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EXECUTIVE SUMMARY
Co-firing biomass with coal at existing power plant is widely adopted as an important
technology for reducing greenhouse gas emissions in the UK and the rest of the world.
Quantitative data about the dynamic behaviours of biomass-coal flow in the fuel pipelines
will allow power plant operators to improve the control of the flow distribution between
burners and the detection of problems such as variations in fuel supply and oscillations in the
flow at the earlier stage.
Due to the inherent complexity of biomass-coal-air three-phase flow and the differences in
physical properties between biomass and coal, it is difficult to measure the basic flow
parameters such as particle size distribution and velocity and concentration of particles.
These parameters are of importance to efficient combustion and hence on-line continuous
monitoring of them in a non-intrusive manner by means of a viable, cost effective
methodology has represented a significant challenge in the power industry for some time.
Most available measurement techniques including those based on capacitance, acoustics,
electromagnetic waves and mechanical principles have shown fundamental limitations in
their applicability. As a result of this BCURA project novel electrostatic sensing and digital
imaging techniques in conjunction with advanced signal and image processing algorithms,
have been leveraged to provide a solution to on-line non-intrusive measurement of particle
velocity, relative solid concentration and particle size distribution. This report presents the
research that has been performed in pursuit of the project objectives and experimental results
recorded under both laboratory and industrial conditions. Measurement principles, sensor
design and practical implementation of the integrated measurement system are described.
The electrostatic sensing part is based on 20-channel electrostatic sensing and correlation
signal processing techniques for the measurement of particle velocity and relative solid
concentration. The other area of advancement arising from the project is the digital imaging
method for on-line particle sizing that has revolved around novel image processing
algorithms and cost effective hardware. Following the systematic evaluation of a prototype
2” electrostatic sensing head with a range of biomass fuels at the University of Kent, a 6”bore system combining both electrostatic and imaging sensors was constructed and evaluated
on an industrial scale test facility circulating saw dust and pulverised coal at Zhejiang
University, China.
The integrated instrumentation system has been demonstrated to be capable of providing the
intended measurement of biomass-coal-air flow. Results obtained from both 2” and 6” test
rigs have a very similar trend and suggest that, due to the physical differences between
biomass and coal particles, the characteristics of the flow depend on the biomass proportion
in the mixture and the biomass properties. It is found that pure coal particles travel faster and
carry more electrostatic charge than pure biomass particles. As more biomass particles are
added to the flow, the particle velocity reduces, the electrostatic charge level decreases, and
the flow becomes less stable compared to pure coal flow. Power plant operators are advised
to pay close attention to the physical characteristics of the biomass in relation to the air
supply in order to achieve balanced distribution and smooth delivery of biomass/coal to the
burners. The new technology developed in this project will allow power plant operators not
only to measure particle size distribution and particle velocity but also to detect roping flow
and imbalanced fuel distribution between burners, leading to more efficient combustion and
reduced emissions.
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1. Introduction
The development of instrumentation to improve the handling and monitoring of
biomass/coal mixture in existing coal fired power plant has been identified as a key subject
area of particular interest to BCURA. This project was aimed to achieve such a goal through
the application of electrostatic correlation and digital imaging techniques to the on-line, nonintrusive measurement of particle velocity, relative solid concentration, and particle velocity
of biomass/coal flow in pneumatic transportation pipelines. The proposed work and its
potential benefits align well with the Government’s strategies on fossil fuel related research
and development [1].
In recent years biomass co-firing with coal in power generation is becoming widespread as it
is an economic way to replace a fraction of the fossil coal with renewable fuels. Quantitative
data about the dynamic behaviours of biomass/coal flow and its composition will inform
power plant operators so that the biomass and coal will be better prepared and optimally
mixed with coal for improved fuel delivery. The ability to measure the fuel flow to
individual burners makes it possible to eliminate imbalance in fuel/air flow between burners,
and thus achieve more efficient combustion and reduced emissions of organic substances. As
biomass comes from a large number of different sources in a wide variety of forms [2], the
dynamics and movement behaviours of biomass/coal mixtures in a pulverised fuel (PF)
pipeline become even more complex than that of the pure coal flow due to the differences
between the physical properties of different kind of biomass and coal [3]. There is much
established work [4-7] in the field of PF flow measurement in recently years, but still very
little is known about the dynamic nature of biomass/coal flow in PF pipelines. The first
comprehensive review of all existing methods for on-line PF flow monitoring was published
in 1996 [8]. Although many of methods based on capacitance, thermal, light scattering,
mechanical effects, acoustics and electromagnetic waves (from -rays to microwaves) have
been applied to develop PF flow instrument, none of them are practically suitable for
comprehensive measurement of biomass/coal flow. In a UK Technology Status Review
