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VERTICAL AIRFLOW RESISTANCE OF CHICKPEA
(C. arietinum) CULTIVARS AS AFFECTED
BY BULK DENSITY AND MOISTURE CONTENT

Amin Allah Masoumi® and L ope Tabil?

Department of Agricultural Machinery, Faculty of Agriculture, Isfahan University
of Technology, Isfahan, Iran

°Department of Agricultural and Bioresource Engineering, University of
Saskatchewan, Saskatoon, Canada

Resistances of three chickpea cultivars (large kabuli, small kabuli, and desi) to airflow
ranging from 0.02 to 0.4 m®s *m™ were measured in vertical direction at three levels of bulk
density and three levels of moisture content. The effects of moisture content, bulk density,
and bed depth on airflow resistance of chickpea were investigated. Pressure drop increased
with airflow rate and bulk density but decreased with increasing moisture content. Airflow
resistance per unit depth of seed column increased linearly with bed depth. Three models
(Shedd, Hukill and Ives, and Ergun) were fitted to the experimental data by using PROC
NLIN of the SAS software. The percentage relative error approached zero for airflow rates
of more than 0.1 m3™m. The coefficient of multiple determination (R?), and the mean
square error (MSE) of predicted values with respect to the measured values for various
chickpea samples were used to evaluate the models. The values of coefficient of determina-
tion were greater than 0.90 in all experimental trialsindicating good fit of the models.

Keywords: Bulk density, Particle density, Physical attributes, Kabuli, Desi.

INTRODUCTION

Chickpea (Cicer arietinum), an important source of protein and starch is grown as
specialty crop in Saskatchewan and Canada; is exported around the world. According to
Saskatchewan Agriculture, Food and Rural Revitaization,!! chickpea production in
Saskatchewan was 446,800 tonnes in 2001, while world production was 6,063,000 tonnes
in the same period.l? There are two main types of chickpea, namely desi and kabuli. The
desi type (Indian origin) has athick, colored seed coat; while the kabuli type (Mediterra-
nean and Middle Eastern origin) has a thin, white seed coat. The kabuli typeislarger than
the desi type and is preferred by consumers.®

Reducing the temperature and moisture content of agricultural products during stor-
age is necessary to avoid microbial and insect growth. In storage bins, an aeration system
may be used to maintain products at sufficiently low temperature.[! K nowledge of airflow
resistance is an important consideration in designing an appropriate drying and aeration

Received 14 March 2004; accepted 7 June 2004.
Address correspondence to Lope Tabil, Department of Agricultural and Bioresource Engineering, University
of Saskatchewan, Saskatoon, SK, Canada, S7N 5A9. E-mail: lope.tabil @usask.ca

481



Downloaded By: [Tabil, Lope] At: 18:30 21 July 2008

482 MASOUMI AND TABIL

system. The resistance to airflow of grains and seeds is represented by pressure drops
across unit depths of column of products which is affected by moisture content, compac-
tion of material, and fines concentration.[®

Severa equations have been suggested by researchers to show the relationship
between pressure drop and airflow rate. The most commonly used model was proposed by
Shedd,'® which is represented by the following:

AP
o AQF, @
L
where Q is airflow rate (m°sm2); APIL is pressure drop per unit depth (Pa/m); and A
and B are experimentally determined constants. Hukill and Ives,[” proposed the following
empirical equation:

AP CQ° o)

L Ln+DQ)’

where C and D are constants for a particular grain. Equation 2 is applicable over a wide
airflow range of 0.01 to 2.0 (m®s*m2).[81 Ergun!® proposed a second-order polynomial
model which was modified by Hunter(*%l and Bakker-Arkema et al.,*Y and is represented
by the following:

% = EQ+FQ?, ©)

where E and F are experimentally determined constants, which include the effect of fluid
properties. Since airflow resistance of materialsis affected by moisture content, bulk den-
sity, and percentage of fines, some researchers have used the standard stepwise non-linear
regression techniques to express the relationship between airflow resistance and the exper-
imental variables!™ The airflow resistance for most agricultural products in the vertical
airflow direction is published as ASAE standard D272.2.[*3 Direction of airflow was
investigated by some researchers. Kay et al.[*l showed that shelled corn had greater air-
flow resistancein the vertical direction than in the horizontal direction.

The objectives of this study were to: measure the vertical airflow resistance of three
chickpea cultivars (large kabuli, smdl kabuli and des)) at three levels of moaisture content and
bulk density; fit the three airflow resistance models[Egs. (1, 2, 3)] to the experimenta data; and
evaluate the fitted models by comparing the predicted and experimental val ues of pressure drop
for each chickpea sample at three levels of moisture content and three levels of bulk densities.

