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STORAGE AND FLOW 

The layout and design of a bin or 
stockpile for bulk solids should 
assure reliable feed at the required 
time and rate without spillage and, 
when required, without segregation and 4. 
degradation. 

The typical procedure in the design 
for gravity flow follows these steps: 5. 

1. The bulk solids to be stored are 
identified and the range of 
moisture content, temperature, 
feed rate and time of storage at 
rest, as well as the storage 
capacity, are specified. The 
materials of construction of the 
hopper, that is of the converging 
part of the bin, are decided upon. 
Hopper liners and coatings to 
reduce wall friction are 
considered. 

2. The flow properties of the bulk 
solids and the friction angles 
against the wall materials are 
measured for the expected range of 
conditions. 

3. The width of a slot outlet needed 
for reliable flow of each solid 6. 
under the full range of conditions 
is determined from the tests. 

This dimension is an explicit 
measure of flowability of a solid. 
The widest slot determines the 
critical solid and the critical 
conditions. 

A suitable feeder of size 
sufficient for the widest slot 
outlet is selected. 

On the basis of the measured wall 
friction angles, a suitable wall 
material is selected and a mass 
flow hopper is designed to ensure 
reliable and uniform flow of solid 
into the feeder and to minimize 
the load on the feeder. The mass 
flow hopper may extend upward to 
the intersection with the cylinder 
thus producing a mass flow bin. 
Alternatively, the hopper may 
terminate at a height equal to a 
few widths of the outlet and then 
expand at a less steep slope in 
its upper part in order to save 
headroom, or it may terminate in 
the flat bottom of a bin or 
stockpile. The choice depends on 
the flow properties of the solids 
and the size of the bin or 
stockpile. 

The design of the bin is completed 
for the specified storage 
capacity. Multiple hoppers and 
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f e e d e r s  a r e  used f o r  l a r g e  b i n s .  s o l i d s .  The s u r f a c e  of  p a r t i c l e s  may 
undergo changes due t o  t h e  change of 

7. For powders, g r a v i t y  f l o w  r a t e  t empera ture  a l o n e  o r  i n  combination 
l i m i t a t i o n s  a r e  computed and a i r  w i t h  mois ture  migra t ion .  Such changes 
permeat ion i s  prov ided  i f  needed t o  may l e a d  t o  t h e  development of bonds 
i n c r e a s e  t h e  f low r a t e .  between a d j a c e n t  p a r t i c l e s  and an 

i n c r e a s e d  tendency t o  o b s t r u c t  flow. 

While t h e  above procedure  sounds 
s i m p l e ,  i n  f a c t ,  t h e  p r o c e s s  i s  
complicated by t h e  wide range  of 
s o l i d s  f low p r o p e r t i e s  and c o n d i t i o n s  
of  o p e r a t i o n .  Some s o l i d s  may g a i n  s o  
much s t r e n g t h  when s t o r e d  a t  r e s t  t h a t  
t h e y  w i l l  n o t  f l o w  o u t  of any b in .  
They need t o  be c i r c u l a t e d  
p e r i o d i c a l l y  around t h e  b i n  t o  d e s t r o y  
t h e i r  s t r e n g t h ,  a s  i t  r i s e s .  T h i s  
r e q u i r e s  mass f l o w  s o  t h a t  a l l  s o l i d  
i s  s u b j e c t e d  t o  t h e  s h e a r i n g  
deformat ion  of flow. 

Some powders d i s c h a r g e  a t  v e r y  low 
r a t e s  u n l e s s  t h e y  s r e  a e r a t e d .  When 
t h e y  a r e  f e d  from a  b i n  i n t o  a  
pneumatic conveying l i n e  t h e y  can  be 
f l u i d i z e d  i n  t h e  hopper. However, 
when f l u i d i z a t i o n  f o r  conveying o r  
p r o c e s s  i s  n o t  r e q u i r e d ,  permeat ion  of 
s m a l l e r  q u a n t i t i e s  of a i r  ( g a s )  can 
a s s u r e  t h e  r e q u i r e d  f l o w  r a t e  w i t h o u t  
f l u i d i z a t i o n  t h u s  s a v i n g  compressed 
a i r  and subsequent  a i r  f i l t r a t i o n  and 
e v a c u a t i o n .  