conducted by E.ON UK (then PowerGen) [9], 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 has been proved that electrostatic sensors
combined with cross-correlation signal processing techniques were superior to all other
known instruments for biomass/coal velocity and electrostatic charge level measurement
[10-12]. Although electrostatic techniques are fundamentally unsuitable for the absolute
measurement of PF concentration and sizing, digital imaging technique [3, 13] can provide
on-line measurement of biomass/coal size distribution. Recent advances in signal processing
and digital imaging technologies have made it possible to characterise the dynamic
behaviours of biomass/coal flow and to determine the fundamental parameters of
biomass/coal flow mixtures in real-time.
Before work could commence an extensive review of existing literature in the area of
biomass/coal flow monitoring was undertaken using a variety of information sources. In
addition to available background materials such as research papers and research monographs
published by the Instrumentation, Control and Embedded Systems Research Group at Kent,
on-line electronic information sources, including Science Direct, IEEE online service,
Compendex, WOS and Vip-Browser, were utilised to locate and retrieve relevant journal and
conference papers. The theses of past and present higher degree researchers, working in
related fields, and textbooks covering the physical principles involved were, where relevant,
consulted as well. Such work was intended to give an accurate definition of the state-of-theart and establish the principles upon which the integrated biomass/coal flow instrumentation
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system will be based. Electrostatic sensing techniques have been used by many researchers
to determine PF flow parameters owning to its advantages of low cost, simple structure and
robustness. Gajewski et al [14] used a wide single circular electrode to determine the
velocity, mass flow rate and concentration of particles based on their capacitive coupling
model of the electrode. The use of a wide electrode may reduce the bandwidth and frequency
response sensitivity of the measurement system. Xu et al [15] studied the spatial sensitivity,
spatial filtering effect, temporal frequency response characteristics and bandwidth of a
circular electrode following initial work done by Yan et al [10]. The literature review has
exposed some work in this field but none of it was of a practical nature but more scientific
and laboratory orientated [16, 17]. As microprocessors are becoming more and more
powerful and imaging devices more and more cost-effective, it is possible to build practical
online particle sizing system based on digital imaging technique. Still, there was much image
processing work involved and an understanding of the problems 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 [18, 19].
The programme of practical work following the review was as follows: Initially a 2”-bore
multi-channel electrostatic sensing head was developed and tested on a belt rig. This allowed
basic accuracy of the electrostatic measurement system to be established and signal
processing routines to be developed independently from dynamic flow patterns. Next a brand
new stainless steel flow rig was constructed in the University laboratory and extensive online test work performed under various flow conditions. At this time investigations into
movement behaviours of biomass/coal flow were performed as per the BCURA project
proposal. Following laboratory tests an integrated on-line PF measurement sensing head was
installed on a 6”-bore, industrial-scale, PF pipeline. The sensing head houses a 20-channel
electrostatic sensing unit and a digital imaging unit, which was rebuilt based on established
work [3, 13] done by the Instrumentation Research Team at the University of Kent with
optimised structure and most advanced optical and electronic components. It was originally
proposed that the full industrial-scale tests should be undertaken at RWE npower’s Tilbury
power plant or The Wolfson Centre at the University of Greenwich. In view of access
difficulties and long time scale in on-plant trials in the UK, an experimental programme was
undertaken recently on a purposed built 6”-bore test rig at the Institute of Thermal Power
Engineering at Zhejiang University, China. The integrated biomass/coal measurement
system was installed on a horizontal pipe and extensive tests under various flow conditions
were conducted. Typical experimental results are presented in Section 4 of this report.
2. Measurement Principle and System Design
In view of the intrinsic limitations of other available techniques, an integrated sensing
system incorporating electrostatic correlation and digital imaging techniques was designed
and implemented for investigations into the dynamics and movement behaviours of
biomass/coal flow. Electrostatic sensing combined with correlation techniques has been
applied to determine the particle velocity, charging level of the particles and flow stability.
The imaging sensor is incorporated to achieve on-line sizing of the mixture.
2.1 Principle of Correlation Velocity Measurement Using Electrostatic Sensors
The movement of particulate materials in a pneumatic pipeline generates a net electrostatic
charge on the particles through interactions with each other, the pipeline and the conveying
air [10]. Although the amount of charge carried by particles is usually unpredictable, the
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dynamic changes in charge can be detected by an insulated electrode in conjunction with a
suitable electronic circuit, which derives induced random signals from the fluctuations in the
electric field caused by the passage of the charged particles. The exact geometrical shape and
dimensions of the electrode depend on the application and pipe size [5]. For a given duct
size, the shape and dimensions of the electrode are crucial factors affecting the fundamental
characteristics of the electrostatic sensor, including spatial sensitivity, sensing volume, and
spatial filtering effects [15]. Fig. 1 shows the general principle of the correlation velocity
measurement system.