MATERIALS AND METHODS
Materials

Dry chickpea (large and small kabuli and desi) seed samples were procured from
Canadian Select Grains Ltd. of Eston, SK, Canada. The seeds were kept in cold storage at
5°C for a few months. The moisture content of the samples was determined by drying
triplicate samples of about 2 to 3 g ground chickpea for 60 min in an air convection oven
at 130 + 1°C.* All moisture contents are reported in percent wet basis.
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Sample Preparation

The chickpea seed samples with higher moisture contents were prepared by adding
calculated amounts of distilled water. In order to allow the moisture to distribute uni-
formly throughout the seeds, a concrete mixer was used to mix the samples during wet-
ting. To obtain high moisture samples and to ensure uniform water adsorption, samples
were moistened in two stages within 3 h.[4 The samples were then sealed in separate poly-
ethylene bags and stored in cold storage at 5°C for a minimum of 5 days. Before the start
of each test, the required amount of seed was allowed to warm up to room temperature
(approximately 22°C) for 24 h in separate pouches.®!

Physical Attributes

The dimensions, particle density, and bulk density of chickpea seed samples were
measured. One hundred fifty seeds of each chickpea cultivar were randomly selected from
the bulk sample with three initial moistures. To determine the size and shape of sampled
chickpea seeds, the length and width of the seeds were measured using a computer imag-
ing system, while the third dimension was measured by using a digital caiper.'™ The
imaging system consisted of a Sony DXC-151A CCD color video camera (Sony Corporation,
Japan), light stand, Matrox Meteor RGB capture card, Pentium 111 700 personal compulter,
and Matrox Inspector version 2.1 (Matrox Electronic Systems Ltd, Dorval, QC, Canada)
software. In order to increase the measurement accuracy of seed size and shape, signifi-
cant contrast between the seed and the background was required. This was obtained by
using ablack sheet under the seed as background and the lights, camera height, brightness,
zoom, and focus were adjusted. Each chickpea seed was individually placed on a black
sheet in its natural position with its length paralel to the y-coordinate. Features of each
seed image including area, feret X, feret y (the dimensions of the minimum bounding box
on a seed image in the horizontal and vertical direction, respectively) were determined and
saved in MS Excel workbook format for further analysis. Feretsy and x of each seed were
reported as major and intermediate dimensions (mm), respectively.

Particle density, bulk density, and porosity: Particle density is defined as theratio of the
mass of the seeds in air to their volume'®! The gas comparison multipycnometer (Quanta
Chrome Corporation, Boynton Beach, FL) using nitrogen gas was used to measure volume of
the seed samples. The mass of seed samples was measured by using an electronic weighing
balance (Ohaus Scale Corp. G 160D, Germany) reading to 0.0001 g. The average vaue of the
densities was taken from three replications at initial moisture content for each chickpea culti-
var. Bulk density was cdculated from the mass of the 0.5 L stedl cup that wasfilled with chick-
pea seeds*"] The seeds were dropped from a funnel which had an opening of 31.8 mm. The
bottom of the funnel was 51.75 mm above the cup. The excess seeds were removed by passing
awooden stick across the top surface using 5 zigzag motions.[*#?% The void space between
seeds or inter-particle porosity (€) expressed in percent was calculated from bulk and particle
densities using the following relationship.l?4

o~ @

where p, is the bulk density (kg/m®) and pp is the particle density (kg/m®). The relation-
ship between airflow resistance and experimental variables using standard stepwise
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regression has been reported by Siebenmorgen and Jindal’® on rough rice and Dairo and
Ajibold® on sesame seed. The equation developed was generally of the form:

AP = aQ? + bMQ+ cp,Q + dFQ, )

where AP is the pressure drop (Pa/m); Q is the airflow rate (m®s*m); M is the moisture
content (% wet basis); py, isthe bulk density (kg/m°); F is the percentage of fines (%); and
a, b, ¢, and d are model constants.

Airflow Test Apparatus

A schematic diagram of the apparatus used for airflow resistance measurement is
shown in Fig. 1. It consists of avariable speed fan, duct, two sets of straighteners arranged in
series, test column, manometer and air velocity meter. An airflow resistance apparatus should
have a test column diameter of at least 20 times that of the particle diameter.l! The test col-
umn was made of flanged sections of 300 mm internal diameter Plexiglas tube and 3 mm
thick, joined together to provide a 1.3 m long column. A 2 mm thick stainless steel screen
with anominal opening of 5 mm was used as floor for the test column. The screen was sand-
wiched between the two acrylic rings and fastened together by bolts and sealed by fast glue.

