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INTRODUCTION
A central focus of Kamengo’s research was to offer solutions 
to improve the storage and feed of difficult flowing cohesive 
materials. The first half of the Kamengo team’s research 
program focused on the design of storage bins, and the 
second half focused on the feeder. The outcomes of the 
research included confirming a scientifically grounded 
approach to determining correct storage bin geometry 
for difficult flowing cohesive materials, as well as the 
Kamengo Feeder, which was designed to resolve the key 
shortcomings of conventional feeders. 

The new processes and technologies that emerged from 
the research were in response to the three root causes of 
bin plugging and uneven discharge that were identified 
through the research program.

IN THE 1970’s, KAMENGO 
LAUNCHED A 15 YEAR 
RESEARCH PROGRAM 
TO RESOLVE THE ROOT 
CAUSES OF BIN PLUGGING. 
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This paper begins with an overview 
of the research undertaken by the 
Kamengo team. Included in the 
discussion is a primer on the theory 
for translating a material’s flow 
properties into a minimum geometry 
required for a storage bin to be able 
to self-empty with only the aid of 
gravity. 

Further, the paper discusses in detail 
the challenges created by conventional 
feeders, and how their behaviour 
contributes to plugging and poor 
discharge. Included in the discussion, is 
a brief overview of the Kamengo Feeder, 
whose purpose is to overcome the 
shortcomings of conventional feeders. 

To support the reader’s understanding 
of the content presented in the paper, a 

case study is included in the discussion 
to demonstrate how the presented 
concepts were applied to solve a 
problem bin that was suffering from 
chronic plugging. The paper concludes 
with a summary of the key outcomes 
of the Kamengo research program, 
including a recommended design 
process for delivering better storage 
and feed systems for handling difficult 
flowing materials. 

1. POOR BIN GEOMETRY

2. COMPACTION OF THE STORED MATERIAL BY THE 
DISCHARGE FEEDER

The conveying/shearing action of conventional feeders has a tendency 
to compact material in the bin. This compaction injects strength into 
the material. As the stored material’s shear strength builds-up, the 
material is able to bridge over wider distances, making it more prone to 
plugging, the formation of rat-holes, and uneven feed.

Bin geometry, including bin shape, bin wall angles, bin wall materials, 
and bin discharge opening width and length, need to be chosen 
according to the flow properties of the stored material. If the feeder 
where removed from the storage bin, the bin should completely empty 
with only the aid of gravity.

3. UNEVEN DISCHARGE OF THE STORED MATERIAL BY 
THE DISCHARGE FEEDER

When the feeder does not discharge material evenly from the full 
bin opening, it leaves pockets of stagnant material, which compact 
and gain strength under their own weight. Further, uneven discharge 
promotes a first-in, last-out discharge pattern. This is problematic 
because most forms of biomass will not reliably discharge in a first-
in, last out discharge pattern. To avoid uneven discharge, the feeder 
should withdraw material evenly from the full discharge opening of 
the storage bin, and the bin discharge opening should have a width 
and length that well exceed the distance that the stored material can 
readily bridge over. 

THE THREE ROOT CAUSES OF BIN 
PLUGGING AND UNEVEN DISCHARGE



KAMENGO RESEARCH PROGRAM 
PART 1 - BIN DESIGN

Beginning in the late 1970s, the first 
phase of the Kamengo team’s research 
focused on determining the minimum 
geometry required to discharge a 
range of biomass from a storage bin 
with only the aid of gravity. 

Minimum geometry includes the 
minimum angle for the storage bin’s 
sloping walls, as well as the minimum 
discharge opening to avoid plugging. 
The starting point for the Kamengo 
team’s research was the early work 
undertaken by Dr. Andrew Jenike, at 
the University of Utah in the 1950s and 
1960s.

In simple terms, Jenike’s theory reduces 
the design of a storage bin to a series 
of physics problems. On the one hand 
you have gravity, which is fixed and the 
primary force available to discharge a 
storage bin, and on the other hand, you 
have the forces working against gravity, 
including the shear strength of the 
material. 

Good bin design is about ensuring the 
geometry of the storage bin is such 
that the required force for a material to 
discharge from the bin is less than what 
gravity can supply. To determine this 
minimum geometry, Jenike developed 
a theory and method that uses a bulk 

material’s flow properties to determine 
the forces working against gravity when 
the material is placed in a storage bin.

Below is a brief overview of Jenike’s 
theory and prescribed method for 
determining correct storage bin 
geometry. 

