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EXECUTIVE SUMMARY
Pulverised fuel power generation is an important source of electricity but also a major
concern in relation to CO2 and other harmful emissions. It is, therefore, important to
optimise plant operation so that systems operate at their maximum efficiency, minimizing
emissions and maximizing economic effectiveness. Despite the many years that such
systems have been in operation their remain surprisingly few technologies for on-line
continuous monitoring of operational parameters and for this reason parameters such as
particle size, absolute concentration and flow homogeneity (i.e. the presence of damaging
flow ‘ropes’) are often measured in an open loop or empirical manner. These parameters are
of importance to efficient combustion and on-line continuous monitoring of them in a nonintrusive manner by means of a viable cost effective methodology has represented a
significant challenge for some time. It is this challenge that was identified and risen to in the
formulation of the present project. As a result of this BCURA project digital imaging, in
conjunction with novel image processing algorithms and rugged cost-effective hardware, has
been leveraged to provide a solution to on-line non-intrusive monitoring of these parameters.
This report presents both the fundamental research work that has been performed in pursuit
of the project aims and extensive experimental results recorded under both laboratory and
industrial conditions. Details of three sensors, produced during the project, are given and
particle sizing results are compared favourably with those recorded using the established offline principles of laser-diffraction (a Malvern Mastersizer was used) and sieving.
The outcome of this work is that a digital imaging based methodology has been developed
revolving around novel processing algorithms and cost effective hardware that allows online continuous monitoring of particle size distribution and concentration in realistic PF
flows under industrial conditions. Successful flow rope detection has also been achieved
under laboratory conditions. These aims have been met firstly by analysing particle images
under static conditions to create novel and robust image processing algorithms and then
translating this work into an on-line setting. A laboratory flow rig was constructed and a 2”
diameter sensor built using laser sheet illumination that was tested using the rig. Following
extensive testing using the lab rig the sensor was fine tuned and deployed on a 0.5MW test
facility owned by RWE npower. Another sensor based on the same principle was constructed
and tested using Mitsui Babcock’s 70MW test rig featuring a full size power station burner
running from 6” ducting. In response to the results recorded from these two sensors the
methodology was fine tuned and improved so that a sensor featuring pulsed laser sheet
illumination was shown to give results comparable with reference data when operating with
realistic PF flows at RWE npower. Although the ability of the technique to provide
representative sampling in large diameter ducts is still an issue that may require future
investigation, it may be safely considered that a successful conclusion has been reached here.
A number of publications have resulted from the project. Before this work there was little
recorded in relation to accurate particle sizing of PF flows with digital imaging and that
presented here may be considered to add considerably to the body of knowledge in this field.
The results have shown good applicability to the chosen application of PF flow monitoring
but the work is equally applicable to many other industrial applications ranging from
monitoring of particulate emissions to grading and authentication of granular foodstuffs.
Suggestions for future research projects arising from the present work are given at the end of
this document. This work has certainly increased the academic standing and profile within
the academic community of the Instrumentation Research Group at the University of Kent as
well as proving a starting point for continued study.
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The possible benefits of the work are clear: with continuous on-line monitoring of particle
size and concentration power plants can be optimised to reduce both emissions and operator
costs. This is applicable to both new build installations and retrofits on existing plant. These
benefits are not necessarily limited to immediate combustion optimisations but it is probable
that plant wear could be reduced considerably with optimised flow conditions leading to
reduced maintenance costs. This last point is particularly true of flow rope detection, it being
well known that the presence of ropes in systems where the coal feed divides into several
individual (burner) streams can have significant process implications, leading to appreciable
mal-distribution of fuel to the burners and, consequently, deviations from design
stoichiometry and performance.
The authors would like to acknowledge Doosan Babcock Energy Limited (formerly Mitsui
Babcock Energy Limited) and RWE npower for the use of their combustion test facilities
during the course of the project. Stuart D. Cameron, Dr Gerry Riley, Steve Cornwell and Dr
Michael Whitehouse are particularly thanked for their helpful advice and generous support
throughout the project.
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1. Introduction
The development of instrumentation to improve the handling and use of coal has been
identified as a key subject area of particular interest to BCURA. This project has aimed to
achieve this through the application of digital imaging techniques to the on-line, nonintrusive measurement of size distribution and concentration of PF in pneumatic fuel feeds.
The development of on-line PF flow monitoring is of major interest to many academic
institutions and industrial organisations all over the world. A comprehensive review of all
existing methods for on-line PF flow monitoring was published in 1996 [1]. In addition to
thermal, electrical and acoustic methods, almost all regions across the electromagnetic
spectrum, from γ-rays to microwaves, have been applied to develop suitable PF flow
instruments. It was concluded in the review that electrostatic sensors combined with crosscorrelation techniques were superior to all other known instruments for PF velocity
measurement. However, the review found no PF flow instruments available for absolute
measurement of PF concentration and hence PF mass flow rate. On-line particle size
monitoring was limited to ‘fineness’ (not strictly size distribution) measurement [2]. This
included methods based upon laser scattering, acoustic emissions/vibrations and electrostatic
charge detection. Despite various efforts, no suitable on-line particle sizing technique was
available at the commencement of the current project. In a UK Technology Status Review
conducted by Eon UK (then Powergen) [2], it is further confirmed that on-line PF flow
monitoring and particle sizing is a challenging area and no reliable on-line technique is
currently available to meet this real need. It is believed that electrostatic techniques are
fundamentally unsuitable for the absolute measurement of PF concentration and sizing
(despite ambitious claims by some academics). Other methods such as those based on
capacitance, acoustics and differential pressure have shown fundamental limitations in their
applicability due mainly to their inferential nature of operation. It was therefore decided that
an entirely new measurement technique, such as digital imaging, which can provide
simultaneous measurement of PF size distribution and concentration through direct
measurement of these parameters, was the best way forward.
Before work could commence an extensive survey of existing literature in the field was
undertaken using a variety of information sources to compile an accurate definition of the
state-of-the-art and establish the principles upon which the system was to be based. Work in
the imaging field for flow measurement is limited – PCs are only just becoming powerful
enough and cameras cost-effective enough to make this approach desirable. It does,
however, appear to be the next important step towards reliable on-line sizing. The literature
review exposed some work in this field but none of it was of a practical nature but more
scientific and laboratory orientated [3-6]. There was some indication that companies such as
Oxford Laser had been working on imaging based particle sizing but these systems were a)
not in the pubic domain so little was known of them and b) seemed to be designed to operate
with idealised flows rather than under realistic industrial conditions. The next phase was to
look into the practical issues involved in imaging based particle sizing. There was much
image processing work involved and an understanding of the problems, both practical and
statistical, involved in establishing mean particle sizes and meaningful sample sizes etc was
required. References found in this area are far too numerous to list here in their entirety but a
small cross section of the work discovered was found to be most helpful [7-10].
The programme of practical work following the review was as follows: Initially a static
imaging system was created with test particles stationary on an imaging surface. This
allowed basic accuracy to be established and image processing routines to be developed
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independently from dynamic flow problems. Next a flow rig was constructed in the
University laboratory and basic on-line tests performed under idealised conditions. At this
time brief investigations into roping flow detection were performed as per the original
project proposal. Following laboratory tests the instrument was installed at RWE npower’s
0.5MW combustion test facility at Didcot for tests with real PF flows of realistic density
under industrial conditions (a 2” duct size was used at the Didcot CTF). It was originally
proposed that the next step (and final project milestone) would consist of scaling up for tests
at a full scale power plant (originally Kingsnorth and later Tilbury were suggested).
Unfortunately the tests at the Didcot CTF uncovered a previously unsuspected problem with
imaging PF flows. A ‘fogging’ issue whereby flow images were of too low contrast to be of
use was discovered and results recorded were not good. It was thought that large numbers of
submicron particles in the flow caused the problem and clearly further fundamental research
under realistic conditions was required before power station tests would be worthwhile. It
was suggested in a project meeting to discuss the problem that the sub-micron particles
might be caused by increased friction and wall collision in the small Didcot duct size and so
the problem might not exist at all in larger ducts. To test this possibility a new sensor was
constructed and tested in the 6” pipe work at Mitsui Babcock’s 70MW test facility at
Glasgow. Unfortunately the fogging problem still existed. Investigating the fogging issue
proved difficult since the University rig could not operate either with real PF or at realistic
flow rates and the industrial test facilities were in effect only providing one flow condition
during tests. In order to provide more flexible conditions it was suggested to use a mini
auxiliary feeder at the Didcot CTF so that many flow conditions could be tested and the
fogging problem investigated fully. This was done with minor improvements to the sensor
and the fogging was observed both at onset and fully developed. Following this set of tests a
new pulsed illumination scheme was developed and yet another set of tests with the minifeeder at Didcot were performed. These later tests showed that the fogging problem was
solved using the newly developed pulsed illumination scheme.
The unforeseen fogging problem required that three sets of tests were performed at the
Didcot CTF instead of the originally planned one and that a completely new sensor be
constructed for the Mitsui Babcock rig. Due to this extra work there was not sufficient time
or money to proceed to tests at an operational power plant. This project milestone has
however been achieved in spirit since the operating principle has been proven at the Didcot
CTF and physical installation on a 6” duct feeding a full scale burner was successful at
Mitsui Babcock. Whilst the Mitsui Babcock installation did not provide useful sensor data
other than to prove that the fogging problem was independent of duct size it did prove that
the physical design of the sensing head and its physical installation were successful under
conditions that can reasonably be assumed to be representative of true industrial conditions.
The various phases of the project will be described in the sections that follow with results
presented in relevant sequence to highlight the progress of the project. The format of the
present document limits to an extent the detail that can be presented and some minor issues
are not presented at all. For fuller discussions the publications in the dissemination section,
particularly the PhD thesis resulting from this project, should be consulted.
2. Static Imaging System and Image Processing
2.1 General Principle
Defining the size of an irregular shaped item is not as easy as it might at first appear. There
are many possible ways of defining particle size in respect to its dimensions, volume, density
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etc. When working with images of particles the most practical method of defining size is to
measure the area of each particle in the image. This can then, if necessary, be used to
calculate the particles ‘equivalent diameter’; the diameter of a perfect circle of the same area,
which is a widely used quantification [7] in general and the one employed here. If the
number and size of particles within a given measurement volume are known then the
concentration can be simply calculated. This means that size measurement represents the
primary difficulty in the present work.
As already stated a static imaging arrangement was constructed first in order that the basic
methodology and software could be developed independently of dynamic phenomena.
Particles are laid on a flat surface and imaged using a camera. The general arrangement is
illustrated schematically in Figure 1.
Camera and optics

