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Executive summary
Introduction
Handling properties of coal affect all producers and users including the steel and
power industries. Flow problems or stoppages in chutes, bunkers and silos can
result in substantial downtime. Traditionally, measurements of coal flowability are
performed off-line using instruments like the Jenike wall friction tester or annular
shear cell. These tests require a highly-skilled operator and are time-consuming,
and, most importantly, test only a small sample of coal (which may not necessarily be
representative of the whole batch). Coal is variable and flow properties are
influenced by moisture content, particle size and mineralogy that may vary in large
batches. A device, which could give direct real time measurement of the flowability
of coal, is the only realistic means of obtaining useful information. Development of
such a technique would give plant operators an early warning of potential flow
stoppages, giving the users and the buyers an option to decide upon processing,
purchasing and utilisation of coal. The tester has been designed, so that it can be
deployed on a typical industrial transfer belt (stockpile to mill), and built to operate
automatically with a rugged enclosure and sensors to ensure reliable operation in a
potentially hostile industrial environment.
The design of the on-line test instrument was evolved from the original concept
developed by Roberts and further modified by Mengistu to explore the effect of plate
abrasion on wall friction at The Wolfson Centre for Bulk Solids Handling Technology,
University of Greenwich. The rig was named ‘linear abrasive wear test rig’ (LAWT).
Since the work conducted by Mengistu suggested a link between the on-line tester
and Jenike tester for the limited comparison undertaken, it was thought that the idea
could be explored further to build a dedicated, direct, on-line wall friction measuring
instrument.

Objectives
i.
ii.

To build an industrial scale on-line wall friction tester and prove whether or
not there is a correlation between on-line and off-line wall friction
measurements using coal and coal/biomass mixtures.
To prove or disprove whether there is a consistent link between changes in
wall failure and internal failure properties as the moisture content of the coal
increases towards a saturated value and the flowability decreases.

Overview of the work
The work undertaken has focused on comparative bulk failure properties,
measurements of coal and coal/biomass mixtures using an on-line wall friction tester,
a Jenike off-line wall friction tester and an off-line annular shear tester. Prior to these
tests, preliminary work was conducted on a Kingsnorth coal sample of various
particle top sizes ranging, from 6.0 mm down to 1.0 mm to determine the maximum
comparable particle size range which could be tested in all the three testers.
A series of Jenike wall friction tests were undertaken on a range of coals, over a
range of moisture contents. An industrial on-line wall friction tester has been
designed, developed and trialled on a coal transfer belt at Corus Port Talbot Works
and at E-ON, Kingnorth Power Station. The industrial scale on-line test rig was
designed and developed considering all the parameters from the tests conducted
using crushed glass and coal.
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Results and discussion
The factors that affect flowabilty of any bulk solid are moisture content, particle size,
mineralogy and the wall material, hence it is very important to understand the flow
behaviour of coal. From the Jenike wall friction test results, a set of coals that gave
flowability problems was identified, out of which coal EC2101 was selected as the
primary test material, as it had given flow problems on plant and was available.
The two measurable aspects of the behaviour of any bulk solids that directly
influence its flowability through a silo or hopper are its internal strength and wall
friction characteristics. Experience at The Wolfson Centre suggests that wall friction
is of equal importance to internal strength, and it can indicate the changes in internal
flow properties. To prove or disprove a link between internal strength and wall
friction, several tests were conducted using the Jenike type wall friction tester for wall
friction and the annular shear tester for internal friction. The comparative tests have
proved a link based on the internal cohesion and wall cohesion as a function of
moisture content. As the important link has been proved between the internal
strength and wall friction using the off-line testers, the subsequent activity was to
determine a link between the wall friction measured with the on-line tester and the
off-line tester by varying the moisture content. Comparisons were made between all
the on-line test results and the Jenike wall friction tester, which in turn indirectly
proved a correlation with the internal friction.
The on-line instrument essentially comprises a ‘skid’ plate of 304 2B steel
(representative lining wall material for hoppers and chutes) that rests on the top free
surface of a bulk solid (coal) being transported on a conveyor belt. The ‘skid’ plate is
connected to a load cell via a drag link allowing the shear force between the ‘skid’
plate and bulk solid to be sensed as the latter is conveyed. Using the normal force
(dead load) applied on the ‘skid’ plate and the shear force, the angle of wall friction is
determined. Since the ultimate intention was to use the on-line instrument on the
plant, the ‘skid’ plate was modified accordingly with a front angled lip to allow the
material to wedge underneath the ‘skid’ plate, and also to avoid ploughing effect,
unlike the ‘skid plate used in the LAWT test rig. Various modifications were made to
the LAWT test rig and it was eventually converted to a pre-prototype on-line wall
friction test rig. The industrial scale on-line test rig was designed to give meticulous
attention to safety and to cope with the tough plant set up, which called for an
enclosure and retainers to protect the ‘skid’ plate, the load cells and the instrument
itself from the heavy impact of big lumps of material conveyed on the belt.
A pilot-scale test rig with trough-shaped belt was built to reproduce the plant
operating condition and to help conduct trials to investigate how the on-line wall
friction test results varied with changes in the moisture content of the coal. The
results from the Corus plant trial with the industrial scale rig compared with the
Jenike wall friction test on the same material collected during the trial showed fair
agreement at higher stress, but poor agreement at lower stress, which was similar to
that obtained from the laboratory trial. It was suspected that the lower stress
selected was insufficient to bed in the material on to the ‘skid’ plate, and it was
thought that incorporating a pre-consolidation plate would solve the problem.
Consequently, the industrial scale on-line tester was modified further by incorporating
a pre-consolidation plate with higher normal stress. A customised support frame and
carriage that carries the measuring unit were fabricated. The modified instrument
was successfully tested at E-ON Kingsnorth Power Station with three different grades
of coal both with and without a biomass mix. An improved output was obtained after
incorporating the pre-consolidation plate. From the trial, it was observed that the online tester could sense the differences in grades of coal and identify the variations in
flowability within a batch.
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Conclusions
The work conducted on coal has proved the importance of wall friction and that the
wall friction can reflect the changes in internal strength, based on wall cohesion and
internal cohesion. It proved that a continuous measurement of wall friction would be
a useful indicator of flowability. The promising results from plant trials at Corus, Port
Talbot and E-ON, Kingsnorth have confirmed that the on-line wall friction tester can
indicate the variations in batches of coal.

Impact and application
The device has potential application in both the steel manufacturing and power
generation industries. The permanent installation of this novel device on a coal
transfer belt would provide a useful flowability indicator, giving a prior warning of
potential flow problems, so that coal could be diverted from the process, or the plant
operators could prepare to manually assist discharge. Information from the
instrument could be logged and used to build up a database of the flowability of
different coals, which could be used to influence future purchasing decisions.