(a) Correlation velocity measurement system.

(b) Typical signals and resulting correlation function

Figure 1 Principle of electrostatic correlation velocity measurement
As Figure 1 (a) shows, two identical parallel electrostatic sensors, one being positioned
downstream of the other, are used to measure the particle velocity, which is derived from
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1
where L is the spacing between the upstream and downstream electrodes and τ is the transit
time taken by the particles to move from the upstream electrode to the downstream one. The
cross correlation series of the two simultaneously sampled electrostatic signals, xi and yi
(i=1…N), from the two sensors can be calculated as
∑
∑

0, 1, 2 …

2

∑

where N is the sample length, M is the correlation length, and are mean values of the two
sampled signal, respectively. As shown in Figure 2 (b), the transit time is determined from
the location of the dominant peak in the correlation function between the two signals [10].
As the cross correlation method measures the similarity between the upstream and
downstream signals by calculating their correlation coefficient, the velocity measurement is
less dependent upon the signal amplitude. It should be noted that the electrostatic sensor
performance for biomass/coal may be worse than that for pure coal flow because of the
lower charging properties of biomass and environmental conditions of the flow such as
humidity and temperature etc.
Solid concentration is another important parameter indicating the quantity of particles in the
pipeline. The electrostatic sensor also offers the most cost-effective and the simplest means
of measuring the ‘bulk density’ of particles amongst all proposed techniques methods [8].
Because the electrostatic sensor responds only to moving particles, the measured relative
concentration data enjoy a large degree of immunity from the effects of solids accretion
which adversely affect other technologies [8]. The major problem in applying this sensing
technique lies in relating the concentration to be measured to the magnitude of the charge
signal, which depends upon the physical properties of the particles (size, shape, distribution,
conductivity, permittivity, chemical composition, moisture content and so on) and conveying
conditions (pipe size, pipe wall roughness, line temperature and so on). The concentration
and velocity of particles are also known to be factors contributing to the magnitude of the
charge signal. It is, therefore, extremely difficult to interpret measurement results except
when all the above parameters are well defined and constant. In the present research the rootmean-square (r.m.s) magnitude of the electrostatic signal (or r.m.s charge level) is
determined to obtain some form of relative indication of solid concentration. Since the
particle flow condition is mostly dilute, the r.m.s charge level can be regarded as
proportional to the actual concentration of particles in the pipeline [10].
2.2 Multi-Channel Electrostatic Sensing System
2.2.1 Overall Design of the Electrostatic Measurement System
An electrostatic correlation measurement system using the most advanced electronic
microchips and digital signal processing algorithms was designed. Figure 2 shows the
structure of the measurement system.
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Figure 2 Structure of the electrostatic measurement system
As the charged moving particulate materials pass the electrostatic electrodes (sensing unit),
an ever changing electric field is generated and a random induced electrostatic signal appears
on the electrode surface. The random signals can be detected by the electrodes, but the
original random signals are too weak to be processed directly by a microprocessor so they
have to be amplified, filtered and conditioned. The conditioned signals are then converted
into a digital form to determine the particle velocity through cross correlation. The charging
level of the particles is determined from its r.m.s value. The measured particle velocity and
charging level are sent to a microprocessor using the USB 2.0 protocol. Finally, the data are
presented on a PC screen and stored further analysis. To enhance the flexibility and
operability of the system, the PC control software can be used to configure the signal
conditioning and processing unit according to the real experimental conditions and specific
requirement of the user.
2.2.2 Electrostatic Sensing Unit
A 2”-bore, prototype, electrostatic sensing head with these two types of non-intrusive
electrodes was designed and constructed. Figure 3 illustrates the cross sections of the
electrostatic sensing head.

