiso studied.
Figure 5 shows SEC and OT wversus drying air
temperature. The simulated drying conditions are
drying air temperature varying from 65 to 90°C,
RC of 0%, and SAF of 25 kg-dry air/h-kg dry
longans. Other conditions are the same values as
the previous conditions. It is found that the drying
air temperature affects both SEC and DT, i.e. the
SEC decreases a little bit with increasing drying air
temperature, but the DT decreases markedly with
increasing drying air temperature.

Effect of fraction of air recycled. Figure 6
shows the effect of the fraction of air recycled
{RC} on the SEC and drying time at various drying
air temperatures. The simulated drying conditions
are RC varying from 0 to 95%, SAF of 25 kg-dry
air/h kg-dry longans and drying air temperatures
of 85, 75 and 85°C. Other conditions are the same
values as the previous conditions. It is found that
the SEC decreases with ing¢reasing RC to a
minimum valug, and then the SEC increases since

humidity ratio in the drying air is an over r?g‘h
value. Gonsequently, the drying time increasesa,
The optimum SEC of 4.2 MJ/kg-water occurs at
RC of 90%, SAF of 25 kg-dry air/h-kg dry longans,
drying air temperature of 75°C and drying time of
56 hours.

CONCLUSIONS
Mathematical models have been developed to
simutate the tongan drying process. The diffusion
model, using the activation energy as a linear
function of moisture content and the Arrhenius
factor as an exponential function of moisture
content, together with Oswinis moisture
equilibrium model, predicted the best results, as
compared to the experimental measurements.
The whole longan drying process was
simuiated with the models. The optimal cperating
conditions were determined when the drying air
temperature is 75°C, the fraction of recycled
air is 90%, and the specific air flow rate is
25 kg-dry air/h-kg dry longan. The specific
energy consumption at the optimal conditions
is predicted to be 4.2 MJ/kg-water, and the
dry time is 56 hours. The shrinkage of whole
longan after drying is less than 5% at this
temperature. This result shows a drastic reduction
of the specific energy consumption, as a non-
optimised drying process may require as much as
20 MJ/kg-water,

30 100 Figure 5
Effect of drying air
| - temperature on specific
energy consumption with
s - 80 no recycled air. {initial
= 40 4 longan-weight of 1,000 kg,
=3 - initial moisture content of
7 ’g A = 316% dry-basis, final
S = 60 moisture content of 18%
Sz = dry-basis, ambient
25 40 30 4 i = temperature of 35°C,
5= - ambient humidity ratio of
s ) - 40 > 0.015 kg water/kg dry air.)
2> a
S 204 remeeeema [
& - 20
lO 1 1 L] 1 L L L) L] 0
50 60 70 80 %0 100

Drying air temperature {C)

------ SEC for RC of 0%

—DTfor RC of 0%.
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g0 Figure 6

Effect of fraction of
recycled air on specific
energy consumption at
various drying air
temperatures. (initial
longan-weight of 1,000 kg,

_ 60 initial moisture content of

S 316% dry-basis, final

= moisture content of 18%

£ = i dry-basis, ambient

Z5 = temperature of 35°C,

o= ~— ambient humidity ratio of

v oz 2 0.015 kg water/kg dry air,

oo 30 . P

X h- = specific air flow rate of

o = 26 25 kg-dry air/h-kg dry

[T = longans.}

[

= ()

5]

¥

=8

v

10 S L 20
0 0
0 20 40 60 80 o0

Fraction of recycled air(%s)

------ SEC at drving air temperature of 63 C

SEC at drving air temperature of 75 €

SEC at dnving air temperature of 85 C = = & - -Dming tume at drving air temperature of 63 C

—8—Drving time ut drving air wemperature of 75 C ===fl==Dring time at drving air emperature of 83 C