Other technical benefits
For economic and safe structural design, silo codes require accurate measurements
of the friction angle at the powder / wall interface. The work undertaken on the wall
friction of coal for this project has highlighted that wall friction is strongly dependent
on the shear distance. As a result, the Jenike wall friction tester (the current
standard wall friction tester for silo design) does not test the worst condition due to its
limited shear displacement. Thus further work on wall friction characterisation
techniques is required to ensure appropriate values are used in the silo design
codes.
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1.0

Introduction

Handling coal is a major process concern for the steel and power industries because
of hang-ups in bins, hoppers and chutes. Dr. H. Wright’s extensive work in coal
handling industries has shown how a thorough knowledge of flow properties can lead
to a notable decrease in the number of failures that would otherwise occur in such
plants. Wright affirms [Ref 1] that the vast majority of the power station coalbunkers
in the U.K. were built in the 1970’s or even before. At the time when these storage
facilities were designed and constructed, coals were coarser (free flowing), so such
industries did not have the handleability problems that they currently face when
handling relatively low or variable quality coals. Factors that influence the flowability
of any bulk solid are moisture content, particle size, material source (affecting the
chemical composition) and wall material [Ref 2]. Experience at The Wolfson Centre,
University of Greenwich has also suggested that wall friction is likely to be an
important factor that can be used as an indicator of flowability for bulk solids like coal.
Consequently, an on-line device which can predict the onset of flow problems or
stoppages is of great importance, because the real-time measurement of the
flowability of the coal on plant is the only realistic way of monitoring the variations
within a batch of coal. Traditional off-line methods for assessing flowability, such as
the Jenike wall friction test [Ref 3] and annular shear cell tests [Ref 4] are timeconsuming, as the samples have to be prepared and do not give immediate or
continuous indication of the flowability through the batch of coal. More importantly
however, the sample taken for off-line method is very small and not necessarily
representative of the whole batch. These problems have shown the need for an online wall friction measuring instrument.
The Wolfson Centre for Bulk Solids Handling Technology, University of Greenwich
had already developed a linear abrasive wear test rig (LAWT), which was derived
from the original concept developed by Roberts [Ref 5]. This rig carries bulk solid on
the conveyor belt underneath the ‘skid’ plate (the wall material, 304 2B steel [Ref 6])
and measures the shear stress by means of a load cell. Mengistu.S. [Ref 7]
developed this rig to explore the effect of plate abrasion on wall friction. From the
work conducted, a correlation could be proved between the wall friction measured
using the Jenike tester and the on-line wall friction tester, for the limited comparisons
that had been undertaken.
1.1

Objectives
1. To develop an on-line wall friction tester and to prove whether or not there
would be a correlation between on-line and off-line wall friction measurements
by comparing the result obtained using crushed glass and coal.
2. To develop a pilot-scale on-line tester with a trough shape belt to simulate the
plant operating conditions.
3. To prove or disprove whether there is a consistent link between changes in
wall failure and internal failure properties as the moisture content of the coal
increases towards a saturated value and the flowability decreases.
4. To conduct plant trial on coal and coal/biomass mix, to prove and evaluate
the output of the actual industrial scale on-line wall friction instrument.
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1.2

Preview of work conducted

It was important to understand the flow behaviour of coal in order to develop a useful
on-line device that can work under all conditions, and it was thought essential to
prove or disprove a link between wall friction and internal strength using coal. A
Jenike type wall friction tester was used for comparison with the on-line wall friction
tester. Both the Jenike type wall friction tester and annular shear tester were used to
assess the link between changing wall friction and flowability as a function of
moisture content. Parallel to the off-line test work, instrument development work was
carried out by evolving the on-line wall friction test rig from the already existing linear
abrasive wear test rig (LAWT), and was eventually converted to a pre-prototype wall
friction tester (refer section 3). As the on-line wall friction instrument was planned to
work on a trough-shaped conveyor belt, which has a flat surface of material, various
significant modifications, for instance changing the profile of the ‘skid’ plate to work
on the flat surface, were made to the original tester. In order to evaluate the test
parameters, testing mechanism and measuring methods that could work over a
range of test conditions for the on-line tester, several trials were conducted using
crushed glass of median size 300 µm and coal < 6 mm. During these tests, the
speed (rate) of shear was varied, and effects of altering the angle of linkage and
normal load were examined (refer section 3.2). Alongside the industrial scale
instrument design work, preliminary tests were conducted using Jenike type wall
friction tester, on coal samples of various particle top sizes to determine the
maximum comparable particle size range which can be tested in all the three types of
test equipment (Jenike type shear cell, Walker type annular shear cell, and on-line
wall friction measurement equipment) (refer section 4.1). From these tests, coal
EC2101 was selected as the primary test material, as it was one among the worst
coals that displayed the worst handling properties and moreover it was easily
available (refer section 4.2). Thereafter a series of experiments were conducted
using coal EC2101 with a Jenike type wall friction tester and the annular shear tester.
This was to develop a correlation based on a comparison of how the measured
powder cohesion and wall cohesion respond to consolidation stress and moisture
content. This test has proved the correlation (refer section 4.3).
In the comparative tests to determine suitable input parameters for the design of the
industrial scale on-line device using the pre-prototype test rig and Jenike wall friction
tester, it was observed that the wall friction values obtained from the Jenike (dirty
surface) plate tests were always higher than the clean plate test for both crushed
glass and coal. This suggested that the contact surface of the ‘skid’ plate was
eventually becoming loaded with some debris from the test bulk solids being
examined. Though the surface friction values obtained from the on-line wall friction
tester were higher than those obtained from the Jenike type shear tester, the on-line
values were more consistent (refer section 5.0).
From all the above work, an industrial scale on-line wall friction measuring instrument
was designed and fabricated, alongside a pilot-scale test rig with trough-shaped belt,
which was built to reproduce the plant operating condition and to help conduct trials
in-house (Wolfson Centre Laboratory). The in-house trial was conducted to
investigate how the industrial scale on-line wall friction test results vary with changes
in the moisture content of the coal (refer section 6.0). The industrial scale on-line
tester was installed and a successful plant trial was conducted at Corus, Port Talbot
steel plant. The results from the plant trials compared with the Jenike wall friction
tests on the same samples collected during the trial. They showed good agreement
as anticipated at the higher stress, but poor agreement at the lower stress (refer
section 6.0). Similar to the in-house trial, it was suspected that the front ‘skid’ plate
lower stress selected was insufficient to bed the material on to the ‘skid’ plate, and
therefore it was thought that incorporating a pre-consolidation plate in front of the
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“front ‘skid’ plate” would solve the discrepancy. The Industrial scale on-line tester was
modified by incorporating a pre-consolidation plate, and, in order to do this, the
length of the unit was increased. The instrument modification was carried out prior to
the 2nd plant trial at E-ON, Kingsnorth. A successful trial was conducted at E-ON with
3 different grades of coal with and without biomass mix, which resulted in 6
combinations of samples. Samples were collected during each trial, in order to
conduct a comparative test using the Jenike type wall friction tester. The data
acquired from the respective ‘skid’ plates were used for comparison with the offline
tester, to enable a direct comparison with the values obtained from Jenike wall
friction tester with the same coal samples and the ‘skid’ plates. From the comparison
between the Jenike and the on-line wall friction test result, a good correlation was
obtained from the back ‘skid’ plate compared to the intermediate ‘skid’ plate. The online wall friction values of intermediate ‘skid’ plate were significantly low compared to
the Jenike for the same normal stress (0.6kPa). The reason was thought to be due to
significant difference in size distribution as discussed in section 9.
The characterisation work conducted so far has established the importance of wall
friction in terms of relevance to flow problems in coal handling. The correlation
obtained between the wall friction and the internal strength, based on the wall
cohesion value, is a useful indication that proved the mechanisms for internal
resistance to flow and wall friction are essentially the same. The measurement
obtained from the first plant trial using the on-line tester and the comparative test
conducted using the Jenike wall friction tester gave good correlation which proved
that the on-line device can yield a useful measure of coal flowability. This novel
device has the potential to give various industrially-useful data, which can be used to
inform coal buying decisions and to optimise plant equipment.

2.0

Review of off-line methods

The off-line testers used in this project were the Jenike type wall friction tester and
the Annular shear cell. Both are widely accepted as the best methods of obtaining
accurate and useful measurements of coal flow properties. The Jenike type wall
friction tester was used for comparisons with the on-line wall friction tester. Both the
Jenike type wall friction tester and annular shear tester were used to assess the link
between changing wall friction and flowability as a function of moisture content.