CCD

Particles
Imaging plane

Figure 1 Static imaging arrangement concept
In the past research work involving imaging based particle sizing has used back lighting,
shadow imaging or other idealized lighting schemes [4] that, though simplifying particle
sizing for research purposes, do not lend themselves to practical use, or indeed to ready
conversion for an on-line system. Since the aim of the work presented here was to create a
practical ‘real world’ set-up it was thought relevant to use a more realistic lighting approach.
For this reason it was decided to use a front illumination scheme, as illustrated in Figure 2.
Camera and optics

CCD
Ring light
Light proof box
Particles
Imaging plane

Figure 2 Imaging arrangement with front lighting
The use of front illumination provides practical benefits – the lighting and camera can exist
as a single unit, thus simplifying installation – and complex lighting optics are not required.
The problem with this method, however, lies in the quality of the particle images. When
using back lighting or shadow imaging the particle images generated are virtually in binary
form already – i.e. the boundaries between particles and background are distinct. With front
lighting the images demonstrate less favourable characteristics.
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The edges of particles may not be distinct, there may be gradients or ‘blurred’ edges. The
problem of determining the true particle boundary, and hence the particle size, thus becomes
difficult when non idealized lighting is used. This is the main complexity in imaging based
particle sizing. Figure 3 shows two particle images: - 3a shows an idealized, virtually binary,
image of a type that would be generated by shadow imaging and 3b shows a practical image
acquired with front lighting. It is clear to see that deciding on accurate particle boundaries
for a real image is no easy task.

(a) Particle shadow image

(b) Front illuminated image

Figure 3 Illuminated particles
2.2 Image Processing
Once a physical setup of camera and optics is established it can be worked out what area
each image pixel represents. It is, therefore, necessary to in some way differentiate between
image pixels that represent background and those that represent particles. The number of
pixels making up each particle can then be counted and the area of the particle simply
defined:
n pix

Ap = ∑ Apx

[1]

i =1

Where Ap is the area of a particle, npix is the number of pixels making up the particle and Apx
is the area of each pixel.
When an equivalent diameter is called for this is defined, for the purposes of the present
work, as the diameter of the circle that has the same surface area as a given particle. This
relationship can be defined mathematically:
Ap
Deq = 2
[2]

π

Where Deq is the equivalent diameter of the particle (Sometimes referred to as da).
If particles can be identified and sized then the quantity of particles is also known and this
parameter is related to material concentration. This could be simply specified as a number –
i.e. the numerical quantity of particles present in the measurement volume. This quantity,
however, is of limited use. In the bulk solids handling industry the quantity of particulate
material present in a flow system, at any one time, is commonly defined as the Volumetric
Concentration of Solids or βs(t). This represents the total quantity of moving solids within a
pipe or duct and is defined as the cross sectional area occupied by the moving solids,
normalised to the entire cross sectional area of the pipe or duct as a percentage:
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β s (t ) =

As (t )
=
A

∫∫ β ( x, y, t )dxdy (%)

[3]

A

Where A is the area of the pipe or duct, As is the area occupied by solids and β(x,y,t) is the
local solids concentration. βs(t) represents the instantaneous solids concentration (for one
frame) and, in practice the time averaged value is more useful:
t
1 1
[4]
β s = ∫ β s (t )dt
t1 0
The imaging approach to particle interrogation can, of course, establish both of these
quantities quite readily. The solids concentration can be simply defined as the ratio of
particle pixels to total pixels in each image, expressed as a percentage:
x pix × y pix

β s (t ) =

∑P

i

1

x pix × y pix

(%)

[5]

Where xpix and ypix represent the x and y image size in pixels, respectively, and Pi represents
the currently interrogated pixel, this quantity being equal to one if the current pixel is part of
a particle and zero if it is not. It is also possible to express this in terms of the total measured
area occupied by particles in relation to the total area interrogated by the camera:
n

β s (t ) =

∑A

p

0

x mm × y mm

(%)

[6]

Where n is the number of particles in the image, Ap is the area of each particle and xmm and
ymm are, respectively, the x and y size of the interrogated area in mm.
The above parameter definitions are all dependent on segmentation of the image into particle
pixels and background pixels. Determining the exact location of the particle’s boundary, and
from there the number of pixels within it, represents, as has already been intimated, a
problem of no little complexity.
There are three main methods of separating the particles from the background (i.e.
determining the particle’s boundary); Shape based methods, Thresholding and Smart
gradient based perimeter detection. Shape based methods, such as Hough transforms, have
been used widely for particle separation in the past [3]. These methods rely on known
particle characteristics in order to work – the approximate size and shape (in the case of
Hough transforms all particle images must be circular) of the particles must be known
already. This rules the method out for real world use where particles vary widely in terms of
both size and shape. In order to assess the other two methods it is necessary to demonstrate
the definition of the particle’s boundary or perimeter and to provide an exaggerated example
of a particle image with a heavy gradient. These are shown in Figures 4 and 5 respectively.
From Figure 4, in which pixel sizes are exaggerated for clarity, it can be seen that an exact
definition of background and particle pixels is required. The boundary between particle and
background is known as the perimeter.
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Background

Particle

Perimeter

Figure 4 Particle perimeter definition

Figure 5 Particle image with exaggerated intensity gradient
Figure 5 shows a synthetic particle image that demonstrates an intensity gradient from the
centre to the edge. Since the particle’s edge blends smoothly into the background, defining a
perimeter must always be a subjective procedure. What is required is consistent subjectivity
in order that errors are systematic and can be trimmed out.
Since, in general, the background is dark and the particle is light, it is possible to determine
an intensity level above which all pixels must represent part of a particle. This is known as
thresholding. Thresholding is a very simple procedure requiring little computer time but it is
not ideal; it can be very difficult to define a suitable threshold level. Figure 6 shows that by
using a varied threshold setting the particle from Figure 5 can be seen to vary in size
dramatically.

High

Medium

Low

Figure 6 Thresholding the particle image from Figure 5 at three different settings
If a repeatable procedure can be established for determining a suitable threshold level then,
for on-line work, the method’s low processing overheads become attractive. It should also be
noted that thresholding is insensitive to particle shape – very irregular shapes with central
holes or folded back features will be thresholded as reliably as simple circles.
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Automatic threshold setting is a well known area of study in the field of image processing.
Unfortunately general study of this field focuses more on image segmentation for Optical
Character Recognition (OCR) and for this an accurate and consistent boundary characteristic
is not required.
In view of a lack of suitable existing work on the subject it was necessary, for this work, to
develop a novel auto thresholding method especially for particle imaging. To this end, the
first step was to analyse particle images in order to understand their characteristics. Figure 7
shows a comparison between the synthetic particle image of Figure 5 and a real particle
image. Figure 7 is split into four parts: (a) a close-up of the inside of the synthetic image, (b)
the background of this image (which has been brightened by 20% for clarity), (c) the inside
of a real particle image and (d) a real background (again, brightened by 20%).

(a) Synthetic particle close-up

(b) Synthetic background close-up

(c) Real particle close-up

(d) Real background close-up

Figure 7 Particle image close-ups
It can be seen clearly that the real images contain noise. There is random intensity variation
in both the particle and the background. When considering the change in threshold level it is
easy to think that particles in the image will vary in size based on threshold setting until, at
the extremes, they either blend into the background or the background becomes the same as
the particles. The presence of noise in the images means that this behaviour becomes more
complex. Consider the simulated noisy particle image of Figure 8a. The approximate
intensity distribution of this image is shown in Figure 8b.
It can be seen from the intensity distribution that, though there is noise present, the particle
pixel values are distinct from the background pixel values. If a threshold level is used from
within the central ‘dead’ area then the particle will be separated successfully. The relevance
of this realisation to automatic threshold level setting may not be apparent immediately but a
little analysis of the intensity curve’s characteristics will help here.
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Background
Particle
Pixels
A
B

C

Intensity

(a) Noisy particle image

(b) Approximate intensity distribution for (a)

Figure 8 Particle image intensity range
Consider a situation where the image is thresholded multiple times starting at zero intensity
and ending at the maximum possible value. Initially there will be only one detected ‘particle’
in the resulting image since all pixels lie above the threshold level, but as the setting
increases the noisy background will begin to break through. Some pixels will be above the
threshold level but a large number of pixels, that are isolated from one another, will lie
below it. This means that the number of detected ‘particles’ in the image will increase
dramatically (these will not be real particles but noise related artefacts). The number of
detected particles will drop, to the correct number (in this case one), once the central ‘dead’
area is reached. As the threshold value passes through the ‘dead’ zone, though the correct
number of particles will be detected, their sizes will change slightly due to edge gradients.
Once the threshold value enters the area of values that represents the particle then the
particle will begin to ‘break up’ due to noise breaking through and the detected ‘particle’
numbers will again increase dramatically. This explanation is expressed diagrammatically in
Figure 9a. This figure shows the Figure 8a image thresholded at three key levels, indicated
on Figure 8b as A, B and C. Figure 9b shows the result of applying the same threshold
settings to the same particle image but this time without added noise (i.e. an ideal synthetic
image).
The effect in Figure 9 is clear. The noisy image breaks up at thresholding extremes. If some
way can be found of detecting this break up then a range of suitable thresholding values can
be defined automatically. It can be assumed that, for a controlled particle imaging set-up,
once a threshold level has been decided upon, the same value can be used until conditions
change in some way. This leads, in turn, to the realisation that a noise breakthrough type
threshold level setting would not need to be performed for every frame but that most frames
could be processed using simple, high performance, thresholding (using the detected level).
Since it was anticipated that the analysis software would have to locate each particle within
the image, in order to find its characteristics, the software would need to be capable of
particle counting. When a particle counting processing algorithm is available then a sample
input image can be thresholded at all possible settings and the number of detected ‘particles’
counted at each setting.
Through differential analysis of the resulting data a suitable thresholding range can be
established. Figure 10 shows a theoretical result curve and highlights points of interest upon
it – an approximate second order derivative curve is also shown.
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Original

A

B

C

(a) Thresholding a noisy image

(b) Thresholding an ideal synthetic image

Figure 9 Thresholding at three key levels

Background
break-through

Suitable
threshold range

Particle
break-up

# of particles
Approx
d2y/dx2

Threshold
Figure 10 Theoretical threshold analysis curves
This graph indicates clearly; the initial increase in detected ‘particle’ numbers due to
background breakthrough, the suitable range of thresholding values and the final particle
number increase due to noise related break-up.
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Figure 11 shows actual results of applying the auto thresholding algorithm as implemented
in the software developed during the project. Figure 11 shows a typical particle image (the
material is maize) and the thresholding curve generated by the software. The thresholding
curves indicate chosen thresholding extremes with circular points.

