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INTRODUCTION

The flow of granular materials
under gravity has been investigated
by many workers because of its wide
spread occurrence in agricultural and
industrial handling systems. The most
complete theoretical studies of the
stress and velocity fields have been
made by jenike and his co-workers,
(3, 4) who included the effects of
cohesion in the granular mass. The
vertical compressive stresses in a silo
filled with a cohesionless material
have been studied by Janssen (quoted
by Ketchum (5)), Jaky (2), and Barre
(1). The rate of discharge of granules
through an orifice in the bottom ol
a bin has been the subject of several
papers. That of Rose and Tanaka (7)
is an example.

The purpose of the present research
is to provide, eventually, a complete
quantitative description of the velocity
fields in flowing cohesionless grain
for at least one particular set of
boundary conditions. This paper will
give only the first qualitative obser
vations that have been made, and will
describe the effects that will have to
be dealt with in the theoretical treat
ment.

Several workers have set up model
bins in order to study the flow pat
terns (4, 6). In every case, they used
two-dimensional models with two
plane parallel glass walls. These
models provided flow patterns that are
correct cross-sections of the flow in a
semi-infinite mass moving in two di
mensions. Such models cannot be
considered satisfactory for represent
ing the flow in a cylindrical bin,
however. There are strong theoretical
reasons for distinguishing between the
two cases, but as a single practical
example one may consider the differ
ent angles of repose assumed by grain
when it forms an external cone (the
surface of a conical pile), an internal
cone (the surface surrounding an
orifice in the bottom of a vessel after
flow has ceased), and a plane slope
(the surface on one side of an elon

gated pile). In some materials these
three angles of repose may differ
widely.

Accordingly, a model bin in the
form of one half of a vertical cylinder
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was constructed. The vertical front
surface was closed by a plate-glass
door. The flow patterns seen through
the glass were assumed to be true axial
cross - sections of cylindrical gravity
flow. The assumption was justified
for dry grain, which has a high inter
nal friction compared to its friction
against the glass.

Figure I. The model bin, showing the internal atvjle
of repose.

Figure 1 shows a frontal view of the
half-bin, with grain resting at its
internal angle of repose after empty
ing through the central orifice. The
figure also includes a foot-rule taped
to the glass front, a black frame divi
ded by white marks that were used to
control the scale of the photographs,
and, at the top, the wooden shutter
that was used for placing the "time
lines" described below.

FLOW VISUALIZATION

Three methods were used to deline
ate the flow patterns. The first was
to draw the path-lines of the particles
on the glass with a grease-pencil, by
following individual particles from
equally spaced starting points along
an arbitrary line near the top of the
bin. In Figure 2, a set of these lines
show the paths of particles flowing
down through a central orifice.

The second method was to place
"time-lines" in the flow patterns at
one-minute intervals. These were thin
horizontal lines of blackened grain
placed against the glass in the grain
mass as it moved downward. The
apparatus for placing the time-lines

•

Figure 2. Bin flow through a central orifice.

Figure 3. Apparatus for placing time-lines
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Figure 4. Time-lines fcr flow about a hemisphere.
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appears partly in figure 1, and is
shown in cross-section in figure 3. The
box B and the shutter S extend across

the width of the bin against the glass
surface G. A thin line of blackened

grain W was spread by hand along
the top surface of the shutter, and was
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Figure 5. Path-lines and hemisphere.

dropped into the grain mass when the
shutter was lifted. A set of time-lines

is shown in figure 4, where the black
object is a smooth hemisphere cemen
ted to the inside glass surface. Figure
5 shows both the path-lines and the
time-lines for flow about a hemi
sphere.

The third technique was to use
time exposures of various durations
to produce blurred pictures. The
amount of blur in different regions
of such pictures gives a rapid but
rough measure of the velocity distri
bution. Figure 6 is a blur-picture
made with a five-second exposure, and
shows clearly the shape of the sta
tionary region in grain that is flowing
down around a disc-like obstacle. It
also shows the internal conical surface
of the grain as it unites below the
obstacle. The technique was used
effectively by O'Callaghan (6).

