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Funnel Flow in Hoppers

Detailed observations of funnel flows of dry granular materials in wedge-shaped hoppers
of different geometries are presented. The variations of the flow regime with changes in
the height of material in the hopper/vertical bin configuration, the width of the vertical
bin, the hopper angle and the hopper opening width were investigated and a number of
specific flow regimes identified (mass flow and several forms of funnel flow). In the first
part of the paper particular attention is paid to the conditions for transition from one
flow regime to another; in particular it is shown that the existence of a funnel depends not
only on the hopper angle but is also strongly dependent on the geometry of the hopper/bin
system. In the second part of the paper the variations in the shape of the funnel near the
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1 Imtroduction

This paper is concerned with the flow of dry, noncohesive, granular
materials in hoppers. It is well known that for plane (wedge-shaped)
or conical hoppers of fairly small included angle all of the granular
material flows in a fairly uniform and regular way. Such devices have
been referred to as “mass flow hoppers” and have been the subject
of considerable study and analyses (for example, references [1-6]).
The convergence of experimental observations and theoretical pre-
dictions suggests that there exists some understanding of the me-
chanics of granular media flow in these circumstances. However, as
the included angle is‘increased and a vertical bin is added to the top
of the inclined sides of the hopper changes occur in the flow pattern
which are much less well understood. Most of the motion occurs in
a central core, funnel or “rat-hole” and stagnant regions of material
tend to occur near the walls of the bin or hopper. This paper presents
experimental observations of funnel flows in plane hoppers with
vertical bins since it is not only of fundamental interest but is also
important to the hopper designer. In this regard comparison is made
with some of the existing design criteria such as that proposed by
Jenike [1].

The various types of flow pattern which were observed in the
present experiments are indicated in Fig. 1 (also shown are the defi-
nitions of 8, D, W, and H, the hopper angle and opening width, the
bin width, and the total height to the upper free surface, respectively).
Fig. 2(a) is an example of type A or mass flow. The flows with stagnant
regions are subdivided into two basic types, B and C. Type B has
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exit opening are explored in detail.
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Fig. 1 Schematic indicating the difterent flow regimes observed. Type A
Is the mass flow regime. Types B and C are funnel flows, B having stagnant
material in the corner and C having stagnant material on the sides of the bin.
The geometric notation is also shown; the dimension, b, is the breadth of the
flow or distance between the front and back vertical walls.
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Table 1 Materlal properties {angles in degresas)

Bulk Mean Internal Wall Friction Angle () *)

Material Specific Diameter Friction Lucite Aluminum ew Bw

Gravity mm Angle Wall Wall 1 2
Sand 1,5 0.5 -1 31 15 18 40 70
Polystyrene 0.56 0.25-0.39 39 12 17 35 60
Glass Beads 1,46 0.325 25 15,3 17.7 30 50
Rice 0.8 - 30 - - 55 70
{*) Values of 8. and ew are for a smooth walled hopper with a thickness equal to 15,2 cm.

2

sliding along the upper part of the bin wall and stagnant regions near
the bin/hopper wall corner (for example Fig. 2(b)). Type C has no
sliding along the bin walls and larger stagnant regions on either side
of the funnel (for example Fig. 2(c) and (d)). Two subtypes were also
noted. In some instances slip occurred along the walls of the hopper
(types B2 and C2) whereas in other cases the stagnant regions ex-
tended to the opening (types Bl and C1). Figs. 2(b) and 2(d) are
representative of types B2 and C2 whereas Fig. 2(c) is of type C1.

Though there have been many observations of funnel flow patterns
in both plane hoppers [1,7-9, 11, 12] and conical hoppers [16-19] the
variations with hopper geometry have not been exhaustively explored.
The main objective of the present investigation was to study the flow
fields occurring in plane hoppers over a wide range of geometries of
a hopper/vertical bin system and for a wide range of cohesionless
granular materials. Some effects of rough and smooth walls are also
studied.

2 Experimental Apparatus

A plane hopper surmounted by a vertical bin was made of lucite.
The dimensions H, W, D, 8,, (see Fig. 1) and the breadth or separation
of the front and back vertical walls (denoted by b) were all adjustable.
The hopper angle, 8,,, could be varied continuously; exit openings,
D, ranged from 0.5 cm to 3.8 cm and bin widths, W, from 17.8 cm to
33 em. Most observations were made with a breadth, b, of 15.2 cm but
tests with sand were also performed with breadths of 7.6 cm and 22.9
cm. In some tests the height, H, was maintained constant during flow
by means of a second supply bin; in other tests H decreased naturally
with discharge. Finally, a series of experiments were conducted in
hoppers with rough inclined walls and smooth vertical walls in order
to observe the effects of inclined wall roughness.