NOMENCLATURE RH relative humidity, decimal
a redness RR rehydration ratio
a,, a,, a5 constants in Equation (8} SAF specific airflow rate, kg-dry air/h-kg dry
b yeflowness longans
b,, by, ba, b, constants in Equation {9} SEC specific energy consumption, MJ/kg-water
C specific heat capacity, kJ/kg-°C t  drying time , h
C,, Cy, C3, G, constants in Equation (10) Al time interval, h
D effective diffusion coefficient, m?/h T temperature, °C
D, Arrhenius factor, m?/h W humidity ratic , kg-water/kg-dry air
DT drying time, h p  density, kg/m?
E the rate of electricity consumption, kJ/h
E, energy of activity, kJ/mole Subscripts
e, efficiency of blower a air
e, efficiency of motor amb ambient condition
“h,, specific evaporated enthalpy, kd/kg di  entering drying chamber
lightness do leaving drying chamber
moisture content , decimal dry-basis eq equilibrium condition
m, dry mass of product, kg-dry longans ex experimental value
m, mass flow rate of dry air, kg-dry air/h f after drying
MR moisture ratio, decimal fan after blower
R universal gas constant, kJ/mole-K i before drying
RC firaction of air recycled, % in initial condition
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mix after mixing
n the number of observations

pr predicted value
v vapour
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Abstract

Fluidised bed paddy drying using superheated steam is a newly alternative approach instead of using the conventional hot air.
The mechanism of mass transfer for paddy drying in a range of initial moisture content between 25% and 44.5% d.b. is strongly
controlled by internal moisture movement inside the kernel and a two-series exponential equation is suitably used to explain its
movement. Drying parameters in the equation are a function of temperature and bed depth. For the paddy quality, head rice yield
from the superheated steam drying is more sustainable and has higher values than those obtained from the hot air drying, whereas
the colour of white rice becomes darker, making it poorer quality. The percentage of white belly is significantly affected by the initial

moisture content.
@ 2002 Elsevier Science Ltd. All rights reserved.

Keywords: Dehydration; Grain; Head rice; Quality; Superheated steam; White belly

1. Introduction

Paddy is an important food crop in the world, This
cereal is processed into several products, in addition to a
staple food. Before being processed, freshly-harvested
paddy needs to be dried in order to avoid the quality
deterioration by microorganisms and respiration,

A drying method which is utilised effectively for es-
" sentially high moisture grains, for example, paddy,
parboiled rice, soybean and maize, is a fluidisation
technique, in which air and solid particles are rigorously
mixed. It has been suggested that high moisture paddy
should be dried quickly to approximate 23% d.b. to
prevent the yellowing of rice kernels which is easily oc-
curred at high moisture level and then subjected to
ambient air drying in a storage bin until its moisture
content is down to 16% d.b. (Soponronnarit & Prac-
hayawarakorn, 1994). Sutherland and Ghaly (1990)
undertook an intensive investigation into the feasibility
of using a hot-air fluidised-bed drying technique for
paddy. Their experiments showed that the head rice
yield related to the final moisture content: the head rice

“ Corresponding author. Tel/fax: +662-470-8663.
E-mail address: chaiyong tGyahoocom (C. Taechapairoj).

yield was 58-61% when paddy was dried from 28.2% to
20.5% d.b. but was 15-24% for a final moisture content
lower than 20% d.b.

The drying medium which is used for carrying the
evaporated water and fluidising solid particles could be
hot air or superheated steam. Superheated-steam drying
offers important advantages over hot air drying: (I) the
energy supplied to the dryer can be reduced economi-
cally by recycling the exhaust steam in a closed loop, (I1)
the energy from the exhaust steam resulting from the
evaporation of moisture inside the solids can be recov-
ered and used in the other sections, (III) environmental
pollution or odour emission to the atmosphere can be
eliminated since drying occurs in a closed chamber
without air.

The general characteristics of the drying process
change significantly when superheated steam is used
instead of hot air. The major differences include: (I)
steam condensation at the material surface during the
initial drying period, (IT) higher drying rate in super-
heated steam than in hot air at above inversion tem-
perature, the temperature at which the evaporation rate
of water into steam and hot air becomes equal (Yoshida
& Hyodo, 1963), (IIT) no gas film resistance around the
solid surface thereby increasing the mass transfer rate.

0260-8774/02/8 - see front matter @ 2002 Elsevier Science Ltd. All rights reserved.
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The use of a high steam temperature may cause a
serious problem for thermally sensitive food materials,
such as browning, discolouration and protein denatur-
ation. In some cases, however, it changes the textural
property beneficially; for example, shrimp drying with
superheated steam presented a lower degree of shrinkage
than that using hot air (Prachayawarakorn, Sopon-
ronnarit, & Jaisut, 2002).

The purpose of the present work was to make the
parboiled rice by a superheated-steam fluidised-bed
dryer. The drying characteristics of paddy were investi-
gated, along with the qualities in terms of head rice
yield, whiteness and white belly to be determined.