(a) Arc-shaped electrode

(b) Circular electrode

Figure 3 Cross sectional views of the electrostatic sensing head (not to scale)
The circular and arc-shaped electrodes are combined to determine the “averaged” and
“localised” parameters of the biomass/coal particles, respectively. The insulation material
(white areas between and around the electrodes in Figure 3) is used to ensure that there is no
contact between the electrodes themselves and the metal pipe wall. In order to minimize the
interference between the arc-shaped electrodes, small pieces of metal shielding materials are
also inserted between the electrodes and connected to the common ground. The structure of
the sensing head, including electrodes (stainless steel), insulation material (PVC) and
connection terminals, is shown in Figure 4.
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Figure 4 Longitudinal sectional views of the electrostatic sensing head (not to scale)
As shown in Figure 4, the spool piece houses five sets of electrodes and each of them
consists of four identical parallel electrodes. The circular electrodes (Group E) are mounted
flush to the inner pipe wall. The four sets of arc-shaped electrodes are evenly distributed
around the pipe wall (Group A on the top, Groups B and D in the middle and Group C at the
bottom). The use of four parallel electrodes allows the computation of multiple correlations
between the electrodes resulting in more reliable correlation velocity measurements as well
as extra information about the flow such as acceleration or deceleration. In addition, the
charge level of the biomass/coal particles is determined by calculating the r.m.s value of
each sensor signal, which can also be used for the indication of relative concentration of
biomass/coal particles. The very weak electrostatic signal is independently transmitted to the
electronic circuit through a small metal rod with a screw connection at the end.
2.2.3 Signal Conditioning Electronics
The signal conditioning electronics includes the pre-amplifier, signal conditioning and
processing units. Figure 5 shows a block diagram of the multi-channel signal conditioning
and processing units.

Figure 5 Block diagram of the signal conditioning and processing units
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As shown in Figure 5, two sets of multiplexers are used to select one group electrostatic
signals (four signals) out of the five groups. When all the electrostatic signals pass through
the pre-amplifier unit, signal groups A to D will go into a set of 4:1 multiplexer and one
selected group comes out. The output group and group E connect to a set of 2:1 multiplexer
and one of them will finally go to the signal conditioning unit. The switching of the
multiplexers is controlled through the MCU embedded in the dsPIC.
The complete schematic diagram of the electronic circuit is shown in Figure 6. As the
induced current on the sensing electrode is in the order of 10nA, it is necessary to amplify the
current to a suitable level. Thus, a two-stage amplifying strategy has been used to ensure the
signal is amplified without significant distortion. The pre-amplifier unit converts the current
signal to a voltage signal and amplifies it to an mV level. The quality of the pre-amplifier is
crucial to the performance of the whole circuit. By considering the inherent error and the
temperature shift of the resister, a “T-network” is used in the unit to minimise the
amplification errors of the signal. In the early design, it was found that the op-amp itself will
oscillate at a frequency (100 kHz to 250 kHz), resulting in signal distortion at the output.
Thus, a very stable reference voltage was incorporated in the non-inverting input (if the
signal goes into the inverting input) to suppress the unwanted high frequency interference.
As shown in Figure 6, a voltage-follower is specially used to provide a constant voltage to
the pre-amplifier. In order to filter any AC noise, the parameters of every component of the
voltage-follower were chosen very carefully.