(a) Typical particle image

(b) Threshold curve and points for (a)

Figure 11 Automatic thresholding curves
It can now be seen that a novel method for determining a suitable range of threshold settings
has been established. Within that range, detected particle size could be expected to vary
slightly. Figure 12 shows a typical variation of detected particle size through a typical
thresholding range. The detected thresholding range was about 90 to 170 (pixel intensity
values may vary from 0 to 255) – the first and last data points show particle size falloff (due
to noise breakthrough – the detected particle size decreases as the numbers increase).

Relative Size Error (%)

2
0
-2
-4
-6
-8
80

100

120

140

160

180

Threshold Level
Figure 12 Variation of particle size through detected thresholding range

It would be possible to simply use the threshold level in the centre of the thresholding range.
In the example of Figure 12 this would give a relative error of about -2% which would be
acceptable in an industrial environment. This, however, is not an ideal solution and it was
decided to develop a novel method which would allow the whole thresholding range to be
utilised in order that errors may be reduced.
Manual microscopy is one of the most well established particle sizing techniques in
existence and is believed, by some, to offer many potential benefits. In microscopy the
principals are similar to those employed here except that processing is performed, not by an
Page 10

arithmetic digital computer, but by an associative analogue system – the human brain. The
human brain does not work with ‘crisp’ digital data but ‘fuzzy’ quantities. Fuzzy computing
techniques that imitate the approach taken by natural systems are becoming increasingly
popular in improving the performance of scientific systems. Such techniques can, in concept,
be applied here. Although the system developed is not a fuzzy logic system in the generally
accepted sense (i.e. there are no fuzzifiers or fuzzy data sets etc.) it certainly uses a ‘natural
algorithm’ approach. The system works on the following assumptions:1)

If manual microscopy is considered accurate then making the system imitate human
judgement will improve its performance.

2)

When a person examines particles visually they will always, subconsciously, use a
slightly different set of parameters to define the perimeter of each particle.

Point one can be deduced from the preceding discussion but point two is more interesting. It
suggests that when a person analyses a particle image they will oversize some particles and
undersize others – these errors will, over the entire image frame, provide a consistent mean
particle size measurement. When an automatic system, with a fixed threshold level, analyses
an image it will either oversize or undersize consistently. This will result in a fixed offset
error. Such systematic errors can be trimmed out, where reference data are available, but it is
preferable for a system to be free of such errors from the outset.
If the threshold level used by an automatic system is varied randomly within the suitable
thresholding range then, over several frames, this ‘fuzzy’ approach will give results similar
to human microscopy. Furthermore, if the threshold level is varied randomly across each
individual frame (still within the suitable range) – i.e. varied spatially as well as temporally –
then the same result can be achieved on a frame by frame basis. In theory this approach
could be adopted on a per-pixel basis although this would require the generation of a pseudo
random number, and the associated processing, for every pixel in the image. With hundreds
of thousands of pixels in each image this would slow the system down considerably and so,
in the present system, the image is split into a grid of 50 rectangular zones each of which
uses a random variation of the detected threshold values. With many thousands of operations
reduced to just 50 the processing performance impact, with this approach, is minimal – there
is, however, a possible shortcoming: The fewer the number of zones then the slower the
response to changes in particle size distribution – if there is no spatial variance at all then
that is the same as using just one zone – and averaging only occurs between frames and not
on a frame by frame basis. The number of zones must be decided upon arbitrarily and, in
practice, the use of 50 zones has proven to represent a good compromise between processing
speed and averaging performance.
When threshold values are automatically varied within the detected range the complete
thresholding process becomes automated. Under most circumstances no user interaction is
required in order to establish particle separation parameters. This leads to consistent
performance.
2.3 Practical Arrangement and Basic Accuracy

The actual static imaging arrangement employed here is illustrated in Figure 3. The
arrangement consists of a camera, an imaging surface and a front-lighting arrangement. This
was designed to be simple, cost-effective, robust and reliable. The use of three bolts, each
provided with two nuts for locking, allowed the height and level of the base plate to be
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adjusted accurately. The thick glass fibre PCB material proved to be both flat and rigid – any
imperfections in the board’s flatness could be trimmed out with the three point supports. For
use, the entire assembly was placed on a matte black imaging surface (where dark coloured
particles were measured a matte white surface was used and the resulting image made
negative) and enclosed within a lightproof box.
The camera used is a board type device originally intended for CCTV use. In this application
it is cost-effective when compared to a scientific camera and allows basic processing to be
studied at relatively low cost. If distortion is to be kept to a minimum the choice of lens is
very important. Board cameras use a miniature M12 x 0.5 lens fitting and the types of lenses
available for them are somewhat limited. Furthermore, many of these lenses use extremely
cheap plastic optics which produce significant non-linearity in the resulting images. This
limits the availability of suitable lenses still further since properly ground glass lenses must
be used for this application. The lens chosen for this work is a multi element, fixed aperture,
glass lens with a focal length of 6.3mm (a choice of two suitable lenses was available and
this lens was chosen as it provides good area coverage at a reasonable working distance).

Commercial ring light fixed
adhesively under base plate

33

100

33

60

Board camera
2.5mm glass
fibre perforated
PCB base plate
Non-reflective
imaging surface

50°

35

M4 precision
machine screws

110
120
Dimensions are in millimetres unless otherwise stated – do not

Figure 13 Physical arrangement of the static system
In order to establish the basic accuracy of the system it was deemed necessary to examine
particles of known size and calculate system errors. Since the present system works on two
dimensional images it was possible to use an alternative to the usual reference materials used
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to calibrate sieves and other particle sizing apparatus. Reference materials are expensive and
hard to find – the present system uses synthetic images of particles printed in sheets using an
ink jet printer.
Using printed images is an undertaking that is not without potential problems. Particle
images can be generated readily using image editing software and, if a sufficiently high
resolution is used aliasing (jagged edges) of the particles will not be a problem. If the images
are printed accurately the exact size of the ‘particles’ will be known. This leads to the next
problem; the printing process. For the current work a consumer ink jet ‘photo’ printer was
used. The device offers a resolution of 2880dpi, suggesting accuracy to better than one
thousandth of an inch (<0.025mm). It is unlikely that this accuracy can be relied upon, for
scientific purposes, and so the order of magnitude rule was used: It was decided that the
minimum size of printed particles should be 250µm. The highest quality ink and ‘matte’
paper were used and the images appeared ‘crisp’ without signs of running. An example
image is shown in Figure 14.

Figure 14 Example reference image – when printed these ‘particles’ are 1mm in diameter
Various images were generated covering four particle sizes and several concentrations of
particles (particulate concentration is covered in the next section) at each size. Details of the
images generated are given in table 1.
Table 1 Details of reference images
‘Particle’
sizes (µm)

Approx. concentration
range (%)

Number of ‘particles’
in images

250

0.005-0.7

1-128

500

0.02-1.7

1-80

1000

0.08-3.3

1-40

2000

0.3-3.3

1-10

For the smaller sizes of particle the number of particles in the images became unmanageable
at higher concentrations and so upper limits were set – the lower limits were, of course, set
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by the sizes of the individual particles. Ten images were created for each particle size (ten
concentrations).
The printed reference images were placed under the camera and lighting setup, the auto
thresholding process was initiated for each image and the system was allowed to take
multiple frames until the size measurement had stabilised (required due to spatial averaging)
– a total of 90 video frames were taken for each measurement result. Each size result
represents the mean of those achieved for all reference images featuring a given particle size.
Since there were ten images for each size the data points shown on the following graphs
represent mean data from 900 video frames.
Figure 15 shows the basic linearity of the system. Deviations from the linear are shown more
clearly in Figure 16 which presents the relative errors from Figure 15.
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Figure 15 Comparison of measured and actual particle size
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Figure 16 Relative errors of Figure 15

Page 14

3

It can be seen that the system exhibits excellent linearity with relative errors of less than
±0.15% in all cases. The first two data points in Figure 16 suggest that the system is
perfectly accurate, i.e. there is zero error, and some words of explanation will now be offered
in respect to this issue. The software logs size data results in millimetres to an accuracy of
three decimal places. When the ten test images featuring, for example, 250µm particles were
tested the resulting size values varied from 0.242mm to 0.254mm. When the mean of these
ten values was calculated it was exactly 0.250mm – a similar situation occurred in respect of
the 500µm particles. Clearly, there must be an error here as no system is perfect – if more
decimal places were available then a small calculated error would emerge (if we add a
decimal place then the worst case actual mean value would be either 0.2495 or 0.2504mm
giving maximum relative errors of -0.2% or +0.16%, respectively, which is in line with the
other errors and still very low). The decision to limit the software’s output to three decimal
places was made in order that it would not appear to be more accurate than it can realistically
be expected to be.

