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THIN-LAYER SOLAR-DRYING OF SHELLED CORN

T.H, Ghanem
ABSTRACT

This paper presents a sel of simple empirical equations for solar drying of
shelled corn . A forced convection thin-layer solar dryer was designed , constructed and
tested on the roof of the Department of the Agricultural Engineering : Af-Azhar
University. The dryer binwas 0.2 m’ (0.5 m x0.5m x 0.8 m). Since it was difficult to
have an amaiytical sofution, finite difference method was used 1o solve the basic
equation controlling moisture movement during the falling rate period of drying based
on Newton's equation of heat transfer for predicting moisture content at any time of the
drying process. Since the boundary conditions continuousiy changed during the drying
process lor the solar thin-laver drying |, the moisture conlent at any time of drying,
process is highly afTected by the equilibrium moisture content at the same period and
the same boundary conditions i.e. (temperature and refative humidity). It was found that
predicted and observed data were highly correlated with a correlation coeflicient of
098.

INTRODUCTION
Shelled ficld corn is used primarily as fivestock feed |, but some of it is used by the
milling or processing industries in corn starch . corn off and other products . This corn
can be severely da'maged by mechanical drying i drying air temperature exceeds 65 “C.
lis cell wall structure is changed by higher temperatures , making separation of gluten
from the starch very dilficult (ASHRE 1985} . They reported that the market grade of
dry corn s alfecled more often by the amount of broken corn and loreign matenials than
other grading factors . They also added that the grade limits on damage 1o the corn from
molds and other causes can lead also to self-perpeluation spoilage in stored grains that
can cause il to be downgraded | [all (1930) reported that the drying of grains in deep
1ayef can Dbe thought of as several thin layers in which the humidity and lemperature ol’
air cnlering  and leaving each layer vary with time depending upon the stage of drying .
ke also added that this procedure is sometimes used for estimating the lime of drying
and amount of moisture removed . Tayel and Wahby ({1989) dried shelled corn by
natural convection solar type dsyer . They staled that the system behavior was similar to

conventional drying system. They also added that the moisture content , at any time,
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could be predicted from a mathematical form using equilibrium moisture content , and
the drying rate was affected by the surface area and mass of product.

Hujzhen ( 1984), studied thin-layer drying rates for yellow dent corn as affected
by drying air temperature, air flow rate , initial moisture content , and relative humidity .
He reported that initial moisture content influences drying rate . He also added that air
flow rate and relative humidity had smaller effects. Puiggali and Tiguert, (1986),
introduced a simple numerical model for drying corn , and they mentioned that this
model can improve the understanding of the thermal and hydrodynamic behavior of a
dryer working under natural conditions .Chittenden and Hustrulid (1966) reported that
shelled comn is often dried by circulating heated air through layers one or more feet
thick . They said that it is difficult to connect mathematically the observed rate of
moisture loss of a thick bed of comn to the external drying rates of all the com kemnels in
the bed .They presented also a method of using individual kernel rates of drying called
“differential drying rate “ ,to predict the overall rates Sabbah et al. (1979) studied the
accuracy of using the log model of drying for simulating solar and natural grain drying
using experimental moisture results of nine drying tests . They reported that
incorporating an air velocity effect into the mbdel improved the accuracy significantly .
They added that using either cumulative —or-moving- time averages of the actual drying
air temperature and humidity as input conditions to the model results in valid moisture
prediction . They also stated that scaning — time interval of 4-hours was proved
sufficient without significant loss in accuracy. Steinfeld and Segal (1986) introduced a
mathematical formuiation of the physical process for solar drying of thin layer process
based on conventional heat and mass transfer equations. They did not accounted for
resistance to moisture ﬂow . Therefore, it is expected, that the drying curve will not fit
to the experimenta results . Then they introduced a correction factor in order to validate
the model .

Shove (1977) reported that energy consumption to dry agricultural crops often
approaches and can exceeds the energy required to produce the crop . He added that
since crop drying is high energy use operation , the cost of drying is directly related to
energy avaiiability and cost .

In Egypt, the amount of incident solar radiation per square meter ranges between
5 to 8 kW.h/day through duration of 3000 to 4000 hours per year (Hecal and Kamai
,1986) . Therefore, solar energy is a renewable major clean source of energy which 1s

alternmative to using fossil fuei .
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The main objective of the present study is to develop a solution to the basic
equation controlling moisture movement during the falling rate period of drying based
on Newton’s equation of heat transfer for predicting moisture content at any time of
the drying process. The model accounts for variable boundary conditions prevailed in
solar drying i.e. (temperature and relative humidity) and also internal resistance to
moisture flow within the comn kemels . '