PRIMER ON JENIKE’S THEORY

In summary, Jenike’s theory centers 
on making key decisions on the 
geometry of the storage bin. 
However, the starting point of the 
decision-making process is choosing 
the desired pattern in which material 
flows within and out of the storage 
bin. There are two flow patterns to 
choose from: mass flow and funnel 
flow.

Mass flow is a first-in, first-out flow 
pattern. With mass flow, all the stored 
material in a storage bin comes down 
together as a single mass. Further, 
with mass flow, the bulk material 
preferentially slides along the sloping 
walls of the storage bin. See Figure 1a.

The alternative to mass flow is funnel 
flow. Funnel flow is a first-in, last-out 
flow pattern. In contrast to mass flow, 
the stored material funnels through 
itself and sloughs off from the top down. 
Further, unlike mass flow, material along 
the walls of the storage bin is stagnant. 
See Figure 1b. 

To achieve mass flow, the sloping walls 
of the storage bin need to exceed a 
minimum angle. If the sloping walls are 
less steep than the minimum angle, 
then funnel flow ensues.

There are two factors that determine the 
minimum angle of the sloping walls:

LB

a

b

Figure 1b. Funnel Flow

Figure 1a. Mass Flow1. The coefficient of 
friction between the 
bulk solid and the 
storage bin walls

2. The shape of the bin
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Figure 3. Bin Shapes
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Figure 2b. Piping Dimension

Figure 2a. Bridging Dimension

In summary, there are a variety of bin 
shapes, including plane flow hoppers 
and conical hoppers – see Figure 3. The 
minimum angle required for mass flow 
for a given bulk material varies from 
shape to shape. 

The primary constraint when designing 
for mass flow is that the effective 
discharge opening of the storage 
bin needs to overcome a minimum 
bridging dimension – see Figure 2a. 
The bridging dimension is a minimum 
width and length, or a minimum 
diameter, depending on whether the 
storage bin’s discharge opening is 
rectangular or circular. If the effective 
discharge opening does not overcome 
the bridging dimension, then gravity 
will not reliably discharge the storage 
bin. Instead, the stored material will be 
susceptible to chronic bridging over the 
discharge opening. 

The primary constraint when designing 
for funnel flow is that the effective 
discharge opening of the storage bin 
needs to overcome a minimum piping 
dimension – see Figure 2b. The piping 
dimension is a minimum length, 
either measured corner to corner of a 
rectangular discharge opening, or the 
diameter of a circular discharge opening.

One should note that for a given bulk 
material, the piping dimension can be 
2 to 10 times larger than the bridging 
dimension. For many forms of biomass, 
the piping dimension can be so large 
that it is impractical to make funnel flow 
work reliably in a storage bin.

The bridging dimension and the piping 
dimension, as well as the minimum 
angle required to achieve mass 
flow, are derived from material flow 
characterization testing, which is a 
series of bench scale tests developed by 
Jenike.

4
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STORAGE BIN DESIGN FOR HOG FUEL 
AND WOOD CHIPS

Prior to the research undertaken by 
the Kamengo team, no known material 
flow characterization testing had been 
previously completed for different forms 
of biomass. 

The first task undertaken by the 
Kamengo team was to determine the 
flow properties of different forms of 
biomass to determine the theoretical 
minimum geometry to achieve gravity 
discharge.

In total, the Kamengo team conducted 
tests on a variety of samples, including: 
wood waste, wood chips,  peat,  wood 
shavings and grain dust.  To complete 
the tests, the Kamengo team designed 
new equipment to perform the flow 
characterization testing. New (larger) 
equipment was required because 
Jenike’s original research focused on 
granules and powders, and the test 
equipment he developed were not 
suited to characterizing large particle 
and fibrous bulk materials.

Equipment developed by the Kamengo 
team included a 30 inch ring shear cell 
(as compared to the standard 4 inch ring 
shear cell used by Jenike). The ring shear 
cell is used to determine the minimum 
bridging dimension and piping 
dimension for a given sample.

The Kamengo team also developed a  
24 inch wall friction tester (as compared 
to the standard 4 inch wall friction tester 
used by Jenike). The wall friction tester 
is used to determine the coefficient of 
friction between the sample bulk solid 
and various wall materials, including 
mild steel, stainless steel, concrete, glass 
coated steel and plastic linings.