Normalised standard deviation (%)

In order that the repeatability of the measurements could be quantified the standard deviation
of each set of size readings, normalised to their mean value, was found. This is presented in
Figure 17. It can be seen that, in all cases, the repeatability is better than 0.3%. The increase
in the standard deviation for the smaller particles is attributed, in part, to an effect of the
normalisation process but can also be explained readily in more practical terms.
Repeatability issues will cause consistent variations in the lower decimal places of the results
irrespective of the size of particles being measured. The effect, expressed as a percentage, of
these variations will, naturally, be higher for smaller particles than for larger ones.
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Figure 17 Normalised standard deviation of the particle size measurements
In order to assess the basic accuracy of solids concentration measurement, tests were
performed using the same static calibration images. The printed reference images were
placed under the same camera and lighting setup as used for the sizing performance
measurements. The auto thresholding process was initiated for each image and the system
was allowed to take multiple frames until the concentration measurement had stabilised (as
before) – a total of 90 video frames were taken for each measurement result. At each
concentration level four particle sizes were available (where possible) and the results from
all sizes were averaged in order to achieve a mean concentration value. Most data points,
therefore, consist of data from four test images – or 360 video frames. Some of the higher
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points only consist of data from two test images due to the problems of large particle
numbers for smaller particles.
Figure 18 shows the basic linearity of the system. Deviations from the linear are shown more
clearly in Figure 19 which presents the relative errors of the measured solids concentration.

Measured solids concentration (%)

4

3

2

1

0
0

1

2

3

4

Actual solids concentration (%)
Figure 18 Comparison of measured and actual solids concentration
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Figure 19 Relative errors of concentration measurement
It can be seen that linearity is very good. The relative errors are larger than those
experienced for particle sizing, but this is to be expected – if there is a sizing error for each
particle then these errors will affect the solids concentration result in a cumulative manner.
All errors lie within ±2%.
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Normalised standard deviation (%)

In order to assess the repeatability of the measurements the normalised standard deviation of
each concentration reading was found. This is presented in Figure 20.
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Figure 20 Normalised standard deviation of the concentration measurement
It can be seen that, in all cases, the repeatability is better than 0.6%. There is no increase in
standard deviation for the lower values here. This is due to the fact that the concentration
measurement is heavily linked to size measurement results and the increase in standard
deviation of sizing results (for smaller particles) has been eliminated here as a result of
averaging the concentration measurements from several different particle sizes.
In general the basic accuracy under idealised conditions has been established as very good.
This can also be said for measurement repeatability.
2.4 Material Tests

So far the system’s basic accuracy has been established through the use of synthetic test
images but no real particles have been analysed. In this section key results will be presented
from extensive material tests conducted during the project (only two materials are presented
here due to space constraints – for fuller details see the dissemination section). Size
distribution results will be compared with the results obtained when passing the same
materials through an industrially accepted commercial size analyser, in this case a laser
scattering based system from Malvern Instruments.
The materials used were limited in suitable size range by two factors. Firstly, the Malvern
instrument was only capable of measuring particles of up to 1000µm in diameter, allowing
the upper size limit to be set. Secondly, the lower limit was established by considering the
limitations of the current system (it should be remembered that the simple static setup was
still in use here) and was fixed at approximately 100µm in this case. The materials were
tested using both systems. The commercial system requires a large sample of about 100g that
is fed into it through a small hopper. Unfortunately it is a lost sample system (the sample
cannot be retrieved after being tested) and so the same sample could not be used for the
imaging system. In order to minimise possible problems the main source of material was
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well mixed before separating samples for testing. When using the imaging based system five
independent measurements were taken for each material each using a different, random,
selection of particles from the sample. The use of a number of particulate samples ensured
that the data were sufficiently representative [9]. Each of the five readings represented a
rolling average over a period of 20 frames. In total therefore, 100 readings were used for
each size distribution result. As each frame contained 100−200 particles, between 10000 and
20000 particle measurements were taken into account, leading to reduced statistical
uncertainty of the size measurement.
Figures 21 to 24 show the results of the tests for two different materials (‘commercial’
referring to the Malvern instrument). Comparative size distribution histograms are shown
along with detailed discrepancy results. It should be noted that the discrepancies cannot be
considered to be errors, since there is no way of telling which system is ‘more correct’, but
rather differences between instrumentation types.
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Figure 21 Olivine sand size distribution
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Figure 22 Olivine sand discrepancies
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Figure 24 Soda ash discrepancies
In general, the results show a relative discrepancy of less than ±8%. There are several issues
that allow this degree of error to be accounted for. Firstly, the fundamental differences
between the two kinds of instrumentation will cause some deviation of results. The Malvern
instrument is a light scattering based system and therefore the results it generates are
susceptible to variations in the materials’ shape (the diffraction pattern of an irregular shaped
particle is not circular) and refractive index. These limitations are not shared by the present
instrumentation and may therefore have contributed strongly to the discrepancies in the
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results. The commercial particle size analyser also uses a large (≈100g) sample, which is
interrogated over a period of several seconds. There are such a vast number of particles in
this sample that the result is very much a mean distribution. The imaging based system must,
by its very nature, only interrogate a small section of the total sample, certainly less than
100g at a time. Although a rolling average is used and five different measurements made, the
averaging is still far less severe than with the light scattering based instrument. Furthermore,
since the commercial set-up is a lost sample system it was impossible to use the same sample
for both reference and measured results, although the material did come from the same
source (and was well mixed) it is possible that settling effects and other phenomena led to
variations in the distributions.
In general the basic methodology can be seen to be valid with real materials. Most
importantly, however, it can be seen that results are comparable with those generated by
accepted solutions.
3. On-Line System and Laboratory Test Rig

This section details the transition from the initial static investigation to full on-line operation.
The basic principles remain unchanged and so only additional work is presented here.
3.1 On-Line Imaging

Before any processing may commence the best possible image must be acquired using an
appropriate physical and optical set-up. In real terms the requirement for good images
translates into the requirement for a good lighting set-up. Focusing the camera upon the
illuminated particles is a relatively simple problem. For static analysis two options were
available: front lighting or back lighting (shadow imaging). These two options are still
applicable to on-line flow and in general the same discussions on their relative pros and cons
still apply. The problems involved in shadow imaging become far worse with on-line
operation and it should be remembered that one of the aims of the work was to develop a
system that operates in a non-intrusive manner. In order for good shadow images to be
produced the flow would have to be split up so that a small ‘flat’ section could be passed
over the backlight, see Figure 25. Clearly this approach requires intrusive modification of the
duct and can be ruled out here.
CCD

Camera
Thin (flat) transparent
section

Side chain
duct

Diffuser

Main duct
Light source

Flow

Figure 25 Possible intrusive back lighting based on-line sensing scheme
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The only way in which the problems of intrusive installation can be avoided is if the duct is
not modified to any significant degree and most importantly if there is nothing protruding
into the duct. This suggests that all lighting and observation must be performed through
some kind of viewing window that is let into the duct wall.
At first thought such a scheme might seem impractical as particles are present within the
pipe at many different depths and in order for accurate sizing to be performed the depth of
each particle must be known. This problem can be solved through the use of laser sheet
illumination. In essence the light from a visible laser is passed through a barrel lens which
spreads out the usual, circular cross sectioned, laser beam into a wide, thin, fan shaped sheet
of light. Particles pas though this sheet and are momentarily and fiercely illuminated. The
general concept is illustrated in Figure 26 where the camera and laser are mounted on a
corner in order that the camera and imaging plane remain at right angles to one another.

CCD
Camera

Window in duct

Flow
Sealant
Dark particles
Duct corner

Laser

Illuminated particles
Figure 26 Non intrusive laser sheet based sensing scheme
It might seem at first glance that certain non-illuminated or ‘dark’ particles might obscure
the camera’s view. In practice this is not a problem if the concentration of particles is kept
low (not a problem in dilute phase PF flows).
The physical set-up used for on-line flows must overcome various difficulties if it is to
operate successfully. In Figure 26 the basic laser sheet based methodology was introduced
but in practice this is not a particularly useful geometry as a suitable corner might not be
available in a real situation. There may also be problems with turbulence and other effects at
flow corners that could interfere with imaging. Another issue may be erosion caused by
particles smashing into the camera lens. In short this is not a practical geometry and an
alternative must be found that can be fitted to a straight section of duct. The solution
employed here is shown in Figure 27. The laser is still at right angles to the duct but the
camera is no longer at right angles to the laser sheet. It views the sheet from a shallow angle.
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Window in duct
CCD
Camera

Laser

Flow

Dark particles
Illuminated particles
Figure 27 Practical ‘straight duct’ sensing geometry
It is clear that, whilst preferable from a physical viewpoint, this sensing geometry will lead
to problems in respect to image processing. Specifically, there will be some trapezoid
distortion introduced due to the camera angle (note that the camera angle is exaggerated in
the above schematic figure and in reality the problem is not as severe as might at first be
thought). Also there will be practical issues to consider such as how to keep the window free
of contamination so that clear images may be acquired through it. Image distortion is easily
dealt with through straightforward correction algorithms that will not be covered here. The
window contamination issue requires that a supply of purging air is passed over the window
– see section 3.3.
3.2 Image Processing Challenges