The granular materials used were sand, glass beads, polystyrene
pellets and rice; the grain shapes range from spherical (glass beads)
to elongated (rice). The grain size distributions were fairly uniform
and all the materials are practically cohesionless. Their physical
properties, measured according to the procedures described by Pearce
|20}, are shown in Table 1.

3 Observation of the Transition Between Flow
Patterns

The transition criteria for the flow of sand in a hopper of breadth,
b = 15.2 cm will be discussed first. When the hopper angle, 8,,, was

nee———]N OMENclature.

less than about 60° mass flow {type A) was observed to occur until the
free surface reaced a critical height, H. Below this value of H, stagnant
side flow of type C occurred. In Fig. 3, the critical ratio H/W is plotted

Fig. 2. . Photographic examples of the flow patterns for the sand {¢ = 31°).
The breadth, b, is 15.2 cm in all cases. The following are the values of §,, H,
W, D (in cm): (a) 70°, 36.8, 22.9, 1.91 {b) 80°, 58.4, 17.8, 1.37 (¢) 70°, 35.6,
30.5, 2.54 (d) 50°, 35.8, 30.5, 2.54.

versus the ratio W/D for various hopper angles. For 8,, less than about
80°, the critical value of H/W is more or less constant for all angles
... This implies that the transition from mass flow to type C is caused
by the presence of the vertical bin on top of the hopper rather than
by the inclination of the hopper walls.

For hopper angles greater than about 60°, flow of type B occurred
for large H. However, the flow underwent a transition of type C when
H/W reached the critical values plotted in Fig. 3. Again, the critical
value is more or less independent of the hopper angle. (Note that even

b = hopper breadth

8 = distance along side wall from edge of exit

Y = dimensionless vertical position of funnel

D = width of exit opening opening to merge point boundary
. i .. W = hopper width f = inclination of funnel to vertical at the
H = height of material above the exit X = dimensionless horizontal ‘position -of discharge

opening funne! boundary
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8., = hopper angle
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for hopper angles as large as 70° mass flow can occasionally occur at
large H/W and small W/D).

It is important to emphasize that type C flow can be clearly dis-
tinguished from type B. The former does not occur simply as a result
of the upper free surface engulfing the boundary between stagnant
and flowing material in type B. The extent of the stagnant material
distinctly increases in a B to C transition as can be seen by comparing
the boundary geometries in Figs. 8 and 9.

In type B or C flow the stagnant material may either terminate at
the discharge opening or it may end at a “merge point,” S, which is
some distance from the edge of the exit opening. In the latter case the
material slides along the wall below the merge point. Consequently,
mass flow is present in a localized region near the exit of the hopper.
For convenience the subtypes B2 and C2 are defined as having a
merge point on the hopper wall while in the subtypes B1 and C1 the
merge point coincides with the edge of the discharge opening (see Fig.
1). The length of hopper wall over which slip occurs was measured for
a variety of flows and will be denoted by S. Flows of type B2 (or C2)
were observed to occur when the hopper angle was less than about 85°.
As the angle is decreased below this the distance S increases mono-
tonically as the flow begins a transition to mass flow. The magnitude
of S also depended upon the width W. However the values of S/W for
type C flows were primarily functions of 8,, as indicated in Fig. 4; the
data for type B flows were limited and more scattered.

Fig. 5 is an alternative presentation of the information in Fig. 3.
Here the minor variations with W/D are not explicitly shown. Rather
the flow regimes are shown in a parametric map of H/W and §,,. Fig.
5 is for sand and smooth walls; similar flow regime maps for glass
beads and for sand with rough walls are presented in Figs. 6 and 7.
Flow maps for other granular materials such as rice and polystyrene
are included in reference [24]; they are qualitatively similar to Figs.
5 and 6.