WHAT KAMENGO DISCOVERED

The results of the material flow testing 
showed that when designing for most 
forms of biomass, mass flow is necessary 
to avoid flow problems. However, the 
required angle to achieve mass flow 
using conventional bin wall materials 
–including mild steel and concrete—is 
very steep and impractical. To design for 
mass flow, alternative wall materials or 
liners need to be considered, including 
plastic liners and glass coated steel.

To prove or disprove the theoretical 
bin geometries derived using Jenike’s 
theories, the Kamengo team built an  
80 cubic-meter plane flow test bin, 
where the team could change the angle 
of the sloping walls, change the liner 
on the sloping walls, and change the 
width and length of the bin’s discharge 
opening. The test bin was fitted with a 
trap door, which was constructed using 
plywood. With each test, the geometry 
of test bin was adjusted according to 
what the theory identified as necessary 
to achieve reliable gravity discharge.  
The test bin was subsequently filled 
with various test materials and the trap 
door released. The test materials would 
either discharge under gravity or would 
hang-up.

The work with the test bin 
demonstrated that – yes, Jenike’s 
theory very much applies to a wide 
range of biomass. A key outcome of 
the research is that it demonstrated 
that even the worst types of biomass 
can be discharged by gravity alone in a 
converging positive tapered storage bin 
as long as the geometry of the storage 
bin and choice of liner on the bin’s 
sloping walls were correctly designed to 
achieve mass flow.

80 cubic-meter plane flow test bin

30 inch ring shear cell
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KAMENGO RESEARCH PROGRAM 
PART 2 - OBSERVING THE EFFECTS OF THE FEEDER

bin. As such, the bin had to be designed 
for mass flow. However, despite the bin 
geometry being set-up for mass flow, 
with the unbalanced withdrawal of 
material by the feeders, the resulting 
flow pattern in the storage bin was 
funnel flow. 

By definition, with mass flow, all the 
stored material in a storage bin comes 
down as a single mass during discharge. 
This cannot occur unless material is 
withdrawn evenly from the entire bin 
discharge outlet. Effectively, the uneven 
withdrawal of material by the feeders 
had turned what was supposed to be 
a mass flow bin into a funnel flow bin. 
This proved to be problematic because 
the discharge opening of the storage 
bin was designed to overcome the 
stored material’s much smaller bridging 
dimension and not its much bigger 
piping dimension. As a result, it is no 
surprise, that when paired with the 
feeders, the test bin began suffering 
from chronic rat-holing.

The first phase of the Kamengo 
research program focused on the 
design of the storage bin. The 
research proved that, using Jenike’s 
theories, one can design a storage bin 
for a difficult flowing biomass, such 
that without a feeder, will self-empty 
with only the aid of gravity. The 
second step of the research program 
was to add a feeder to the test bin to 
meter the discharge of material.

The Kamengo team tested a triple screw 
feeder and a belt feeder with their test 
bin. But what occurred surprised the 
research team. Each time they added 
a feeder to their test bin, it started 
suffering from severe plugging.

To explain the plugging in the test 
bin, the researchers made two key 
observations on the effects that the 
feeders were having on the flow of 
material in the storage bin.

The research team’s first observation 
was that the feeders were doing 
two things at once. They were trying 
to meter material, while conveying 
material to a single point. And it was the 
conveying action of the feeder, which is 
shearing material from the bin that was 
resulting in compaction. See Figure 4.

One can imagine that with a fibrous, 
interlocking bulk solid – the material 
being pulled out of the storage bin 
by the feeder is carrying material 
above it, and driving this material 
forward – and ultimately compacting 
this material against the bin wall. This 
compaction was found to have severe 
consequences. With many forms of 
biomass, when you compact them, 
they gain strength very quickly. And the 
more shear strength a bulk solid has, the 
wider the opening it can bridge over. 
When compacted enough, biomass will 
develop the strength to bridge over the 
feeder.

The research team’s second observation 
was that the feeders were pulling 
material preferentially from one area of 

Figure 4. Shortcomings of Conventional Feeders

the bin, usually the rear of the bin. This 
uneven discharge often left a stagnant 
pocket of material in the storage bin – 
most often - at the front of the bin. See 
Figure 4.

Uneven discharge is problematic 
because when it comes to avoiding 
bridging or piping in a storage bin – 
ultimately, it is not the dimensions of 
the bin discharge outlet that matters, 
what matters is the effective discharge 
area – which is the area of the discharge 
outlet from which the feeder is 
withdrawing material. In other words, 
regardless of how wide and long a 
bin discharge outlet is, if the area that 
the feeder is pulling from does not 
overcome the bridging dimension or 
the piping dimension, chronic bridging 
or piping is likely to occur in the storage 
bin.

