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Kukelko, D. A., Jayas, D. S., White, N. D. G. and Britton, M. G.
1988. Physical properties of canola (rapeseed) meal. Can. Agric.
Eng. 30: 61-64. Physicalpropertiesof canola meal and canola meal
pellets are needed for the design of storage and handling systems.
Experimental equipment developedin the Departmentof Agricultural
Engineering at the University of Manitoba was used to determine the
physical properties. Maximum bulk density for canola meal was 581
kg/m3 at 12.7% moisture content, wet mass basis. Particle density for
meal remained nearly constant with a mean of 1326 kg/m3. Particle
and bulk densities for canola pellets were slightly higher. Friction coef
ficients on structural materials ranged between 0.25 for galvanized
steel for 5.2% moisture content meal and 0.68 for wood-floated con

crete for 17.7% moisture content meal. Friction coefficients were lower

for pellets at 10.5% moisture content, 0.23 for galvanized steel com
pared to 0.30 for meal at 9.8% moisture content. The friction coef
ficients of canola meal on all surfaces remained nearly constant when
moisture content was raised from 5.2 to 12.7% and increased sharply
when moisture was further increased to 17.7%. Particle size segre
gation of meal caused a steeper, upper emptying repose angle of fine
particles and a flatter, lower emptying repose angle for large particles.
The upper angle varied with moisture with a maximum of 70.3 degrees
at 17.9%. The filling angle of repose for meal remained nearly con
stant with a maximum of 35.5 degrees at 9.8% moisture content. The
single sloped emptying angle and the filling angle for pellets at 31.5
degrees and 26.7 degrees, respectively, were lower than those of meal.
The implications of these physical properties on design of bulk storage
for canola meal are discussed.

INTRODUCTION

Presently, 233 000 tonnes of canola meal valued at 47 million
dollars are annually exported by Canada (Statistics Canada
1984). Canola has been recently given GRAS (Generally
Regarded as Safe) status in the United States of America and
it is expected that in the near future northern states will start
growing canola and this will add to the bulk volume of the
canola meal to be handled and stored internationally. Little
information is available in the literature on physical properties
of canola meal or other similar textured material such as soy
bean meal. This information is needed to plan and design han
dling and storage systems for canola meal and canola meal
pellets.

The aim of this study was to determine the physical prop
erties of canola meal and pellets such as bulk density, particle
density, emptying and filling angles of repose and friction coef
ficients against plywood, concrete (steel-trowelled and wood-
floated) and galvanized metal. Using these experimentally
obtained physical properties as input to various theories sum
marized in Singh (Jayas) and Moysey (1985), we have attempted
to predict bin wall pressures.
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EXPERIMENTAL PROCEDURE

Sample preparation
Commercial canola meal was purchased from a local feed com
pany at an initial moisture of 9.3%. Moisture contents were
raised to desired levels by spraying predetermined quantities of
distilled water on the canola meal while it was tumbling in a
concrete mixer. Lower moisture contents were obtained by
drying the samples in a convection oven set at 40°C. Condi
tioned samples were stored in a sealed container for a minimum
of 18 h to allow for moisture equilibration. Sokhansanj et al.
(1983) found that artificially dampened canola needed less than
2 h of tempering time at 25°C for the moisture to be distributed
uniformly within the grain. Our samples were tempered at about
20°C. In most cases, moisture was added in increments of less
than 3 percentage points.

Canola meal pellets could only be used at the moisture con
tent they were received from the pelleting plant because the
addition of water and mixing resulted in their breaking up.

Moisture measurement

Moisture contents of the samples were determined by drying
triplicate samples in an air convection oven set at 130°C for 4
h (American Society of Agricultural Engineers (ASAE) 1985)
and were expressed on a wet mass basis. The time and tem
perature used in moisture determination were the same as rec
ommended for canola seeds in ASAE Standard S352.1. Due to

the lack of availability of proper standards for canola meal and
because canola meal is ground canola with most of the oil
removed, it was decided to use the same drying temperature
and time for canola meal as is recommended for canola seed.

This method was found to give accurate moisture content deter
minations based on preliminary experiments.

Bulk and particle density

The bulk density of samples was measured using the Canadian
Grain Commission standard (Anonymous 1984). The Canadian
Grain Commission standard for bulk density measurement con
sists of a cone with a top diameter of 225 mm, a bottom diam
eter of 38 mm, and a height of 160 mm. The flat slide gate on
the bottom of the cone was opened and the sample held in the
cone flowed freely into the center of a 500-mL cup, 90 mm in
diameter and 79 mm deep. The bottom of the cone was 45 mm
above the top of the cup. The sample was levelled and the mass
of the sample in the cup was measured.