UNIFORM GRAVITY FLOW

Uniform steady vertical flow was
established first, before any obstacles
were introduced. A flat bottom was

placed in the smooth-walled steel bin,
and 12 holes of % inch diameter were
drilled in the bottom so as to draw
grain from equal areas. A conical
hopper delivered the streams of grain
to a pneumatic conveyor which re
turned the grain to the top of the bin.
The flow was uniform from the sur
face to within a few inches of the flat
bottom. The uniformity was judged
by the straightness of the path-lines
and time-lines. The rate of flow was
only about 8 cm. per minute, so low
that inertia effects in the flow patterns
could be neglected.

FLOW-PATTERN

OBSERVATIONS

The glass-fronted half-cylindrical
bin and the techniques described
above permitted the observation of
several interesting effects. Four spe
cific types of boundary conditions
were chosen lor preliminary study,
each being modifications of the ori
ginal uniform How:

!. A smooth hemispherical obstacle
(figures 4 and 5).

iijil&Mr jC

Figure 6. Blur-picture for flow
obs+acle.

ibout -like

2. A half-disc with a rough top sur
face (figure 6). For strength, a short
section of a cylinder with a conical
bottom surface was used to represent
a disc.

3. A central orifice in the bottom
of a smooth-walled bin (figure 2).

4. A rough vertical wall (figure 7).
Many other obstacles or boundary

Figure 7. Orientation in the shear zone near a rough
vertical wall.

conditions might be chosen, but these
have provided some of the effects that
must be considered in a theoretical
study of grain flow.

The flow patterns about the smooth
hemisphere resembled the flow of
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fluid about a sphere at moderate
Reynold's numbers (2,000 to 10,000)
where ideal fluid flow is modified at
the rear of the sphere by separation
and a turbulent wake.

Experiments with hemispheres of
different diameters showed that the
flow patterns remained the same in
form, changing scale with the size of
the obstacle. This remained true for
hemispheres 3" in diameter and larger.
Effects due to the granularity of the
medium must occur as the size of the
obstacle is reduced until it is com
parable with the size of the grain.

The disc-like obstacle exhibited the
manner in which the grain divides
and reunites about a rough blunt
obstacle. There was a stationary cone
of grain above the disc, and the flow
above this was slightly unsteady, the
stream paths wandering a little from
side to side. Below the disc, the in
ternal cone of the tumbling grain is
steeper in slope (about 34°) than the
internal cone of grain in repose, about
28°, (compare figures 1 and 6).

The flow of grain through a central
orifice was interesting because of its
practical importance and because it
showed a clear time effect. Figure 2
shows the path lines for such a flow
after it had become fully established,
that is, about five minutes after the
aperture was first opened. This pal-
tern shows the strong tendency for the
grain to flow in a central 'pipe', but
the effect was even more noticeable
when the flow was first started. As
the flow proceeded, the motion exten
ded progressively into regions above
and beside the hole where there xvas
no visible motion initially.

The flow pattern against a rough
vertical wall was investigated because
the orientation effect had been ob
served. The orientation in a thin layer
of the grain close to the wall may be
seen in figure 7. (The wall was coated
with coarse sandpaper). The grains in
contact with the rough wall remained
permanently stationary, and a sharply
defined shear zone developed with the
maximum velocity gradient at a dis
tance from the wall of two or three
times the thickness of a single grain.

DISCUSSION OF THE PATTERNS

The smooth hemisphere was chosen
as one obstacle because it has been
treated so thoroughly in hydrodyna
mics. The similarity of the grain and
fluid flow patterns is fortuitous. The
oretically, there is no resemblance
whatever, except that in both cases
the friction at the surface of the
sphere is nearly negligible. In the case
of the grain, it may be possible to
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predict the point of separation ac
curately in a manner that is not pos
sible for fluid. The grain flow pat
tern must of course be governed by
friction while the nearly ideal fluid
flow pattern is governed by inertia
which is not a consideration at all in
the slow flow of grain.