These flow maps suggest that the phenomena are best described
by defining three different ranges of hopper angle. When 8, is be-
tween 0° and 6,,, mass flow (type A) occurs in the flow field irre-
spective of the ratio H/W. For values of 8,, between 6,,, and 8,,,, a dual
transition behavior is observed. There is first a transition from type
A flow into type C flow. This is followed by a second transition from
type C flow into type A flow at a lower critical value of H/W. Finally,
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Fig. 6 Flow map as Fig. 5 but for glass beads

for values of the hopper angles 8, greater than 6,,,, the transition is
from type B flow into type C flow with stagnant material always
present in the flow field. It should however be mentioned that some
nonuniqueness can occur when the wall angles are close to the angles
6, and 8,,,; different flow regime histories can result for nominally
identical tests. The values of §,,, and §,,, which appear to be functions
of the frictional properties of the granular materials (and the walls)
are presented in Table 1.

It follows from the foregoing that the common practice of using only
values of 8, and D as the relevant dimensions (e.g., [1]) would give
a very incomplete picture of the flow field. One example is the effect
of the vertical bin on the flow which can be demonstrated using the
dashed lines in Figs. 5-7. These dashed lines represent the ratio H/W
in a hopper without a vertical bin (for large values of W/D). Conse-
quently such hoppers would exhibit mass flow up to the point at which
the dashed line intersects that regime boundary. Note that in some
cases in which a bin-less hopper exhibited mass flow (type A) the
addition of a bin would change the flow regime to a funnel flow
type.

As expected the material properties also play a role in determining
the flow pattern. With the exception of glass beads, the higher the
internal friction angle (see Table 1) of the material the lower the
values of 8,,, and 8,,,. The apparent inconsistency represented by glass
beads may be due to their small size (300 um). Crewdson, Ormond,
and Nedderman [21] have shown that the effects of the interstitial
air can influence the discharge rate (and presumably other flow
properties) when the particle size is less than about 500 um. Other
particle unique features which were noted included the tendency for
the elongated rice grains to align themselves with the flow.

As previously stated the aforementioned observations were made
with a breadth, b, equal to 15.2 cm. Some limited observations with
breadths of 7.6 and 22.8 cm indicated the same qualitative transitional
phenomena and only minor quantitative differences. Data on the
variation of funnel shape with b/W are presented in Section 5 and
suggests that the results have asymptoted to those of pure flow for
values of b equal to 15.2 cm or greater.
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4 Comparison With Previous Studies

Though no other complete parametric study has appeared in the
literature it is valuable to compare previously observed flow patterns
with those expected on the basis of the present study. O’Callaghan
[7] examined the flow regimes in a flat-bottomed bin and noted the
transition from type B to type C flow (which he termed “deep bin
flow” and “shallow bin flow,” respectively). He measured critical
values for H/W of 1.47, 1.49, and 1.77 for wheat (¢ = 32°), barley (¢
= 38°), and fertilizer (¢ = 42°), respectively. As indicated in Fig. 5
these are consistent with the present experiments. The points of op-
eration (not the critical values) of the hoppers in Gardner’s [8] ex-
periments and those of Levinson, et al. [12], are shown in Fig. 3.
Gardner’s photographs clearly show that his flows were indeed of the
type B; the values of H/W used by Levinson, et al., were marginal and
this is reflected in the fact that the flows with clover seeds tended

-toward type B whereas, the flows with sand (which has a larger in-
ternal friction angle) were closer to type C. Though Brown and
Richards [9] did not give the dimensions of their apparatus, their value
of H/W appears to be about 1.5 and flows of type C were observed for
a larger number of granular materials. In Toyama’s [11] experiments
flows of type B were encountered with large values of H/W of 10 and
6.5.

It is worth mentioning that trends similar to those previously re-
ported for plane hoppers also appear to occur in conical hoppers. Van
Zanten, et al. [16], and Giunta [18] observed flows of type C in conical
systems with values of H/W of 2.57 and 1.33, respectively. On the
other hand, Novosad and Surapati [19] obtained flows of type B for
H/W ranging from 4 to 8. McCabe [17] observed a change in the flow
field for values of H/W of about 2. Thus it would appear that conical
hoppers exhibit results qualitatively similar to those reported here
for wedge-shaped hoppers and that the critical value of H/W for
conical hoppers is between 2 and 3 depending on the properties of the
material.