The bulk density was also measured using a conical container
having 200 mm top diameter, 165 mm bottom diameter, and
4165 mL capacity. The meal samples were placed in a plastic
hopper and allowed a free fall of 1170 mm through a 44.5-mm
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internal-diameter plastic pipe. The bottom of the pipe was 45
mm above the top of the container. The excess of the canola
meal was removed and the masses were recorded. The bulk

densities of the samples were calculated by dividing measured
masses by container volumes.

The particle volumes of the weighed samples were measured
with an air comparison pycnometer (Model 930, Beckman
Instruments, Inc., California), and particle densities were cal
culated. Farina (suzi), a granular oriental wheat flour, was used
to compare our methods of bulk and particle densities meas
urement with published results.

Emptying and filling angles of repose

The experimental setups used to measure the emptying and fill
ing angles of repose were modified from an earlier study (Muir
and Sinha 1988). Emptying angles of repose were measured in
a box 430 mm long, 200 mm wide and 430 mm high. A wooden
hopper with a 53-mm square opening located 120 mm above
the center of the top of the box was used to fill the box to a
depth of about 350 mm. The sample was then allowed to flow
out through a 50-mm high x 200-mm wide rectangular open
ing along the bottom of one narrow end wall. There were two
distinct emptying angles of repose observed. The sloped emp
tying surface was divided into a steeper upper angle and a flatter
lower angle. Both emptying angles were calculated along the
center of the box with a depth gauge with vertical and horizontal
scales. The locations of depth measurements for each trial were
chosen to best represent the upper and the lower emptying
angles.

The filling angle of repose was measured in a box 1220 mm
long, 100 mm wide, and 760 mm high with one side wall of
plexiglass. The box was filled using the 53-mm square opening
wooden hopper located midway along the box length and 800
mm above the bottom of the receiving box. The angle of the
filling slope was calculated from the measurements of the can
ola profile-depth at two points 335 mm apart, far enough away
from the impact flattened apex of the cone.

Coefficient of friction

Coefficients of friction were determined for canola meal and
pellets against four surfaces: plywood, steel-trowelled con
crete, wood-floated concrete and galvanized steel. The surfaces
were attached to a tilting table. A frame constructed of square
woodenbars, 18 mm thick was placed lengthwise on the surface
to enclose an area 305 mm long x 255 mm wide. The frame
wasfilledwith sample and carefully levelledoff to frame height.
The frame was then lifted slightly so that it was not resting on
the surface. The table was tilted slowly by a manually driven
screw. Angles at which samples started sliding were then meas
ured with a plumb bob and a protractor.

The number of replicates conducted for each property are
given in Tables I-HI.

RESULTS AND DISCUSSION

Density
The pail bulk densities (Table I) increased gradually for canola
meal from 574 kg/m3 at 5.2% to 581 kg/m3 at 12.7% and then
droppedto 513 kg/m3 at 17.7% moisturecontent. The Canadian
Grain Commission standard bulk densities (Table I) also fol
loweda similar trend rising from 564 kg/m3 at 5.2% to 572 kg/
m3 at 9.9% and falling to 498 kg/m3 at 17.7% moisturecontent.
The maximum difference between the Grain Commission
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standard and the pail bulk density was 35 kg/m3at 12.7% mois
ture content. Lorenz (1957) also found a similar trend for barley
bulk density when he increased the moisture content of barley
from 7.9 to 19.6%. Also, Alam and Shove (1973) found a sim
ilar trend for soybeans in the moisture content range of about
5-30%. In their study, the bulk density dropped from 710 kg/
m3 at 16.0% moisture content to 670 kg/m3 at 30% moisture
content.

The measured bulk density of farina of 700 kg/m3was within
1%of the value reported by Pratap (1979) at a comparable mois
ture content.

Particle density for the canola meal was relatively constant
over the moisture range with a mean value of 1326 kg/m3. Pra
tap (1979) reported a value for particle density of farina, with
an unspecified method, as 1398.4 kg/m3 which was 3.69%
lower than our experimentally determined value of 1452 kg/m3.
The particle density of the canola meal pellets was 1392 kg/m3
which was 4.74% higher than for canola meal. For a given
mass, canola meal pellets are more compacted and thus an
increase in particle density is reasonable. Deviations among
replicates for all density measurements were less than 0.5%
from means. Deviations among replicates for pellets were
slightly lower than the deviations for canola meal samples.

Friction coefficients

It was observed that canola meal particles tend to become
imbedded in the surface of the structural material which they
are placed against and therefore, part of the friction coefficient
measured is believed to be an internal friction angle created
when particles of the canola meal slide on the canola meal
imbedded in the surface. The imbedding in the surface was
most prevalent on the rough concrete surface and was nearly
non-existent on the galvanized steel surface. The degree of
imbedding in the surface was an unpredictable occurrence and
no attempts were made to quantify the percentage of imbed
ding. If 100% imbedding did occur then the angle of friction
would be equal to the internal friction angle.