The test column was bolted to acylindrical steel plenum with a diameter of 400 mm
and a length of 700 mm. To provide uniform air distribution in the duct and the test

0.3m

Tubes

N

1.00 m

Straighteners

Variable speed fan

Monoetx‘

Figure1 Schematic diagram of apparatus for measuring the airflow resistance of seeds.
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column containing the sample, two sets of air straighteners were installed in series: one,
before the air velocity meter; and the other, before the test column. The straighteners were
plastic drinking straws 150 mm long and 2 mm internal diameter. To cover the total air-
flow range, two variable speed centrifugal fans and an inverter-type motor speed control
were used. A one-phase centrifugal fan (0.2 kW, 1550 rpm) was used to provide airflow
rates between 0.02 and 0.1 m®s*m™2. For airflow rates between 0.1 and 0.4 m®s'm2, a
three-phase centrifugal fan (3.75 kW, 1750 rpm) was used. Airflow rates were measured
by using an electronic air velocity meter (Model No. 8382-E-GB, TSI Inc., St. Paul, MN)
reading to 0.001 m/s; this was located in the duct 100 mm after the straightener.

Pressure drops were measured in four levels across a 1 m depth of test column filled
with sample. The pressure taps were located at 0.25, 0.50, 0.75, and 1 m from the top of
the seed level. Each level had four horizontal taps threaded 90° apart into the side of the
test column and flush with the side of the container. In each level, the taps were joined
together with 4 mm diameter tubes. An el ectronic manometer reading to 0.25 Pa (0.001 in.
H,0) was used to measure the pressure drops. Under 5 kPa pressure, the system was tested
for leakage by using soap solution; no |eakage was detected.

Experimental Design

The experimental trials involved combinations of three moisture levels and three
bulk densities for three chickpea cultivars (large kabuli, small kabuli and desi). Some
researchers reported that pressure drop linearly change with bed depth.!® 22 |n this study,
pressure drop was measured at depths of 25, 50, 75 and 100 cm from the top of the seed
column. The first tap above the screen floor of the test column was chosen as the refer-
ence. The pressure differences between the first tap and all the other taps were measured
and recorded. The airflow rates used were 0.02, 0.04, 0.08, 0.1, 0.2, 0.3, and 0.4 m*sIm2,

A funnel was used to fill the seed column. To obtain low bulk density, no compaction
was done on the seed samples in the column. Medium and high bulk densities were obtained
by using a5 kg stedl disk weight during filling of the seeds in layers. The weight was released
freely 10 times from a height of 20 cm above the seed layer. To obtain medium and high den-
sity packing, each seed layer was 33 and 20 cm high, respectively; filling was done until the
test column was 1 m high. Thetotal weight of filled seeds was divided by the volume occupied
by the seed column yielding the bulk density of the seed samples. The volume of the seed col-
umn was caculated by measuring the height and the diameter of the container filled with the
seed samples. After each experiment, the test column was emptied by a vacuum cleaner, then
the test column was refilled and measurements were repeated to obtain three replications.

Equations 1, 2, and 3 were fitted to the experimental data at each moisture level by
using the NLIN procedure of SAS?® and the parameters in each equation were estimated.
To evaluate the fit of the models, the REG procedure of SAS was used to obtain the coef-
ficient of multiple determination (R?) and the mean square error (MSE) of predicted
values with respect to the measured values.

RESULTS AND DISCUSSION
Physical Attributes of Chickpea Seed

Table 1 shows the dimensions, particle density, bulk density and the calculated
porosity of the three chickpea cultivars at initial moisture content. The values of dimensions



Downloaded By: [Tabil, Lope] At: 18:30 21 July 2008

486 MASOUMI AND TABIL

Table 1 Physical attributes of three chickpea cultivars measured at initial moisture content.

Dimensions' (mm)

Moisture Particle Bulk
content density* density* Porosity*
Type (% w.b) Major Intermediate ~ Minor (kg/m°) (kg/m®) (%)

Largekabuli 891  10.42(0.04)* 835(0.03) 8.25(0.03) 1473(9.5)  808(192) 43.79(0.35)

Smal kabuli 932  853(0.05) 7.06(0.03) 6.81(0.03) 1422.8(6.6) 823.31(2.37) 42.13(0.11)
(chico)

Desi 921  808(0.05 6.46(0.04) 589 (0.11) 1394.9(3.3) 780.74 (3.38) 44.03(0.33)

*Standard deviation; 'N = 150; and *N = 3.

for large kabuli and desi chickpeawere the highest and the lowest, respectively. Minimum
and maximum values of bulk density were 780.74 and 823.31 kg/m® for desi and small
kabuli chickpea, respectively. The bulk density was affected by packing of the bed. Table 2
shows that bulk density of chickpea decreased with increasing moisture content. Monirul
Islam Chowdhury et al.'¥ reported similar result for gram. Table 2 shows that bulk
density increased with the degree of packing. Similar observations were made by Sieben-
morgen and Jindal™® on rough rice and Dairo and Ajibola® on sesame seed.