2.1

Jenike wall friction tester and test procedure

Fig. 1: Schematic diagram of the Jenike type wall friction tester modified

The Jenike shear cell comprises a stainless steel ring, located on a sample of wall
material. The coal sample is enclosed with a lid. The principle of operation of the
tester is as follows: a known normal load is applied to the lid of the sample, creating a
normal stress (which is assumed to be uniformly distributed over the contact area
between the powder and the wall). A shear force is then applied to the cell via a
bracket on the lid, which causes the powder (and cell) to slip along to the wall. The
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test is repeated for a range of reducing normal stresses and the results presented as
a wall friction locus [Ref 8&9].
The problems with this test are that it is time consuming taking approximately 30
minutes, tests only a small sample volume (0.00011 m3) and requires a skilled
operator. Regarding the limitations of the test procedure, the shear displacement is
limited to approximately 10 mm, the lowest normal stress achievable is approximately
1 kPa, below which the applied shear force creates a moment causing the lifting of
the lid. The typical test speed is in the range of 1-3 mm/min. There is also a limitation
on the particle size, because the size range above 1 mm gives noisy data.
Furthermore, the material tends to segregate while filling and, in most cases, only the
fine particles are in contact with the wall material.

Modifications to the test procedure and setup
To undertake the wall friction tests with the Jenike type wall friction tester, where the
‘skid’ plate of the on-line wall friction tester was used as the wall sample material,
some modifications to the standard experimental setup and test procedure were
required. These were:
• a profiled spacer block was used to support the angled front lip of the ‘skid’
plate to ensure that the ‘skid’ plate was mounted in the same direction,
relative to coal movement, as it was on the on-line tester.
• modifications to the lid bracket and loading pin to allow the sample to be
sheared in the same direction on the Jenike and on-line wall friction tester.

2.2

Annular Shear tester

Description
The annular shear cell comprises an annular trough in which the powder sample
(coal) is stored, enclosed with an annular lid, as shown in Fig. 2. The cell lid is free to
float on the top surface of the bulk solid in the trough, with a controlled normal
contact stress. To shear the sample the trough is slowly rotated (1 rev / hr) while
torque arms prevents the rotation of the lid. A series of radial vanes (36) on the
underside of the lid grip the powder in top of the cell creating a horizontal shear plane
within the powder sample. The normal stress acting during shear failure is controlled
by dead weights to the lid whilst the shear stress is measured by a pair of load cells
connected to the torque arms of the lid. [Ref 8]
Underside
of cell lid

Torque arm

Holes for
condition

Radial
vanes

Annular
trough

Permeable
membrane

Webs on base
of trough

a)

Air connector

b)

Fig. 2: a) Annular shear tester, b) Annular shear Lid and Trough
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Limitations
The problems with this test are that it is time consuming taking approximately 2
hours; it tests only a small sample volume (0.0022 m3) and requires a skilled
operator. Regarding the test procedure, the shear displacement is unlimited due to
the rotational design. The lowest normal stress achievable is approximately 0.3 kPa,
below which the applied shear force creates a moment and causes the lid to lift. The
typical test speed is in the range of 1-3 mm/min. Compared to Jenike type wall
friction tester annular shear tester is quite sensitive and the limitation of the particle
size is restricted to 1 mm and below, anything above 1 mm gives quite a noisy data.

3.0

Evolution of on-line wall friction tester

3.1

General working principle of pre-prototype On-line test rig

Bin & Hopper
Shear Load
Normal
‘Skid’ Plate

Conveyor Belt

Belt speed ‘v’

Fig. 3: Schematic diagram of working principle of pre-prototype on-line test rig
The work conducted by Mengistu [Ref 2] using the linear abrasive wear tester
(LAWT) to determine the effect of plate abrasion on wall friction displayed an initial
link to Jenike type wall friction measurements. Thus the basic working principle of
the LAWT rig was adopted to develop a direct on-line wall friction tester, which was
purely designed with the intention to measure the wall friction (as a measure of
flowability) of any bulk solid material conveyed on a conveyor belt. In order to
achieve this, some significant modifications were made initially to the LAWT rig,
which was eventually changed into a pre-prototype on-line wall friction tester.
The key component of the on-line test rig is the wall ‘skid’ plate (a wall sample
connected to a beam load cell via a drag link mechanism). A controlled depth of test
bulk solid is passed underneath the wall sample and the load cell senses the shear
force acting between the plate and bulk solid. To adjust the normal stress acting on
the wall plate, weights can be applied to the top surface of the wall sample.
The modifications made to the LAWT rig were:
1. ‘Skid’ plate profile and linkage
2. Adjustable Load cell holding bracket
1. Skid Plate profile and linkage
Ensuring that the bulk solid passes underneath the ‘skid’ plate and does not build up
in a dead region in front of the plate (ploughing effect) was of primary importance to
the operation of the on-line wall friction tester. When operated as the LAWT rig, a flat
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‘skid’ plate was dragged along the bulk solid at the point of transition from an inclined
to horizontal belt. This ensured that the bulk solid struck the underside of ‘skid’ plate
and prevented the occurrence of ploughing. To meet the objectives of this project, it
was necessary to adapt the design of the ‘skid’ plate such that it would operate on
any horizontal transfer belt (with flat or trough cross sections) typical of those used in
the coal handling industries.
To avoid the occurrence of ‘ploughing’ a trial and error technique was used to
evaluate the sliding behaviour on a horizontal belt of a range of plate profiles shown
in Fig. 4. The concept was to ensure that the ‘skid’ plate floated on the bulk material
without ‘ploughing’ whilst it supports the applied normal load. Various plates were
experimented with until a suitable profile was arrived at, with an attack angle at front
edge as shown in the Fig. 4c) plate ‘1’. This profile was further modified in such a
way that the plate should not plough the material and at the same time it should be
able to carry normal load of up to 6 kg which was as shown in Fig. 4d) plate ‘2’.
6. 3

150

25

155

100

60

a)

b)
18

3. 4

125

25

100

c)

25

150

100

95

d)

Fig. 4: ‘Skid’ plate profile development: a) Plate ‘R’ – rectangular flat plate, b) Plate ‘A’ –
narrow plate, c) Plate ‘1’ – rectangular plate with front lip, d) Plate ‘2’ – tapered plate with front
lip.

2. Adjustable load cell holding bracket
The load acting on the plate has to be evenly distributed and the plate has to be in an
equilibrium condition while measuring the shear value (refer appendix A for details)
[Ref 10]. In order to achieve this, an angle has to be maintained on the linkage that
connects the shear load cell and the ‘skid’ plate. The angle of linkage varies as the
load and the velocity varies. All these three parameters namely the;
• velocity,
• angle of linkage,
• and load position,
are vital and interdependent.
To control the above factors it was necessary to make certain modifications to the
LAWT rig. To provide the flexibility to test over a range of linkage angles, a mounting
bracket that allows fine adjustment of the height of the load cell (which in turn
controls the linkage angle) was made. The load cell is fixed onto a movable bracket,
which has two slots that acts as the guide ways to adjust the bracket up and down so
that the load cell can be fixed at required height. The adjustment is done by a screw
jack arrangement where there are two screws on top of the lower movable bracket to
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raise or lower the movable bracket and fix the load cell at the appropriate height
required. A horizontal pin was introduced to connect the linkage without any
disorientation and unevenness at the connecting point.
The modifications made were quite significant and were embodied in the design of
the industrial scale on-line wall friction tester.
Pre-Prototype on-line wall friction tester – Test Procedure
The test procedure followed during a test is as follows:
• the wall friction plate (skid plate) is placed on the belt and connected to
the drag link,
• the angle of inclination of the drag link is set using the adjustment screw,
• the required normal load was applied to the sample using dead weights,
• the apparatus was switched on and left to run for the required amount of
time.
During the test, the rig provided constant monitoring of the tangential force (sampling
10 times per second), which is used to calculate the angle of wall friction.