2. Material and methods

A batch superheated-steam fluidised-bed dryer is
schematically illustrated in Fig. 1. It consisted of five
main components: a cylindrical chamber with an inner
diameter of 15 cm and a height of 100 ¢m, a 13.5 kW
clectrical heater for converting saturated-steam to su-
perheated-steam, a backward-curved blade centrifugal
fan drven by a 2.2 kW motor, a reverse flow cyclone

Pt A schemaiic diagram of the superheated-steam fluidised bed
dryer: (1) Auidised bed dryer, (2) heater, (3} fan, (4) cyclone, (5) boiler
and (6) bypass line.

and a small boiler with a 31 kg/h capacity of generating
steam. A perforated sheet, with 10 holes per cm?, was
used for distributing the drying medium. The ratio of
the diameter of dryer to grain diameter designed was
large enough to minimise the wall effect. However, the
wall effect becomes important when the ratio is lower
than 10 {Geankoplis, 1995). Superheated-steam tem-
perature was controlled by a PID controller with an
accuracy of &1 °C. Before using steam {or drying, hot
air was used for warming up the system until the tem-
perature in every part reached the desired level. Then,
the air was replaced by steam. The steam generator
generated the saturated-steam at 106 kPa (absolute
pressure) with the corresponding temperature of 100 °C.
When the saturated steam was flowed through the
electrical heater, additional heat was supplied to raise
the steam temperature up to the desired level. It was
subsequently passed through the fluidised-bed dryer,
After that, the small dust particles and the immature
grains suspended in the exhaust steam were collected in
the cyclone. Finally, all the cleaned exhaust steam was
reused again.

The paddy was rewetted to a desired moisture con-
tent and then kept in a cool room at the temperature of
3-5°C for 5-7 days to ensure uniform moisture content
throughout the kernels. The experimental conditions
were set up as follows: initial moisture contents of 25
45% d.b., bed depths of 10-15 cm, superheated steam
temperatures of 150-170 °C at a fixed superficial velocity
of 3.1 m/s. Temperatures at different positions were
measured by Chromel-Alumel thermocouples (Type K)
connected to a data logger with an accuracy of 1 °C.
Aflter drying, paddy kemels were slowly cooled down to
ambient temperature and kept in a polypropylene bag.
Then, they were gently ventilated with ambient air until
their moisture content reached 16% d.b. Finally,a 300 g
sample was kept in a seal plastic bag for 2 weeks before
testing for head rice yield, whiteness and white belly.

The moisture content of paddy was determined by an
clectrical air oven at a temperature 103 °C for 72 h,
according to AACC method, 1995, Paddy qualities in
terms of head rice yield and whiteness were determined
quantitatively and compared to the reference sample
(paddy dried by the ambient air). The methods followed
the guideline of the Ministry of Agricultural and Co-
operatives, Thailand. Head nice is defined as milled rice
having a kernel length at least 75% of its original length.
The head rice yield was defined as the mass of white rice
that remains as head rice after complete milling divided
by the mass of paddy sample.

From the experiments, the head rice yield of fresh
paddy samples obtained each time was different and it
was thus difficult to compare the paddy quality obtained
from different drying conditions. To make a clear
comparison, the head rice quality was therefore repre-
sented as a relative head rice yield. The relative head rice
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yield is defined as the ratio of head rice obtained from
artificial drying to that from the natural air drying.

In addition to the head rice yleld, the other two
qualities of paddy, translucence, which was directly
measured by whiteness, and white belly, were also ex-
amined. The opaque white spot at the paddy kernel can
be loosely divided into the white belly and the chalky
grain. The white belly arises from incomplete or par-
tially gelatinised paddy, while the chalky grain has its
own characteristic depending upon the genotype of
paddy and can still exist in the grain even with complete
gelatinisation. The white rice samples were measured for
the colour by using a Kett digital whiteness meter
(Model C-300). Before measuring the colour of a sam-

ple, the whiteness meter must be calibrated with a white’

coloured reference, having a standard value of 863.
Throughout this work, the colour of the sample was
represented in terms of the relative whiteness, which was
defined as the whiteness of the sample from the artificial
drying divided by that from natural drying.