The same powders whicb a t  t i m e s  
f l o w  a t  an i n s u f f i c i e n t  r a t e  may f l u s h  
o u t  u n c o n t r o l l a b l y  a t  o t h e r  t imes .  
T h i s  may be caused  e i t h e r  by t h e  l a c k  
of mass f low o r  by an e x c e s s  of a i r  
e n t r a i n e d  d u r i n g  t h e  c h a r g i n g  of  t h e  
powder i n t o  t h e  b i n .  The l a t t e r  
o c c u r s  when t h e  powder i s  d e p o s i t e d  i n  
t h e  b i n  r a p i d l y  i n  a  c o n c e n t r a t e d ,  
f l u i d i z e d  s t ream.  Spread ing  t h e  
s t r e a m  o v e r  t h e  t o p  s u r f a c e  r a d i c a l l y  
r e d u c e s  t h e  amount of e n t r a i n e d  a i r  
and i n c r e a s e s  t h e  bu lk  d e n s i t y  of t h e  
s o l i d .  

The tempera ture  of a  s t o r e d  s o l i d  
a n d ,  e s p e c i a l l y ,  t e m p e r a t u r e  changes 
d u r i n g  s t o r a g e  a t  r e s t  d r a s t i c a l l y  
a f f e c t  t h e  f low p r o p e r t i e s  of some 

V i b r a t i o n  used a s  promotion of f low 
i s  u s e f u l  t o  s t a r t  f low a f t e r  extended 
s t o r a g e  a t  r e s t  and may e f f e c t i v e l y  
reduce f r i c t i o n  between a s o l i d  and 
t h e  hopper w a l l s  t h u s  promoting flow. 
However, a p p l i e d  i n d i s c r i m i n a t e l y  t o  
s o l i d s  which g a i n  s t r e n g t h  r a p i d l y  
w i t h  p r e s s u r e  (moist  f i l t e r  c a k e ) ,  
v i b r a t i o n  aggrava tes  o b s t r u c t i o n s  and 
h i n d e r s  flow. When a p p l i e d  t o  
nonmass-flow b i n s ,  v i b r a t i o n  tends  t o  
i n c r e a s e  t h e  s t r e n g t h  of t h e  s o l i d  i n  
t h e  s t a g n a n t  r e g i o n s  of t h e  b i n s  and 
may l e a d  t o  a  s e v e r e  r e d u c t i o n  i n  l i v e  
c a p a c i t y .  

A t  t h i s  t ime i t  may be a p p r o p r i a t e  
t o  l i s t  t h e  problems t h a t  a r i s e  i n  t h e  
f low o f  bulk s o l i d s  from b i n s ,  s i l o s  
and s t o c k p i l e s ,  t o  d e f i n e  t h e  terms 
and concepts  and t o  o u t l i n e  t h e  
p r i n c i p l e s  of d e s i g n  of t h e  
hopper-feeder  u n i t  which - when no t  
fo l lowed - cause  most s o l i d s  t o  be 
d i f f i c u l t .  

Problems 

1. No f low: s o l i d  a r c h e s  over  t h e  
o u t l e t  o r  r a t h o l e s ,  i . e .  forms a  
s t a b l e  empty p i p e  above t h e  
o u t l e t .  

2 .  E r r a t i c  f low: an a r c h  o r  a  
r a t h o l e  forms,  c o l l a p s e s ,  then 
reforms.  

3. Ra tho le  f l u s h i n g :  a  s o l i d ,  
charged i n t o  a  s t a b l e  empty 
r a t h o l e ,  f a l l s  r i g h t  through t h e  
b i n  over f lowing  t h e  feeder .  m e n  
t h e  s o l i d  i s  a  powder, i t  
f l u i d i z e s  ano f l u s h e s  o u t .  

4. The s p e c i f i e d  f low r a t e  i s  no t  
main ta ined .  Up t o  a  c e r t a i n  r a t e ,  
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b l e n d e r s  f o r  l a r g e  b a t c h e s  o f  s o l i d  i s  
t h a t  t h e  b i n  i n s e r t  can be d e s i g n e d  t o  
h a n d l e  s t i c k y  a s  w e l l  a s  f r e e - f l o w i n g  
s o l i d s .  

F_u-nnel f l o w  o c c u r s  when t h e  hopper  
w a l l s  a r e  n o t  s u f f i c i e n t l y  s t e e p  and 
smooth t o  f o r c e  s o l i d  t o  s l i d e  a l o n g  
t h e  w a l l s  o r  when t h e  o u t l e t  o f  a  
mass-f low h o p p e r  i s  n o t  f u l l y  
e f f e c t i v e .  Examples  o f  f u n n e l - f l o w  
b i n s  a r e  shown i n  F i g .  3. I n  a  
f u n n e l - f l o w  b i n ,  t h e  s o l i d  f l o w s  
toward  t h e  o u t l e t  t h r o u g h  a  c h a n n e l  
t h a t  fo rms  w i t h i n  s t a g n a n t  s o l i d .  
Wi th  a  n o n - f r e e f l o w i n g  s o l i d ,  t h e  
c h a n n e l  e x p a n d s  upward f rom t h e  o u t l e t  
t o  a  d i a m e t e r  t h a t  e p p r o x i m a t e s  t h e  
l a r g e s t  d i m e n s i o n  o f  t h e  e f f e c t i v e  
o u t l e t .  When t h e  o u t l e t  is f u l l y  
e f f e c t i v e ,  t h i s  d i m e n s i o n  i s  t h e  
d i a m e t e r  of  t h e  o u t l e t ,  i f  i t  is  
c i r c u l a r ,  o r  t h e  d i a g o n a l ,  i f  t h e  
o u t l e t  i s  s q u a r e  o r  r e c t a n g u l a r .  