Jenike [1] studied the conditions on the hopper geometry under
which mass flow (type A) would occur. By balancing the stress at the
exit against the strength of the material, he concluded that the upper
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limit of 8,, for which mass flow would occur was (90° — §) or 60°,
whichever is the smallest (8 is the wall friction angle). He also pro-
posed a lower limit based on observations for flows in hoppers with
vertical bins (and a minimum exit opening D required to avoid
arching). The two limiting values of 8,, are indicated in Figs. 5 and 6
and appear to correspond roughly with the angles 8,,; and 8,,, of the
present study. Despite a number of studies [13-15] which have
questioned the validity of Jenike’s critera they have been extensively
used during the past 20 years for the design of bins and hoppers. We
would however suggest attention also be paid to the ratio H/W since
according to the present studies this appears to be a crucial parameter;
we note that Johanson and Colijin [22] have introduced the concept
of a minimum height, H, required to insure mass flow.

5 Variations in the Shapes of the Funnels

Having established the conditions for the A — C and B — C tran-
sitions we now proceed to examine the changes in the shape of the
funnel with geometry for both type B and type C flows. In the figures
which follow these shapes are plotted nondimensionally by dividing
all lengths by W/2; the origin of the resulting X, Y coordinates in
which Y is vertical is taken at the end of the hopper wall at the dis-
charge opening. Hence type B1 or C1 profiles end at the origin. In type
B2 or C2 profiles the merge points are identified by the letter S. The
objective of this section will be to identify the variations in funnel
shape with the parameters 8, H/W, W/D, b/W, and the material
properties.

The dimensionless funnel shapes for type B flows were found to be
almost completely independent of 8,,, H/W or H/D for a given gran-
ular material (Gardner [8] noted the lack of dependence on 8,, in his
experiments). One example of this is shown in Fig. 8 where several
profiles at different W and D are included for sand: other data appears
in reference [24]. The profiles for different granular materials are
shown in Fig. 8. The profiles for glass beads, polystyrene pellets, and
rice are quite similar. Only sand appears substantially different.
However this is primarily caused by a difference in the location of the
merge point; relative to that point the profiles are quite similar. It is
not clear why the merge point for sand should be so different from that
for the other materials in type B flows; it was not the case in type C
flows.

The funnels occurring in type C flow are more variable and will first
be described for sand with the understanding that the results for the
other materials are similar. Fig. 9 displays the type C funnel shapes
in sand for various hopper angles, 8,,, at fixed values of H, W, D, and
b as indicated. As one proceeds to smaller angles the type C2 flow
slides over longer lengths of the hopper wall; this feature was previ-
ously described in Fig. 4. The funnel becomes wider but the shape of
the funnel remains much the same; indeed the profiles simply appear
to have been shifted outward in the X -direction. The inclination of
the funnel to the vertical at the merge point, S, appears to decrease
somewhat. These trends halt at §,, = 60° and the profiles for 60°, 50°,
and 40° all correspond. Hence in the type A-C transition the resulting
funnel seems to be independent of the angle whereas in the type B—C
transition (6, > 60°) the funnel shape depends on 8,, or more spe-
cifically on the position of the merge point as given by S/W.

Further type C funnel shape variations in sand are included in
references [24, 25]. Briefly little or no variation in the funnel shape
occurred with variations in either H/W or W/D or with changes in
overall size. It was however observed that when H/W was somewhat
greater than unity, the funnels were slightly larger than those for H/W
< 1. This effect seems to reflect the tail end of the transition from type
B flows to the type C flows.

In Fig. 10 comparison is made between the funnels for three dif-
ferent breadths, b, of hopper (b/W = 0.25, 0.5, and 0.75). The funnels
for the two larger breadths are quite close. However, the funnel for
the smallest breadth (/W = 0.25) seems significantly narrower
throughout its length. As mentioned previously, we have tentatively
concluded from this that friction on the vertical front and back faces
begins to alter the flow regime and funnel shape when b/W is less than
some value between 0.25 and 0.4.
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In summary, these studies suggest that the type C funnel shapes
are primarily dimensioned by the width, W, of the vertical bin. The
hopper angle, §,,, has a fairly simple effect shifting the profile outward
as f,, is decreased. Furthermore, provided the conditions are not close
to the critical value of H/W for transition to another regime and
provided b/W is 0.5 or larger, the funnel shape appears to be relatively
independent of H/W, W/D, and b/W.

Finally a typical comparison between the type C funnel shapes in
the four different granular materials is included in Fig. 10. In this
respect polystyrene appears to be rather different from the other three
materials.

