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variables encountered during drying and storage of grains. A
review by Alagusundaram et al. (1991) and ASAE Data 272.3
(ASAE 1992a) have summarized these studies. The most
commonly used model is the one proposed by Shedd (1953). He
presented curves relating airflow and pressure drop per unit
depth of grain. Due to their simplicity and ease of handling,
Shedd's curves have been widely used by many designers to
estimate pressure drops in grains and they have been accepted as
Standard by ASAE Data 272.3 (ASAE 1992a). These curves
were estimated based on the formula:

where:
Q = airflow rate (m3 S·I m·2),

l:iP = pressure drop per unit depth (Palm), and
a, b = constants and are related to moisture content for

somegrains.

Equation I, usually presented in logarithmic form, is only
adequate for predicting airflow resistance over a narrow range of
airflow rates (Q =0.0056 to 0.203 m 3

S·I m·2) • Hukill and Ives
(1955) proposed an empirical equation which accounts for the
non-linear nature of the resistance airflow data. The equation is
of the form:

AI-Yahya, S.A. and Moghazi, H.M.M. 1998. Static pressure drop
through barley grain. Can. Agric. Eng. 40:213-217. An experi
mental study was performed to measure static pressure drop across
columns of barley grain. It was designed to determine the effect of
grain moisture content, grain depth, flow rate, and bin diameter on
resistance to airflow. Airflow rates ranged from 0.1 to 0.7 m3

S·I m·2
,

moisture content levels were 8.0, 15.0, 17.0 and 21.7 % (wet basis),
bed depths were 310, 620, 930, and 1240 mm, and bin diameters
were 152.4,203.2 and 254.0 mm. Airflow resistance was accurately
described by the well known Shedd's equation. Resistance to airflow
decreased with increased grain moisture content and decreased
airflow rate and bed depths. The airflow resistance increased as the
bin diameter decreased when the moisture content was relatively
high.

Une etude experimentale a ete entreprise pour mesurer la baisse
de pression statique atravers des colonnes remplies de grains d'orge.
II s'agissait de determiner les efl'ets de la teneur en eau du grain, de
l'epaisseur de grains dans la colonne, du debit d'air et du diametre de
la colonne sur la resistance au mouvement de I'air. Les debits d'air
variaient de 0.1 a0.7 m3

S·I m·2
, les teneurs en eau etaient de 8.0,

15.0, 17.0 et 21.7% (base humide), les epaisseurs de grains etaient de
310,620,930 et 1240 mm et Ie diametre de la colonne etait de 152.4,
203.2 et 254.0 mm. La resistance au mouvement de l'air etait decrite
avec precision par l'equation de Shedd. La resistance au mouvement
de l'air diminuait avec l'augmentation de la teneur en cau du grain et
la diminution du debit d'air et de l'epaisseur de grains. La resistance
au mouvement de l'air augmentait avec la diminution du diametrc de
la colonne. Ce demier phenomene a ete observe lorsque la tcneur cn
eau du grain etait assez elevee.

INTRODUCTION

Q =al:iP'

M= ctZ
In(1 + dQ)

(I)

(2)

The function of the air distribution system in any drying or
aeration installation is to distribute the air as evenly as
possible. Uniformity ofair flow throughout the grain mass is
desirable not only from the standpoint of efficient operation
of the equipment but also from the standpoint of obtaining a
uniformly dried or aerated product. Design of efficient
systems for drying and aeration of grains requires proper fan
selection which can only be achieved with information on
airflow resistance of the grains. Grain resistance to airflow is
usually expressed as pressure drop per unit depth of grain
parallel to the direction ofairflow. The pressure drop through
a bed of grain depends on the airflow rate, bed depth, grain
type, density, moisture content, and shape characteristics of
the grain. Moreover, the pressure drop is affected by method
of filling the storage, size of the container such as a bin, and
direction ofairflow through the bulk. The resistance to airflow
ofmany grains has been extensively reviewed and studied to
provide the necessary information which could be used to
predict the resistance to airflow under a wide range of

where c, d = constants for a particular grain.

Equation 2 is applicable over a wide airflow range of0.01 to
2.0 m3

S·I m·2
• The values of constants c and d have been

obtained for various grains by Hukill and Ives (1955). They gave
the values ofthe constants c and d as 2.14x I04Pa S2 m·3 and 13.2
slm, respectively, for barley. Haque et al. (1982) studied the
effect of moisture content on airflow resistance through clean
wheat, com, and sorghum and concluded that airflow resistance
decreased with increased moisture content. This trend was also
observed for shelled com (Grama et al. 1984), rough rice
(Siebenmorgen and Jindal 1987), sorghum grain (Gunasekaran
and Jackson 1988) and barely (Olesen 1987). Bern and Charity
(1975) studied the effect of grain bulk density on airflow
resistance ofcom and reported an increase in airflow resistance
with increasing bulk density. Kumar and Muir (1986) and Jayas
et al (1987) working with wheat, barley, and canola,
respectively, and observed that filling method affected bulk
density and hence the airflow resistance. Gunasekaran and
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Jackson (1988) and Jayas et al (1987) have reported that
increase in bed depth linearly increases the airflow resistance
of rice with linearity being maintained over a wide range of
bed depths. Few data on airflow resistance of barley grain
have been reported in the literature and they were limited to
a narrow range of airflow. New data are required to cover a
wide range ofairflow rates, moisture content, bed depths, and
bin diameters. This will be useful in the design of drying
systems.