The friction coefficients for plywood (Table II), parallel to
the wood grain, gradually decreased from 0.44 at 5.2% down
to 0.41 at 7.5% and increased back to 0.57 at 17.7% moisture

content. Lorenz (1957), with an unspecified wood, reported
similar trends for milo over a moisture range of 6.8-22.1% and
also for wheat over the moisture range of 7.3-19.3%.

The values for steel-trowelled concrete (Table II) also first
decreased with increasing moisture content and then rose stead
ily to 0.67 at 17.7% moisture content. Brubaker and Pos (1965)
also reported a similar trend for barley on a similar surface
between the moisture range of 10.7 and 16.4%.

The results for wood-floated concrete (Table II) show a slow
rise from 0.56 at 5.2% moisture content to 0.63 at 14.0% mois
ture content before climbing to 0.68 at 17.7% moisture content.
Brubaker and Pos (1965) found a similar trend for barley
between the moisture levels of 10.6 and 17.3% on a similar

surface.

The coefficient of friction against galvanized steel (Table II)
rose gradually when moisture was increased from 5.2% up to
14.0% and then rose sharply. The coefficient of friction jumped
from 0.38 to 0.58 with a moisture content increase from 14.0
to 17.7%. Brubaker and Pos (1965) found a sudden jump from
0.18 to 0.41 for oats when moisture content increased from 14

to 16%.

The percentage deviation from the mean was lowest for
wood-floated concrete (3.0%) and highest for galvanized steel
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Table I. Densities of canola meal and pellets

Canadian Grain

Pail Commission Particle
Sample
moisture

density density density

content Meant SDt Mean SD Mean SD

(% wb) (kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3)

Canola meal

5.2 574 6.1 564 0.6 1330 6.9

7.5 578 2.6 569 1.5 1333 3.2

9.9 579 1.4 572 1.0 1317 6.2

12.7 581 11.0 546 0.5 1329 4.5

14.0 565 4.9 531 0.5 1324 7.1

17.7 513 9.2 498

Canola meal pellets

1.7 1324 5.5

10.5 693 2.2 653 3.7 1392 4.2

tSample sizew = 4.
^Standard deviation.

Table II. Friction coefficients of canola meal and pellets against various stuctural materials

Sample
moisture

content

]Plywod Steel- Wood-

parallel
to grain

trowelled

concrete

floated

concrete

Galvanized

steel

(% wb) Meant SD* Mean SD Mean SD Mean SD

Canola meal

5.2 0.44 0.006 0.55 0.017 0.56 0.014 0.25 0.015

7.5 0.41 0.009 0.54 0.000 0.57 0.013 0.25 0.015

9.8 0.45 0.031 0.54 0.021 0.62 0.007 0.30 0.018

12.7 0.49 0.047 0.54 0.024 0.61 0.027 0.31 0.025

14.0 0.50 0.039 0.57 0.032 0.63 0.032 0.38 0.034

17.7 0.57 0.026 0.67 0.021

Canola meal pellets

0.68 0.018 0.58 0.022

10.5 0.32 0.017 0.38 0.022 0.39 0.022 0.23 0.004

tSample sizen = 5.
tStandard deviation.

(6.5%). Steel-trowelled concrete (3.4%) and plywood (5.4%)
fell in between the extremes. The largest percentage deviation
for pellets was 5.8% against steel-trowelled concrete.

Emptying and filling angles of repose
Probably the different upper and lower emptying angles resulted
because of particle segragation during emptying. The upper
angle surface was composed of finer particles than the lower
angle surface. The upper angle was steeper than the lower angle
for all the samples of canola meal in the entire moisture range
of 5.2-17.7%. The amount ofparticle segregation that occurred
was not constant from trial to trial at any given moisture con
tent. The location along the slope where the lower angle started
also varied significantly from trial to trial. The combination of
(he two resulted in deviations as high as 5.3 degrees for the
upper angle at 7.5% moisture content and 3.7 degrees for the
lower angle at 6.0% moisture content. Behavior of the milled
product farina supports the particle segregation theory. Farina
has uniform particle size and the emptying angle was observed
with an even slope and a deviation lower than the deviations
for canola meal. The emptying angle for canola meal pellets
had one even slope as well.