MATERIALS AND METHODS

1. Solar -dryer construction

The dryer was constructed on the roof of the Agr. Eng. Dept., Al-Azhar Uni. It
was 02 m® (0.5 mx 0.5 m x 0.8 m), made of plywood of 0.8 cm thick connected to a
flat plate collector . The solar collector was 1.125 m’ area (1.5 m x 0.75m). The
absorber plate was made of light-gauge steel sheet of 0.7 mm thick . Frame of 2 wooden
structure of (10 x 5) cmi’
by a plywood of 0.8 cm thick. All air passages were made of steel sheets and insulated

cross sectional area . The bottom of the collector was insulated

by 35cm glasswool . The absorber plate of the collector was painted with a black paint.
The collectors passages was 7.5 cm deep and also equipped with 2.5 cm air gap between
the transparent glass cover and the absorber plate( stagnant air barrier) for reducing heat
losses through the cover . The collector was oriented to the south and has a 4-bar
mechasism to obtain the optimal inclination angle during the experiment . El-Rafey
and El-Sherbiny (1988), reported the optimum tilt angles , insolation data base for
estimating system performance in Egypt. Fig.(1) shows experimental solar drying setup.

2. Weighing setup

Two steel frames were used for constructing the balance assembly that used for
weighing the corn specimen . Steel wire net was fixed to one of the previous frames
and used as a sheif . The other frame was supported to the balance to transfer
specimen weight by means of four smooth wires of a2 similar length through four
holes ia the dryer ceiling . Shelled com specimen was continuously weighed during
elapsed time of drying . Four hours time step was used for predicting moisture content
through the drying process as reported by Sabbah et al (1979).Air handling unit was
stopped at the period of specimen weighing . Specimen weight was an average of

three respective instantaneous readings,
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1-Air handling unit. 6-Supporting steel frame carrying the dryer bin .
2-Solar collector . 7-Shelled com shelf .
3-Dryer bin . ~- 8-Balance display .
4-Dryer door . 9-Balance box with a transparent door.
5-Chimney . '
10-Four smooth wires for carrying the specimen shelf, by which it is supported to the
balance . i1-9 =30° '

Fig. (1) : Experxmcntal solar drying setup.
3. Measuring insirumentation

¢ Thermocouples :Temperatures were measured using chromel- -ajumel
thermocouples, made in U.S.A of model 8528-40 . Ten channel switch for the same
thermocouples were also used.

* Solar intensity :The solar intensity was measured using a black and white
Pyranometer constructed and calibrated by Ghanem (1989) . The apparatusivas
recalibrated at the Solar Energy Department  * National Research Center , El-
Doky Square “ before being used in (1996). The output of the apparatus isin
millivolts using a digial multi-meter, ﬁaxiufacmred in Japan, model no. 2000 , of
sensitivity 0.1 mV .

e Air velocity : The air velocity was measured using a standard pitot tube and
inclined manometer as recommended by Tuve and Domholdt (1966) .

o  Samples were weighed using Sartorious electrical balance, made in Japan of

accuracy 0.0001 g.
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e Oven method was used for initial moisture content determination according to
ASAE (1994), i.e. corn was dried for 72 hto 103 °C .

4. Purposed drying model

The moisture content at any time ( M, ) dry basis, decimal , was computed from the
weight of sample atany time { W, ), gram , and initial weight (W, ), gram and initial

moisture content M, dry basis , decimal , using the following relationship :
M, = {(W/W,) 1+M,) -1} (1)

The average drying rate over a time interval (t; ) to {t; »; ) was computed as

follows :
dM/dt = (M - Mi) /(tis1- 1) (2)
The average moisture content and average temperatures were calculated as follows :
(Mo )i = (M +Myy) /2 (3)
(Tw)i = (Ti+Tu) /2 (4)

The ambient relative humidity was computed using equations (3}, (6) and (7) as
follows:

RH =[P,/ P] (5)

The saturated vapor pressure , P, at dry bulb temperature , { T4}, in absolute

scale is given by Chambell (1977), as follows :
P, =exp [( 52.576-6790.5} / (T4 — 5.028) In (Tg)] —— - (6)

The vapor pressure , ( Py, ) at wet bulb temperature , ( T, ), in absolute scale is also
given by :
Py =P; -y7(Tq-Tu) (7)
Where : y = 0.063 and , P,,is calculated using (T ) instead of (Ty)in

equation { 6} . The humidity of air was calculated from the following
relationship:

H =0.622P,/ (P—P,) (8)

For any time interval the ambient air outside was assumed to be heated to average

air temperature inside the dryer without any change in absolute humidity during that
interval . The equilibrium moisture content for the average temperature and average
relative humidity over the time interval was computed from the Henderson’s empirical
equation for shelled corn (Henderson et al; 1976) :
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—CT (M)

1 - RH eqg = © x (9)
Where :
RH,q : equilibrium refative humidity (ratio } .
Meq ; equilibrium moisture content , {decimal ) dry basis .
T :temperature ‘R .
Values of equilibrium constants ( C, n ) are C =1.1x10" andn = 1.9
respectively .

