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Study of ParametersAffecting Drying Kinetics and Quality of Corns
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ABSTRACT

Theobjectivesof thisresearcharetoinvestigatefactorsaffectingondryingrateof highmoisturecorn
at high temperature with fluidisation technique and to devel op amathematical model for predicting drying
rate. There were three following steps of drying process: 1) rapid drying using fluidised bed dryer at inlet
drying air temperature of 130-170°C, 2) corn tempered for period of 40-180 minutes under the same
temperature as drying from the step 1 and 3) drying with ambient air. Drying kinetic showsthe inlet air
temperature and the specific airflow rate significantly affecting the drying rate. Amongst three semi-
empirical drying equations (Wang and Singh, Page and Lewis), Page's equation provides the best
prediction.

Thisstudy al soaimstostudy thequality of corndriedineach step. Cornqualitiesintermsof aflatoxin
content, percentages of breakage and stress crack, and colour change have been considered. Experimental
results show that aflatoxin content in dried corn does not change. Breakage and cracking depend strongly
onfinal moisturecontent and arerel atively dependent totemperature. Tempering providestheimprovement

of colour whileinlet air temperature has no effect.
Key words: drying kinetics, grain, quality

INTRODUCTION

One of the most important agricultural
productsin Thailandiscorn. Theneed of corninthe
feed mill and the other food industries tend to be
increased considerably. Corn can be produced in
two seasons. The first one is grown in the period
from April-May to July-August-September, which
falsintherainy season. The second cropis started
from July-August-September to October-
November-December and harvested at the end of
therainy season. Sinceavery largeamount of corn
producesinthefirst crop, aseriousproblem of poor
corn quality has been faced if corn could not be

immediately dried. Thisisby virtue of the fact that
fresh cornis usually harvested at moisture content
more than 23% wet basis. The micro-organism
aready infecting the corn can grow up easily under
conditions of such moisture levels coupled with a
suitable water activity especially higher than 0.85
(Wongurai etal., 1992). Most speciesfoundin corn
arelikely to A flavusand A.parasiticus. Bothmoul ds
canyield the poison substances known as aflatoxin
B-1 within 2-8 days (Laecy et al., 1986) if the
environmental conditions are suitable. This
substance causes seriously the cancer at different
organs of human. Drying can contribute to corn
quality sincemoisturecontentisthemost significant
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factor affecting changesinquality of corn. Numerous
approaches can be applied for reducing moisture
content. Each method has the advantage and
disadvantage. Theuseof ambient air isthesimplest
one. When corn with moisture content higher than
23% wet basiswasdried by blowingtheambient air
through the bulk of corn. It showed that after its
moisture content reduced to the desired value of
14 % wet basis, the level of aflatoxin B-1
significantly increased to 250 ppb whiletheamount
of aflatoxin B-1 at the beginning was nil
(Prachayawarakorn et al., 1995). This technique
seems to spend so long drying time that some
amounts of corn were infected and hence the
aflatoxin could be occurred. The artificial drying
method would therefore be an appropriate choice
because of rapid removal of moisture contents in
the process.

There are many types of artificial dryer
being used in grain industries, for example LSU
dryer (LSU = Louisiana State University), cross-
flow dryer, spouted bed dryer and fluidised bed
dryer. The latter one is of the main interest in this
work. By fluidised technique, grainsaretransformed
into a like fluid after thoroughly mixed with a
sufficiently high air velocity. Under the fluidised
state, the drags force on the grain particles balance
the gravitational force pulling on them. Therefore,
the grains remain in a semi-suspended condition.
This inherent phenomenon provides the main
advantages over the other types of dryer. The
intensively mixed solidsthroughout thebed provide
almost uniform temperature and moisture content.
High heat and mass transfer rates are possible
because of very good contact between air and solid.
Thus, at high moisture level, alarge proportion of
water concentrated near thesurfaceof solid particles
canberemoved quickly whilstthesmall oneexisting
deeplyinsidethekernel <till remainsandisextremely
very difficult to vaporiseit although the capable of
drying air alows to be powerful. There are some
workersstudyingthecorndryingusing thefluidised
bed technique (e.g. Soponronnarit et al., 1997a).

They investigated the factors affecting the drying
rate and the quality. They reported that moisture
movement inside the kernel was controlled by
diffusionandconstant drying rateperiod wasabsent.
The inlet air temperature is strongly influence to
moisture reduction whilst the air velocity and the
bed depth become relatively significant factor. In
addition, when the drying was proceeded
successively, the physical change was virtually
found. The amount of corn tracing the stress crack
and the breakage significantly increased following
with the increased temperature and the reduced
moisture content whilst it did not change with air
humidity (Soponronnarit et al., 1997b). So far, the
colour wasrel atively changed of which thevalueof
“a" representing red increased with the increase of
temperature and of drying time whilst the value of
“b” representing yellow decreased.