The upper emptying angle for canola meal increased sharply
from 45.4 degrees to 69.9 degrees when moisture was increased
from 12.5 to 14.8% (Table III). Both the upper and the lower
emptying angles increased with the increase in moisture content
accounting for the large deviations. Muir and Sinha (1988)

found that among 14 cereal grains that had one slope emptying
angle of repose, the emptying angle increased 20-35% when
moisture content increased from 12.7 to 16.4%.

The filling angle remained nearly constant over the moisture
range of 5 to 17.5%. It is postulated that the cohesiveness of
canola meal particles during filling is not moisture dependent
between the range of 5 to 17.5%.

FILLING AND EMPTYING PRESSURES

Janssen's theory (1895) is a widely accepted method to predict
filling pressures. It was based on the static equilibrium of a
slice of granular material stored in a circular bin.

CANADIAN AGRICULTURAL ENGINEERING

where

Ph =

K =

h =

Ph = wR(\-exp(-u'Kh/R))/u' (1)

lateral bin wall pressure at depth h (kN/m2),
specific weight of stored material (kN/m3),
hydraulic radius of storage structure and is defined as
the ratio of the cross-sectional area of the bin to the

perimeter of the bin (m),
the ratio of lateral to vertical pressure (Ph/Pv,
dimensionless),
coefficient of friction of storage material on the bin wall
material (dimensionless),
depth from the surface of material (m).

As discussed by Singh (Jayas) and Moysey (1985), the ratio
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Table III. Emptying and filling angles of repose for canola meal and pellets

Sample
Lower emptying Upper emptying Filling

content
angle o angle o angle o

(% wb) Meant SD* Mean SD Mean SD

Canola meal

5.2 34.3 1.46 39.8 4.29 34.5 1.46

7.5 33.6 1.48 42.5 5.26 34.1 0.82

9.9 32.2 1.08 39.8 0.78 35.5 1.84

12.6 33.1 1.71 45.4 3.98 34.4 2.41

14.4 39.3 2.34 69.9 0.70 34.0 1.18

17.8 39.5 1.43 70.3

Canola meal pellets
1.08 33.5 2.21

10.5 31.5 0.75 31.5 0.75 26.7 1.00

tSample size n = 4.
tStandard deviation.

K is the most controversial to estimate. The ratio K^^ and
^passive can be estimated as:

^ve = (1 - sin<|>cos2e)/(l + sin<)>cos2e) (2)
2e = sin_1(sin<()7sin<t)) — <(>'
^sive = (1 + sin<)>cos2B)/(l - sin<|>cos2fl) (3)
IB = sin-Ksin^'/sincJ)) + <)>'

where

<|> = angle of internal friction (Table III),
<|>' = angle of friction of stored material on bin wall (Table

II).
Active would correspond to the case where a bin wall was

moved away from the stored grain and ^passive occurs if the bin
wall was moved towards the grain.

As summarized in Singh (Jayas) and Moysey (1985), Lvin's
theory (1970) can be used to reasonably predict emptying pres
sures in cylindrical bins. His theory is based on the equilibrium
of elementary concentric rings instead of horizontal slices. The
theory is not capable of predicting the reduction in emptying
pressures near the bottom of a bin as observed by many
researchers including Pieper (1969) and Deutsch and Schmidt
(1969). It requires the calculation of Ph^e to determine static
pressure then Phpassive to determine emptying pressures.

PlW = wK^veh(l - u'K^Ji/D) (4)
foih/D<l/2u,Kactiye
Phactive = wDIAu'
for hID 3* l/2wXctive
PlWe = Phactive(0.71 + 0.29 m)

where

D = bin diameter (m)
m = ratio of K^^ to K^^.

Janssen's theory (Eq. 1) predicts for canola meal at 9.9%
moisture content a lateral pressure of 7.66 kPa at 9.2 m beneath
the surface of a 4.6-m diameter wood-floated concrete bin. The
emptying pressure predicted by Lvin's theory is 17.46 kPa for
the same conditions. When the bin wall surface was changed
to galvanized metal at the same moisture content for canola
meal Janssen's filling pressure increased to 9.15 kPa and Lvin's
emptying pressure increasedto 43.37 kPa. Increasing the can
ola meal moisture content to 17.7% with a wood-floated con
crete surface resulted in both filling and emptying pressure fall
ingto 1.30 kPa and 25.7kPa, respectively. Increasingthe canola
meal moisture content to 17.7% with a galvanized metal bin

surface also resulted in the filling pressure dropping to 1.32
kPa and the emptying pressure dropping to 34.6 kPa. The pre
dicted filling and emptying pressures for wheat at 11.2% mois
ture content with an internal friction angle of 32 degrees, in a
wood-floated concrete bin with a surface friction angle of 26.8
degrees and a bulk density of 763 kg/m3 were 13.32 kPa and
24.93 kPa, respectively.
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