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Jayas, D.S., Sokhansanj, S., Moysey, E.B. and Barber, E.M. 1990.
Predicting airflow pressure patterns in canola (rapeseed) bins.
Can. Agric. Eng. 32:249-254. A flow equation to predict pressure
patterns in stored canola (rapeseed) was developed for an axisymmet-
ric configuration and solved using the finite element method. The
solution of the flow equation accounts for the anisotropy of canola,
foreign material distribution in the bins, variety, moisture content and
method used to fill the bins. To validate the results of the prediction
model, the predicted pressures at several locations were compared
with measured pressures in a 4.6 m diameter bin filled with Tobin
canola using a central spout. The predicted pressures were within 6%
of the measured pressures at most measurement locations in the bin.

INTRODUCTION

Drying of farm crops is an integral part of agricultural produc
tion systems. The current trend is to dry farm crops, including
canola (rapeseed), using near-ambient temperature air. Aera
tion is the most commonly used method for cooling stored
grains and oilseeds. In both near-ambient drying and aeration
cooling systems, air in varying quantities (10-30 L/s per m for
near-ambient drying and 1-2 L/s per m ) for aeration (Friesen
et al. 1984) is introduced through a perforated area and then is
distributed throughout the grain mass. The success of the
systems is highly dependent on the uniformity of the airflow
within the stored mass. The uniformity of airflow is affected
by the configuration of the perforated area used for introduc
tion of the air, the direction of airflow, bin geometry, the
resistance to airflow of the product, and the amount, size and
distribution of the foreign material in the stored bulk.

Many mathematical models (Brooker 1969; Marchant
1976; Segerlind 1982; Miketinac et al. 1986) have been re
ported in the literature which can predict the pressure patterns
in stored products. The reported models appear to be based on
isotropic behaviour of stored clean grains. Recent measure
ments by Kumar and Muir (1985) and Jayas et al. (1987b) on
the resistance to airflow of wheat, barley and canola have
indicated lower resistance in the horizontal airflow direction
compared to the vertical airflow direction. A simulation
model, which accounts for the anisotropy of canola and for
eign material distribution in addition to the factors considered
by earlier modelers, was developed to predict pressure patterns
in bins filled with canola. The predicted pressures were com
pared to pressures measured in a 4.6 m diameter farm bin filled
with Tobin canola using a central spout.
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MODELLING OF AIRFLOW

Assumptions

The mathematical model which describes the distribution of

air within the stored uncleaned canola in a circular farm bin is

based on the following assumptions:

1. The steady state is established and flow of air is incom
pressible (Brooker 1961; Jindal and Thompson 1972;
Pierce and Thompson 1975).

2. The bin wall is impermeable to airflow.
3. The distribution of foreign material in the bin is indepen

dent of angle 9, i.e. the problem is axisymmetric (Stephens
and Foster 1976, 1978; Chang et al. 1981, 1983, 1984;
Jayas et al. 1987a).

4. The continuity equation for an axisymmetric case is valid
for flow of air through the stored mass:

dr r dz
(1)

or

±(rVr)+l-z(rVz)=0 (2)

5. The pressure gradient and velocity are related by the
following relationship:

rdpf
Vn = A

dn
(3)

where A and£ are constants for narrow airflow ranges and thus
are piecewise constants. The constants are dependent on the
product moisture content, on the percentage of fines and chaff
in the bin, on the method used to fill the bin and on direction
of airflow. The constants A and B for canola, were determined
experimentally by Jayas and Sokhansanj (1985, 1986).The
vectors (dP/dn) and V are oppositely directed. Hence Eq. 3
can be written in vector form as:

V= -A
dn

(«-i)

dn
(4)
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6.The velocity is perpendicular to the isopressure lines, i.e. the
velocity components in the radial and axial directions are
related to the normal velocity component and the pressure
gradient by the following relationships:

.. dP/dr _. . T7 dP/dz _.
(5)

Model development

The normal pressure gradient is related to the radial and axial
pressure gradients by the following relationship:

mm
Combining Eqs. 3 and 5 gives:

i/ AdP^ dP . .. JdPV"-» dP
Vr=A[dn-\ 37 "* V'"A[n\ *

Using Eq. 6, Eq. 7 can be written as:

*-4sH?rr"£
or

dP

dr
Vr= Krr — and Vz= KZ2 ^~dP

dz

where

Krr — Kzz — A'\[dr\ +[dz\ j
-l)/2

(6)

(7)

(8a)

(8b)

(9)

(10)

As is demonstrated by Jayas et al. (1987b),A is differentin
the radial and axial directions. Therefore, Krr and Kzz will be
different and the model is anisotropic in contrast to the re
ported models which were based on isotropy of stored mass.

By substituting for Vr and Vz into the continuity equation
(Eq. 2), the differential equation describing the flow of air in a
granular product is obtained:

dP dP
;£<r*">lw+;^*>37=°dr' dr dz dz 01)

To obtainthe pressure patterns in the granular mass, Eq. 11
must be solved by applying the appropriate boundary condi
tions. Asan example,theboundaryconditions fora system with
a fully perforated floor are shown in Fig. 1. The boundary
conditions consistof specified pressure values at theperforated
floor, and the zero pressure at the open canola surface. The
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Fig. 1. The boundary conditions and typical finite element
for flow of air in a farm bin having fully perforated
floor.

vertical surfaces have a homogeneous Neumann boundary
condition (dP/dn = 0) because of the impermeability of the
walls.