Furthermore, the selective withdrawal of 
material by the feeders raised a second, 
more severe consequence. As noted by 
the earlier flow characterization work 
completed by the Kamengo team, the 
minimum geometry required for most 
forms of biomass to reliably discharge in 
a funnel flow pattern are so large that it 
is impractical to make work in a storage 

STAGNANT 
MATERIAL AT

 
FRONT GAINS IN 
STRENGTH

HIGH COMPACTION 
AT FRONT WALL 
PROVIDING A SHELF 
FOR MATERIAL  TO 
HANG -UP

MATERIAL 
DRAWN MAINLY

 
FROM REAR

FLOW PATTERN WITH A CONVENTIONAL FEEDER
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RETHINKING THE FEEDER

The negative behaviour of the 
screw and belt feeders spurred the 
Kamengo team to rethink the feeder. 

The team sought to develop a feeder 
that withdraws material evenly from the 
full discharge outlet of the storage bin 
(as opposed to withdrawing material 
preferentially from one part of the bin 
discharge outlet). 

The team also sought to develop a 
feeder that avoided shearing material 
from the storage bin which results 
in material compaction. The team 
understood that if they could design 
a storage bin that can self-empty with 
gravity, then the task for the feeder 

could be reduced to simply metering 
the rate at which material discharges 
from the storage bin. This work led 
the Kamengo team to develop the 
Kamengo Feeder, also known as the 
Moving Hole Feeder.

To date, Kamengo has delivered close to 
100 feeders. These feeders are handling 
a variety of difficult flowing materials, 
including hog fuel, wood chips, wood 
shavings, road side slash, demolition 
debris, fly ash, bottom ash, lime, wet 
corn fiber, bauxite, gypsum, potash, and 
coal.

Kamengo Feeder

EVEN MATERIAL 
WITHDRAWAL 

FEED USING 
GRAVITY

CONSISTENT 
METERING

The feeder delivers consistent 
metering with full turndown

The feeder can be made as 
wide as needed, and as long 
as desired

The feeder maximizes discharge 
area and withdraws material 
evenly from its entire opening

The feeder relies on gravity to 
discharge material, instead of 
shearing material, which results 
in compaction in the bin

FLEXIBLE 
DESIGN

KEY FEATURES OF THE KAMENGO FEEDER:
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CASE STUDY  
RETROFIT OF A TALL BIN SUFFERING FROM CHRONIC PLUGGING

The following is a case study that 
highlights the application of Jenike’s 
theory and the use of a Kamengo 
Feeder to resolve a tall bin handling 
woody biomass that was suffering from 
chronic plugging. The case study walks 
through the step-by-step approach 
Kamengo took to diagnose and resolve 
the root causes of plugging in the 
storage bin. 

In 2000, Kamengo was brought in to 
provide a solution for a tall storage 
bin handling woody biomass that was 
suffering from chronic plugging. The 
storage bin was located at a plant in Port 
Townsend, Washington State, USA. 

The storage bin was a 22-foot diameter, 
6,000 cu-foot silo that was fitted with a 
60-degree cone. The silo was discharged 
using a vibrating cone. The plant was 
handling woody biomass up to 12 inches 
in length. To minimize plugging, the plant 
would not put more than 6 to 8 feet of 
material in the storage bin.

To diagnose the root cause of the 
plugging, Kamengo first examined the 
flow properties of the stored material 
to determine the minimum geometry 
required to reliably discharge the bin. 

The flow properties of the mill’s woody 
biomass indicated that with a liner, 
the minimum angle to achieve mass 
flow with a cone is 72-degrees. As the 
existing cone was 60-degrees, and hence 
shallower than the minimum angle, the 
cone was likely to discharge material in a 
funnel flow pattern.

According to Jenike, to avoid chronic rat-
holing when discharging in funnel flow, 
the effective discharge opening of the 
cone would need to exceed the piping 
dimension of the stored woody biomass. 
What the Kamengo team found, however, 
is that the minimum piping dimension for 
woody biomass in a cone is the same as 
the diameter of the silo. In other words, 

the material flow properties of woody 
biomass demonstrate that woody 
biomass will not reliably funnel flow 
through a cone.