When t h e  b i n  d i s c h a r g e  r a t e  is 
g r e a t e r  t h a n  t h e  c h a r g e  r a t e ,  t h e  
l e v e l  of s o l i d  w i t h i n  t h e  c h a n n e l  
d r o p s  c a u s i n g  l a y e r s  t o  s l o u g h  o f f  t h e  
t o p  of t h e  s t a g n a n t  mass and f a l l  i n t o  
t h e  c h a n n e l .  T h i s  s p a s m o d i c  b e h a v i o r  
i s  d e t r i m e n t a l  w i t h  c o h e s i v e  s o l i d s  
b e c a u s e  t h e  f a l l i n g  s o l i d  p a c k s  on 
i m p a c t  t h e r e b y  i n c r e a s i n g  t h e  chance  
of  a r c h i n g .  With  s u f f i c i e n t  c o h e s i o n ,  
s l o u g h i n g  may c e a s e  c o m p l e t e l y ,  
p r o d u c i n g  an empty r a t h o l e .  S o l i d  
c h a r g e d  i n t o  a r a t h o l e  may o v e r f l o w  
t h e  f e e d e r .  

Funne l - f low b i n s  a r e  s u i t a b l e  f o r  
c o a r s e ,  f r e e f l o w i n g  o r  s l i g h t l y  
c o h e s i v e ,  n o n d e g r a d i n g  s o l i d s  when 
s e g r e g a t i o n  i s  u n i m p o r t a n t .  

Expanded f l o w  r e f e r s  t o  a  b i n  i n  w h i c h  
o n l y  t h e  b o t t o m  p a r t  o p e r a t e s  i n  mass  
f l o w ,  F i g .  4. The mass-f low h o p p e r  
s h o u l d  expand  t h e  f l o w  c h a n n e l  t o  a  
d i a m e t e r  o r  d i a g o n a l  s u f f i c i e n t  t o  
p r e v e n t  t h e  deve lopmen t  o f  s t a b l e  
r a t h o l e s .  These  d e s i g n s  a r e  u s e d  f o r  
l a r g e  b i n s  a n d  f o r  s t o c k p i l e s .  The 
d e s i g n  i s  a l s o  u s e f u l  a s  a  

m o d i f i c a t i o n  of  e x i s t i n g  funne l - f low 
b i n s  t o  c o r r e c t  e r r a t i c  f l o w  caused by 
a r c h i n g ,  r a t h o l i n g  o r  f l u s h i n g .  

Flow c r i t e r i o n .  Problems 1 ,  2 and 3  
- - - - A -  

a r e  e v i d e n t l y  caused  by a n  e x c e s s i v e  
s t r e n g t h  o f  t h e  s o l i d .  For  t h e s e  
p rob lems  n o t  t o  o c c u r ,  t h e  f l o w  
c r i t e r i o n ,  "a  s o l i d  w i l l  f l o w  p rov ided  
t h e  s t r e n g t h  g e n e r a t e d  i n  t h e  s o l i d  
d u r i n g  s t o r a g e  i s  - a t  a l l  l e v e l s  o f  
t h e  b i n  - l e s s  t h a n  t h e  s t r e s s  i n  a  
p o t e n t i a l  o b s t r u c t i o n  t o  f low"  ( J e n i k e  
1961 ,  J e n i k e  & L e s e r  1963,  Johanson 
1964 ,  J e n i k e  1 9 6 4 ) ,  must be  s a t i s f i e d .  