3. Results and discussion
3.1, Fluidisation conditions

At first, the minimum velocity required for fluidising
in the superheated steam was determined by measuring
the pressure drop. The results are shown in Fig. 2 for
bed depths of 10, 12.5 and 15 cm, indicating that the
minimum supetficial velocity for fluidisation (Uyr), de-
termined from the point where the pressure drop begins
to be constant, is independent on the bed depth with a
value of 2.6 m/s for a steam temperature of 150 °C. This
minimum velocity is higher than that using hot air for
which the velocity was 1.65 m/s as previously reported
by Soponronnarit and Prachayawarakorn (1994). The
required higher fluidising velocity is probably due to
the lower density and viscosity of superheated steam.
The lower physical properties of steam result in the ratio

1000
g
S 800 -
2
% 600 -
S
o 400 -
= —&— Bed height 10 cm
g 200 4 —&— Bed height 12,5 ¢cm
g —— Bed height 15 cm
[ 0 T 7 7 T T

00 05 1.0 1.5 20 25 30 35 40

Superficial superheated steam velocity (m/s)

Fig. 2. Refationship between pressure drop and superficial superheated

velocity at different bed height {superheated steam temperature =
15G °C}.

of the vertical force on the paddy becoming lower for
the same superficial velocity. However, the force acting
on the paddy kerne! in the opposite direction can be
offset by increasing the superficial steam velocity, t
requiring a higher minimum fluidising velocity for steam.

As can be seen in Fig. 2, below the minimum Aui-
dising velecity, the bed is a static bed, corresponding to
the region where pressure drop has a linear increase with
superficial velocity. However, at the onset of fluidisa-
tion, the paddy was partially fluidised and it required a
velocity at least 1.3 times higher than the minimum su-
perficial fluidising velocity to achieve all particle move-
ment. i

When applying the Ergun equation (1952), the cal-
culated minimum fluidisation velocity was 2.30 m/s at a
temperature 150 °C, slightly lower than the experimen-
tally determined value. This might be because of the
agglomeration of paddy kernels caused by the steam
condensation. Fig. 3 shows the minimum fluidising ve-
locity for air and superheated steam, and indicates the
slight dependence of fluidising velocity on temperature,
but the strong dependence on the characteristic fluid
medium, with the higher fluidising velocity for steam
over a wide range of temperatures. The small effect of
temperature on the fluidising velocity might be because
of a small change in the density and viscosity of the
mediums for the range of temperature considered. The
characteristic properties of paddy used in the calculation
of the fluidising velocity are shown in Table 1. '

2.60

2.40 1

2.00

L% 10 I

1.60 1

1.40 1

Minimum superficial velocity (m/s)

e Superheated steam
1.20 7 » & amAir

100 120 140 160 180
Temperature (*C)

Fig. 3. Effect of drying media on the fluidising velocity.

Table 1
Properties of long grain paddy

Physical properties

Equivalent diameter (mm) 35
True density (kg/m?) 414
Void (&) (Soponronnarit & Prachayawarakom, 1994) 0.557
Sphericity (§) 0.68

-
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Fig. 4. Vanation in moisture content of paddy at different bed heights
and inlet superheated steam temperatures,

3.2. Drying behaviour

Fig. 4 shows the behaviour of paddy kemels dried in
superheated steam at different temperatures and bed
heights. In the first half a minute, the paddy kernels
adsorb a small amount of the condensed water and thus,
their temperature rapidly increases to the saturation
point corresponding to 10¢ °C. As can be scen in this
figure, the samples can gain water evenly although the
operating conditions such as temperature and bed depth
are changed. Such results are dissimilar to the work
reported by Tang and Cenkowski (2000), who studied
potato drying in a batch tray dryer using superheated
steam. In their work, the initial gain in moisture content
varied with the temperature; the samples could gain
more moisture at lower steam temperatures, A possible
reason for this contradiction can be that using a high
steam velocity in the present work (>3 mv/s for the flui-
dised bed) leads to the combination of high heat and
mass transfer rates. Thus, the large amount of con-
densed water existing between the kernels evaporates
rapidly, instead of diffusing into the grains. From Fig. 4,
the initial gains in moisture content for samples at dif-
ferent conditions are approximately 0.02 d.b.

Fig. 5 represents the comparative drying character-
istics of paddy in superheated-steam and hot air. After
passing through the condensation stage, the moisture
content reduces exponentially with drying time, indi-
cating that the main resistance to moisture movement
is in the interior. In this moisture reduction step, the
drying curve is very similar to that found in the hot air
drying, but the total drying time for steam is shorter in
spite of the existence of condensation period. The faster
moisture reduction is due to the higher heat transfer rate
with superheated-steam at this temperature. The total
,&c;rying time for obtaining a given moisture content de-

cTeases with increase in steam temperature, as expected.
Thig js consistent with the fundamental drying theory,
which expects a higher heat transfer flux to the bed of
paddy with higher temperature.