With the static test set-up the lighting and background were optimal resulting in relatively
clear, high contrast, images. Laser sheet illumination does not produce such well defined
images and in addition to this fundamental shortcoming the contrast is further reduced by the
ambient light and non-ideal background effects in the real world duct.
This shortcoming might be overcome through conventional contrast adjustment but it has
been found that many of the particles are very close in colour to the background and their
clarity is actually reduced by a conventional operation (a conventional contrast operation
increases the gradient of intensity levels within the image thus producing an image that
represents the clipped or limited intensity variation of an image with higher dynamic range;
it is a form of signal compression). Some means of increasing the contrast of dynamic
objects whilst ignoring the noise of the background is required and a method for achieving
this has been identified. In order to explain this method it is necessary first to observe a
close-up of some particles from the on-line setup. This is shown in Figure 28.
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Figure 28 Close-up view of on-line particles
The most striking feature of this image is the ‘banding’ within the particles. This is caused
by the interlaced nature of the video images. The camera is capturing two images and
transmitting them as one frame; one image is taken consisting of even lines and then, 20ms
later, another is taken consisting of odd lines. This means that each image represents two
‘snapshots’ of the flow with approximately twice as many particles than are really present at
any one time. It is also possible for two temporally separated particles to overlap each other
in the final composite image. For these reasons each sub frame (the odd lines or the even
lines) must be dealt with separately. This means that, if in one instance the odd lines are
discarded and the even lines used, the particles in the image will only be represented by
every other image row, producing a ‘banding’ effect. The conventional method of deinterlacing a still image is to simply copy the lines that are to be kept over those which are to
be discarded thus effectively halving the vertical resolution. Some algorithms take this a step
further by applying some kind of interpolation filtering in an attempt to approximate the lost
data. In the current work a method has been found of turning the ‘banding’ effect into an
advantage. Initial de-interlacing is accomplished by overwriting the unwanted lines with the
images mean intensity level so that all particles in the image now represent the same moment
in time, thus eliminating concentration errors, but the banding still remains. The reason why
this may be considered useful is more apparent once the realisation is made that only the
particles will suffer from serious banding, the background will not since it is itself close to
the images mean intensity level for small particulate concentrations. The banding of the
particles represents sudden changes in intensity level (a high frequency component) around
the particles; the background will only contain more gentle changes of intensity. If an edge
enhancing or contour extraction filter (essentially high pass filters) is applied to the image
then the particle intensity will be very much increased whilst the background will remain
insignificant. The banding can now be removed with a suitable interpolation type deinterlacing filter (the filters used are standard zone based types and not being novel in any
way will not be detailed here). The steps of the operation, as applied to the Figure 28 image,
are shown in Figure 29 where the process is applied to a negative image in the interests of
clarity.
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(a) Original image

(b) Negative image

(c) Image with contours enhanced

(d) Filtered version of (c)

Figure 29 Contrast improvement through edge enhancement (high pass filtering)
It can be seen that the particles are successfully enhanced through this sequence of
operations. It is now possible to apply the adaptive thresholding algorithm that was
introduced in section 2 (in the example shown above it appears that the final image is already
virtually in a binary form but in reality there is still noise present in the background allowing
successful automatic threshold setting).
3.3 Sensor and Rig Design

The general imaging geometry has been discussed already leaving only details of the real,
practical, sensing head and flow rig to be described. The first consideration when designing
the sensing head was that it must be removable from the rest of the flow rig pipe work, for
reasons of portability and convenience during testing. Whilst, in theory, the imaging based
system could simply be installed looking through a hole drilled into existing pipe work this
approach would be suitable only for a permanent installation and not for a prototype. The
solution to this problem is to use a ‘spool piece’ – a short section of pipe work with a flange
at each end that can be bolted into a gap between two flanges in the flow rig. For the current
work it was the intention to perform some tests under industrial conditions at the Didcot CTF
and so the pipe work/spool piece used for lab work was designed to be compatible with the
industrial flow setup so that direct comparisons of results could be made and two different
sensors were not required. This requirement resulted in a spool piece having a length of
300mm between internal flange faces, built using 50mm outside diameter mild steel pipe.
Standard industrial flanges with 70mm fixing centres were used. This spool piece was
machined to take the window mounting (described in the next section) also location pits
were cut for fixing the outside enclosure around the spool piece firmly. A full diagrammatic
representation of the spool piece is shown in Figure 30.
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Figure 30 Spool piece design
In order that the camera and laser can ‘see’ into the duct it is necessary to fit a transparent
window in the duct wall. In theory, in order to comply with the ‘non-intrusive installation’
requirement, this window should be curved to match the duct wall. In practice a curved
window would be expensive, hard to produce accurately, difficult to seal and would produce
complex optical distortions in the images, the removal of which would slow down
processing speed dramatically. For these reasons a flat window is the best practical choice. A
flat window, however, will protrude slightly into the duct suggesting that the installation is
not entirely non-intrusive. This is not a significant problem in the present setup as the
required window width is only 20mm, which is small compared to the 126mm internal
circumference of the duct, and so the reduction in duct area as a result of installation is only
2.9% (a 36mm2 infringement into a 1257mm2 duct).
With the window material decided upon another issue must be addressed: contamination of
the window. Some materials, notably pulverised coal, are extremely ‘dirty’ tending to
deposit a thin layer of tiny particles onto any surface that they interact with. If the window
was to become contaminated in this way it would be impossible for high quality flow images
to be acquired. For this reason an air purging system was designed into the sensing head,
whereby a tiny jet of compressed air is directed over the optics in order that they remain
clean and transparent. In the present setup this was achieved by machining a tiny rebate in
the window seat and supplying it with compressed air through a milled channel. The area of
the resulting ‘nozzle’ is about 3mm2 which represents only about 0.2% of the duct’s area and
will not, therefore, affect the flow to any significant degree.
Once a spool piece fitted with a sealed and air purged window is available it is necessary to
mount the camera and laser and also to fix the whole assembly inside a lightproof sealed
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enclosure. There are three reasons for this: firstly, all ambient light must be eliminated if
consistent particle illumination is to be achieved. Secondly, the sensing head is a fairly
delicate piece of equipment that must be physically protected and thirdly, in the unlikely
event of the window breaking, it is necessary to ensure that any flow leak is contained.
These requirements were fulfilled through the simple expedient of fitting a sturdy wooden
box around the sensing apparatus. The box was hinged and the spool piece passed through
the box at the joint, the box closing onto the spool piece and locating firmly with the aid of
location pegs that fitted into the three location pits in the spool piece. The box was painted
matte black inside and out and sealing was achieved with the aid of adhesive foam tape. The
general arrangement of the protective casing is shown in Figure 31 and the general internal
arrangement is illustrated in Figures 32 and 33.
185

Dimensions are in millimetres unless otherwise
stated. Enclosure constructed from 12mm MDF.
Do not scale
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Figure 31 General arrangement of completed sensing head
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Figure 32 Internal overview of sensing head

Figure 33 Close up of window mounting area
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In order that the sensing head could be tested under controlled conditions it was necessary to
set up a laboratory scale flow rig designed in such a way that the required flow parameters
could be controlled accurately. The flow parameters of interest were: Velocity,
Concentration, Mass Flow Rate and Roping. The first parameter, velocity, was controlled by
the amount of energy used to move the material through the rig. With more energy the
material will move faster and vice versa. It was, therefore, necessary to control the power of
the system. Velocity was monitored through the use of an electrostatic sensor (available from
a previous project) and could be precisely set up and controlled in a closed loop manner.
Concentration is a measure of how much material is present in the duct at any one time.
Though, in a theoretical sense, solids concentration is dependant on velocity, from a practical
viewpoint concentration must be controlled through varying the rate at which material is
introduced to the rig. Since there were no reliable concentration measurement systems
available at present (one of the driving forces for the current research) this parameter must
be controlled in an open loop manner, during rig operation, by using fixed throughput
settings on the material feeder.
Mass flow rate was controlled, as with solids concentration, by the rate at which material
was introduced to the rig. Whilst there was no system available at present for determining
reliably the instantaneous mass flow rate it was possible to determine the time averaged
value during a particular ‘run’. This was achieved by measuring the time it took for a known
mass of material to flow through the rig. If the system was operated under steady state
conditions then the instantaneous mass flow rate would be the same as the time averaged
value. If the mass of the source hopper was monitored continuously, using load cells or some
form of balance, then a shorter term time averaged mass flow rate could be found and this
was the approach adopted for the current flow rig.
Certain inhomogeneous flow regimes may be created within the rig for experimental
purposes. Through the simple expedient of using a very low flow velocity, for example, it
was possible to cause the material to flow only towards the bottom of the duct. For the
present work, however, roping was the main phenomenon of interest. In the present rig it
was found that roping occurs when using very fine materials at fairly slow velocities, there
being a slight ever present vortex in the airflow due to the design of the pump used. There
was no roping tendency with larger materials and higher velocities. This characteristic was
suitable for testing the ability of a rope detector – precise control of the position and
‘tightness’ of the ropes was not required. The presence of a rope may also be subjectively
judged through visual inspection of the raw images being received from the sensing head.
Once the parameters that require to be controlled were established more practical concerns,
such as rig size, could be considered. The diameter of the duct was determined in this case
by using the same diameter as used in the Didcot CTF thus allowing the sensing head to be
tested under industrial conditions without modification (50mm outside diameter PVC pipe
was used). The length of the duct was determined by the size of the laboratory – a folded
loop of about six meters total length was used. Another consideration is that of power – how
would the particles be driven around the rig? In industry it is very common to use
compressed air to blow material through but this approach has its shortcomings. Firstly this
arrangement requires a complex pressurised feed hopper, secondly, if there is a leak in the
duct, material will tend to blow out through it causing difficulties in a clean laboratory
environment and thirdly complex filters and catchments hoppers are required at the receiving
end of the duct. If these points are to be accepted then the only alternative to blowing the
material though the rig is to suck it. If the material is sucked then it may be introduced
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simply though using a vibratory feeder, leaks are not an issue and the complex catchment
hopper is combined with the suction mechanism, taking the form of an industrial vacuum
cleaner. This is the solution used in this case. There are two additional advantages with this
arrangement. Firstly, it is a simple matter to vary the velocity of the flow as the power of an
electrical suction fan is easily varied through the use of a variable auto-transformer.
Secondly, the radial nature of the centrifugal impellers used in suction fans causes a slight
vortex in the flow. This is of a very small magnitude under normal conditions and does not
affect the flow most of the time but, with careful selection of material and velocity, allows
roping flow to be studied. The general arrangement of the laboratory scale test rig is shown,
schematically, in Figure 34.