The a p p l i c a t i o n  o f  t h e  f l o w  
c r i t r i o n  l e a d s  t o  t h e  d e t e r m i n a t i o n  o f  
t h e  minimum hopper  o u t l e t  d imension 
r e q u i r e d  t o  a s s u r e  f low.  The 
p r o c e d u r e  is  i l l u s t r a t e d  i n  Fig.  5. 
The s t r e n g t h  of  a  s o l i d  i s  g e n e r a t e d  
by s o l i d s  c o n t a c t  p r e s s u r e ,  01, which 
a c t s  w i t h i n  t h e  s o l i d  w h i l e  i t  i s  
f l o w i n g  o r  r e s t i n g  i n  a  b i n .  A l i k e l y  
d i s t r i b u t i o n  of  t h i s  p r e s s u r e  i s  shown 
i n  t h e  f i g u r e .  01  i n c r e a s e s  down from 
t h e  t o p ,  r e a c h e s  a  maximum j u s t  below 
t h e  t r a n s i t i o n  f rom c y l i n d e r  t o  hopper  
and d e c r e a s e s  i n  t h e  hopper  toward 
z e r o  a t  t h e  v e r t e x .  I n  t h e  lower  p a r t  
of  t h e  hopper ,  t h i s  p r e s s u r e  can be 
assumed d e c r e a s i n g  a l o n g  a  s t r a i g h t  
l i n e  of s l o p e  i n d e p e n d e n t  of t h e  head 
of  s o l i d  i n  t h e  b i n  ( J e n i k e  1954, 
Johanson  1964, Hadley & P e r r y  
1967/1968)  Under t h e  a c t i o n  o f  t h e  
c o n s o l i d a t i n g  p r e s s u r e  t h e  s o l i d  g a i n s  
s t r e n g t h ,  measured by t h e  unconf ined  
c o m p r e s s i v e  s t r e n g t h ,  f .  

The s t r e s s  a 1  which i s  needed t o  
s u p p o r t  an  o b s t r u c t i o n  t o  f l o w ,  such 
a s  a n  a r c h  a c r o s s  a  hopper  ( J e n i k e  & 
L e s e r  1963) ,  i s  a l s o  shown i n  F ig .  5  
w i t h  a  dashed  l i n e .  For  a  g i v e n  
h o p p e r ,  ol i n c r e a s e s  w i t h  t h e  s p a n  o f  
t h e  a r c h  from z e r o  a t  t h e  v e r t e x .  The 
f l o w  c r i t e r i o n  l e a d s  t o  t h e  c o n c l u s i o n  
t h a t  f l o w  w i l l  o c c u r  p r o v i d e d  t h e  
o u t l e t  d imens ion  i s  g r e a t e r  t h a n  B ,  
d e f i n e d  by t h e  i n t e r s e c t i o n  

f  = f c r  = a l .  For  l a r g e r  o u t l e t s ,  
f  < E l ,  t h e  c r i t e r i o n  i s  s a t i s f i e d .  
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EXPANDED FLOW BIN 

FIGURE 4 

FLOW CRITERION 

FIGURE 5 
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Flowfunction of a solid. The relation -- - - - - - - - - - - - 
f(0l) is obtained from bench tests run 
on a sample of the solid (Jenike et 
all 1960, Jenike 1964, Johanson 1978). 
This relation is called the 
flowfunction of a solid, FF, and is 
indicated in Fig. 6 with a continuous 
line. Evidently, the higher this line 
lies, the stronger and less flowable 
is the solid. 

Flowfactor of a hopper. In the region - -  - - - -  
of the outlet, ~1 and 51, both 
increase linearly with the width or 
diameter of the hopper. Therefore 
relation ol(0l) plots as the straight 
dashed line,ff, through the origin in 
Fig. 6, if 01 is measured alongside 
axis f. 

Line f f = ol/;l provides a measure 
of the flowability of a hopper and is 
referred to as the flowfactor of a 
hopper. The intersection of the 
hopper flowfactor, ff, with the solid 
f lowfunction, FF, determines the 
critical value, fcr, from which the 
minimum outlet dimension of the hopper 
is computed, usually directly from 
Fig. 6, without reference to Fig. 5 
which only serves here as an 
explanation of the procedure. 

The higher the location of line, 
ff, the more flowable the bin. ff is 
not constant within a bin but varies 
with elevation. Since arches tend to 
form most readily in the region of the 
outlet, the flowfactor, ff, in that 
region assumes the greatest 
importance . 

Values of that flowfactor have been 
published in reference (Jenike 1364). 
Examples of the published charts are 
given in Figures 7 and 8, for mass 
flow conical and transition (wedge, 
chisel) hoppers, respectively. These 
examples are for an effective angle of 
internal friction of a solid, 6 = 50 
deg. The flowfactors are a function 
of that angle, the shape of the 
horizontal cross section of the 
outlet, as well as of the hopper slope 

angle Bc, or Bp, Fig. 1, and the 
friction angle between the solid and 
the wall, $ ' .  For funnel flow the 
arching flowfactor is taken at 1.7. 

In transition hoppers, Fig. 1, the 
slot end-slopes are taken from Fig. 7 
and the slot side-slopes from Fig. 8. 
The recommended bounds on the slopes 
for mass flow are shown in Fig. 9 as a 
function of the wall friction angle 4 '  
for 6 = 50 deg. 