3.2

Effect of velocity, angle of linkage and load position on wall
friction

In the on-line tester the load acting on the plate has to be evenly distributed and the
plate has to be in an equilibrium condition while measuring the shear value. In order
to achieve this, an angle has to be maintained on the linkage that connects the shear
load cell and the ‘skid’ plate. It was found to be important to change the angle of
linkage as the load and the velocity varied.
Preliminary tests to investigate the effect of speed and load were carried out on plate
‘A’ (Fig. 4b)). The speed ranges selected were 1.23 m/sec, 0.58 m/sec, 0.24 m/sec,
0.12 m/sec and approximately 0.02 m/sec (the latter driven by hand). For each
speed, the normal loads applied were 0.142 kg, 0.6 kg and 0.83 kg respectively.

0.6

Vel
Vel
Vel
Vel
Vel

0.5

Shear force [kg]

0.4

~ 1.23 m/sec
~ 0.58 m/sec
~ 0.24 m/sec
~ 0.12 m/sec
0.02 m/sec (by hand)

0.3
0.2
0.1
0
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Normal force [kg]

Fig. 5: Speed effect on wall friction of crushed glass.
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The effect of velocity on the wall friction loci for crushed glass is illustrated in Fig. 5.
It can be seen that there is a significant velocity effect over the 1.23 m/sec (motor
driven) to 0.02 m/sec speed range (where the belt was driven by hand), resulting in a
dramatic reduction in shear force at the higher normal forces tested by comparison
with higher speeds. The reason for the difference between the high velocity tests and
hand driven low velocity tests may be due to dynamics and / or ploughing effect.
Tests were also conducted by varying the position, angle of linkage and by varying
the speed at each position. It was found that the position of the load has a very small
effect on the measured shear force. It is also of interest that the phenomenon of
‘ploughing’ was observed in all the tests conducted at the 4 kg normal load, but was
not present at the 1 kg normal load.
Therefore from these tests it was observed that:
• Velocity has influence in the on-line wall friction measurement.
• Angle of linkage is an important factor in balancing the ‘skid’ plate which
otherwise affects the shear force value.
• Significant ploughing occurred at loads above 6 kg, and the plate sunk to belt
surface.

4.0 Study of wall friction properties of coal off-line –
Investigation of effect of moisture content
Various preliminary tests were conducted to study the wall friction properties of coal
using Jenike wall friction tester and annular shear cell by varying the moisture
content of coal in order to;
• Determine the maximum permissible and comparable particle size that can be
commonly used on all testers including the on-line tester.
• Selection of primary test material.
• Prove a link between wall friction and internal strength, which in turn indicates
that the wall friction could be used to give a quantitative indication of
flowability as a result of change in moisture.
• Determine the parameters required as an input to develop the on-line wall
friction measuring instrument, which was eventually compared against the offline tester.

4.1
Tests to determine the maximum permissible and comparable
particle size in the on-line and off-line testers
To allow a fair comparison between the wall failure properties measured with the
Jenike tester, the on-line tester and the internal failure properties measured with the
annular shear cell, it was considered important to use the same coal sample. Since
the maximum permissible particle size was different for these three types of
equipment, the maximum particle size of the test bulk solid sample must be selected
to suit the tester most sensitive to particle size, which was the annular shear cell. A
range of tests were undertaken to evaluate the maximum particle size that could be
tested in the annular shear cell with the objective of avoiding noisy data, to enable an
objective comparison between different test conditions. The test was conducted
using annular shear cell (Walker) for internal friction and cohesion measurement [Ref
4] on samples supplied by Kingsnorth power plant. The samples were sieved into 3
different size ranges of, < 6.70 mm, < 3.35 mm and < 1.7 mm and prepared for
testing in the annular shear cell. The test procedure followed was similar to that
discussed in section 2.2.[Ref 8]
From Fig. 6 it can be discerned that as the particle size increases, the scatter band
width increases, and as the particle size decreases the band width reduces. This is
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most evident when we compare the 1.70 mm and 6.70 mm particle sizes. The reason
for the broad scatter at larger particle sizes can be assumed to be the effect of high
friction and rearrangements amongst the particles as shear occurred, and large
particle jamming between the trough and the lid, leading to the shear cell used being
more sensitive to this particle range.
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Fig. 6: Comparison of particle effect (Internal flow properties)

This demonstrates that the maximum particle size of coal for which we could obtain a
reasonable and comparable output is 1.70 mm and below. Therefore it was decided
to conduct further tests at <1 mm particle size range.

4.2
Determination of effect of moisture content on coal and selection
of primary testing material
As one of the key controlling factors of bulk solid flowability, it is imperative to
determine the behaviour of coal with respect to moisture content and also to identify
the primary testing material that would be used for further tests from the various
grades of coal samples supplied by Corus. Tests were carried out on all coal
samples using the Jenike shear tester on stainless steel 304 2B finish wall material.
Additional tests were conducted on EC2106 crushed coal sample just to compare the
effect of moisture by varying the water content by percentage mass fraction.
Throughout the test the moisture content was determined by following the British
standard procedure [Ref 11].
Before presenting the results, it is useful to introduce two different methods of
approaching stress analysis. The applied stress basis, where only the externally
applied stresses are included, and the compound stress basis, where an internal
component of normal stress is included. On a compound stress basis, zero normal
stress is absolute zero.
Treating the stresses on a compound basis removes one of the mathematical
anomalies of the applied stress basis. Namely, that for materials that display wall
cohesion, the effective wall friction increases to 90 degrees at zero applied normal
stress, before falling back to zero as a tensile load is applied.
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Note: The resistance to sliding of a wet bulk solid against a wall is effectively made
up of two components, that is;
1. Cohesion, which is generated by the wetting of the wall by the water and the
formation of meniscus in which surface tension “pulls” the particle down
against the wall. In this way, the surface tension effectively generates a
microscopic normal force between the particle and the wall, adding to any
externally applied normal force and thereby generating an enhanced frictional
resistance to sliding.
2. Friction itself, that is, the microscopic resistance of the particle to sliding over
the surface under the combined action of the externally applied normal force
and the normal forces generated internally by the surface tension effect. The
friction itself may also be affected by the presence of the water, but this is a
separate effect from the change in microscopic normal forces because of the
surface tension effect. The concept of presenting the macroscopic
measurement of friction on a compound stress basis is a convenient means
of separating these two effects. An explanation for the differences between
ASB and CSB is presented graphically in appendix B.
The results are displayed on an applied stress basis (ASB) (Fig. 7) and a compound
stress basis (CSB) (Fig. 8).
A series of tests were carried out on EC2106 <1 mm particle size coal sample, by
increasing the moisture content starting from 2.3% to 3.0%, 10.3%, and 13%. It can
be seen from the graph that all 4 coal samples showed loci that curved convexly with
increasing normal stress, whilst the adhesive intercept increased as the moisture
content increased. Even though the intercept values are made negligible in the Fig.
8, when the loci are drawn on a compound stress basis (CSB), the variation due to
moisture effect is apparent.

Shear Stress τ [Kpa]

10

2.30%
3%
10.3 %
13%

5

0
0

5

10
Normal stress σ [kPa]

15

20

Fig. 7: Comparison of moisture effect EC2106 - (Applied stress basis)

The results above suggested that:
• as the moisture content is increased, the angle of wall friction decreased.
• as the moisture content increased the wall cohesion increased.
The reason for the increase in wall friction at low stress is because of wall cohesion
effects, which means all materials must have 90 º wall friction at zero applied stress.
In this condition, the angle of wall friction is an inappropriate measurement. To
overcome the effect of wall cohesion on the variation of wall friction, the wall loci can
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be displayed on a compound stress basis (CSB) as shown in Fig. 8 rather than
applied stress basis (ASB).
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Fig. 8: Comparison of moisture effect EC2106 - (Compound stress basis)
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Fig. 9: Angle of wall friction Comparison of moisture effect - (Applied stress basis)