6 The Effects of Rough Hopper Walls

It was envisaged that hopper wall roughness would affect the value
of the wall friction angle and therefore the flow in the hopper,
(Gardner [8], Bosley, et al. [23], and Savage and Sayed [26]). In the
present study the experiments with sand were repeated in a hopper
whose inclined walls were roughened by depositing sand on double-
stick tape (Savage [26]). Results with vertical bin walls which were
left smooth will be described here; some experiments were performed
with these similarly roughened but the results dependent on the initial
head of material loaded into the bin.

With rough inclined walls, a thin stagnant layer of material next
to these walls was always present. Thus, at small angles §,,, the mass
flow regime will be described as type A’ to denote this minor differ-
ence. Fig. 7 represents the flow map for sand in a hopper with rough
inclined walls and is clearly different from that for smooth walls (Fig.
5). Even at small §,, there appears to be a transition to type C at some
critical H/W. 1t appears that the lower transition boundary in Fig.
7 has been rotated clockwise through about 90°. At hopper angles
greater than about 40° the type B to type C transition occurs at values
of H/W similar to the B-C transition for smooth walls.

The funnel boundaries in the rough-walled experiments were also
insensitive to hopper geometry. It can be seen from the one example
included in Fig. 11 that the primary difference between the rough and
smooth wall funnels is in the location of the merge point.

Tt has been reported by a number of investigators (Bosley, et al. [23],
and Savage and Sayed [26]), that the mass flow rate out of a hopper
with rough walls can actually be greater than that from a similar
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smooth-walled hopper. Such a comparison was made in the present
study, the results being presented in nondimensional form in Fig. 12
where U is the mean velocity corresponding to the discharge flow rate.
It can be observed that though the smooth-walled hopper exhibits
a higher flow rate at small hopper angles less than about 35°, the
rough-walled hopper has the greater flow rate for 8,, > 35°. Fur-
thermore about 8, = 90° the two converge to the same value again.
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The present study revealed that such unexpected effects of wall
roughness can be partially understood by reference to the different
flow regimes which the two kinds of hopper exhibit over the range of
hopper angles. For 8, less than about 35°, the comparison is between
types A and A’; then, as expected, the larger wall friction of the rough
walls decreases the flow rate. As 8,, is increased above about 35° the
rough-walled hopper produces a flow of type C1 in which the merge
points are located at the discharge opening. On the other hand the
smooth-walled hopper produces a flow of type C2 with merge points
some considerable distance up the hopper walls. Consequently in the
immediate neighborhood of discharge the flow in the rough-walled
hopper experiences an “effective” hopper angle which is less than the
actual hopper angle encountered in the smooth-walled hopper. Since
the flow rate is primarily determined by the conditions in the flow in
the immediate vicinity of discharge and since the flow rate tends to
increase as the hopper angle decreases it is then possible to understand
why the flow rate is greater for the rough-walled hopper.

As the hopper angle is increased further the flow rate from the
rough-walled hopper changes little since its “effective’” hopper angle
is changing only slightly. On the other hand the actual hopper angle
which is pertinent in the smooth-walled case continues to increase
causing further substantial decrease in the flow rate. This continues
until ,, = 85° when the merge points in the smooth-walled case reach
the discharge opening (see Fig. 4). At this point the flows in both types
of hopper become of the type C1 and the flow rates converge to similar
values. ] v

Thus it can be seen that the effect of wall roughness on the flow rate
is related to its effect upon the flow regime. It can also be concluded
that the flow rate depends mainly upon the conditions near the exit
and on the location of the merge points.

7 Concluding Remarks

In the present study, the various types of flow which exist in a
hopper with a vertical bin have been identified and classified. The
experimental observations show that the presence of the vertical bin
will cause funnel flow to occur at lower values of the hopper wall angle
0,,. The ratio of the height of the material in the bin to its width (H/W)
is important in determining the type of flow which is present and the
transition from one type of flow into another.

The nondimensionalized funnel boundary is found to be indepen-
dent of the hopper angle 8,,, the width of the exit opening D, and the
width of the vertical bin W. It is mainly a function of the material
properties. Some changes in the flow field due to the proximity of the
front and back walls are observed when the hopper thickness falls
below a certain limit. Finally, the presence of the wall roughness af-
fects the flow field in the hopper by causing stagnant material to ap-
pear at lower values of 8,,. This change in the flow field is responsible
for the fact that the rate of discharge from a hopper with rough walls
is actually slightly higher than that from a hopper with smooth walls
when the hopper wall angle 8,, is greater than about 35°.
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