The minimum outlet dimension, B, of a 
hopper is calculated from the 
following formulas: 

for conical hoppers, and 

for transition, wedge and chisel 
hoppers.  is the bulk unit weight of 
the solid. 

It will be observed that the outlet 
diameter of a conical hopper, eq. (I), 
is approximately twice as large as the 
width of a slot outlet, eq. (2). 
Square outlets and rectangular outlets 
of length to width ratio less than 2.5 
should be used only for freeflowing 
solids. In those cases, the minimum 
outlet size is determined by the 
largest particle size and the outflow 
rate, and the above formulas do not 
apply. The critical rathole diameter 
in funnel flow is similarly determined 
by Jenike (1964) and by Johanson 
(1969). The largest dimension of a 
funnel-flow outlet must exceed this 
diameter. 

Pore g~s--p_~e-s-s-~r-e gradients. Flow - - - 
Problem 4 is of a different nature. 
It is caused by pore gas pressure 
gradients which arise in a flowing 
solid as it first densifies and then 
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dilates during flow (Bruff & Jenike 
1967/ 1968, Reed & Johanson 1973, 
Johanson 1979). 

TYPES OF SOLIDS 

Easy Flowing Solids 

Solids containing only large, hard, 
chemically stable particles are free 
flowing. Clean gravel is a perfect 
example. A funnel-flow bin with a 
pyramidal hopper with valleys just 
steep enough for the gravel to slide 
down is sufficient. There are not 
many solids like gravel. Most solids 
contain some fines. In a funnel-flow 
bin which is infrequently emptied out 
completely the fines tend to collect 
in the void spaces of the stagnant 
regions and may give solid in those 
regions enough strength to support a 
rathole. An average fines content of 
even a few percent may be sufficient 
to cause obstructions over a period of 
time. Small hoppers can be cleaned 
out with external vibrators. In large 
bins, serious obstructions may 
develop. With coal, this may lead to 
fires. 

A prediction of the possible 
difficultes can be made on the basis 
of flowability tests of the fine 
fraction (-2 mm). The largest 
dimension of the outlet plays a 
decisive role. A long slot outlet, 
especially one extending the full 
width or diameter of the bin, assures 
a large live volume even in a flat 
bottom bin, Fig. 2. This is so 
because a stable rathole assumes a 
diameter equal to the largest 
dimension of the effective outlet. 
With a full slot, this amounts to the 
bin diameter; hence there is no 
ratholing. However, the feeder must 
draw along the full length of the 
slot. 

Caking Solids. 

These solids are usually 

freeflowing so long as they are not 
left to compact in storage at rest 
beyond a critical time period. That 
period may be minutes, hours or days. 
If left longer at rest under pressure, 
these solids cake into a firm mass. 
However, when the mass is broken up, 
they again become freeflowing. 

Kernite ore provides an extreme 
example. For the tested kernite ore 
6 = 50 deg. The funnel-flow 
flowfactor is ff(f) = 1.7 and the 
mass-flow flowfactor, ff(m) = 1.3. 
The flowfunction of the ore at a 
temperature of 25 deg. varies with 
the time of storage at rest as shown 
in Fig. 10. The ore gains strength 
rapidly, as indicated by the 
flowfunctions which rise with the time 
of storage at rest. In a funnel-flow 
bin, arching would occur within a very 
short period of time. In a mass-flow 
bin, the ore arches after about 6 
hours. This means that every 6 hours 
the ore has to be circulated around 
the silo to destroy the rising 
strength and ensure flowability. This 
is not very practical. A vibrated 
hopper is therefore used to break up 
the caked mass, Pig. 11. The fact 
that the time flowfunction increases 
linearly and lies well above the 
flowfactor, indicates a capability of 
the solid to arch across any cylinder 
diameter. The cylinder is therefore 
replaced by a slightly diverging, 
truncated cone. The truncated cone 
must have a smooth surface to which 
the solid will not adhere. (Adhesion 
tests should be run before specifying 
the material of construction of the 
truncated cone.) This causes the 
weight of the whole stored solid to 
rest on the vibrated hopper which must 
be capable of operating under these 
severe conditions. It therefore 
limits the height of the truncated 
cone and hence the capacity of the 
storage bin. 

