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Zhang, J. and Kushwaha, R.L. 1993. Effect of relative humidity
and temperature on grain-metal friction. Can. Agric. Eng. 35:041 -
044. The coefficient of friction (COF) of grains has been evaluated
as a function of ambient temperature and relative humidity (RH) on
aluminum and galvanized steel surfaces. The COF increased with an
increase in RH for low grain moisture at low ambient temperature.
For grain with a high moisture content (18.6% wheat, 16.4% canola,
21% lentil), the COF decreased as the RH increased to 70% and 85%
at high ambient temperature. Temperature emerged as an important
parameter influencing the COF, especially when associated with
high RH.
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Le coefficient de friction (COF) de grains a ete evalue en fonction
de la temperature ambiante et de l'humidite relative, sur des surfaces
d'aluminium et d'acier galvanise. Le COF a augmente avec une
augmentation de l'humidite relative pour des grainsa faible teneur
en humidite, a une temperature ambiante basse. Pour les grains a
haute teneur en humidite (18.6% pour le ble, 16.4% pour le canola,
21% pourleslentilles), le COFa diminue lorsque l'humiditerelative
a augmente a 70% et 85%, a des temperatures elevees.La tempera
ture est apparue comme etant un parametre influencant de facon
importante le COF, specialement en presence d'humidites relatives
elevees

INTRODUCTION

Grain handling is generally carried out under conditions
where there is little or no control on ambient temperature and
humidity. Frictional characteristics of grains are very impor
tant in the proper design of material handling and storage
equipment. Therefore, coefficient of friction (COF) design
data for agricultural materials on various surfaces are re
quired for economical operation of handling and processing
machinery. Often, the variation in the physical properties of
the agricultural products, such as shape, size, and moisture
content, affect the COF values. COF is also dependent on the
surface and surrounding conditions. Much technical litera
ture is available that recognizes the influence of the physical
properties of the agricultural products on the COF. Little
information is available about the influence of the ambient
temperature andRH (BickertandBakker-Arkema 1968). The
existingdata are often confusing and questionable since spe
cific ambient conditions should be defined while determining
the COF values of agricultural products.

LITERATURE REVIEW

Friction between sliding surfaces has been of concern for
centuries and much of our present knowledge of friction is a

result of work by Amontons and Coulombs (Mohsenin
1986). The classical laws of friction state that the frictional
force: (a) is directly proportional to total force which acts
normal to the sliding surface; (b) depends upon the nature of
the materials in contact; (c) is independent of the area of
contact; and (d) is independent of velocity of sliding.

Because of varying characteristics of agricultural materi
als and other solids, several questions have been raised
regarding the application of classical friction laws to agricul
tural materials. In general, the classical laws of friction are
not always valid in the case of biological materials. These
materials may be deformed even by low surface pressure and
their sliding surface characteristics may vary. The variation
in the COF values of biological materials is caused by three
different processes; (a) fracture of particles into two or more
fragments; (b)particleattritionin whichthe particles become
more rounded; and (c) abrasion caused by friction. During
sliding of moistor wet materials, the friction characteristics
may be altered noticeably because of adhesion charac
teristics.

Considerable work has addressed the frictional charac
teristics of agricultural cereal materials. Bickert and Buelow
(1966) reported that conditioning of the test surface was
necessary to obtain repeatable results in direct shear tests
conducted with corn on various test surfaces. The condition
ing process involved repeated passes of the test materials
overthe sliding surface before tests.Frictional forces exhib
ited a 50%increaseduring conditioningbut reacheda steady
state near the end of conditioning. This variation in the
frictional force occurred due to deposits of oils, waxes, and
fats onto the sliding surface. Brubaker and Pos (1965) re
ported that the static COF increased with an increase in the
moisture content of grain, except on teflon where surface
moisture acted as lubricant thereby reducing frictional resis
tance.

The coefficient of kinetic friction of agricultural materials
on metal surfaces has been shown to increase with an in
crease in grain moisturecontent and ambient RH (Snyder et
al. 1967). The COF increased with the number of test runs in
repeated direct shear tests with wheai on metal. Following
tests, the surfaces were washed with carbon tetrachloride
which reduced the COF to its original value. These results
indicated that some deposition occurred on the test surface
rather than alteration of the sliding surface by abrasion.
Thompson and Ross (1983) studied the COF of soft red
winter wheat on galvanized steel. Their results indicated that
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the COF increased with an increase in the moisture content

of wheat from 8 to 20% and decreased as the moisture content

approached 24%. At a high moisture content, the moisture
acted as a surface contaminant and influenced the amount of

surface contact which occurred between the two solids. The

surface contaminants made the junction between the solids
weaker in shear, thus causing the COF to decrease for 24%
moisture content. Thompson et al. (1988) analyzed the de
posits by using x-ray photoelectron spectroscopy and
reported that a 40% increase occurred in the carbon content
after only first test run. This indicated that an oil or wax was
being deposited on the galvanized surface by wheat kernels.
Further analyses showed that the deposited residue was com
posed of 2 to 4% fatty acids, 23 to 27% triphenol acetate and
alcohol, and 70% lipid. Lang (1989) measured the COF of
wheat mixed with the canola oil to reduce the dust and found

that the COFincreased as temperature increased from-25°C
to 22°C.