The objectives of this study were to determine
experimentally the effect ofmoisture content, bed depth, and
bin diameter on the airflow resistance of barley grain and to
fit the data obtained to widely accepted equations that relate
the pressure drops to these factors.

air out

t t t

H

B

1.00 m

A: variable speed fan F: air flow and pressure meter
B: control valve G: meter probe
C: iron pipe (76 mm) H: pressure taps
D: plenum chamber (400 x 400 x 150 mm)
E: PVC cylinders I: perforated sheet

Fig. 1. Schematic of the apparatus used for measuring
resistance to airflow for barley seed.

MATERIALS and METHOD

The apparatus used in this study is shown in Fig. 1. It consists
of a smooth PVC cylindrical vertical column with a depth of
330 mm for the containment oftest grain. Three more sections
were added respectively to the column in increments of 330
mm to achieve different bed depths. The joints at any two
sections overlapped 50 mm and were sealed during
experiments. Three different cylindrical internal diameters
were investigated; 152.4,203.2, and 254.0 mm. The floor of
the test column was constructed of perforated sheet. The
cylinder was mounted on a plenum chamber (400 x 400 x 150

214

mm) made from 1.5 rom mild steel sheet. Air was supplied by a
fan connected to the plenum by a 76 mm diameter galvanized
iron pipe and driven by a 5 kW variable speed motor. A control
valve was fitted into the pipe to regulate the airflow rate.
Beginning approximately 50 mm above the top of the plenum
chamber, 4 rom diameter holes were drilled through the column
wall at 310 rom intervals in order to measure the pressure along
the column wall at different depths. Copper tube pressure taps,
3 rom diameter and 5 rom long, were fitted into these holes and
welded to the test column wall. The system was tested for air
leaks using a soap solution for pressure up to 10 kPa. The
apparatus was primed and painted inside and out to prevent air
leakage. Air temperature and relative humidity were nearly kept
constant at 300 ± 10 C and 65 ± 3%, respectively, before each
test using an air conditioning unit.

A digital air velocity meter (VELOCICALC model 8360,
TSI Incorporated, Shoreview, MN) was used to measure airflow
rate. It employs a straight telescoping probe which contains the
velocity sensor. Entering the probe perpendicular to the
galvanized iron pipe (76 mm diameter) and entering the shape
and size of pipe to the meter, the rate of airflow is directly
calculated in m3/s. The meter is also used for measuring static
and differential pressures. To measure the differential pressure,
two flexible plastic tubes were used to connect the meter with
two pressure taps in the column wall.

Moisture content
To investigate the effect ofmoisture content (MC) ofbarley on
pressure drops, grain samples were conditioned to four moisture
levels: 8.0, 15.0, 17.0, and 21.7% (wet basis). Moisture content
ofthe barley was adjusted by adding and mixing with the desired
amount ofwater. Barley grains were then sealed in plastic bags
for 24 hours to allow for moisture equilibration. The moisture
content of barley was determined by the oven method (ASAE
Standard S352.2, ASAE I992b). Bulk densities of barley at
moisture content of8.0, 15.0, 17.0, and 21.7% were measured to
be 725, 718, 700 and 686 kgjm3

, respectively.

PROCEDURES

For each value of the moisture content, the test column was
filled by a loose-fill method as described by Shedd (1953). The
grains were poured into a funnel, the outlet of which was held
just above the grain surface, making sure to raise the funnel
gradually as the filling progressed. After reaching the desired
bed depth, the fan was turned on and the desired airflow was set.
Four bed depths were investigated (310, 620, 930, and 1240
mm). Pressure drop varied from 200 to 900 Palm. Each moisture
content was tested for eight different airflow rates in the range
of0.10 to 0.70 m3

S-I m-2
• Three bin diameters were investigated

under the same tested values ofmoisture content and bed depths.
The pressure drop varied from 1500 to 3000 Palm. The
combinations of moisture content and bed depth were
investigated for the three bin diameters. The experiments
involved combinations of all these factors. Using the first tap
above the bed floor as the reference, the pressure differences
between it and all other taps were measured for different airflow
rates. Due to handling and test runs, the grain lost a small
amount ofmoisture and it was not possible to keep the moisture
exactly as desired. The experiments were carried out in three
replications.
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RESULTS and DISCUSSION