Fig. 5. Comparison af drying rates of paddy dried under superheated
steam and hot air drying (temperature = 150 °C, bed height = 10 cm
and velocity = 1.3Un).

Besides the effect of temperature, the bed depth or, in
the other words, the total surface area of grains in the
bed is another factor that reflects the amount of water
evaporation from the grains; thicker grain bed depths
lead to lower moisture reduction rates for a single gain,
thereby giving a longer drying time. This is because the
heat supply is rather small, along with the poorer heat
convection. As previously shown in Fig. 4, it clearly
demonstrated that temperature had a greater contribu-
tion than bed depth.

3.3. Modified thin-layer drying equation

During the course of drying in the fluidised bed dryer,
paddy was suspended in the high steam velocity (except
for initial drying period) with constant steam tempera-
ture, which fully stratifies the thin layer drying. In such
circumstances, the bed should be very thin, However,
according to our experiments, the bed depth had an
effect on moisture content. Therefore, the thin layer
equation is modified, so that the drying constants ac-
count for the bed depth, in addition to temperature. The
two-series exponential model for thin layer drying of
grains has been chosen to correlate the experimental
data,

M) = My

MR =
A/[in'_Meq

= Aexp(—kit) + Bexp(—ky!) (N

where A, k;, B and k; are the drying constants varying
with the operating conditions. M, M;, and M(r) are the
equilibrium moisture content and the moisture content
at 1=20 and 1, respectively. In the present work, the
steam temperature above the normal boiling point was
used, so that it might be reasonable to assume the
moisture content at equilibrium to be zero,

A multiple regression technique was used to deter-
tine the drying constants. To get a more accurate re-
sult, the possible correlation equations between the
drying constants and the operating conditions were
substituted into Eq. (1) and then statistically fitted with



C. Taechapairaj et al. | Journal of Food Engineering 58 (2003) 67-73 T

+ [50°C, experimenta]
— 150°C, predicted
4 170°C, experimenial

o 06 4 —— 170°C. predicted
E B
0.3 4
b
0 y T T T T T T
i} i 2 5 6 7 9 19

4
Time (min}

Fig. 6. Experimental data and the predicted drying curve under su-
perheated steam ( bed height 10 cm and velocity = 1.3Unxs).

all the data from the whole set of experimental condi-
tions, except for that data from the condensation period.
The accuracy of the proposed equation was suitably
indicated by the value of regression coefficient (R?)
which is defined as

bl

ZLl(Mcalculated - Mexpcriment)- . (2)

E:-: 1 (M, experimen:)2 - -(—ELIM‘"’"‘—'"'").

-k

RP=1-

where z and k are the numbers of data points and pa-
rameters, respectively.

The coefficients in Eq. (1) which were correlated with
the superhealed-steam temperature and the bed height
were as follows (R? = 0.97):

A4 = -0.00290T,, H, + 0.003057,; + 0.0216H, + 0.666

k) = —0.007507, ;H, + 0.00392T,; + 0.706F, — 0.396

8 = 0.001887,;H, — 0.002057,,; + 0.0402H, + 0.243

ky = -0.0727T,,,Hy + 0.01357,,; — 0.905H, — 0.244
where T is the inlet steam temperature (°C) and H, is
the bed depth (m). The experimental data and the pre-
dicted drying curve are presented in Fig. 6, showing the

agreement between the experimental data and the pro-
posed equation over the long drying period.

3.4. Head rice yield

The behaviour of the head rice yield in the super-
heated-steam fluidised bed dryer under different drying
conditions is shown in Fig. 7. The reference head rice
yield of samples was 39.95 + 0.45% (mean = standard
errors). When the paddy was subjected to drying with
steam, the results clearly show that the head rice yield
from the samples can be maintained or even improved
over that from the reference samples, with the values
being in a wide range of 100-180% depending upon the
final moisture content. At a final moisture content above
18% d.b., the relative head rice yield is rather constant,
showing values between 160% and 180%. After that, the
head rice yield rapidly decreases. The higher head rice
yield when compared to the reference one is due to the
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Fig. 7. Relationship between relative head rice yield and final moisture
content during drying in hot air and superheated steam.