The increase in the COF values with an increase in grain
moisture content has been demonstrated. This increase is

attributed to increasing adhesion. The temperature is also a
very important parameter to the adhesive phenomenon. Some
work has been done relating the influence of RH to the COF
(Snyder et al. 1967). Since RH is the ratio of two vapour
pressures and does not define a state point, the RH should be
stated along with atmospheric temperature to be more mean
ingful (White and Ross 1983). Therefore, the combined
effects of both the temperature and the RH on the COF should
be considered. Thus, the objective of this research was to
study the effects of temperature and RH on the COF between
metal surfaces and different agricultural cereal grain.

EXPERIMENTAL APPARATUS AND PROCEDURE

A Wykeham Farrace shear box apparatus with a shear box
100 mm square was used to determine the COF (Fig. 1). A
normal load was applied to the sample by a weight acting
through a load hanger that rested on the top plate. The bottom
half of the box was pulled at a constant speed of 0.6 mm/min
in the horizontal direction.The resulting frictional force was
measured with an Interface Model SSM-AS-250 (Interface
Inc., Scottsdale, AR) load cell. The load cell was compen
satedfor a temperature rangeof -18°Cto 66°C.A Fluke2240
datalogger was used to monitor the output from the force
transducer. The top and bottom plates of the shear box were

normal force

Fig. 1. Schematic of shear box apparatus.
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made of porous sandstone to prevent the sample slipping at
the boundaries. Two metals, galvanized steel and aluminum
were used in the tests. Plates were cut to the size of the box

and were placed level with the surface of the bottom half of
the shear box (Fig. 1). The datalogger was programmed to
take a set of readings every 15 seconds. Tests were conducted
with Spring wheat (cv: Columbus), lentil (cv: Laird) and
canola (cv: Turbine). Three replicates were conducted for
each temperature and humidity level with the same moisture
content of the grain. The levels of the parameters are given in
Table I. A factorial analysis of variance was conducted to
determine the significance of parameters.

Table I. Grain metal friction variables information

Variable Levels Values

Grain 3 wheat, canola and lentils

RH 4 25, 50,70 and 85%

Metal 2 galvanized steel and aluminum
Temp 2 20°C and 36°C
Moisture 2 high and low

Number of observations in data set = 96

Number of replicates = 3

Tests were conducted in an environmental control cham

ber at temperatures of 20°C and 36°C with four different RH
settings ranging from 25 - 85% (Table I). The upper limit of
36° was the practical working temperature attained in the
environment chamber. The initial moisture content of wheat,
lentils, and Canola was 11.9%, 11% and 6% (wet basis),
respectively.All three grains were stored in plastic containers
ata room temperature of20°C until processed forthe experi
ment. The desired moisture content was obtained by adding
waterand then placing the grain in sealedbags in a refrigera
tor for 48 hours to reach equilibrium. Twenty four hours
before the test, the sealed bags of grain were placed in the
environmental control chamber to obtain equilibrium test
temperature. The test metal pieces were also conditioned in
the environmental chamberfor at least 10 hours prior to the
test. This procedure provided equilibrium conditions for the
grainand the slidingsurface. The periodof grainexposure to
the environment was limited to about 20 minutes during the
test. The grain was discarded after each test. Thus the grain
sample reached equilibrium temperature in the sealed bags,
but did not reachits equilibrium moisture contentduringthe
test. Oxidation of metal surfaces at high temperature and
humidity would also effect the COF, however, no attempts
were made to measure metal oxides on the sliding surfaces
due to short duration of a test run. Moisture contents were
determinedon a wet basis by the oven dry method according
to the ASAE Standards (ASAE 1989). However, there was no
method available in the ASAE standard for the lintels. A
recommended method presented by Tang and Sokhansanj
(1991) was used where the lentils were dried at 130°C for 20
hours.

The roughness of the two metal contact surfaces was de
termined using a roughness test unit (Mitutoyo Surftest 211).
The surface roughnesses of galvanized steel and aluminum
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were found to be 1.35 and 0.58 m, respectively.
Exploratory studies were conducted to determine the ap

propriate velocity and normal force for the COF tests. A
statistical analysis of preliminary results showed that veloci
ties near 0.6 mm/min had a constant COF. Normal pressure
was varied from 7 kPa to 28 kPa. The pressure variations
caused some changes in the COF. The COF for canola at 6%
moisture content decreased from 0.40 to 0.24 as the pressure
increased from 7 kPa to 28 kPa. All tests were performed at
28 kPa since the pressure of 28 kPa was reported to have been
found in grain storage bins (Mohsenin 1986). The prelimi
nary tests also showed that the COF decreased with the
number of test runs. The COF decreased dramatically for the
aluminum surface. After ten runs, it decreased from 0.21 to
0.16 for wheat at 11% moisture. The variation was attributed
to the deposits which accumulated on the metal surface.
Therefore, to obtain repeatability among tests, the metal sur
face was washed with acetone after each test run.