The angles observed above and be
low the disc-like obstacle in figure 6
are important in the theory of grain
flow, where the coefficient of internal
friction is often assumed to be equal
to the tangent of the angle of repose.
The question of which angle is per
tinent must be answered, unless
indeed the assumption itself is re
jected.

The observations that raised the
most questions were those of the dis
charge from a central orifice. The
gradual orientation of the grains and
development of the flow pattern made
it clear that no theory could be very
useful if it contained the assumption
that the grain behaved as an isotropic
substance. In particular, if a region
of shear failure were predicted by
calculation based on this assumption,
the actual shear region in the moving
grain might be quite different.

It was noted by Barre (5) that the
pressures at the bottom of a grain
bin increased when emptying began.
It seems clear that this change in
pressure was caused by changes in the
internal friction of the grain, but the
internal friction itself must be modi
fied by the orientation of the kernels.

In the case of the rough vertical
wall, the shear occurs in a narrow zone
inside the grain close to the wall. The
shear consists almost entirely of a
sliding action between orientated
grains rather than a rolling action.
This effect indicates that the friction

between oriented kernels sliding
against one another is lower than the
friction for any other type of motion.
Carrying this conclusion over to the
case of outflow through an orifice it
means that as the kernels become

orientated, the active shear extends
gradually into regions of lower shear
stress. At the same time, the stress
distribution itself must change
throughout the bin.

CONCLUSION

The strong influence of kernel ori
entation upon the flow patterns of
wheat grain flowing under gravity
makes it necessary to review the exis
ting theories of grain flow, particular
ly for asymmetrical agricultural
grains. The assumption of isotropy
must be examined carefully after trie
magnitudes of the changes in internal
friction with orientation have been

determined.
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USE OF FARM BUILDING . . .

continued from page 6

The snow load to be applied is
estimated as 60% of the ground snow
load with a minimum of 20 pounds
per square foot to ensure safety during
construction of the building.

Building Services
Building services are an essential

part of a complete design of a modern
production or processing and storage
building. To a large extent the effi
ciency of production in livestock
buildings and also in the storage life
of various types of products is depen
dent on the conditions maintained in
the structure. Therefore, the equip
ment required to maintain these con
ditions must satisfy the basic specifi
cations as to operation and installa
tion. With the increase in use of
electrical energy on the farm, it is
essential that standards be established
not only from the safety aspect but
also to ensure efficient operation of
electrical equipment and to give ade
quate light with proper control where

required. For example, a wire size
should be based on a 1% voltage drop
on maximum demand when it sup
plies poultry brooders, incubators,
fluorescent lighting or other voltage-
sensitive application. For other loads
2% voltage drop is satisfactory.

Water is an essential service in all
livestock production buildings and
therefore the types and quantities of
water and the most efficient methods
of distribution, heating where re
quired, and control must be included
in overall design procedures. It is also
essential that all wastes on farms
should be disposed of in a safe and
sanitary manner, such that no possible
pollution can occur, thus, basic stan
dards must be based on quantities and
types of wastes to be disposed.

Health and Sanitation

Buildings must be constructed and
maitained such that conditions con
ducive to the good health of animals
and suitable for quality production
and storage of agricultural products
can be maintained. In certain types ol
buildings the dimensional require
ments for the livestock may be de
termined by the health and sanitation
requirements rather than by other
physical factors. In the same manner,
certain types of materials may be re
quired.

Appendices
This section has been drawn to

gether to make available physical data
on different types to help determine
the different criteria or facilities in
the overall design. These may be
supplemented with other information
as it becomes available.

SUMMARY

Farm Building Standards has been
developed as a supplement to the
National Building Code of Canada
such that it represents contemporary
farm building practices in Canada.
It outlines the necessary physical
dimensions and criteria for efficient
and economical design of buildings
commensurate with optimum produc
tion and storage of agricultural pro
ducts. It covers recommendations to
reduce the hazard from fire and ac
cidents in and around buildings and
establishes environmental conditions
and necessary services for modern-day
production practices. They are for
the most part, considered minimum
standards by which safe and efficient
buildings may be designed.

Further research and testing of pro
cedures and components will help to
fill some of the gaps and substantiate

continued on page 24
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