In a less severe case, a large 
mass-flow silo with periodic 
circulation can be used. An example 
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is shown in Fig. 12 for a wall 
friction angle @ ' =  20 deg. The 
principle of design here is to avoid 
inflowing valleys. An inflowing 
valley occurs when two sloping 
surfaces meet at a sharp angle as in a 
pyramid, Fig. 2. An example of an 
outflowing valley - which is 
acceptable - is provided by the chisel 
hopper, Fig. 1. The hopper with a 
slot outlet which causes plane 
convergence is distinctly more 
economical in terms of height than a 
conical hopper with a circular outlet 
which requires axisymmetric 
convergence. In this case, the angle 
for a chisel hopper is 0p = 40 deg., 
while for the cone the slope angle 0c 

= 21 deg., Fig. 9. In a large silo, 
a multiple hopper is used to stay 
within a reasonable silo height and 
feeder length. A 12 meter diameter 
silo with two slot outlets is shown in 
the figure. A cone reduces the 
diameter to 10 meters, then a circular 
cylinder with four flat surfaces to a 
7071 mm square. A wedge converges the 
square to a rectangle 7071 mm by 4000 
mm diameter. This permits the use of 
500 mm screws. Three hoppers feed 
screw feeders of the type shown in 
Fig. 16 through 4000 mm by 500 mm 
slots. All the hopper surfaces are 
flat - there are no inflowing valleys. 

An alternative approach to this 
class of solids is to use air cannons. 
The rapid introduction of high 
pressure air has been used 
successfully to initiate and to 
restore the flow of coal and ore under 
freezing, winter conditions (Moavani & 
Carson 1980). However, there is a 
danger of structural failure if large 
voids are allowed to develop. 

A note on silo loads. In a centrally 
charged, circular bin with a conical 
hopper and a small, fully effective, 
centrally located outlet, the loads on 
the walls are axisymmetric. In mass 
flow, the bin is subject to a primary 
overpressure just below the transi.tion 
from the cylinder to the cone (Jenike 

1980). This overpressure projects an 
overpressure wave upward into the 
cylinder and downward into the hopper. 
Only the first upward projection at a 
height of one half to one diameter is 
significant. In funnel flow the 
elevation of the effective transition 
at which the channel expanding upward 
from the outlet reaches the wall is 
uncertain and varies with the solid 
and with time. 

If flow in the cylinder is uniform 
(plug flow), solid within the cylinder 
is not in a limiting (plastic) state 
of stress and overpressure causes only 
an increased hoop tension and some 
vertical bending moments. In this 
condition, the solid resists lateral 
deformation and stabilizes the walls. 

In circular bins of other hopper 
configurations and in bins with 
multiple outlets, asymmetric loads on 
the walls cannot be avoided. Design 
and operation can only aim at 
minimizing the asymmetry. If, due to 
nonuniform withdrawal, a faster 
flowing channel develops within a 
slowly moving or stagnant mass, the 
pressures within the channel are lower 
than the pressures within the slowly 
moving or stagnant solid. In 
addition, solid within the channel is 
invariably in a limiting state of 
stress. When the channel borders with 
the silo wall wall, an underpressure 
acts on the wall and horizontal 
bending moments arise within the wall. 
This causes inward bending of the part 
of the wall facing the channel. The 
solid in the channel, being in a 
limiting state of stress, conforms to 
the deforming shape of the wall with 
little resistance thus allowing large 
deformations of the wall. This is a 
frequent mechanism of silo failure. 

In order to minimize this effect, 
it is advisable to have an initial 
cylinder-cone transition, as shown in 
Fig. 12. In multiple outlet bins, it 
is recommended that all the feeders be 
always operated simultaneously with 
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b i n  which f l u s h e s  u n c o n t r o l l a b l y  on 
Monday, may f e e d  w e l l  on Tuesday and 
e r r a t i c a l l y ,  a t  a n  i n s u f f i c i e n t  r a t e ,  
on Wednesday. 

While no q u a n t i t a t i v e  method of 
d e s i g n  i s  proposed h e r e ,  t h e  f o l l o w i n g  
s u g g e s t i o n s  a r e  o f f e r e d .  A w e l l  
d e s i g n e d  screw o r  b e l t  f e e d e r  i s  
b e t t e r  than  a  r o t a r y  v a l v e  which t e n d s  
t o  pump a i r  upward i n t o  t h e  hopper  a s  
i t  f e e d s  s o l i d  o u t .  However, t h e s e  
f e e d e r s  do n o t  p r o v i d e  a  p o s i t i v e  s e a l  
a n d ,  t h e r e f o r e ,  f l u s h i n g  must be 
prevented .  S i n c e  some f l u s h i n g  may 
occur  when powder i s  charged  i n t o  a n  
eEpty  b i n ,  i t  i s  a d v i s a b l e  t o  have a  
s h u t o f f  g a t e .  Such a  g a t e  can  be 
r e a d i l y  l o c a t e d  above or below a  screw 
o r  vane f e e d e r .  S h u t t i n g  o f f  i s  l e s s  
c e r t a i n  w i t h  a  b e l t  f e e d e r  which i s  
t h e r e f o r e  more s u i t a b l e  when a  minimum 
l e v e l  of powder can  be main ta ined  i n  
t h e  b i n  a t  a l l  t ime.  