Such changes lead to a serious problem in
that the micro-organism, then inducing the
occurrence of toxin substances, can easily attack
the broken or cracked corn. In addition to easy
infection, such physical damageisalsoanimportant
measure of quality in processing operationssuch as
cereal and snack food measuring. This cause took
us to explore the way of improving the dried corn
quality. Oneof the common approachesthat can be
improved its quality is a tempering process. This
processallowsthereduced moisturegradientinside
thegrainand eventually the moi sture concentration
at local positions inside the corn kernel becomes
relatively identical. Foster (1973) showed that
tempering processcould reducethedegreeof stress
cracking during artificial drying of corn. For the
paddy drying, Steffe and Singh (1980) also
concluded that theadditional tempering stageinthe
drying processwasableto sustainheadriceyield as
compared the conventional one where the paddy
wasdriedinasingle pass. Despiteitsimportanceto
grain quality, the research works have been less
interest to provide an important information of
temperingtime. Thisfact may beuseful not only for
grain quality improvement but aso for energy
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consumption.

The objectives of this work are to explore
theeffect of tempering period onthe corn quality in
termsof colour, stresscrack and breakagibility and
the operating parameters such as temperature, bed
depth and airflow rate affecting the removal of
moisture content of corn. Its moisture content was
eventually reduced to 14% wet basis in order to
inhibit the growths of A.flavus and A.parasiticus.

MATERIALSAND METHODS

Corn was dried by a batch fluidised bed
dryer mainly composed of a cylindrical shaped
stainless chamber with a 20 cm diameter and a 140
cm height, as shown in Figure 1. In order to save
economically energy consumption, some
proportions of the exhausted air are recycled and
then mixed with the fresh air. The mixed air after
reheated with 4 element heaters, each of elements
having 3kW power (total 12kW), isflowedthrough
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Figurel Schematicof experimental fluidized bed
corn dryer.

thedryer again. A PID controller with an accuracy
of + 1°C was used to control the inlet temperature.
In the fluidised bed system, it requires a high air
flow rate and a high-pressure drop, so that a
backward-curved blade centrifugal fan driven by a
motor power of 1.5 kW was selected. In order to
obtain a desired inlet air velocity and maintain
performance of the system, a mechanical variable
speed unit was chosen to control the revolution of
fan.

Drying kinetics

Freshly harvested corn, type Suwan 1, was
rewetted to obtain desired moisture content of 43%
dry basis. The rewetted corn was then kept in a
temperature-controlled room at 5-10°C for 5 or 7
days in order to get the uniform moisture content
inside the grain kernel. The following rewetted
corn was dried to moisture content of 23% wet
basis. The experiments were carried out at the
following conditions: inlet temperatures of 130,
150 and 170°C and bed depthsof 4, 6 and 8cm. The
air velocity was kept at a constant value of 3 m/s
throughout these experiments. This value is
approximately 1.6 times higher than the minimum
fluidisationvelocity for cornof whichthevaluewas
approximately 1.8 m/s(Soponronnaritetal ., 1997a).
Such a value beyond the minimum velocity was
certainly surethat every moist corncouldrigorously
mix with the drying air. The relatively similar
moi sturecontent throughout the bed i saconsequent
result. If theair velocity isset too high, thenthecorn
isincreasingly agitated duetotheformation of large
bubble size, detrimental effect on the interchange
of heat and mass transfers between gas and solid
phases. The samplesdrawn fromthedryer in every
minutewerethenkeptinahot air oven at aconstant
temperature of 103°C for 72 hoursto determinethe
moisture content

Thin layer drying equations
Development of mathematical models to
describethe drying of porous solidsis of important
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topic in literature. Models are needed to enable
processdesignandto minimiseenergy consumption
and total costs subject to quality constraints. Inthe
fluidisation technique, the sufficiently high air
velocity providesthe body of cornsbehavinglikea
liquid, sothat at thisstagethegrainsfed “weightless’
and move randomly and severely within the bed.
Every kernel istherefore suspended completely in
theair. Such phenomenonresultsintheinsignificant
changeof theair propertiesalong the bed depth and
the grain temperature increased rapidly and then
approached to the inlet air temperature for a short
period of time. So far, the moisture content at
surface is reduced speedily and consequently
equilibrated with the existing air. Under this
condition, the theoretical diffusion model can
explain the moisture transfer inside single kernel.
Unfortunately, the theoretical model predicts
inaccurately since the grain often has an irregular
shape and the mechanism of moisture movement
inside the grain has been being questioned. In
practice, the empirical thin layer drying equation
has therefore been applied. Threefollowing forms
of thin layer drying equation were proposed in this
work. First, the Lewis equation (1921) isgiven by