Airflow Resistance of Chickpea

The pressure drop per unit depth for the three chickpea cultivars at three levels of
moisture content and bulk density are shown in Table 2. The values of moisture content
represent an average of three replications. At each moisture level, the pressure drop
increased with airflow rate and at each airflow rate, the pressure drop decreased with
increasing moisture content. Sokhansanj et a.?? and Jayas et a.?? reported similar
results for lentils and canola, respectively.

At each moisture level, three levels of bulk densities were obtained by using different
methods of filling or packing. py;, pp, and pyg are the bulk density values at low, medium
and high degrees of packing, respectively. The experimental data revealed that pressure drop
generally increased with increasing bulk density (Table 2). A similar trend was reported by
Y ang and Williang® for grain sorghum and Li and Sokhansanj®® for alfalfa seeds.

Table 2 also shows that the magnitude of airflow resistance in desi chickpeawasthe
highest among the three chickpea cultivars at the same moisture and bulk density levels.
The corresponding value for large kabuli chickpea was the lowest. Figure 2 shows the typ-
ical effect of bed depth on airflow resistance of chickpea. Pressure drop per unit depth of
seed column, increased linearly with bed depth. The same behavior was observed for both
small kabuli and desi chickpeas. Thisis similar to the observation of Dairo and Ajibold®l
for sesame seed and Jayas et al.[?? for canola.

Fitting Models to Airflow Resistance Data

The three models (Shedd, Hukill and Ives, and Ergun) were fitted to the experimen-
tal data at each moisture level and bulk density. The estimated parameters, coefficient of
multiple determination (R?), and the mean square error (MSE) of predicted values with
respect to measured values for various chickpea samples are shown in Tables 3, 4 and 5.
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Figure 2 Effect of bed depth on airflow resistance of large kabuli chickpea at moisture content of 9.32% (wet
basis), bulk density of 770 kg/m® and four airflow rates: (A) 0.3; (x) 0.2; (O) 0.1; and ((J) 0.08 m®s*m™2.

The values of coefficient of determination were greater than 0.99 in al tests indicating
good fit of the models. In order to determine how these modelsfit to the whole airflow rate
range, percentage errors of pressure drop predictions were calculated. The relative error at
each airflow rate was defined by:

(predicted; — experimental;)
experimental,

Relative error = x100. (6)

Figure 3 showsthetypical effect of airflow rate on percentage errors of pressure drop pre-
dictionsin chickpea. For large kabuli chickpea at moisture content of 9.32% and bulk den-
sity of 770 kg/m®, the curve became almost horizontal at airflow rates greater than
0.1 m®s*m™. The percentage of error approached zero at high airflow rates. Similar
results were observed for other chickpea samples in the experimental trials.

The standard stepwise regression procedure of the SAS software, was used to solve
for the parameters of the relationship between the airflow resistance and the experimental
variables. It was observed that each of the variables significantly improved the model at
the 0.01% level of significance. Equation 7 was used to describe the relationship between
airflow resistance and experimental data,

ATP =aQ? + bMQ+¢p,Q. ()

The coefficient of determination (R?), regression coefficients, and standard errors of esti-
mates are presented in Table 6. The airflow variable (Q), had the largest effect on pressure
drop, followed by moisture content (M) and bulk density (p,) in that order. It was
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Figure 3 Percentage error in the prediction of pressure drop as a function of airflow rate of large kabuli at
moisture content of 9.32% wet basis, bulk density of 770 kg/m®. (A) Shedd model, (¢) Hukill and Ives model,
and ((J) Ergun model.

Table6 Estimated model coefficients and standard error obtained by stepwise regression procedure.

Model coefficient Large kabuli Small kabuli (chico) Desi

a 1656.75 1654.75 1672.72
b -22.81 -23.24 -16.08
c 0.62 0.87 0.82
R? 0.97 0.96 0.95
MSE 839.37 1386.54 2302.10

observed that pressure drop of various chickpea samples increased with increasing airflow
rate and bulk density, and decreasing moisture content. Similar result was reported by
Dairo and Ajibola® for sesame seed.

CONCLUSION

The pressure drop across the column of various chickpea samplesincreased linearly
with the depth of seed column. The Shedd, Hukill and Ives, and Ergun models fit very
well to the experimental data especially at high airflow range (0.1 — 0.4 m®stm2). The
airflow resistance of various chickpea samples (AP/L) increased with increasing airflow
rate (Q) and bulk density (p,,), and decreasing moisture content (M).
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