From Fig. 10, the results indicated that there might be a change in the mechanism by
which surface moisture affects wall failure, as the normal stress level is increased. At
low normal stresses, the presence of surface moisture on the particles might
generate (or increase) adhesive bonds between the sample and the wall - generating
a corresponding increase in the wall failure strength. At the higher stress levels, the
reason for the reduction in strength is less apparent. Alternatively at higher stress the
moisture may simply reduce friction by acting as a lubricant. Presenting these data
on the compound stress basis shows a clearer trend (Fig. 10 below).
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Fig. 10: Angle of wall friction Comparison of moisture effect - (CSB)

Selection of primary material
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Fig. 11: Comparative angle of wall friction for 12% added moisture coal samples - CSB
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Fig. 12: EC2101 Comparative angle of wall friction for dry and 12% added moisture - CSB

The samples with greater variation were compared between dry and moist
conditions, or in other words, the samples, which gave a good response to change in
condition, were subjected to further testing. Based on the wall friction values obtained
both in the dry and moist conditions, the samples were compared and short-listed.
EC2106, EC2038, EC2017, EC2101 were the coal samples short-listed based on the
above criteria. The above graph (Fig. 12) shows the comparison of EC2101 coal
sample. The comparative graphs of other coal samples are shown in appendix ‘C’ for
reference.
When analysed EC2106 showed the greatest difference in the angle of wall friction
between moist and dry samples at approximately 9˚ average. Of the four short-listed
coal samples, EC2101 showed the least difference in the wall friction at
approximately 5˚ average. Therefore a judicious decision was made considering the
above discussed criteria and the order of preference was made as:

Order of Preference
1
2
3
4

Coal Code No.
EC2106
EC2038
EC2017
EC2101

Volatile Matter %
25.4
16.1
23.6
22.3

Ash %
9.3
5.6
5.9
8.2

Although EC2106 is the preferred sample, among the above preferences, only
EC2101 was used as a primary testing sample because from the information
provided by Corus this coal has frequently presented a handling problem, and also
because this coal is easily available.

4.3

Determining a link between Jenike type wall friction tester and
Annular shear tester

From experience at the Wolfson Centre, it was thought that a correlation could be
developed between wall friction and internal strength (flow-ability), based on a
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comparison of how the measured powder cohesion and wall cohesion respond to
consolidation stress and moisture content. To evaluate this a series of tests were
carried out with Jenike type wall friction tester and annular shear tester on EC2101
<1 mm particle size coal sample, by increasing the moisture content starting from 2.0
%, to 4.0 %, 7.0 %, 9.0 %, 15 %, 25% and 34 %.
4.3.1

Annular shear tester - Analysis

The families of failure loci obtained for the coal EC2101 for different moisture
contents are presented below. The cohesive strength of a powder is defined as the
shear stress at zero applied normal stress. The cohesion at any stress level can be
determined by linearly extrapolating the failure loci back to the shear stress axis. It
can be seen from Fig. 13 that the family of loci obtained under different loads, from
the coal tested at approximately 2% total moisture content, almost merge into a
single locus, which, when extrapolated, passes close to the origin. This indicates that
the material was non-cohesive and has no internal strength; hence the material is
free flowing.
The family of failure loci measured for the 15% moisture content coal sample (Fig 14)
are clearly separated. This indicates that the coal is cohesive and that the magnitude
of the cohesion is a function of the consolidation stress. When comparing the graphs
obtained from 15% moisture content (Fig. 14) and the 25% moisture content (Fig.
15), the family of loci obtained from 25% moisture content tends to merge closer.
This phenomenon explains that there is excess moisture that makes the coal lose its
cohesiveness and subsequently makes the coal a bit more free flowing.
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Fig. 13: Failure loci obtained at 2% total moisture content
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Fig. 15: Failure loci obtained at 15% total moisture content
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Fig. 16: Failure loci obtained at 24% total moisture content

4.3.2

Effect of moisture on cohesion at different stress levels

The cohesion values (the shear stress at zero normal stress) obtained from the loci
drawn from various consolidation stress levels are plotted as a function of moisture
contents (Fig. 17). It can be seen from the graph that as the moisture content
increases from 2% to 15% the cohesion increases and between 15% and 25%
moisture content. The curve starts to decline and eventually the curve drops towards
the zero value when it reaches 34%. At each moisture content, the cohesion values
are proportionate to the applied consolidation stress.
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Fig. 17: Effect of moisture on cohesion

The above work infers that, as the moisture content increases beyond a certain
percentage, the material loses its cohesiveness and becomes more free flowing. This
is a well-known phenomenon.

4.3.3 Wall friction
The Jenike wall failure loci measured with the EC2101 coal sample over a range of
moisture contents are presented in Fig. 18.
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Fig.18: Wall failure loci - Comparison of moisture effect

All 6 coal samples showed loci that slightly curved convexly with increasing normal
stress. As the moisture content increased from 2 to 9%, the degree of curvature
decreased while the indicated wall cohesion increased. From 9 to 25% moisture
content, the wall loci showed a similar trend, but indicated wall cohesion is
decreasing with increasing moisture content.
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4.3.5 Summary
Both the wall cohesion and internal cohesion shows a similar trend in behaviour of
the coal as the function of moisture content. This indicates that wall cohesion can be
used to give a quantitative indication of flowability as result of change of moisture
content. That is, although sliding friction at higher stress goes down, both wall
cohesion and internal cohesion (and hence arching tendency in hoppers) follow the
same trend. So a single measurement of wall friction will not give an indication of
change in arching tendency, but a measurement of wall friction at two different
stresses can be used to determine wall cohesion, which will be indicative of arching
tendency.

5.0 Comparison between on-line and off-line tester using
Pre-prototype test rig
This work was conducted to develop a link between the off-line and on-line
measuring instruments. The on-line tests were conducted on the pre-prototype test
rig (refer section 3.1 for detail) developed at The Wolfson Centre. Trials were
conducted on the on-line wall friction tester using crushed glass (median particle size
range of 300 µm), and crushed coal (maximum particle size range of 3 mm). All online tests were conducted at three different belt velocities, 1.0 m/sec, 0.1 m/sec and
0.01 m/sec, with a combination of three different loads (0.42 kg, 2.7 kg, and 4.7 kg).
Alongside the on-line wall friction tests, tests were also conducted on the Jenike wall
friction tester as a parallel activity; using the same ‘skid’ plate (used on-line) both with
clean and unclean surfaces. Although similar tests were conducted both on crushed
glass and coal, the results produced in this report are only from tests conducted on
coal.

5.1

On-line wall friction - Coal EC2101

Friction angle [deg]

The wall friction angles measured for EC2101 coal, using the pre-prototype on-line
wall friction tester at different belt speeds, are presented in Fig. 21, as a function of
shear distance.
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Fig. 21: Friction angle comparison with respect to distance (0 to 150 metres).
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From Fig. 19, it can be seen that there is a small initial lower stable value, and a
rapid creep towards a higher steady state value. The curves at velocity 0.1 m/sec
and 1 m/sec has always shown higher values, when compared with the 0.01 m/sec
curve, at the beginning of every test. All the curves merge quite well at a distance of
about 80 m, which shows there was a negligible velocity influence.