Imaging sensor Electrostatic velocity meter Source hopper

Vibratory feeder
Inspection pieces/alternative
sensor locations

Suction fan

Receiving hopper/filter
Figure 34 Schematic representation of lab scale test rig
The actual arrangement of the flow rig is shown in the photographs of Figures 35 and 36.
There are a few points of interest in relation to these figures that must be discussed. Firstly, a
control panel can be seen at the top of the rig – this features controls for vibratory feeder
power and power supplies for the sensing head and electrostatic meter. Next it can be seen
that two suction fans (in reality industrial vacuum cleaners) are used. One of these is fitted
with a variable autotransformer (visible next to the control panel) and one is not. With one
fan switched off the other can be varied giving control over a 0 – 50% range of total rig
power. With both switched on power can be varied from 50 – 100%. Lastly it is clearly
noticeable that an electrostatic drain wire has been wound around the PVC pipe work.
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Figure 35 Overall view of flow rig

Figure 36 Close-up of imaging sensor and electrostatic velocity meter
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3.4 Laboratory Tests

A summary of laboratory test results is given here – all results used sand as a test material.
Figure 37 shows the variation in measured particle size against solids concentration at four
velocities. It should be remembered that the particle size data produced by the software
represents the equivalent diameter of a circle having the same area as the particle in question.
The results shown represent the mean equivalent diameter during the run having been both
spatially (within each image) and time averaged. It can be seen that there is little variation in
relation to solids concentration but that there is a definite offset generated with respect to
changing velocity. This offset has been traced to the effects of automatic gain control in the
present camera and is factored out in results that follow.
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Figure 37 Measured mean equivalent diameter against solids concentration
Size distribution at various concentrations is shown in Figure 38. It can be seen that the size
distribution is very consistent with no significant variation between concentrations
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Figure 38 Size distributions at various concentrations
Whilst the fundamental accuracy of the imaging system under static conditions has been
assessed already in previous chapters the on-line comparability of results to those generated
by other systems have yet to be shown. Figure 39 gives a comparison of the results recorded
by the off-line laser diffraction based system and the on-line imaging system. The on-line
results shown here represent the mean result from all four concentrations shown in Figure
38.
It can be seen that there is a very good general agreement between these results. Any
discrepancies are shown more clearly, in the form of absolute discrepancies, in Figure 40.
These discrepancies cannot be described as errors since neither of the systems can be
considered as 100% accurate thus they are simply variations between the results generated
by different instrumentation systems each using a different sample of the same material. It
should be noted here that both of these systems make ‘in-flight’ particle measurements and
are therefore expected to generate comparable results. Discrepancies here can be seen to be
within ±2.5% for each size group.

Page 32

Page 33

Size ranges (µm)
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Figure 39 Comparison between on-line imaging and off-line laser diffraction results
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In order to assess the repeatability of measurement a long run of 25 minutes was performed
at fixed concentration and velocity settings and the mean size distribution recorded every
five minutes. These results are shown in Figure 41 where the previously recorded
comparable result (from the previous day) is also shown in the interests of establishing
reproducibility.
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Figure 41 Long time run distribution variation and reproducibility

It can be seen that the agreement between results is good and that the variations here are of
similar magnitude to those observed between distributions taken at varying solids
concentration levels. This provides confirmation that the system is insensitive to changes in
solids concentration, any variation lying within the natural levels imposed by fundamental
system repeatability. Reproducibility is also good showing little variation from one day to
the next. Particle sizes do seem to be slightly higher for the previous days result, however,
and in fact there may be a very slight trend toward apparent particle size increase during the
25 minute run. It is believed that this can be attributed to an actual increase in particle size
due to settling affects in the hopper during the run. Confirmation can be derived from the
fact that the previous days result was achieved at the end of a series of runs using material
left in the hopper but for the 25 minute run the hopper was freshly charged. The previous
day’s result was thus taken with the largest sizes of material that had settled out during the
day and represents the ultimate result of the trend that was observed in the 25 minute run. It
should be noted that the apparent particle settling trend is very slight and despite this the
repeatability and reproducibility appear good.
It is more usual to assess repeatability by calculating the normalised standard deviation of
results and this is presented, for the on-line and static imaging systems as well as the laser
diffraction system, in Figure 42.
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Figure 42 Repeatability
The first point to be made is that, in general, the normalised standard deviations appear high.
This is to be expected since material will vary slightly from test to test and identical results
cannot be expected. Both the static imaging and laser diffraction system show a similar
tendency towards deviations that take the form of the inverse of the particulate size
distribution. This can be explained by the fact that at the extremes of measurement (i.e.
where the distribution curve is trailing off) there are less particles being interrogated than for
the peak size ranges. This causes the results to be less averaged at the extremes implying that
there will naturally be greater variation. In general the static imaging system and laser
diffraction approach seem to give similar magnitudes of deviation. Of greater interest here is
the on-line system result which appears to give slightly better repeatability than the accepted
laser diffraction system.
When using controlled test images (see section 2.3) the static system yielded standard
deviations in the fractions of a percent range and so it is reasonable to suggest that the higher
deviations here are due to variation in the material. Despite this effect the study of
normalised standard distribution has shown that, under realistic conditions, deviations of
around 5% may be expected.
3.5 Roping Flow Detection

An imaging based sensor has, as already intimated, many advantages over other sensing
strategies. One of the main reasons for this is that the imaging approach measures flow
parameters directly without using inferential techniques: it provides direct understanding of
what is happening in the duct. In this way, with an imaging based approach, it is possible to
detect possible problems with the flow such as inhomogeneity. The main concern in industry
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is roping as this regime is particularly harmful to the operation of pneumatic conveyors. For
this reason the detection of the roping regime will be discussed here.
To detect a roping condition is not a straightforward task. It might at first appear that during
roping flow all particles exist within a very small area of the duct and that such a condition
could be defined easily. In reality this is not the case as ropes can be of varying densities and
sizes and there will always be a low density flow of particles across the duct that is not part
of the rope. There is no defined standard that allows roping flow to be explicitly identified
which means that the detection of roping must always be a subjective procedure. For the
current research a methodology and accompanying algorithm have been developed that
allow for the detection of flow ropes – it is not possible to positively identify a rope as the
final judgement must be left to a human operator but the software can decide if there is either
a possible or probable rope in the flow (two levels of certainty) and if so where its centre
lies.
The first step in the procedure is to make a record of where particles tend to exist within the
images. This is achieved by setting up a special roping detector image buffer and drawing
binary particle locations into it at each frame (after particle/background separation). The
particle images are then decayed by a fixed amount between each frame. The effect
resembles snow flakes falling onto a warm surface – they melt as they strike the surface but
not immediately and evidence of past flakes is still visible as new ones fall (old flakes do
disappear eventually). This technique results in a frame buffer that contains information
about where particles currently are and where they have been in the past – any tendency to
flow in a particular pattern, such as in a rope, will be clearly visible as the display gives
temporal as well as spatial information. This ‘roping detector image’ allows a human
operator to judge the presence of roping (and other inhomogeneous flow regimes) very
easily but it is just the start of the automatic rope detecting procedure. The next step is to
divide the image into zones so that the density of particles can be judged spatially and ropes
can be identified. The general idea is illustrated in Figure 43.
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Figure 43 Concept of ‘roping detector image’
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The number of zones used here gives good differentiation between possible rope locations
and sufficient sensitivity to localized particulate concentration. In practice ropes that are
small enough to justify the added sensitivity of a larger number of smaller zones do not
occur within the current test rig.
Once the zones have been defined the next step is to scan through them and find the
arithmetic mean intensity of pixels in each. The following values can then be defined:
Zmax, the maximum mean zone intensity recorded
Zmin, the minimum mean zone intensity recorded
Zmean, the arithmetic mean of all zone intensities
It is now possible to define two logic expressions that must be true in order for the system to
suggest that a rope is present:
Z − Z min ⎞
⎛
Z mean < ⎜ Z min + max
⎟
2
⎝
⎠

[7]

AND
Z max − Z min
≥ Z min
2

[8]

The functionality of these expressions, which perform an arbitrary determinative function, is
best explained empirically. The first inequality (7) is the most straightforward conceptually.
It suggests that, in order for there to be a rope present, the mean zone intensity should be
lower than the halfway point between the minimum and maximum zone intensities. This can
be readily understood: if the flow is homogenous there will still be small changes in intensity
from zone to zone but they will not be dramatic and so the arithmetic mean value will lie at
the halfway point – if one of the zones exhibits a higher concentration than the rest (possibly
indicating the presence of a rope) then the maximum value will increase out of proportion to
the increase in the mean value, placing the mean below the halfway point. It is possible for a
rope to span zones and in this case the disproportionate change in mean and maximum
intensities will be smaller reducing the sensitivity of the system to larger ropes – this is a
good thing since, when the high intensity spans several zones, the certainty of it being a rope
must be lower.
This first inequality is not enough to reliably detect roping conditions since it suffers from a
flaw: its dynamic range is directly related to the range of values between minimum and
maximum intensity. If there is little difference between these values – a condition suggesting
homogenous flow – it is quite possible for the first inequality to be met sporadically due to a
lack of range in intensity values. It is therefore necessary to establish that there is a large
range of values present AND that the requirement defined by the first, ‘roping detection’,
inequality is met. This requirement is fulfilled by the second inequality (equation 8). This
ensures that the range of values present is at least twice the minimum value. This has proven
to be an effective method in practice.
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There is still one aspect of the detection system that has not been explained – the current
system can distinguish between a possible rope and a probable rope. This is achieved
through the simple expedient of examining the minimum zone intensity value after the first
two inequalities have been met. If the minimum value is zero then there are no particles
present in at least one zone, suggesting strongly that the flow is inhomogeneous and,
therefore, the system declares a ‘probable’ rope. If the minimum value is greater than zero
there are particles present across the whole sensing area and so the certainty that a rope is
present is lower – a ‘possible’ rope is declared.
In summary, the rope determination sequence can be split into three steps:
1) Use equation 7 to establish that there is uneven particle concentration distribution in the
image.
2) If (1) was successful then use equation 8 to establish if there is a high enough range of
zone mean values available for the result to be trusted.
3) Determine the certainty of a roping condition by examining the minimum mean value.
Roping flow is difficult to induce intentionally: Sufficient is it to say, here, that short roped
pulses of flow were created using extremely fine material. The results generated by the
roping detector, together with solids concentration to indicate the pulsed nature of the flow,
are shown in Figure 44.
It can be seen that ropes have been detected in two out of three material pulses. These ropes
centre on zones five and nine. It should be noted that with the pulsed flow technique ropes
are not always generated and so the failure to detect a rope for the third pulse of material is
not necessarily an error but may indicate that no rope was formed.
2

10

Rope detector output

8

1.5

7
6
5

1

4
3

0.5

2
1
0

0
0

5

10

15

Time (s)

Figure 44 Roping test results
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Since zones five and nine are close to the centre of the flow it can be readily appreciated that
detection in these zones represents the presence of a flow rope.
Figure 46 shows the rope detection window during one of these material flow pulses . A rope
centred on, but not necessarily limited to, zone five was detected in this instance.
It can be seen that the flow is in the form of a circular localised concentration that may be
considered to be a loose rope. Despite the limited range of test conditions provided by the
present rig it is clear that the imaging system is capable of detecting inhomogeneous flow
successfully. In a real situation it would only be necessary to identify the presence of such
flows, which could then be investigated as required.