The b i n  i n  F ig .  13 p e r m i t s  
permeat ion  of  a i r  i n t o  t h e  f lowing  
powder t o  i n c r e a s e  i t s  o u t f l o w  r a t e .  
A i r  i s  i n t r o d u c e d  under t h e  two 
c o n i c a l  l e d g e s  (Reed & Johanson,  1973, 
U .  S. P a t e n t  3797707), a s s u r i n g  
d i s t r i b u t i o n  th roughout  t h e  f lowing  
s o l i d .  A s  a  r u l e ,  q u i t e  s m a l l  
q u a n t i t i e s  of  a i r  a r e  u s e d ,  e.g. from 
a  few t o  100 l i t e r s  p e r  minute (Bruf f  
& J e n i k e  1967) .  The s p e c i f i c a t i o n  of 
t h e  number and l o c a t i o n  of t h e  l e d g e s ,  
a s  w e l l  a s  of t h e  p r e s s u r e  and a i r  
i n f l o w  r a t e  under  each l e d g e  i s  
i m p o r t a n t .  An e x c e s s i v e  a i r  i n f l o w  
l e a d s  t o  t h e  devel.opment of v o i d s  
above t h e  l e d g e s  and r e s u l t s  i n  
f l u s h i n g .  A i r  pe rmeat ion  i s  u s u a l l y  
main ta ined  w i t h o u t  i n t e r r u p t i o n  
whether  t h e  s o l i d  f lows  o r  n o t .  

A t  t i m e s ,  powder charged i n t o  a  b i n  
e n t r a i n s  t o o  much a i r  r e s u l t i n g  i n  
p e r i o d i c ,  u n c o n t r o l l a b l e  f l u s h i n g .  
T h i s  o c c u r s  p a r t i c u l a r l y  when t h e  
powder i s  v e r y  f i n e ,  t h e  charge  r a t e  
i n t o  t h e  b i n  i s  h igh  and t h e  charged 
powder i s  h i g h l y  a e r a t e d .  Such a  
powder behaves much l i k e  a  f l u i d  a n d ,  

when charged i n  a  narrow concent ra ted  
s t r e a m ,  t h e  f a l l i n g  powder t ends  t o  
bury i t s e l f  under a n  e s s e n t i a l l y  
s t a t i c ,  f i r m  s u r f a c e ,  Fig.  14. A s  a  
r e s u l t ,  a  l a r g e  p a r t  of t h e  in f lowing  
a i r  i s  e n t r a i n e d  i n t o  t h e  bin.  This  
c o n d i t i o n  can be improved by spread ing  
t h e  f a l l i n g  s t ream over  a  l a r g e r  a r e a  
of  t h e  t o p  s u r f a c e ,  Fig.  15. 

EQUIPMENT AND LAYOUT 

F e e d e r s  

I t  i s  of  utmost importance t h a t  t h e  
o u t l e t  of a  hopper be f u l l y  l i v e ,  i . e .  
t h a t  t h e  f e e d e r  permit  t h e  s o l i d  t o  
f l o w  through t h e  whole a r e a  of t h e  
o u t l e t .  Th is  r e q u i r e s  t h e  f e e d e r  t o  
have a  uniformly i n c r e a s i n g  f low r a t e  
i n  t h e  d i r e c t i o n  of  f low w i t h i n  t h e  
f e e d e r  . 
Screw, F ig .  16. The screw i s  made i n  
t h r e e  s e c t i o n s :  L1 i s  of c o n s t a n t  
p i t c h  e q u a l  t o  one h a l f  t h e  screw 
d i a m e t e r ,  b u i l t  on a  t r u n c a t e d  cone. 
L2 i s  of a  p i t c h  cont inuous ly  
i n c r e a s i n g  from one-half t o  f u l l  screw 
d i a m e t e r .  This  p a r t  ends one screw 
d i a m e t e r  beyond t h e  hopper o u t l e t .  
These two p a r t s  a r e  of equa l  l e n g t h .  
L3, t h e  conveying p a r t  of  t h e  screw, 
i s  of  c o n s t a n t  p i t c h  e q u a l  t o  t h e  
sc rew diameter .  For s a t i s f a c t o r y  
o p e r a t i o n  of such a  screw,  t h e  r a t i o  
o f  l e n g t h  t o  d iameter  of  t h e  p a r t  of 
t h e  sc rew wi th in  t h e  hopper o u t l e t  
should  n o t  exceed e i g h t .  No hanger 
b e a r i n g s  a r e  allowed. The e n c l o s u r e  
should  be e i t h e r  a  p i p e  o r  a  t rough  
w i t h  a shroud a t  t h e  e n t r y  t o  t h e  
conveying s e c t i o n .  