5.2
Comparison between Jenike wall friction and on-line wall friction
test – Coal EC2101
The coal was tested on the Jenike wall friction tester to compare the same with the
on-line tester. The tests on Jenike were conducted for two conditions, these were:
•
•

‘clean’ plate test
‘dirty’ plate test

In the ‘clean’ plate test, the same ‘skid’ plate used on the on-line tester was taken
after each on-line test and wiped clean using a solvent and a clean cloth. The coal
sample was taken from the on-line rig, and the Jenike test was performed on the
‘clean’ plate followed by the usual standard procedure [Ref 8]. In the ‘dirty’ plate test,
the wall ‘skid’ plate was taken directly from the on-line tester to the Jenike tester,
without cleaning or even touching the contact surface of the plate, in order to
maintain the same surface condition. The Jenike wall friction test was conducted on
this wall skid surface using the coal material from the on-line rig after each on-line
test. These two types of tests were conducted to see if there are any differences in
wall friction and any changes occurring on the surface of the wall ‘skid’ plate.
0.01 m/sec 2% moisture
0.1 m/sec 2% moisture
0.01 m/sec 2% moisture (clean)
Jenike - 2.8% moisture (clean)
Jenike - 2.4% moisture (uncleaned)
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Fig.22: Wall friction failure loci comparison between on-line and Jenike wall friction tester

From Jenike results, the loci obtained from the ‘clean’ plate test alone had a large
scatter. Although the total moisture content varied from 1.7% to 2.8% on coal for the
‘clean’ test, there was no influence of moisture apparent while analysing the
correlation between each locus to explain the scatter. Further investigation has
proved that there were some segregation effects. The tests using the ‘dirty’ plate
after on-line test usually showed higher shear force values when compared to the
‘clean’ plate values. The friction values of on-line wall friction tests are generally
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higher (showing steeper gradients) than the Jenike wall friction tests, but they
converge at lower stress values.
There could be various reasons for this, some of which are as follows:
• The trends of the failure loci measured with the on-line tester display negative
intercepts with the shear stress axis, which it was suspected was caused by
the ploughing effect at higher normal loads.
• Unlike the Jenike wall friction the ‘skid’ plate is on top of the material. There is
a high possibility that only large particles will be in contact with the plate due
to segregation, which will reduce the number of contact points, and hence
affect the reading.
The results of these tests have significant implications for wall friction testing for silo
design. To ensure the measured angles of wall friction are representative of the
material in use, it is necessary to ensure that the powder has been thoroughly
bedded into the wall surface before measuring the wall friction.

6.0

Description of Industrial scale on-line measuring unit

Fig. 23: Schematic of Industrial scale On-line wall friction measuring unit (mark 1)

Figure 23 shows the schematic of the on-line wall friction measuring unit with its
support structures and accessories as planned for the installation at the Corus Port
Talbot plant for trials (see actual picture showing installation in section 8.0). The
main component of the full set up is its on-line measuring instrument (as seen in Fig.
23). The two vital parts of the on-line measuring instrument are the load cells and the
‘skid’ plates. Basically two load cells and two ‘skid’ plates are required to measure
the wall friction at two different normal stress levels simultaneously in order to draw a
locus, so that the wall cohesion can be determined. The normal stress on ‘skid’ plate
could not be beyond 4 kPa in order to avoid any ploughing effect. These ‘skid’ plates
are stainless steel ‘304 2B finish’ selected as being representative of the wall
material used to line the hoppers and chutes in many coal handling plants. The
“skid” plates are linked to the respective load cells with a linkage, and the load cells
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are interfaced to a computer to log the output. The vital components (the load cells
and the ‘skid’ plates) are housed in a box enclosure with a hinged lid on top to allow
access for serviceability. Within the enclosure are two sets of mounting brackets on
which the load cells are mounted. The enclosure is made up of aluminium sections
and plates, in order to reduce the overall weight of the unit. The purpose of the
enclosure is to protect the load cell from the severe environmental conditions and
avoid heavy impact from big lumps of coal. The enclosure is attached to a bottom
unit in contact with the moving material. The bottom unit is made up of a stainless
steel plate formed to a wedge shape similar to that of a boat. The convergent front
section helps the material (coal) to converge in and pass underneath the ‘skid’ plates.
The convergent section plate has a central slot that can accommodate two ‘skid’
plates in series. The enclosure, the load cells, ‘skid’ plates and the bottom unit
assembled together make the measuring unit.
Two pairs of drag links, one at the front end and other at the rear end of the unit,
forming a parallelogram, connect the measuring unit as a whole to a rectangular
chassis. A yoke type arrangement was fitted to the body of the enclosure at the
approximate point of centre of gravity of the unit assembly. The whole unit was
counter balanced by means of a cord and pulley arrangement, which was assembled
to the rectangular chassis. One end of the cord was tied to the yoke, and the other
end was tied to a hanger to load the dead weights for balancing the unit by running
the cord through a set of pulleys. The primary function of the counterbalance was to
control the contact stress on the coal and also it acts like a winch mechanism. This
winch arrangement was necessary to allow the unit to be tested on an industrial plant
so that the unit could be safely lowered into position on the moving conveyor in a
controlled manner. Thus the unit could be remotely lowered and allowed to skid over
the changing height of material on the moving belt. A limit strap (chain) was also
connected to the yoke, to prevent the unit from dropping too low and contacting the
belt, when the material inventory falls to zero.

On-line wall friction measuring unit - Working Procedure
The measuring unit was checked and the load cells were calibrated off-line before
undertaking any wall friction tests. Using the track and roller mechanism, fitted to the
horizontal beam, the measuring unit was slid towards the moving conveyor belt and
suspended on top of the bed of moving material. The measuring unit was counter
balanced using a 25 kg dead weight in order to take the self load of the measuring
unit off the bed of moving material, such that just the weight of two ‘skid’ plates and
little stress of the box plate was acting on the moving material. Shear force was
measured using load cells coupled to the ‘skid’ plates as the material skids
underneath the plates. During the test the shear force values were monitored and
recorded using interfacing software that gives the output in terms of millivolts against
time in seconds. The sample frequency used was 1Hz. There were provisions to
view these values both graphically and as a spreadsheet.

7.0 On-line Wall friction test on EC2101 coal by varying the
moisture content – Pilot scale test rig
On-line wall friction tests were conducted with the mark 1 instrument (Fig. 23) at The
Wolfson Centre laboratory using a pilot scale test rig with trough-shaped belt to
simulate the plant condition. Trials were conducted following the same procedure as
mentioned in section 6.0. This trial was conducted to investigate how the industrial
scale on-line wall friction test results vary with the changes in the moisture content of
the coal and also to determine a correlation between on-line and off-line tester. A
series of tests were carried out on EC2101 <1 mm particle size coal sample, by
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increasing the moisture content starting from 2.0 %, to 4.0 %, 6.0 %, 11.0 %, 22%
and 24%.
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Fig.24: Effective Angle of wall friction vs time – Back ‘skid’ plate 0.5 kPa
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Fig. 25: Effective Angle of wall friction vs time – Front ‘skid’ plate 1.2 kPa

From the test, the back ‘skid’ plate shows a link with moisture content. For instance,
the data obtained at 2% moisture content show a smaller angle of wall friction for the
normal stress of 0.5 kPa, and as the moisture content increased to 24% the effective
angle of wall friction gradually increased. However, this was not the case with the
data obtained from the front ‘skid’ plate, as no link could be derived based on
moisture content. The reason might be clear when the results are compared against
the Jenike wall friction results in next section.

7.1
Comparison between on-line wall friction tester and Jenike type
wall friction tester
From previous tests using both off-line testers, it was proved that a correlation could
be determined based on the cohesion and wall cohesion value as a function of
moisture content. Consequently, it was thought essential to prove or disprove a
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correlation among all three testers i.e., on-line wall friction tester, Jenike wall friction
tester and annular shear cell.
After each on-line test, the front and back ‘skid’ plates were removed from the on-line
tester to conduct the Jenike wall friction test. Coal for these tests was collected from
the belt after each on-line test. Before each test, the total moisture content by weight
was determined as per the standard procedure. After each Jenike test the coal was
again measured for moisture content in order to find if the coal had lost any moisture
in the process.
From the tests, it was observed that the angle of wall friction is lower at higher stress
and higher at lower stress, the same phenomenon that was observed on all Jenike
wall friction tests conducted so far in this project using coal. The trend obtained
seems similar on both the plates and even the values obtained at different moisture
contents were more or less the same. This shows that there are no significant
variations on the plate surface.
The measured angle of wall friction values obtained from the ‘skid’ plates of both the
Jenike wall friction tester and the on-line wall friction tester are compared at various
normal stress levels and moisture contents.
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Fig.26: Comparison of Jenike and on-line wall friction – back ‘skid’ plate at 0.5 kPa normal
stress
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Fig. 27: Comparison of Jenike and on-line wall friction – back ‘skid’ plate at 1.5 kPa normal
stress
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Fig.28: Comparison of Jenike and on-line wall friction- in-house – back ‘skid’ plate at 2.7 kPa
normal stress
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Figure 26 shows the comparison between Jenike and on-line wall friction test results
obtained from the back ‘skid’ plate at 0.5 kPa normal stress. From the graph it can be
seen that at the 0.5 kPa normal stress both the testers show similar trends, as the
wall friction values are more or less the same except for the on-line data from 11%
moisture content, which might be an error. Referring to Fig. 27, the on-line values at
1.5 kPa normal stress compared to 1.7 kPa Jenike wall friction values do not show a
reasonable correlation as was seen with 0.5 kPa normal stress. It got worse as the
normal stress increased to 2.7 kPa (Fig. 28); this might be due to the ploughing
effect, which was observed while running the test.
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Fig.29: Comparison of Jenike and on-line wall friction- in-house – front ‘skid’ plate at 1.2 kPa
normal stress