Thin layer drying refers to the drying of grain which is entirely exposed to the air
moving through the product . The air flow rate used in the drying process was
4m*/m’ s . The equation representing moisture movement during the falling rate period
is based on Ne vton’s equation of heat transfer of solids (Hall ,1980). Since the ambient
conditions are changed from hour to hour , the initial conditions and equilibrium
moisture content are also changed from hour to hour . So, itis difficult to have an
analytical solution and therefore, the drying equation in the present work was solved
using finite difference method . The drying equation in finite difference form can be

expressed as : :
Mt =Mg + (M — M) &% (10)

For calculating equation (10) preliminary tests were conducted for the

determination of the drying coefficient ( k¥ = 0.1285) . For each time step

Henderson’s equation was solved to predict equilibrium moisture content of the

shelled corn at variable ambient conditions .The equilibrium moisture content was

used for solving equation (10) to predict the moisture content at any tiine. Excel 97,
was used for calculating moisture contents and for the solution of Newton’s equation

simultaneously with Henderson’s equation .

RESULTS AND DISCUSSIONS

The purposed drying model accounts for changing boundary conditions during the
drying time . It is considered that for any time interval , the average air temperature
inside the dryer changes without any change in absolute humidity during that interval.
The equilibrium moisture content for the average relative humidity and temperature
was computed according to Henderson’s empirical equation for shelled corn . Fig.(1)
shows variation of the ambient ,inlet air temperature, relative humidities and solar
intensity during the drying process. It is clear that the solar intensity increases to the

maximum value around the solar noon . Also , air temperature has the same trend , and
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as the solar intensity increases, ambient air and drying air temperature increases.
Relative humidity of the ambient air and also drying air decreased towards the solar

noon, and then they increased to the maximum value at night .

As mentioned above average values of these variables were used as input data to
the purposed drying modet . Table (1) shows the observed moisture content (dry
basis, decimal) at any time of the drying process .1t also, shows the predicted moisture
contents (dry basis, decimal) of the corn as calculated by the finite difference method .
Fig.(3) shows also the trend line of predicted moisture content (wet basis , decimal ) as
determined by the finite difference method compared to observed moisture content . It
is clear that the model was also sensitive to drying process or aeration process during
night (might cooling) . Fig.(4), shows also the relationship between predicted and
observed moisture contents of shelled corn (wet basis, decimai ) during the drying
process . It is clear that values of predicted moisture content are highly correlated to
observed data and regression coefficient was 0.98 . This means that the equilibrium
moisture content appears to be the most important variable controiling the drying rate .

SUMMARY AND CONCLUSION

A forced convection thin-layer solar dryer was designed , constructed and tested
on the roof of the Department of the Agricuitural Engineering Al-Azhar University. The
dryer bin was 0.2 m’ (0.5 m x 0.5 m x 0.8 m) . Since it was difficult to have an
analytical solution, finite difference method was used to solve the basic equation
controlling moisture movement during the falling rate period of drying based on
Newton’s equation of heat transfer for predicting moisture content at any time of the
drying process.

From the present work we can concluded that :

1. In changing boundary conditions of drying for the solar thin-layer drying process
we can predict the moisture content of corn or any cereal grains . The moisture
content at any time of drying process is highly affected by the equilibrium moisture
content at the same period and the same boundary conditions i.e. (temperature and

relative humidity).
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Fig.(2)Ambient,izlet air temperatures , relative humidities and solar intensity
during the drying process.
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Table (1): Observed moisture content and predicted moisture content (dry basis)of
shelled comn as calculated by finite difference method

1AM SAM

Local time 9AM | 13Noont 17PM | 2IP.M 9 AM |13 Noon{l7 P.M|
Qbservedmoisture content 1.95| 1.45 0.72 | 048 |0.46] 047 | 0.39 | 0.26 | Q.17
Predicted moisturecontent | 1.95 | 124 { 0.79 | 0.45 |1046| 041 | 0.31] 024 | 0.18

——~ Mt obs.

-~ O - - Mt pred.

]

Moisture content wet basis,

0.1

0 . : . : -
0 5 10 15 20 25 T30 35
Elapsed time hours.
Fig.(3): Observed and predicted moisture content of shelled corn as
calculated by finite difference equation and as affected by elapsed time.
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Fig.(4):Observed and predicted moisture content of shelled corn as
calculated by finite difference eauation . 7 _
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2. Finite difference method is helpful for predicting moisture content during solar
thin layer drying by solving Newton’s equation simultaneously with Flenderson’s
equation for equilibrium moisture content as a function of relative hurmidity and

temperature .

-

3. The model was evaiuated using Excel 97 , it was sensitive for predicting moisture
content during drying process at night time (night cooling process ) .

4. It was found that predicted and observed data were highly correlated witha

coefficient ( R?= 0.98).
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