Figure 46 Rope detector window result
4. Initial Installation at RWE npower

Initial Industrial testing was carried out using the 0.5MWth Combustion Test Facility (CTF)
that is owned and operated by RWE npower at Didcot in Oxfordshire (UK). This facility
consists of a test furnace that is an exact but scaled down replica of those found in full size
power stations, thus allowing representative testing to be performed at reasonable cost.
Pulverised coal and coal/biomass mixtures are the main fuels of interest.
The sensing head was installed in the PF pipe work close to the burner and shortly after a
gentle bend. This was the only possible installation location. A general overview of the
installation is shown in Figure 47, the sensing head is circled in white. Figures 48 and 49
show more details, featuring the furnace face/burner and sensing head respectively. In both
cases points of interest are labelled.
Whilst actual testing only lasted for approximately eight hours the sensing head was installed
on the rig for a 48 hour period. During this time the air purging system was in operation and
no problems were experienced with window fouling. It was found that the compressed air
pressure used for air purging was not critical – a flow rate of around one litre per second was
found to be sufficient.
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Under industrial conditions the sensing head operated well from a physical viewpoint. There
were no leaks and no problems with the elevated temperatures and vibration that were
experienced. A possible shortcoming was identified with the enclosure fixing method. The
clamshell approach used here made it difficult (but not impossible) to open the sensing head
for inspection when installed on vertical pipe work.

Figure 47 Sensing head installation overview

Sensing head

PF/primary air feed

Figure 48 Furnace face detail
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Compressed air connection
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Figure 49 Sensing head close-up
Experimental conditions during testing were extremely limited. In essence the tests that were
conducted consisted of establishing a fixed mass flow rate of PF at a constant fuel to primary
air ratio. This imposed a single test condition during which PF was fed at a rate of 71kg/hr.
No on-line velocity data were available but the rig operators suggested that 25m/s was a
reasonable assumption based upon experience of tests in the past. This allowed a crude
estimation of the solids concentration in the duct to be made, the result being around 0.05%.
Despite appropriate concentration levels, problems were experienced. It was found that
images were of very low contrast, so much so that detection of particles was erratic and
useful results were not generated. Visual inspection of the window revealed that air purging
was operating and that no fouling was occurring. During rig shutdown at the end of testing
the PF flow rate was reduced gradually whilst leaving primary air constant and in this way
lower concentrations were observed. It was found that image quality improved as
concentration was reduced until, at around 5kg/hr, results were obtained.
Since the solids concentration shown above was only approximate it was not possible to
perform any meaningful concentration measurements. The assessment of roping flow was
also impossible due to the fixed conditions within the duct. The only possible result was a
particle size distribution. This is shown in Figure 50 where the result of testing the same
material under static conditions is also shown.
It can be seen in Figure 50 that the general agreement is good but before this can be
discussed in detail some information about the material used here must be presented. The
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material consisted of a 90:10 coal/biomass mixture. The particular biomass used was
sawdust with very irregularly shaped particles. During on-line work the laser sheet
illumination was suitable for both coal and biomass but for static testing different,
contrasting, backgrounds had to be used for each material. This meant that the materials had
to be sized separately under static conditions and the results combined in the correct
proportion. Representative images of the materials are shown in Figure 51.
It is clear that the biomass particles are of extremely varied shape. Many of them are in the
form of flakes and this will lead to a reduction in perceived size during ‘in-flight’ conditions.
This is confirmed in Figure 50 where distribution is clearly bimodal in nature. It can be seen
that the small upper peak, representing the biomass, tends towards larger sizes under static
conditions. The lower peak, representing the PF, shows good but not exact agreement
between methods. There is some tendency for this material to clump under static conditions
and this could explain the variation here. Most importantly it is clear that the PF distribution
must extend well below the range of particle sizes currently detectable by the imaging
system. It is believed that the presence of vast numbers of very tiny particles was responsible
for the initial difficulties in imaging the flow. Such tiny particles will create significant light
scattering and extinction. Clearly with such a fine material the existence of particles between
the camera and illuminated section of flow is a significant issue. The results here show that
the system has potential but is not capable of operating at realistic flow rates due to the low
contrast images brought about by ‘fogging’ as a result of tiny particles in the flow.
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Figure 50 Industrial size distribution results
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Figure 51 Materials used in industrial testing (shown at the same scale)
5. Sensor Installation at Mitsui Babcock

During a project review meeting the possibility of the ‘fogging’ issue being caused by
material break-up in the small pipes of the Didcot rig was discussed. It was thought that the
problem might not exist in more realistically sized pipes such as those at Mitsui Babcock’s
70MW test facility in Glasgow. For this reason a 6”spool piece was constructed and installed
there. In addition to the fundamental difference in duct sizes the construction of a new sensor
allowed the optimisation of the optics to reduce the optical path length and fit a more
powerful laser in an attempt to reduce residual fogging. An entirely new sensing head with a
minimal optical path length, custom designed precision lens, high resolution camera and
continuous wave laser (ten times more powerful than that used in previous tests but not
enough to cause ignition risk in the PF pipeline) was designed and constructed. The external
appearance of the sensing head and internal arrangement are shown in Figure 52.

Figure 52 The 6” bore optical sensor for tests at Mitsui Babcock
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Full testing of the sensor in the University Labs was not possible due to its large diameter
but as far as was possible it was setup and adjusted. Tests were scheduled and the sensor sent
to Glasgow by courier and installed by on-site engineers – see Figure 53.
Results showed that the fogging problem was still a serious issue with the new arrangement;
the images recorded not yielding any useful results. It was pointed out that the coal being
burned in the tests was a Lignite that would have exhibited a tendency to form very small
particles and have a high moisture content (water vapour possibly adding to the fogging
problem) – in many ways a worst case scenario. Also the concentration in the duct was
equivalent to the 71kg/hr rate at Didcot (i.e. realistic) and no reductions were possible.
Despite the sensing issues the physical design of the sensor performed admirably under large
scale industrial conditions and there were no safety concerns. The air purging arrangements
appeared to work satisfactorily.

Figure 53 The sensor installed at Mitsui Babcock’s Glasgow Rig
6. Mini Feeder tests at RWE npower

In order that a full range of flow conditions could be studied under industrial conditions so
that the fogging issues could be investigated, understood and combated a mini auxiliary
feeder was employed at the Didcot CTF, waste material being blown into the side of the
main furnace. Two visits were made first with the original sensor for research purposes
(section 6.1) and then with a modified sensor (section 6.2) based on lessons learned in the
first test series.
6.1 Initial tests

Tests were performed with biomass (wood) and PF.). The installation with the system in
operation is shown in Figure 54.
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The biomass used was sawdust with mainly large particles but some dust. Good results were
obtained with the biomass with clear images being produced – see below (no significant
fogging with this material). During testing the flow was detected reliably and a stable mean
size and concentration were recorded. An example of such a result is illustrated in Figure 55.

Figure 54 Testing using the mini-feeder at Didcot
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Figure 55 A typical biomass flow result
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During the tests the materials used were sent to RWE npower’s labs for off-line analysis by
Malvern (laser diffraction based) and sieving. These results are presented in comparison with
a typical on-line size distribution result in Figure 56. Unfortunately, the various size ranges
used by the three techniques were not the same and so the result has had to be been
condensed to just three size bars – it is nevertheless a useful comparison.
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Figure 56 Comparison between sizing results
It can be seen that there is some agreement between the Malvern and the sieve results but
that the imaging system is generating a lower peak size result. One possible explanation is
that small particles tended to agglomerate in the real flow situation due to moisture and
larger (long thin) particles tended to follow the streamlines of the flow and present only a
small cross sectional area to the camera – such effects would have been felt less in the more
controlled environments of the reference measurements. It cannot, therefore, be concluded
that the imaging system is wrong here but rather that the material was presented to it in a
different way than to the off-line systems. Another point which must be considered is that
the results from the other two systems might also be questionable for biomass analysis due to
the highly irregular shapes of the particles. The results achieved from imaging are clearly of
similar magnitude to the others but direct comparison is not necessarily possible.
The fogging problem was investigated by increasing the mass flow rate until the flow
became difficult to image. The set of image pairs in Figure 57 shows that at 10kg/hr there
was significant particle overlapping (the light grey part in the centre of the image is where
the software has ignored these overlapping particles because it has detected that something is
wrong). This in itself is not the fogging problem but the fogging can begin to be seen – the
contrast of the 10kg/hr image is much lower than at 5kg/hr.
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Figure 57 Image pairs showing overlapping at 10kg/hr
It was originally thought that the fogging problem was due to the presence of very tiny
particles in the images and this can now be seen to be correct. For the biomass this was not a
major problem as the number of very small particles was fairly small. It is interesting to see
the onset of the problem here though as it can be readily appreciated that with materials
containing higher numbers of tiny particles the problem would be worse.
In general biomass results were good. The system performed well and gave consistent results
across the board. In addition, the insignificant onset of the fogging problem helped in the
analysis of more serious fogging problems with PF.
With PF the fogging was much worse, as before. With the mini feeder though much lower
flow rates could be used to investigate the problem and at 5kg/hr a size distribution result
was recorded. This is shown in Figure 58.
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Figure 58 A size distribution comparison with coal at 5kg/hr
It can be seen that, while roughly comparable to the other methods, the imaging results show
a slightly larger mean size. This suggests that the fogging problem is already being felt at
this low flow rate (confirmed visually) so that the larger particles are ‘punching through’ the
fog more easily. This is nevertheless a surprisingly good result. Despite the fact that only
occasional particles seem to be detected, the averaged size distribution is still useful. Since it
is the larger particles that appear to be detected it is possible that the system could operate as
a simple ‘mill running out of spec’ indicator.
For the mean values during a run there is considerable variation due to the sporadic particle
detection. Mean size and solids concentration at 5kg/hr are shown in Figure 59. It can be
seen that there is considerable variation in concentration but particle mean size is fairly
constant. The mean size is, however, high due to the effect whereby only larger particles
‘punch through’ the fog.
At higher flow rates numerical results were of little use due to the severity of the fogging. To
give some subjective idea of the fogging issue with coal at 10kg/hr typical images of the
flow viewed through the imaging window are presented in Figure 60.
Results from these tests were highly instructive. The system performed well for biomass and
the onset of fogging was observed. The source of the problem was confirmed. With PF
results were less reliable, the fogging problem occurring even at low concentrations but these
tests allowed various flow rates to be tested so that the fogging could be understood. At
lower flow rates the possibility of peak size detection certainly exists even with this original
sensing setup.
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Figure 59 Result with coal at 5kg/hr shows considerable variation