effect of partial gelatinisation occurring in the paddy
grain. To confirm our explanation, we quantitatively
determined that white belly occurred, as will be shown in
Fig. 8. In gelatinisation steps, when high moist paddy is
heated up and grain temperature reaches a temperature
between 65 and 70 °C, its starch cell will swell with loss
of birefringence (Atwell, Hood, Lineback, Varrino
Marston, & Zobel, 1998; Zobel, 1984). This causes
protein denaturation which will then penetrate into the
void spaces amongst the starch granules, resulting in
reduction of fissures within the grain kernels
(Ranghavendra Rao & Juliano, 1970; Dimopoulos &
Muller, 1972). Consequently, the paddy dried by su-
perheated steamn becomes rigid and tough, and can resist
milling. That is the reason why the head rice yield of
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Fig. 8. Relationship between percentage rice with white belly and final
moisture content of paddy at different initial moisture content and
temperature.
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paddy dried in the steam is higher than that of the ref-
erence method.

However, the drop in head rice after 18% d.b. may be
caused by the prevalent contribution of the tension near
the surface and the compression at the center of kernel,
leading 10 fissure development although some of the
fractures and void space on the grain surface disap-
peared in the early drying period due to swelling of
starch granules.

The head rice yi¢ld of paddy obtained from super-
heated steam drying was compared to that obtained
from hot air drying conducted by Taweerattanapanish,
Scoponronnarit, Wetchacama, Kongseri, and Won-
gpivachon (1999). The results are shown in Fig. 7, in-
dicating that the head rice yields of paddy samples are
lower from hot air thao from superheated steam. This is
because the evaporation of water from the grain surface
into hot air occurs close to wet-bulb temperature and
the moisture removal is very fast in the initial drying
period without condensation. Hence, the drying goes en
with lower degrees of gelatinisation, as compared to that
with superheated steam,

3.5. Rice whiteness

The change in the colour of samples from the steam
temperatures of 150 and 170 °C and initial moisture
- contents of 36% and 44% d.b. is shown in Fig. 9. The
relative rice whiteness curves in the first 3 min of drying
steeply changes from the original relative value of 100%
and afterwards there appears to be slight altemations
with the final moisture content. Such a colour change
characteristic for the steam drying has a more serious
effect as compared to the hot air drying of work of
Taweerattanapanish et al. (1999) as depicted in Fig. 9,
showing the noticeably lower value of the relative rice
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Fig. 9. Relationship between relative rice whiteness and final moisture
content during drying in hot air and superheated steam.

whiteness for the steam. The main cause of the rapid
change in the colour is partly due to the steam con-
densation onto the paddy surface. The bran covered
around the kernel is dissolved and then absorbed by the
endosperm, To justify the explanation, the quantity of
bran was checked after milling the brown rice at a
measured value of 3.4-5.2% and was found to be lower
than that from the reference sample (10.2-10.8%).

The temperature used for drying is also an important
factor influencing the degree of whiteness; the higher
temperature causes a Jower value of whiteness. The il-
lustration of this effect can be seen in the case of mois-
ture content 36.2% d.b. and temperatures 150 and
170 °C, showing a relative value of 55 at 150 °C and of 50
at 170 °C for the final moisture content of 23-24% d.b.

3.6. White belly

White belly in rice kernel is an indication of gélatin-
isation as previously explained. The individual head rice
kernels after milling were graded manually to check the
white belly. Kernels which have an opague white area
higher than 50% of its total area were deemed to be the
white belly category, according to Thai Standard Rice
(Ministry of Commerce, Thailand, 1997). The white
bellies found in the experiments frequently occurred at
the central area of kernel and the area near the endo-
sperm. The percentage of white belly shown in Fig. 8
was calculated as the number of white belly kernels di-
vided as the total number of head rice kernels. It is ev-
ident that the amount of white belly kernels depends
strongly on the initial moisture contents, but it is weakly
dependent on the steam temperature used. The pes-
centage of white belly kernels is significantly lower with
higher initial moisture contents. For example, the
amount of white belly kernels at 150 °C is 10% for the
initial moisture content of 36.3% d.b. while it is lower
than 5% and 2% for the initial moisture content of
39.7%, 41.4% d.b., respeciively, The lower percentage of
white belly kernels may results from the higher degree
of gelatinisation. In commercial practice, white belly
kernels of less than 1.5% indicate premium quality
parboited rice.