Solution of Mow equation

The finite element method was selected to solve Eq. 11. In
applying the finite element method to the solution of Eq. 11,
two approaches (variational and weighted residuals) can be
used. Details on these methods are given in finite element
books (Segerlind 1976,1984; Zienkiewicz 1977; Bathe 1982;
Desai and Abel 1972). The authors used the method of
weighted residuals. Thus, the partial differentialequation de
scribing the flow of air is converted to a set of algebraic
equations:

wnfeHM (12)

The detailed derivation of Eq. 12 from Eq. 11 is reported
elsewhere (Jayas 1987). The matrix [K] is called the coeffi-
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cient (stiffness) matrix. The elements of the matrix [K] are
dependenton the pressure gradients. Hence, the systemof Eqs.
12 is non-linear. The solution technique used to solve this
system of non-linear equations is described in the next section.

Handling non-linearity

The problem is non-linear because the terms of [K] are depen
dent on r, z and P. The dependence on r and z comes from Eq.
3 which relates the pressure gradient to the air velocity. The
constants A and B in Eq. 3 are dependent on the location in the
bin because the resistance to airflow is affected by the amount
and size distribution of foreign material, the moisture content
of the product, the variety of seed, and the method used to fill
the bin. These factors vary the properties of the stored product
within the bin. Also, A and B depend on the pressure gradient
at a given location in the bin.

Consider a particular case in which a bin is filled with
canola (cv. Tobin, Brassica campestris) with a specified for
eign material and moisture content through a central spout.
The constants A and B can be determined for each location in

the bin and for both directions using the material properties.
The only dependence ofA and B is on the airflow pressure drop
ranges. This is true for any bin.

The dependence of the matrix [K] on P comes from Eq. 10
which relates the granular permeability to the pressure gradi
ent. Also, A and B in Eq. 10 are dependent on the pressure
gradients. To solve this non-linearity, an initial guess for nodal
pressures must be made (Zienkiewicz 1977). Using the
guessed values for the nodal pressures, the components of the
granular permeability matrix are calculated and the system of
Eq. 12 is solved for the new approximate values of the nodal
pressures. With the new values, the process is repeated and the
iteration is continued until the differences between nodal pres
sures at iteration n and /i+i are less than 0.S Pa. The nodal

pressures after n iterations are taken as the converged solution.
The process of iteration is very time-consuming and expen

sive operation in the solution of non-linear problems. Several
methods have been suggested to expedite the iteration process

(Zienkiewicz 1977). Most modifications use a weighting fac
tor (in the neighborhood of 2) to obtain values at the (/i+7)th
iteration from the nth iteration. The selection of the weighting
factor depends on the experience of the analyst. For the itera
tion of symmetric matrices in the present case, Jennings (1971)
suggested a variation of the 8 process of Aitken. The im
proved estimate ofthe vector [E)"*1 isgiven by:

{d*fl={d"+*id,,-terl <»>
where s is the relaxation factor and is defined as:

S =
,l<«-2)vr ->- {if- Ycfef"*- 2^T+ fef i(i-i),

(14)

Eqs. 13 and 14 are used at the beginning of every 3/i+l
iteration, (where n = 1,2,3,4...), and give an improved estimate
of the vector [P] based on the three previous estimates. The
method of Jennings (1971) was used to expedite the iteration
process. The computer program of Singh and Sokhansanj
(1985) which was developed to solve transient axisymmetric
field problems was modified to handle the solution of the
non-linear flow equation (Eq. 11).

MATERIALS AND METHODS

Material

The canola, variety Tobin, harvested during the fall of 1984 at
an initial moisture content of 6 to 10 percent (wet mass basis)
was used. The moisture content of canola was determined
according to ASAE standard S352.1 (ASAE 1984).

Full size bin measurements

To validate the pressure pattern predicted by the mathematical
model, pressures were measured at several points in a 4.6 m

Fig. 2. The schematic of the arrangement of various components used to fill the bins.
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Fig. 3a. Location of sampling points for pressures in a 4.6
m diameter bin filled with Tobin canola (7.5% moisture
content) having 12.4 percent foreign material.

diameter bin. The bin was filled three times using a central
spout. The system is shown in Fig. 2. During filling, samples
were taken at 5 min intervals from the stream of canola as it
poured from the truck, in order to determine the average
moisture content and the foreign material. The bin was filled
to a height of 3 m at the center; the canola profile attained an
average slope of 23° from the horizontal.