A s  an example, t h e  500 mm d iameter  
sc rews  f o r  t h e  b i n  shown i n  Fig. 12, 
would have L1 = L2 = 225@ mrn. The 
v e r t i c a l  running load  on a  screw f o r  a  
s o l i d  of  1.0 d e n s i t y  i s  es t imated  a t  
400 kg. The load  is  smal l  because t h e  
weigh t  of  t h e  s t o r e d  s o l i d  i s  taken up 
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by the converging hopper walls. For a 
feed rate of 100 tons per hour per 
screw of this material, the horsepower 
per screw is calculated at 7.5, for a 
total of 22.5 HP for the silo. During 
normal operation, these screws will 
consume less than 50% of the specified 
horsepower. 

Belt, Fig. - -- 17. Uniform outflow along 
the slot outlet is obtained by the 
tapered gap, g, and the concurrent 
increase in slot width. The narrow 
end of the slot should be not less 
than the critical width B computed for 
flow. This produces a cross section 
of flowing bed on the belt increasing 
in the direction of flow thus assuring 
a live outlet. The function of the 
outer, sealing skirts is to contain 
the solid falling through an empty bin 
from splashing off the belt. The 
skirts should not restrict the 
outflowing solid. The belt can be 
inclined upward or downward if the 
layout requires it. 

Long vane, Fig. 18. This vane feeder 
does not attempt to seal against a gas 
pressure differential, it just 
controls the rate of outflow. 
Therefore, close tollerances are not 
required. The feeder provides very 
uniform feed along the slot. The 
asymmetric inflow into the feeder 
compensates for the fact that the 
vanes tend to fill as they enter the 
slot, thus favoring one side of the 
slot. A parallel screw conveyor 
conveys away the outflowing solid. 
When uniform filling of the screw is 
required, the vane should have a 
spiral shape. 

Rotary plough feeder. This feeder does 
not limit the length of the slot. 
.When used in a bin and in order not to 

Dischargers 

In contrast to feeders, dischargers 
are mechanisms which control outflow 
from hoppers without positively 
setting the flow rate. When flow rate 
control is required, a discharger is 
followed by a screw or belt feeder, at 
times with gravimetric flow rate 
measurement. 

Rectangular vibrating pan. The - - - - - - - - 
principle of design described for the 
belt feeder applies to this vibrating 
pan discharger with the difference 
that the pan is generally inclined 
downward in the direction of flow of 
the solid to promote flow. 

Circular vibrating pan. Ever since the 
introduction of the Bin Activator, 
this neat device has found wide 
application. Its main advantages are 
that it fully encloses the flowing 
solid and requires little headroom. 

Stockpile layout. 

While travelling rotary plough 
feeders can accommodate a stockpile of 
any length, they have the disadvantage 
of withdrawing the solid along lines 
parallel to the line of the charging 
conveyor. As a result, this layout 
has no inherent remixing mechanism and 
size segregation is significant. Such 
a mechanism exists when reclaiming 
from a stockpile by means of a series 
of belt feeders running across the 
pile to a collecting conveyor, 
Fig. 19. Each feeder collects a cut 
across the pile thus remixing the 
segregated solid. 

expose the bin walls to excessive 
off-center loads the plough should not 
be allowed to operate in a stationary 
position close to the extreme points 
of travel. 
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SYMBOLS 

B = width of slot outlet, diameter 
of circular outlet (m) 

f = unconfined compressive strength 
of a solid (Pa) 

fcr = critical value of unconfined 
compressive strength of a solid 
(Pa). 

ff = flowfactor of a hopper 

FF = instantaneous flowfunction of a 
solid 

FFt = time flowfunction of a solid 

g = gap between the skirts and belt 
of a belt feeder (m) 

L = length of a slot outlet (m) 

y = bulk unit weight of solid 
( ~ / n l  3, 

6 = effective internal angle of 
friction of a solid (deg) 

?c = slope angle of a conical hopper 
and end slope angle of a 
transition hopper, measured 
from the vertical (deg) 

Rp = side slope angle of a 
transition, wedge or chisel 
hopper, measured from tlrr 
\11:c~ica1 ( t l e f )  

01 = major solid contact pressure 
during flow in a bin (Pa) 

- 
01 = major solid contact pressure in 

a potrr~tial obstr~~ction to flow 
(Pa) 

0' = angle of friction between solid 
and wall (deg) 
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