As mentioned earlier, the preliminary tests showed that the
COF decreased from 0.40 to 0.24 for an increase in normal
pressure from 7 kPato 28 kPa. This is in agreement with the
results of Thompson and Ross (1983) who explained this
phenomenon with the Hertz equation. The Hertz equation
indirectly predicts that a decrease in the COF occurs for an
increase in normal pressure. TheCOFalsodecreased withthe
increase in the number of trials. This may have been caused
by the deposits of the wax and fatty acid materials which
helped tolubricate the sliding surface hence reduce the COF.
This result was contrary to the results found by Bickert and
Buelow (1966) and Snyder et al. (1967). According to their
results, theCOF increased with theincrease in thenumber of
trials. However, Thompson and Ross (1983) and Thompson
et al. (1988) reported thattheCOF decreased as the number
of trials increased. The difference may be attributed to the
various test conditions and materials.

Preliminary tests also showed that the operating technique
had a considerable effect on the results. Sample filling
method and starting time for data recording were two of the
most influential factors. The filling method used in this test
was a loose fill. The sample was poured through a funnel
whichwas set at 20 mm above the bottom surfaceof the box.
The grain was levelled with an aluminum plate. The top plate
was placed on the surface ofthe sample and pressed slightly.
The top half of the box was raised 2 to 3 mm to eliminate
friction between the two halves of the box before the shear
force was applied. The total horizontal displacements, which
were greater than the mean length of the individual kernels,
were 3 to 4 mm,5 to 6 mm,and7 to 8 mmfor canola,wheat,
and lentil, respectively.

RESULTS AND DISCUSSION

Figures 2 to4 show the mean COF asa function ofboth RH
and temperature for galvanized steel and aluminum for
wheat, canola, and lentils at two levels of grain moisture.
Since there were considerable differences among the three
grains, the analysis ofvariance for individual grain type was
carried out. The results of these analyses showed that the
COF was highly significant asaffected bythegrain moisture,
ambient temperature, RH,and the two metal surfaces.

TheCOFincreased significantly for an increase in the RH
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Fig. 2. Coefficientof friction of wheat asa function of RH
and temperature at two moisture levels.
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Fig. 3. Coefficient of friction ofcanola as afunction ofRH
and temperature at two moisture levels.

from 25% to 85%. The RH which reflects the moisture con
tent of contact surface was a very important parameter that
influenced the COF. Similar results have been reported by
Snyder etal. (1967). Since RH isafactor, itshould always be
stated along with the atmospheric temperature. The COF
increased for both an increase in RH and temperature. The
COF was higher at36°C than at20°C inmost cases. This may
be caused by the fact that the partial vapour pressure is
higher at 36°C which would have increased the moisture
level of the sliding surface. It appears that the increased
moisture level of the sliding surface caused adhesion hence
increased the COF.

The COF was higher at36°C temperature than that at20°C
for the range ofRH from 25% to50%. However, forthe range
of 25%to 50%RH, the valueof COFwasnearlythe samefor
boththe temperatures. Furthermore, at the high temperature
of 36°C, theCOF decreased as the RH increased to 85% for
the high moisture content ofthe grains (18.6% wheat, 16.4%
canola, 21% lentil). Thedecrease in COF may have resulted
from a lubrication phenomenon caused by the increased
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Fig. 4. Coefficient of friction of lentils as a function of RH
and temperature at two moisture levels.

moisture level of sliding surfaces. However, for the grain
with low moisture content, the COF still increased with the
increase in the RH at the high temperatureof 36°C.However,
the ratio of increase of COF was reduced. The decrease in
COF at high temperature may have also been caused by
appearance of fatty acids, wax and like substances more often
than those at normal temperature. The fatty acids combined
with surface moisture level would help to reduce the COF.

An interesting phenomenon was observed with lentil with
grain moisture content of 21%. The COF began to decrease
at the RH of 50% as compared to wheat (18.6%) and canola
(16.4%) at the RH of 85%. This may be attributed to the
higher moisture content of lentil and smooth surfaces of
grains.

CONCLUSIONS

1. The influence of the temperature on the coefficient of
friction was significant fora given relative humidity.

2. Theinfluence of relative humidity andtemperature onthe
coefficient of friction changed significantly for different
grain types.

3. The coefficient of friction decreased from 0.40 to 0.24 for
an increase in normal pressure from 7 kPa to 28 kPa at a
grain moisture of 6% for canola.

4. The coefficient of friction increased with an increase in
the relative humidity. However, for highrelative humid
ity values at high temperatures, the coefficient of friction
decreasedfor the grain with high moisturecontent.

5. The coefficient of friction decreased with increasing
number of tests, because of material deposition on the
sliding surface. The value of the coefficient of friction
remained at its originallevelwhentheslidingsurface was
washed with acetone after each test.
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