MR = exp(-bt) (€0}

where b = drying constant depending on the
operating parameter
t = dryingtime, min
. . M(t)-M
MR = moistureratio = MO -Mey
Min —Mg
M(t) = moisture content at timet
Min, = initial moisture content
Meq = equilibrium moisture content

Theequation (1), knownasNewton’ slaw of
cooling, isassumedthenegligiblemoisturegradient
insidethegrainkernel, indicating that theresistance
of diffusionisinsignificant. Wangand Singh (1978)
was then simply modified eguation (1) by adding
one more drying constant. Wang and Singh’s
equation can then expressed as

MR = aexp(-bt) 2

where a is drying constant similar to the
constant b in equation (1). Finaly, the purely
empirical equationisdemonstrated. Page’ sequation
(1952) aso expresses moisture ratio as a form of
exponential function of dryingasshowninequation
®),

MR = exp(-bt?® (3)

Equation (3) is often described favourably
the experimental data (Soponronnarit and
Prachayawarakorn, 1994).

Drying constants determined from all these
eguations were analysed using the non-linear
regression approach in the commercial package
SPSS (Statistical Package for the Social Science).
The equation to describe them is not based on the
theoretical formulation. Simple or complex one
may bechosenarbitrarily by fittingitwith parameters
influencing to drying rate such as specific airflow
rate and temperature. Details will be discussed in
the following section. However, the appropriate
expressions proposed for a and b are given by

a= Aj+A T+A3S+ALT.Se+A5IN(SP) 4

b= B1+BoT+B3Sp+B4T.Sp+BsIN(Sp) (5)
where A1-As and B1-Bs = constant

T inlet air temperature

S specific air flow rate

Quality test

The successful or failure in drying process
canbejustified fromthegrain quality obtained. The
criterion for considering the grain quality in each
speciesisvery different. However, for corn, one of
the most important qualities that market is often
used isthe amount of aflatoxin B-1in corn, besides
breakage, stress crack and colour. Four quality
aspectsfor examplesaflatoxin, breakage and stress
crack were therefore subject to consider in this
work. The amount of aflatoxin was detected by
using HPL C with the corn sample of 50 g. In each
condition, three samples were tested. One-way
analysis of variance (ANOVA) was performed to
examine whether the amount of aflatoxin before
and after drying in each stage is changed or not by
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using 95% confident level.

For the stress crack and the breakage, the
visua inspection under light was employed with
200 g of corn sample. Each kernel was classified
into three classes: broken, cracked (multiple and
single) and undamaged. The percentage for each
classwasnormalised by dividing theweight of corn
kernel ineach category by thetotal weight. Multiple
cracking was often found in this work. A colour
meter, Juki JP 7100p, determines grain surface
colour. Thevaluesof a, b and L in Hunter system
corresponding to red, yellow and lightness,
respectively wereread. Thecorn samplesafter final
drying stage were checked carefully the above
mentioned qualities.

Intesting quality, after thecornwasdried to
23% dry basis, it was then tempered in an airtight
container for periods of 40, 120 and 180 minutes
respectively under the same inlet air temperature.
Finally, the corn was dried again using ambient air
until the moisture content reached 16% dry basis.
To obtain the accurate results, the experiment in
each condition was three replicates.

RESULTSAND DISCUSSION

Effects of parameter on drying rate

The inlet air temperatures used in this
experiment as shown in Figure 2 are very high
compared to other techniques that are normally
operated at temperatures between 50°C and 70°C
for drying grains. Thismay have crossed the minds
of many scientistsandinnovators, but Soponronnarit
and Prachayawarakorn (1994) showed that it was
possible to dry grain at high temperature range
without significantlossof grainquality if thedrying
process was controlled effectively. Figure 2
representstheinfluenceof inlet air temperatureson
the reduction of moisture ratio at 6 cm bed depth
and 3m/sair vel ocity indicating that faster moisture
removal relatesclosely tohigher inlet temperatures.
This effect is increasingly important during the
final period of drying at which the moisture content
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Figure2 Effectof dryingairtemperatureonmois-
ture ratio (initial moisture content 43%
d.b., drying air velocity 3 m/s and bed
height 6 cm).

is rather low; more release of moisture content
requireshigher temperaturedifferencebetweenthe
solid and drying medium. Ascan beseenin Figure
2, the degree of moisture content at different
temperatures starts remarkably different after 6
minutes whilst at the early period, the temperature
islessimportant effect.