(a) No flow

(b) 10kg/hr

Figure 60 External view of the fogging problem
6.2 Final tests with pulsed illumination

Analysis of the results from the tests in the previous section suggested that the fogging was
certainly caused by small numbers of very tiny particles in the flow resulting in high ambient
light levels due to unwanted diffraction effects. The best way to solve this was to reduce the
mean illumination intensity without reducing the peak intensity. This would reduce ambient
light levels (give a dark background) but still giving strong particle images (high contrast).
This has been achieved through the use of a pulsed laser sheet. Recent technology advances
(during the course of the project) have allowed semiconductor lasers to provide adequate
performance in this role. The higher power laser used for the Mitsui Babcock tests was
modified for delivering pulses of as little as 10µs with full intensity. This new laser was
fitted to the 2” sensing head and in addition to the normal perpendicular laser sheet
arrangement a PIV (Particle Imaging Velocimetry) style arrangement (see Figure 61) was
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also fitted into the head to see if the new pulsed illumination would allow this arrangement
to provide sizing information (a PIV approach could potentially provide velocity information
and so if sizing could also be implemented using the novel algorithms developed here then
there is potential for concentration and velocity to be combined to provide absolute mass
flow rate data. Though beyond the scope of the present project this simple investigation was
to prove very interesting and provide potential for future work – see section 8).

Camera
Laser
Imaging plane
Barrel lens
Thin light sheet
Particle

Figure 61 PIV style sensing with pulsed laser
The physical implementation of the new pulsed scheme is shown in Figure 62. The
opportunity was also taken to fit a newer and slightly superior camera and lens assembly
(technology marches at such a pace that the items originally fitted were decidedly outdated –
the newer devices represent slightly better performance at slightly lower cost).

Figure 62 Sensing head retro-fitted with perpendicular and PIV style pulsed sensors
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Initial tests at Didcot used rice flour as a test material as this represents a compromise
between the sawdust type biomass and PF. Figure 63 shows flow images with the original
arrangement (simulated by temporarily running the laser at reduced power continuous wave
setting), pulsed perpendicular and pulsed PIV setups.
The difference with the new pulsed schemes is nothing short of revolutionary. Clearly the
fogging problem has been solved. Whilst both pulsed schemes give usable results the PIV
style seems to be best of all providing great potential for future development of this
technology.
Whilst the rice flour images provide a good visual indication of the effectiveness of the
pulsed illumination it is PF that is of greatest interest here. Figure 64 shows comparison
images for PF (coal). The flow rate here was 20kg/hr (the maximum achievable with the
mini feeder) and it should be noted that only the PIV style sensor was used from here on in
as it gave slightly superior images.
Clearly coal too may now be imaged successfully and whilst the flow rate is still only about
one third of a realistic level it is felt, based on observations during the tests, that and increase
of this magnitude would not affect the results dramatically.

(a) Original setup

(b) Pulsed perpendicular
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(c) Pulsed PIV
Figure 63 Comparison of flow images for rice flour at 20kg/hr

(a) Original setup

(b) Pulsed PIV
Figure 64 Comparison of flow images for PF (coal) at 20kg/hr
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Size distributions recorded during tests with two coal types are shown in Figure 65. The two
coals were milled to slightly different specs as shown on the graph. These distribution results
are extremely convincing proving that the new system operates correctly under industrial
conditions and with real PF flow. More interesting still is Figure 66 where the new result is
compared to the old result, sieving and laser diffraction analysis. It can be seen the new
result is much more convincing than the old (and achievable at much higher flow rates),
falling in line with the other methodologies. The fact that it is not exceptionally close may be
related to the fact that the sieving and Malvern results were recorded using a material sample
from the original Didcot tests. Time constraints prohibited generation of new reference data.
The results should nevertheless be comparable to a certain extent since the material is from
the same source if from a different sack. In general the pulsed illumination has solved the
fogging problem and had more time and funding been available it is reasonable to assume
that power station tests would have been successful.
7. Discussion

This project has aimed to achieve “On-line Measurement of Size Distribution and
Concentration of Pulverised Fuel Using Digital Imaging Techniques”. In order to achieve
this, the following project aims were originally defined:
(1) To develop a cost-effective instrument capable of measuring the size distribution and
concentration of PF particles on an on-line continuous basis.
(2) To assess the suitability of the technology for on-line identification of PF ropes.
(3) To evaluate the performance of the instrument on RWE npower’s 0.5MW Combustion
Test Facility in Didcot using typical pulverised fuels under a range of conditions.
(4) To assess the operability and performance of the instrument at Powergen’s Kingsnorth
Power Station.
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Figure 65 Size distribution results for two coals
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Figure 66 Comparison of methodologies
The sensing geometry used here in conjunction with novel algorithms as explained in the
early stages of this report combine to form an operational system that certainly meets the
first objective. Particular emphasis was placed on using cost effective physical and optical
components so that this requirement of the project could be achieved. Extensive testing of
the system in a laboratory environment has confirmed the fundamental operation and helped
define limits of operation for the new technology. During these tests an investigation into the
suitability of the system for on-line flow rope detection was performed, there being found to
be scope in this direction so that the second objective has been met. The laboratory sensor
was designed to be compatible with the duct work at RWE npower’s 0.5MW test furnace
and it was installed at this facility for testing. Under real PF flow conditions an unexpected
‘fogging’ issue was discovered and this was investigated through extended testing at RWE
npower and also at Mitsui Babcock’s 70MW test facility (featuring a full scale power station
burner and burner feed duct) in Glasgow. Following this extended testing and analysis of
results modifications were made to the sensor and more testing at RWE npower confirmed
that the fogging problem had been solved. Clearly the third objective has been met and it
should be pointed out the considerably more testing had to be performed than initially
supposed – instead of one set of tests at RWE npower and one at a power plant no less than
three sets were performed at RWE npower and one at Mitsui Babcock. Although due to time
and money constraints testing at a power plant (objective four) was not achieved specifically
it should be noted that the extra testing at Mitsui Babcock was performed using a large scale
(6”) burner feed providing very similar (though not identical) conditions to a power plant
installation. The combination of the extra tests at RWE npower and Mitsui Babcock allow
the reasonable assumption that a power station installation would be successful (the only
area of concern being representative sampling in larger sized ducts – an issue that is largely
beyond the scope of the present project) so that the final objective has certainly been
achieved in spirit. Overall considerably more work has been put into the project than was
originally planned and it is believed that a successful outcome has been achieved at all
levels, resulting in a novel and useful technology being developed.
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8. Conclusions

A number of conclusions can be drawn from the work presented in this report:
•

A static imaging setup has been used successfully to enable novel algorithms for
accurate particle sizing from images to be developed.

•

A practical on-line sensing geometry has been designed and tested, in conjunction with
the novel algorithms, under both laboratory and industrial conditions.

•

To enable successful cost-effective operation the interlaced nature of robust industrial
type cameras has been used to advantage by the image processing system.

•

Roping flow detection has been achieved in the laboratory.

•

Thorough testing has been performed under industrial conditions at RWE npower’s
0.5MW test facility and Mitsui Babcock’s 70MW facility.

•

Results have shown that the approach chosen here is successful and useful in solving
particle sizing and concentration measurement problems on an on-line and non-intrusive
basis.

•

Favourable comparison has been drawn between the particle size results of the present
system and reference results from traditional off-line approaches.

•

A total of three on-line sensors have been constructed and tested during the course of the
project (2” original, 6” and 2” pulsed illumination)

9. Proposed Work for a Subsequent Project

During the course of the present project a number of avenues have been discovered for
further work in this field:
During the project some work was undertaken in respect to particle shape definition as well
as size and concentration. This was not in the original proposal and so has not been
presented in this report. It was found however that particle shape measurement may be
useful in determining the type of fuel being burned and the optimal combustion conditions
for it. It is believed that further work on this aspect of particle imaging could form a
complete project in its own right and would be particularly important for biomass fuels. An
initial shape measurement result for two biomass fuels is shown in Figure 67.
Another issue is that of flow dynamic study. It has been found here that particles often break
up in flight and this can presumably affect combustion. It has also been observed in initial
pulsed illumination work that particles of different sizes travel at different speeds. It would
be useful to pursue a full flow dynamic research project to uncover any links that these
phenomena have on PF and hence on combustion.
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Figure 67 Shape analysis results
A full investigation into the representative nature of samples in large ducts would be of use –
this would be made easier by the availability of a ruggedised embedded system. An
embedded version of the system would improve its usefulness and robustness under
industrial conditions in the long term. Such an implementation would represent a step
forward.
Although the present work has concentrated on PF flow monitoring the technology
developed is applicable to a number of other topical fields. In particular particulate emission
monitoring is of importance at present and some initial studies into the applicability of the
present methodology for very tiny particles have been performed. Initial results are
promising but limited and further work in this field is required. Another area of interest is to
use the high accuracy particle characterisation achieved here for grading and authentication
of granular foodstuffs. The possibility of authenticating rice has been investigated briefly
though, again, more work is required. It is interesting to note that rice is a commodity crop
and adulteration of expensive Basmati with lower grades is widespread – a cost effective and
portable device for establishing the authenticity of rice sample in the field would be a
significant achievement.
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