The locations of the sampling points for the pressure mea
surement are shown in Figs. 3a and 3b. Level A was installed
at 670 mm above the perforated floor to avoid interference
from the bin unloader. Level B was chosen 505 mm above
level A and level C 505 mm above level B. (The existing bolt
holes of the bin were used to give the spacing of 505 mm). The
sampling point at the center was identified as 0 and other
points which were 460 mm apart radially were numbered
increasing towards the bin wall. At level B, sampling points
were also located at three other radii which divided the bin into
four 90° quadrangles (Fig. 3b). The location of the ventilation
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Fig. 3b. Location of sampling points and their identifica
tion numbers at level B of Fig. 3a.

fan is also shown in Fig. 3b. In addition to the above mentioned
sampling points, two pressure taps were located just below the
perforated floor to measure the plenum static pressure. One
tap, marked as P in Fig. 3a, was located beneath levels A, B
and C while the other was placed at a point close to the fan.
Copper tubes with a 6.4 mm outside diameter and a 1.0 mm
wall thickness were extended from the bin wall to the sampling
points. The copper tubes were supported by brazing to 13 mm

Table I: Measured static pressures at various locations of
level B shown in Fig. 3.

Location Measure Static Pressures (Pa)

Testl* Test 2 Test 3

Plenum 1290 1270 1250

B0 636 602 574

Bl 624 554 528

B2 620 540 512

B3 602 516 490

B4 584 496 466

B5 634 568 542

B6 646 530 508

B7 634 498 470

B8 620 468 444

B9 628 584 562

B10 622 572 546

Bll 602 542 520

B12 586 528 504

B13 622 592 564

B14 602 588 562

B15 572 582 554

B16 518 562 534

* In actual data collection, sequence of tests was 3, 1,2.

JAYAS, SOKHANSANJ, MOYSEY and BARBER



Table II: Measured and predicted static pressures at various locations for the bin shown in Fig. 3.

Location Measured Static Pressure Predicted Static Percent

(Pa) Pressures*

(Pa)

Deviation

Testl Test 2 Test 3 from Test 2

Plenum 1290 1270 1250 1270

AO 838 800 770 843 5.4

Al 858 804 764 790 -1.7

A2 874 808 766 767 -5.1

A3 884 806 768 728 -9.7

A4 888 792 760 683 -13.8

BO 636 602 574 640 6.3

Bl 624 554 528 587 6.0

B2 620 540 512 564 4.4

B3 602 516 490 525 1.7

B4 584 496 466 480 -3.2

CO 412 358 338 400 11.7

CI 400 354 334 347 -2.0

C2 370 330 310 324 -1.8

C3 340 286 264 285 -0.3

C4 310 234 218 240 2.6

* Forpredicted values plenum was assumed at 1270 Pa.

diameter steel rods which were bolted across the bin diame

ters. The copper tubes were projected in the horizontal plane,
approximately 50 mm away from the supporting steel rods.
Flexible plastic tubing was used to connect the copper tubing
to an inclined manometer for pressure measurements.

MODEL PREDICTION AND VALIDATION

The measured and predicted pressures for a 4.6 m diameter bin
filled by a central spout with Tobin canola at 7.5 percent
moisture content and 12.4 percent foreign material are given
in Tables I and II. The measured values are listed for three

replicates. The plenum static pressures in each replicate were
measured differently and are given in Tables I and II. Because
the plenum static pressures changed from one replicate to the
other the mean value of the measured static pressures was not
calculated. For the predicted pressures, the plenum pressure
was assumed to be 1270 Pa. Therefore, results of test 2 are
compared with predicted pressures.

The variation among the measured pressures along four
radii of Fig. 3b is within six percent (Table I). This demon
strates that a bin filled by a central spout can be modeled as an
axisymmetric configuration. At levels B and C in Fig. 3a and
3b, the measured pressures were maximum at the center and
then decreased towards the bin wall. This was expected be
cause during filling using a central spout the depth of canola
was greater at the center compared to the sides of the bin. At
level A in Fig. 3a, the measured pressures increased slightly in
one test and remained relatively constant for the other two
tests. Level A was just above the motor assembly for the
unloading auger. The floor area occupied by the unloading
system might have caused the unpredictable variation in pres
sures at level A. The predicted pressures, however, showed the
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decreasing trend towards the bin wall because the floor was
considered fully perforated in the prediction model. In general,
the predicted pressures compared well with the measured pres
sures. The maximum deviation between predicted pressure
and the measured pressure was 14 percent at level A and 12
percent at level C. For all other points the predicted pressure
was within 6 percent of the measured pressure.

The developed model in this present form can only predict
the airflow distribution in a symmetrical geometry. To account
for obstructions such as a grain unloading system, a three
dimensional model is required.

CONCLUSIONS

The mathematical model presented in this paper for predicting
airflow pressure patterns in storage bins is capable of incorpo
rating the effect of the moisture content, the distribution of
foreign material, the direction of airflow, the method used to
fill the bin, and the variety of canola to predict the airflow
pressure pattern in a canola bin. The model is limited to an
axisymmetric configuration.

NOMENCLATURE

A = constant

B = constant

if) = vector modified based on specified nodal pressures
[K] = coefficient (stiffness) matrix
Krr = granular permeability in radial direction
Kzz = granular permeability in axial direction
n = normal direction, also, iteration number
P = pressure, Pa
{£} = vector of nodal pressures
r = radial direction

253



V = air velocity, m/s
z = axial direction
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