Figure 29 shows the comparison of Jenike and on-line angle of wall friction values
obtained from the front ‘skid’ plate at 1.2 kPa normal stress. The on-line values
obtained were much less than the Jenike wall friction values. The same trend was
observed with the results obtained from the front ‘skid’ plate in the plant trial [refer
section 8.1]. It was thought that the material has to be consolidated at higher stress
before it reaches the front ‘skid’ plate; hence introducing a pre-consolidation plate
would solve the problem.
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8.0

Results from the Plant trial - 1

The industrial scale on-line tester was installed on the Corus Port Talbot conveyor
belt as shown in the Fig. 30 below.

Fig.30: Industrial scale installation of On-line wall friction measuring unit

The instrument description and working principle have been explained in section 6.0.
The trial was conducted to evaluate the on-line tester against Jenike wall friction
tester, which is one of the most widely used testers for equipment design. Tests were
conducted on five different grades of coal and the on-line tester was intended to
sense the variation between the batches of coal as well as within a batch. Coal
samples were collected immediately after each test so that the instantaneous values
obtained from the on-line tester are compared with the results from the Jenike wall
friction tester for the same sample. In order to compare the Jenike values with the
on-line values, the instantaneous, nearest lower normal stress value (0.5 kPa) was
taken from the front ‘skid’ plate and the instantaneous, nearest higher normal stress
value (1.6 kPa) was taken from the back plate.
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Fig.31: On-line tester - Angle of wall friction – Back ’skid’ plate
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Angle of wall friction
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Fig.32: Jenike tester - Angle of wall friction – Back ’skid’ plate

The measured angle of wall friction values obtained from the back ‘skid’ plate of both
the Jenike wall friction tester (Fig. 32) and the on-line wall friction tester (Fig. 31)
showed the same trend and moreover the wall friction values are approximately the
same for the applied normal stress (1.5 kPa).
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Fig.33: Comparison between Jenike and on-line angle of wall friction for different coals – front
‘skid’ plate
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Fig.34: Comparison between Jenike and on-line angle of wall friction for different coals – back
‘skid’ plate

From the above graph (Fig. 34), it can be seen that the angle of wall friction
measured from the back ‘skid’ plate using Jenike type wall friction tester and on-line
wall friction tester are comparable for different coals. The comparison shows that the
values obtained are approximately the same; therefore a good correlation was
obtained between both the testers at this condition, whereas it was not the case with
the front ‘skid’ plate (Fig. 33). The Jenike measured angle of wall friction shows
higher values when compared to the on-line wall friction values at lower normal
stress (0.65kPa), which might be an error.
The front ‘skid’ plate on the on-line wall friction tester always showed more variations,
both in the in-house trial and plant trial. This evidently shows that there is some
change of mechanism taking place, therefore it was thought that introduction of a
pre-consolidation plate might solve the problem.
Over the duration of the on-line plant trials, the operators at Corus Port Talbot, Works
logged statistical data relating to the number of flow stoppages. In summary, the
results of this data gathering indicated the relative flowabilities were as outlined in
table below.
Increasing
flowability

Material
EC1983
EC2194
EC1994
EC2387-I
EC2387-II
EC2108

Volatile
Matter %
26.5
22.0
19.3
23.6
23.6
34.1

Ash %

Ranking

9.3
10.2
9.8
8.7
8.7
5.5

Worst
Worst
Moderate
Moderate
Moderate
Best

With regards to the experiences of Corus Port Talbot, the relative flowability rankings
reported by the plant operators were in agreement with the on-line and off-line testers
at the high stress level.
The first plant trial was a good learning experience. Lessons that were learnt include;
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•

Surface has to be consolidated at higher stress prior to making the
measurement, because the measurement from the front ‘skid’ plate was
worse compared to the back ‘skid’ plate, which correlated quite well with the
off-line test results. Hence the instrument been modified by incorporating a
pre-consolidation plate ahead of ‘front ‘skid’ plate’.

•

There was a coal build-up on the front ‘skid’ plate, which would have altered
the results.

•

On one occasion, one of the ‘skid’ plates detached from the linkage due to
heavy impact of lump of coal and thereafter an additional check nut was
introduced on all the linkages.

Although there were few pitfalls, in general it was proved that the basic measuring
principle worked and the trial was successful.

9.0

Result from Plant Trial - II

A second plant trial was conducted at E-ON, Kingsnorth power station in order to
evaluate the modified on-line wall friction tester, by incorporating a pre-consolidation
plate as shown in the Fig. 35. Moreover, the ‘skid’ plates were arranged in such a
way that the higher stress ‘skid’ plate is placed in front and the lower stress plate was
placed at the back. Out of three ‘skid’ plates only the intermediate ‘skid’ plate and the
back ‘skid’ plate were used to measure the shear stress. This was because the front
’skid’ plate was used to pre-consolidate the bulk solid at a known normal stress
before it entered the intermediate ‘skid’ plate (refer section 7.1 and 8 for the reason
behind the use of a pre-consolidation ‘skid’ plate).

Pre-consolidation
plate

‘Skid’ plate
‘Skid’ plate
assembly – High assembly – Low
stress
stress
Fig.35: Modified On-line instrument with pre-consolidation plate

Tests were conducted on three different grades of coal with biomass and without
biomass mix, which resulted into 6 different combinations of samples. From the 6
samples tested on-line only the results from 5 samples have been reported, since a
technical problem was experienced whilst testing the sixth. The biomass product
called PKE (Palm kernal extract) was used as the biomass mix with coal and the
mixing ratio was 2% by weight. Coal and coal biomass mix samples were collected
during the test so that the instantaneous values obtained from the on-line tester could
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be compared with the results from the Jenike wall friction tester for the same sample.
In order to compare the Jenike values with the on-line values, the instantaneous,
nearest lower normal stress value (0.6 kPa) was taken from the back ‘skid’ plate and
the instantaneous, nearest higher normal stress value (1.3 kPa) was taken from the
intermediate ‘skid’ plate.
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Fig.36: On-line tester - Angle of wall friction – Back ’skid’ plate
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Fig.37: Jenike - Angle of wall friction – Back ’skid’ plate
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When comparing the measured angle of wall friction values obtained from the back
‘skid’ plate of both the Jenike wall friction tester (Fig. 37) and the on-line wall friction
tester (Fig. 36), the Jenike values showed a slightly higher value. Even though the
Jenike values are comparatively higher, the on-line wall friction values fall
approximately within the same range at an applied normal stress of 0.5 kPa.
Considering the impact of wall friction values in silo design, a variation of +/- 3
degrees in the angle of wall friction is a negligible amount.
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Fig.38: Comparison between Jenike and on-line angle of wall friction for different coals –
Intermediate ‘skid’ plate
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Fig.39: Comparison between Jenike and on-line angle of wall friction for different coals – Back
‘skid’ plate