Thedrying rateisalsorelatively affected by
thespecificairflow rate, defined astheratio of mass
of drying air to dry mass of corn loaded into the
chamber. AsshowninFigure3, moistureextraction
relatively increases with the increase of specific
airflow rateunder theidentical operating condition.
In the configuration investigated, the quantity of
corn in each case was different whilst the airflow
ratewas kept aconstant value and the changein the
amount of corn did not effect behaviour of fluidised
corn. When corn was subjected to the drying air,
some proportions of energy weretransferred to the
grains, resulting in some evaporation. By such a
situation, the surrounding conditions inside the
chamber weretherefore changed with changing the
amount of corn; thequantity of water vapour around
the corn kernel directly related to the capacity of
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Figure3 Effect of specific air flow rate (Sp) on
moisture ratio (initial moisture content
43% d.b., drying air velocity 3 m/s and
drying air temperature 150°C).

corninthedryer. Hence, thiseffect resultsindrying
rate.

Comparison of thin layer equations

Threethinlayer-drying equationswereused
to validate the experimental data. The fitted data
were obtained from the single pass of corn drying,
starting from 43% dry basis until to 16% dry basis.
All theseequationscan predict themoisturecontent
insignificantly different at the beginning period of
drying particularly higher moisture range of 23%
dry basis as represented in Figure 4 whereas their
predictions have asmall difference near the end of
drying period a which the moisture content is
relatively low. Only Page's equation is found to
yield the best fit to the experimental data. Thismay
bebecausewhenthemoisturecontent start reducing
from such a high level to lower level, the large
moisture gradient existsinside the corn, so that the
equation (1) and (2) predict inaccurately.

Drying constants in those equations fitted
statistically with the above-mentioned factors are
thus given by the following equations:

Lewis sequation
b = 737 + 0.0006000T — 0.8420S,
+0.003700T.S;, + 0.06590In(Sy)
(R2=0.9778) (6)

Wang and Singh’s equation
a = 0.3019 — 0.0002000T + 2.001S; +
0.002000T.S, - 0.2112In(Sp)
b = 0.09332 — 0.0005000T — 0.60888S, +
0.003900T.S,, + 0.04171In(Sy)
(R2=0.9782) (7

Page’s equation
a=-3.089 — 0.001000T + 2.703S, +
0.1474T.S, - 1.586In(S )
b = 0.6017 + 0.002100T — 0.07010S; —
0.01790T.S, + 0.2510In(Sy)
(R2=0.9832) (8)

Based on the R2 values, Page’s equation is
themost suitabl eequationthat can describethecorn
dying in the fluidised bed dryer. For the other
conditions, the results also show similar trend to
Figure 4.

Corn quality

In testing the corn quality, the experiments
were performed at the conditions of 43% dry basis
initial moisture content, 3.0 m/sair velocity, 8 cm
bed depth and 170-180°C inlet air temperatures.

Aflatoxin

Intestingthechangeof aflatoxinquantity by
heat treatment, the corn samples were dried to 23
and 16% dry basis under the previously mentioned
temperature range. One way-ANOVA shows that
athough the inlet temperature is increased, the
aflatoxinisinsignificantly changed in amount after
completed the process of drying.

In fact, the aflatoxin could be removed by
heat treatment (temperature of 250°C), at which it
is the melting point (Feull, 1966). In contrast,
Cucullu et al. (1966) reported that even though the
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Figure 4 Comparison between thin layer drying
equations and experimental results (ini-
tial moisturecontent 43%d.b., dryingair
velocity in drying chamber 3 m/s, bed
height 4 cm and inlet air temperature
130°C).

temperatureisnot highenoughtomelt theafl atoxin,
the quantity of the aflatoxin substance in peanut
could possibly be reduced by roasting at a
temperature of 150°C for 90 minutes. From that
point of view, wetried exploring the heat treatment
approach using the fluidised bed technique. But,
corn can be not contacted with high drying air
temperature for a long drying period due to the
serious physical damage, as we will discussin the
following section. Thus, thecornwasinitially dried
at temperature of 160°C and then followed with
tempering for periodsof 120 and 180 minutesunder
the corresponding temperature. The results till
show thesametrend asthepreviousones, indicating
invariableamount of aflatoxin. Thisislikely totreat
the aflatoxin by such an approach ineffectively.