From the experimental results, they indicate that
when using superheated steam as drying medium, dried
paddy possesses characteristics of parboiled rice. This
technique can be replaced the traditional processes of
making parboiled rice, which consisted of soaking,
steaming and drying,

4. Conclusions

The minimum fluidising velocity for paddy in super-
heated steam is approximately 2.6 m/s. In the first half
minute of drying paddy with superheated steam using a
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fluidised bed, a small amount of moisture content is
gained from the steam condensation onto the surface
and the gain in moisture content is independent of the
steam termnperature. After the rise in moisture content,
the moisture content starts to decrease and can be
suitably explained by a two series exponential equation,
in which the parameters correlate statistically with the
bed depth and the temperature, the latter being more
important.

In superheated steam drying, more stable head rice
yield over a wider range of final moisture contents, to-
gether with higher head rice yield, when compared to
those from hot air drying, is obtained while rice white-
ness apparently darkens, making it poorer quality. In
addition to such qualities, the percentage of white belly
kernels decreases with increase in the initial moisture
content, providing relatively higher head rice yield. To
maintain good head rice yield, it is recommended that
high moist paddy should not be dried to lower than
18% d.b.
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Abstract

The most important factors when examining the optimum conditions-of heat pump fruit dryers (HPD) and for minimizing HPD
cost are recycle air ratio, evaporator bypass air ratio (BP), airflow rates, and drying air temperature. Mathematical models of
papaya and mango glacé drying using HPD arée developed and validated experimentally. The optimum criterion is minimum annual
total cost per unit of evaporating-water. The effects of initial moisture content, cubic size, and effective diffusion coefficient of
products on the optimum conditions of HPD are also investigated. The results showed that the optimum conditions of both
products are not similar, especially for the optimum airflow rate and evaporator BP. For sensitivity analysis, the annual total cost
per unit of evaporating-water in a HPD is linearly proportional to both interest rate and electricity price, and decreased with in-
creasing life-time. Finally, physical properties of the product significantly affect the optimum airfiow rate and evaporator bypass air

ratio.
© 2003 Elsevier Science Ltd. All rights reserved.

Keywords: Heat pump drying; Mathematical models; Physical properties

1. Introduction

Conventional hot air dryers are widely used for fruit
drying. However, the high drying temperature usually
causes low quality of products. Heat pump dryers.are an
alternative method for drying products with lower
energy consumption, less relative humidity, and lower
temperature {Vazquez, Chenlo, Moreria, & Cruz, 1997).
Preliminary studies found that the color and aroma
qualities of dried agricultural products using heat pumps
were better than those products using conventional hot
air dryers {Prasertsan & Saen-saby, 1998; Soponronna-
rit, Nathakaranakule, Wetchacama, Swasdisevi, & Ruk-
prang, 1998; Strommen, 1994). Te maximize specific
moisture extraction rates, Clement, Jai, and Jolly {1993)
recommended that evaporator bypass air ratio (BP)
should be around 60-70%. To minimize energy con-
sumption, Soponronnarit et al. (1998) suggested that
evaporator BP should be around 86-90%. Acha-
riyaviriya, Soponronnarit, and Terdyothin (2000a) had
developed an empirical mode! of heat pump dryers and
recommended that the best conditions giving maximum
specific moisture extraction rates were the airflow rate

" Corresponding author.
E-mail address: umphisak@hotmail.com (U. Teecboonma).

of 10.3 kg/h kg of dry papaya, evaporator BP of §5%,
recycle air ratio (RC) of 100%, and drying air temper-
ature of 56 °C. When studying the economics of using
heat pumps, ¢lectrical heaters, and fuel burners to dry
grain, Meyer and Greyvenstein (1992) recommended
that the heat pump dryer was more economical than
other systems although the initial cost was higher. A
similar suggestion was made by Prasertsan and Saen-
saby’s work (1998).

The objectives of this research were to determine the
optimum conditions of heat pump fruit dryers to mini-
mize annual total cost per unit of evaporating-water of
HPD, and to investigate the effects of physical properties
of products on the optimum conditions. Mathematical
models of papaya and mango glacé drying using heat
pump dryers were developed, validated, and imple-
‘mented in this optimization program.

2. Materials and methods
2.1. Development of mathematical model
The schematic diagram of a heat pump fruit dryer is

illustrated in Fig. 1. The air flows through the drying
chamber and picks up the moisture of the product.

0260-8774/03f% - sce front matter © 2003 Elsevier Scicnee Ltd. All nghts rescrved.
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