Figure 38 shows a good correlation obtained from the back ‘skid’ plate comparing
both the on-line and Jenike wall friction tester. But from figure 39 it can be seen that
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the angle of wall friction obtained from the on-line tester intermediate ‘skid’ plate at
1.3 kPa normal stress shows significantly lower angle of wall friction when compared
to the Jenike values.
Regarding the significant difference in the wall friction measured with the high stress
plate, it is difficult to conceive a mechanism that would result in a reading that was
too low. The calibration was double checked and found to be consistent. Therefore
it is thought that the difference in the measurements must be due to an inconsistency
between conditions in the two devices. The two potential mechanisms are:
1. that it is the result of a difference in particle size distribution. The on-line
sample tested was from 50mm down to dust, whereas the off-line tester was
from 6 mm to dust (top size limited by the dimension of the Jenike cell).
Previous experiments conducted to determine the effect of particle size using
Jenike wall friction on EC2101 Corus coal sample suggested that, at higher
normal stresses, the angle of wall friction reduced as the particle size
increased.
2. that the different orientation of the skid plate and the powder during the test
were responsible. In the off-line test the powder is sheared over the wall,
whereas with the on-line tester the wall is sheared over the powder. As the
coals tested were free flowing with a wide size distribution, the segregation of
the coal may result in the coarse particles rising to the surface during shear,
reducing the number of particle contact points hence reducing the wall
friction. This phenomena has been observed with free flowing granular
materials in an annular wall friction tester (shearing lid over powder), where
the wall friction angles reduce by the order of 10 degrees following shear
displacements of the order of 0.3 m [Ref 12].
From the results obtained from both the on-line and Jenike wall friction tester, it can
be observed that there were no significant differences in the angles of wall friction
measured for the different materials. This gives a qualitative agreement with the
plant operators experience that there had been no flowability problem experienced
with these materials in the bunkers during the period of the trials.

10.0 Conclusions
The data have been presented in this report are mainly in graphs, but detailed tables
are in the PhD thesis [Ref 13].
From the tests carried out the following points become apparent and it would be
appropriate to split the conclusion into two strands, that is characterisation work and
instrument development work
Characterisation work
• From the test on determining the effect of moisture on coal, it was observed
that the wall friction increases at lower stress (below 1 kPa) with increasing
moisture content for some of the samples tested, and the angle of wall friction
reduces with increase in moisture content at higher stresses (above 2 kPa).
• the wall cohesion and cohesion of the bulk solid both increased as a function
of increasing moisture content up to 15% and reduced as the moisture
increased further, this behaviour is consistent throughout the range of
consolidation stress levels tested.
• variation in particle size (3 mm to dust) and segregation has influence in the
wall friction values.
Instrument development work
• The Jenike and the pre-prototype on-line test indicated the same trend,
although there are some variations seen quantitatively. On-line tester gives
more consistent result compared to Jenike type wall friction tester.
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•
•
•
•

Jenike clean plate test loci are similar and comparable with the loci obtained
from on-line initial lower stable value.
From Jenike clean and unclean plate test, it is evident that the skid plate
surface is eventually loaded / coated with debris.
The higher normal stress (back ‘skid’ plate) on-line wall friction measurements
were quite stable over time, and correlated well with the Jenike wall friction
measurement at the same stress level.
As the moisture content of the material increases, the material becomes more
compressible, therefore it gives two possibilities that is, either the material has
to be pre-consolidated before passing through the actual ‘skid’ plate or the
‘skid’ plate has be limited to a given stress to avoid ploughing.

From the above points it is evident that wall friction can indicate the changes in
internal friction based on wall cohesion and cohesion as a function of moisture
content. Moreover the successful trial conducted at Corus Port Talbot Works and EON Kingsnorth Power Station confirms that the on-line wall friction tester correlates
quite well with Jenike wall friction values. Therefore it proves that on-line wall friction
tester can be used to give a real time indication on handleability, and will be
beneficial device for the coal handling industry.

11.0 Proposed Work for a Subsequent Programme
Although the first plant trial at Corus, Part Talbot successfully proved the basic
measuring principle, it was understood that there is scope for modification and
refinement of the on-line wall friction tester. If the on-line wall friction tester is
considered for a permanent installation at any coal handling plant the present
prototype instrument obviously needs to be further “ruggedised” by considering the
following parameters
1. Data handling and processing
2. Robust and portable
3. Fully automatic
1. Data handling and processing
For the ease of comprehension by the operators at the plant the output should not be
displayed in a numerical form, therefore it was thought that an output that is more
use-friendly would help. The present data logger that is interfaced with the computer
works only using the software supplied by the manufacturer and over a limited
distance (20 m) (distance between the load cell and the computer). The real time
values acquired from the load cells can be viewed both graphically and as a
spreadsheet, but only in terms of voltage with respect to time. In order to get a useful
value the raw data has to be filtered manually by eliminating the signal noises, then
the calibration factor of the load cell has to be used to convert the voltage into
kilogram force from which the loci can be drawn finally to get the cohesion value. To
achieve this, a data logger that supports RS422/485 has to be selected to receive
signal for a considerable distance and simple software to be developed to take care
of this lengthy conversion process so that the real-time data captured will be
automatically converted into wall cohesion with respect to time. The final output from
the on-line tester was anticipated to appear as shown in the Fig. 35 below.
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Fig. 35: Anticipated industrial user friendly final output

The zones are demarked based on the wall cohesion, with colour codes indicating
flow problem zone in red, and safe working zone in green (the maximum and
minimum zone limit can be set by the operators).
2. Robust and Portable
From the plant trial experience it was seen that the on-line instrument needs to be
made more rugged with linkages that hold the ‘skid’ plate firmly in case of heavy
impact of big lumps of coal. Retainers that hold the ‘skid’ plates while lifting the
instrument from the belt have to be redesigned in such a way that it is rigid and can
withstand higher loads. These design features have been incorporated for the
second plant trial.
Portability of the instrument is quite important, as the present instrument is quite
bulky and heavy to handle. Though the present scale of the instrument was designed
considering the width of the material on the conveyor, redesign has to be
reconsidered to make it more compact to handle.
3. Fully automatic
Whenever a new batch of coal is loaded on the conveyor belt, the present set up
requires someone to lift the online unit, just to avoid big lump of coal bashing the
instrument. To avoid this manual work and to make it fully automatic, a level sensor
can be introduced to sense the depth of coal and trigger the lifting mechanism to
automatically lift the whole unit. The lifting mechanism added with the software for
data conversion makes the unit fully automatic.
Thus by implementing all the above parameters the on-line instrument will become a
more versatile instrument that could work over a wide range of conditions and
applications - not only limited to coal utilising industries, but also to other similar bulk
solid handling industries.

12.0 Publications arising from the project
J.R.Pillai, M.S.A. Bradley, R.J.Berry, Comparison between the angles of wall
friction measured on an on-line wall friction tester and the Jenike wall friction
tester, Powder Technology, 174, 2007, 64 - 70
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Appendix A - Resolving the forces to neglect vertical force
acting on linkage

Pi vot

Li nkage

Dead wei ght

H
V

Ski d Pl at e

d

Di r ect i on of m
at er i al f l ow

W(cg)

Horizontal force ‘H’ = H cos (d)
Vertical force ‘V’ = V sin (d)
V’ = H x tan (d)
Total load to be considered =
‘W’}

{Weight of the plate + linkage + Dead weight
- {Vertical Force ‘V’}
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Appendix B – Representation of compound stress basis
(CSB) and applied stress basis (ASB)

Shear stress τ
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Representation of the wall failure locus on an applied stress basis ASB
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Shear stress τ
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Representation of the wall failure locus on a compound stress basis CSB
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Appendix C - Dry and Moist comparison on short-listed coal
samples supplied by Corus
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