Static pressure drop per unit depth data and moisture content for
each flow rate, filling depth, and bin diameter were averaged for
the three replications. The deviation from the mean for the static
pressure drop unit depth data did not exceed 5%. Figure 2 shows
the relationship between the airflow rate and the static pressure
drop for bin diameter of 152.4 mm with the moisture content
range of8.0 to 21.7%, and bed depths of310 to 1240 mm. It can
be seen that the relationship between airflow rate and pressure
drop is nearly linear and similar to the curve presented for barley
by Shedd (1953). Pressure drop increased with the increase of
bed depth at constant airflow rate. This result is expected
because air pressure required to force air through a bed ofgrain
is dissipated continuously due to friction and turbulence. This is
similar to the observation of Shedd (1953) for different crops,
Jayas et al. (1987) for wheat and barely, and Gunasekaran and
Jackson (1988) for rice crop.
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Fig. 3. Resistance ofbarley to airflow at different moisture

contents.

Fig. 2. Effect of bed depth on static pressure at different
moisture contents with bin ofdiameter 152.4 mm.

Increasing the moisture content ofbarley from 8.0 to 21.7%
(wet basis) resulted in higher airflow rate when subjected to the
same static pressure drop as shown in Fig. 3 for bed depths of
620 and 1240 mm. It can be noticed from Fig. 3 that the static
pressure drop increased as the moisture content decreased. This
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Bed Moisture
depth content a b R2

(mm) (% wet basis)

620 8.0 7.9 x 10-3 0.499 0.982
15.0 8.4 x 10-3 0.490 0.985
17.0 11.2 x 10-3 0.488 0.983
21.7 9.5 x 10-3 0.486 0.984

1240 8.0 5.0 x 10-3 0.485 0.987
15.0 4.4 x 10-3 0.489 0.985
17.0 4.6 x 10-3 0.501 0.991
21.7 5.7 x 10.3 0.502 0.940

This observation agrees with the Bern et al. (1987) observation
on com crop. However, greater resistance to the airflow was
noticed at small bin diameter (D = 152.4 mm) and at high
moisture content (17.0, 21.7%). This is attributed to the fact that
offer a certain airflow rate through the bin, airflow velocity
increases with decrease in bin diameter. Accordingly, an
increase in airflow resistance and pressure drop is expected.

is similar to the observation ofHaque et al. (1982), Grama et al.
(1984), and Gunasekaran and Jackson (1988). For instance, at Q
= 0.40 m3 S-I m-2,bed depth of 620 mm, and bin diameter of
152.4 mm, LlP was 2859 Palm at MC = 8% and decreased to
1850 Palm at MC = 21.7%. Data were fitted to Eq. 1 using the
linear regression analysis ofthe SAS package (SAS 1982). Table
I presents values ofa and b at different combinations ofmoisture
content and bed depth. The coefficient ofdetermination (R2) was
greater than 0.982 in most cases. This confirms that the
experimental data fits Eq. 1.

Figure 4 shows the relationship between LlP and Q for a bed
depth of 310 mm and for different bin diameters (D = 152.4,
203.2, and 254.0 rom) at moisture content equal to 8.0, 15.0, 17.0,
and 21.7%. It can be seen that changing of the bin diameter has
a negligible effect on the airflow resistance at low MC (8.0 %).

Table I. Estimated constants a and b in Shedd's equation
for airflow in the range 0.1 to 0.7 m3 sol m-2

•

1E4

1E4

1E4

1 T
I I I.- M.e.-15% I-

-......--'..,."" : I

-~ .. !
.....

A·~ I
~:

.~¥
I
,
I
I
I."

0.1
1000

0.1
1000

0.1
1000

l---d=31 em ~d=62em --da93em -'-d=124eml

Fig. 4. Effect of bin diameter on airflow resistance at
different moisture contents (bed depth = 310
mm).

-' I I I I__--I
I

M.C.-l1.7% r---r- :
.,.,..r;

.,-/....~1
A ~ I I

1 j

~

I
I

SUMMARY and CONCLUSIONS

Experiments were conducted to determine static pressure drops
in airflow through barley. The tested levels of grain moisture
content were 8.0, 15.0, 17.0, and 21.7%. The bed depths were
310, 620, 930, and 1240 mm. The studied bin diameters were
152.4,203.2, and 254.0 mm. The tested airflow range was 0.1 to
0.7 m3 S-I m-2• Pressure drops predicted by Shedd agreed closely
with the observed results.

The following conclusions can be drawn from this study.

1. The airflow resistance across a column of barley grain
increased with increasing depth of barley grain column.
Doubling bed depth from 620 to 1240 mm caused an
increase in the static pressure drop by about 50%.

2. The airflow resistance of barley increased with decreasing
moisture content.

3. A noticeable increase in the airflow resistance was noticed
with the increase in the bin diameter at relatively high
moisture contents.
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