Breakageability and stress crack

Figure 5 shows the relationship between
breakageability or stresscrack andinlettemperatures
under various final moisture levels. Major

contribution of drying induced the stresses is the
non-uniform moisture content. The stresses are
tensional force near theboundary of dried material,
so that they give theriseto the crack of dried body
(Musielak, 2000). Refer to Figure 4, at the early
stage of corn drying during which moisture content
ishigher than 19% wet basi s, the moisture gradient
insidethe corn kernel expected to be very small, as
indicated by Lewis' sequation, so that such asmall
difference can not encourage the stresses. As a
result of this, the percentage of stress crack is
almost constant in spite of temperatureincreased as
shown in Figure 5. In addition, the percentage of
breakageability isnot changed. When the corn was
driedfurther and then approachedto 14%wet basis,
the percentage of stress crack increases to
approximate 11.5% with respect to the previous
one with showing value of 9.5% (see the cross
symbol). The increase of stress cracking also
contributes importantly to the breakagibility. The
percentage of breakagibility in this case increases
more than twice as compared to the one that corn
dried to 19% wet basis. When using drying air at
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Figure5 Influence of drying air temperature on
the stress crack and breakage at differ-
encefinal moisture contents, Mf (initial
moisture content 30% w.b.).
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170°C, the broken corn has a shape similar to the
popcorn. Fromthisfigure, thetemperaturesseemto
insignificant effect on the stress crack and the
breakagibility for all cases whereas the moisture
content playsanimportantrole. Similarly, Peplinski
etal. (1994) reported that thetotal number of kernel
stress cracks did not change significantly over a
wide range of drying temperatures.

However, the tempering period was then
included between the drying stage by starting
tempering since the corn was reduced to 23% dry
basis. After that, it wasdried to 14% wet basiswith
theambient air. The corn quality isnow improved.
Asshown in Figure 6, the number of cracked corn
is relatively reduced following the increase of
tempering time. By contrast, the percentage of
breakagibility insignificantly changes despite the
tempering timeisincreased with showing thevalue
of approximate 5.5%. Thisvalueisamost exactly
the same amount asthe previous casethat cornwas
dried to 14% wet basis shown in Figure 5. The
explanation of this cause has not been cleared yet
anditissubjected to morework being investigated.

Colour

Following previouswork by Soponronnarit
et al. (1997b) showed that aand b values changed
with drying times and temperatures. In their work,
the corn was dried continuously until its moisture
content reached 16% dry basis. In order toimprove
the colours, the concept similar to the above-
mentioned case was used, that is, the additional
tempering period between drying stage. Figure 7
shows the evolution of a, b and L values with
tempering periods at 160°C. The avalues linearly
increase with tempering timewhilst b and L values
monotonically decrease. At the tempering time
morethan 120 minutes, thetempered corn becomes
much more intense colour than the normal level,
related to the resulting change of a, b and L values.
This result is similar to the work reported
by Chotijukdikul (1997). Onthecontrary, thecolour
is acceptable at tempering period of 40 minutes. It
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Figure 6 Effectof tempering periodsonthebreak-
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was visually observed that the colours were
insignificantly changed after thecornwastempered
for period of 40 minutes in spite of the fact that
before tempering, the corn dried at higher
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temperatures, resulting in lower moisture contents,
had moreintense colour. ThiscanbeseeninFigure
8 showing the values for a, b and L are all
insignificant deviations with temperatures for the
tempering period of 40 minutes. The explanation of
such a cause may be because when the dried corn
was subjected to temper in the airtight container
only for ashort period, someevaporation can occur,
resulting in grain temperature reduced, and at the
same time, the change of the colours cannot be
transformed completely. Thecolourscan, therefore,
berecovered again. However, if itwascorrected for
alonger time, then the grain temperatureincreased
and approachedtoafixedtemperaturefor tempering.
Hence, the grain colours became poorer.

CONCLUSIONS

Theresultsof thisstudy canbe concluded as
the followings:

1) Specificarflow rateandinlet dryingair
temperatureareimportant factorsinfluencingdrying

rate of cornin fluidised bed dryer.

2) Amongst three popular thin layer
equations, Page's equation is the most suitable
equation predicting in agreement with the
experiments.

3) The fluidised bed drying technique can
inhibit the increase of aflatoxin level. With this
technique, theaflatoxinisnot enabled to destroy by
heat treatment although thetemperature range used
isvery high.

4) Final moisture content of cornisamain
effect on breakagibility and stresscrack whilstinlet
air temperature is a less significant factor. Over
range of high temperature, the corn should not be
dried to 14% wet basisin asingle pass. Tempering
is recommended for corn drying.

5) Tempering periodindrying processplay
akey roleinimproving the corn coloursin terms of
a, band L values.
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