The first option that the Kamengo team 
looked at to resolve the geometry of the 
silo was to replace the 60-degree cone 
with a steeper cone that would deliver 
mass flow. However, the team found that 
with a mass flow cone, the minimum 
bridging dimension was 11-feet. In 
other words, the discharge opening of 
the cone would need to be 11-feet in 
diameter, and a feeder would need to 
be found that withdraws material evenly 
from this 11-foot diameter opening. 
As this was not practical, the team 
explored an option to use insert plates 
to construct a plane flow hopper inside 
the silo.

A plane flow hopper is one that 
converges in one plane at a time, while 

remaining vertical in the opposite plane. 
The advantage of a plane flow hopper 
is that the required mass flow angle is 
shallower (60-degrees with a plastic 
liner), and the minimum discharge 
opening is smaller (4 feet by 12 feet).

MIN. WALL ANGLE 
FOR MASS FLOW

MIN. OPENING SIZE 
FOR MASS FLOW

MIN. OPENING SIZE 
FOR FUNNEL FLOW

60+ DEGREES72+ DEGREES

16+ feet

6X18 feet11+ feet

∞

CONICAL 
HOPPER

PLANE FLOW 
HOPPER

MINIMUM HOPPER 
GEOMETRY FOR 
HOG FUEL
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BEFORE

EXISTING CIRCULAR BIN

AFTER

EXISTING CIRCULAR BIN 
FITTED WITH NEW MASS 
FLOW HOPPER INSERTS

Figure 5. Retrofit of Problem Hog Fuel Storage Silo

Existing Circular Bin

New Rectangular Mass 
Flow Hopper Inserts

Kamengo Feeder

Conveyor to 
Surge Bins

The solution delivered by Kamengo was to 
remove the cone and replace it with two 
plane flow hoppers, one stacked on top of 
the other, and one rotated 90-degrees to the 
other. See Figure 5. The plane flow hoppers 
were built with 65-degree angles, fitted with 
the appropriate low-friction liner as well 
as built with a 6-foot by 18-foot discharge 
opening. The result is that the silo geometry 
was corrected - such that without a feeder – it 
would self-empty with gravity in a mass flow 
or first-in, first-out flow pattern.

To ensure the entire bin and feeder assembly 
would deliver mass flow, the storage silo was 
fitted with a wide and long Kamengo Feeder. 
The Kamengo Feeder was needed because 
it withdraws material evenly from the silo’s 
entire discharge opening. Again, to deliver 
on the definition of mass flow – which is that 
the stored material must come down evenly 
as a single mass under discharge – the stored 
material must discharge equally and evenly 
from the silo discharge opening.



CONCLUSION

The research undertaken by the Kamengo team demonstrated that there are three root causes to bin plugging and 
uneven discharge:

1. POOR BIN GEOMETRY 2. COMPACTION OF THE 
STORED MATERIAL BY 
THE DISCHARGE FEEDER

3. UNEVEN DISCHARGE OF 
THE STORED MATERIAL BY 
THE DISCHARGE FEEDER

To address the three root causes of bin plugging and uneven discharge, designers need to adopt 
a design process that is informed by the stored material’s flow properties and correctly applies 
Jenike’s theory. This includes asking key questions, such as:

What flow pattern is appropriate for 
the material and the application? 
Will funnel flow work or do the 
material’s flow properties require 
one to design for mass flow? 

The Kamengo research showed 
that for most forms of biomass, the 
geometric constraints needed to make 
funnel flow work are onerous and 
that mass flow is generally the only 
reasonable flow pattern to design for.

What bin shape is appropriate for 
the material? Are the geometric 
constraints for a conical hopper 
reasonable? Do the results of the 
material flow testing suggest that 
a plane flow bin shape is most 
appropriate? 

The flow properties of biomass 
suggest that it is difficult to achieve 
reliable discharge for these materials 
through a cone.

What is the minimum angle for the 
sloping wall? 

What is the appropriate material for 
the sloping wall? Is a liner needed? 

What is the effective discharge area? 

The research demonstrated that it is 
critical to think strategically about the 
feeder. The behaviour of conventional 
feeders can produce severe negative 
consequences that may lead to chronic 
plugging. If one is designing for mass flow, 
by definition, it is critical that the feeder 
withdraw material evenly from the entire 
discharge opening of the storage bin.

What is the minimum required 
discharge outlet? What is the bridging 
dimension for the stored material? 
What is the piping dimension for the 
stored material?
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