Figure 6 Schematic diagram of the signal conditioning electronic circuit
The amplitude of the “input” signal is critical to calculate the cross-correlation velocity,
because the overload signal will lose information when it passes through the analogue-todigital converter (ADC) and a very small analogue signal cannot be correctly converted to a
digital form due to the solution limitation of the ADC. In view of the fact that the
electrostatic charge level of the flow varies significantly a gain-adjustable amplifier (or
secondary amplifier) on the second stage is used to control the amplitude of the signal before
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the ADC. A second-order low-pass filter (Sallen-Key filter) is used to eliminate highfrequency noise in the signal as well as for the purpose of anti-aliasing. The signal is then
amplified to a certain range to fulfil the requirement of the signal processing unit. The signal
processing unit converts the analogue signal to a digital form. A latest and multi-functional
micro-chip called dsPIC is used as the core of the signal processing unit, which is a
combination of a MCU and a Digital Signal Processor (DSP) [20]. By using the ADC
embedded in the chip, up to four channels of analogue signals can be converted to digital
forms simultaneously [20]. The velocity of particles is then calculated from the digital
signals by the powerful DSP using a correlation algorithm. The measurement results are
transmitted to the PC and the configuration information is sent back to the dsPIC as a
response. Software has been developed to record and store the measurements as well as
configuring the signal processing unit. An initial testing PCB is shown in Figure 7.

Figure 7 Testing PCB of the signal conditioning and processing circuit
2.3 Principle of Digital Imaging Based Particle Sizing
In principle, the digital imaging sensor may provide the measurement of a range of
characteristic parameters of the fuel flow such as particle size distribution, particle shape
distribution, biomass-to-coal ratio and volumetric concentration of particles. In this project,
however, the focus is on the measurement of particle size distribution. It is difficult to define
the size of an irregular shaped item as there are many possible ways in respect to its
dimensions, volume, density etc. As to the images of particles the most practical method of
defining size is to measure the area of each particle in the image. This can then be used to
calculate the particles ‘equivalent diameter’, which is the diameter of a perfect circle of the
same area [7]. If the number and size of particles within a given measurement volume are
known then the concentration can also be estimated.
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Camera and optics

CCD
Light source
Light proof box
Particles
Imaging plane

Figure 8 Imaging arrangement with front lighting
The general arrangement of a particle imaging system is illustrated schematically in Figure
8. Since the aim of the work presented here was to create a practical set-up it was thought
relevant to use a front illumination scheme. The use of front illumination provides practical
benefits – the lighting and camera can exist as a single unit, thus complex lighting optics is
not required. As shown in Figure 9, the particle image generated by front illuminated method
is almost virtually in binary form already – i.e. the boundaries between particles and
background are distinct.

Figure 9 Front illuminated bark particles
Once a physical setup of camera and optics is established it can be worked out what area
each image pixel represents. In a pixel based digital image, the number of pixels making up
each particle can be counted and the area of the particle simply defined:
3
where Ap is the area of a particle, npx 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:
2
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4

where Deq is the equivalent diameter of the particle.
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 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. Regarding a digital image, the solids concentration
can be simply defined as the ratio of particle pixels to total pixels in each image, expressed
as a percentage:

s


(t ) 

x pix  y pix

1

Pi

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

 s (t ) 

0

Ap

xmm  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.
2.4 Digital Imaging System

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. Although laser scattering
techniques have been used for many years in measuring particle size, on-line systems
generally only measure the total light scattered by a known volume. Recent advances in
digital cameras, miniature optics and computer processing power have made digital imaging
an effective way of on-line particle flow measurement. Figure 10 shows the structure of the
digital imaging sensor for on-lien particle sizing.

Figure 10 Schematic diagram of the digital imaging sensor for particle sizing
When particles are flowing through a pipeline it is possible to acquire images of them using
a CCD and an illumination laser, which are mounted with a certain angle to the pipe in order
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that the camera and imaging plane at proper angle to one another (Figure 10). 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. Since
biomass particles differ significantly from coal dust in terms of size and shape distributions,
the physical composition of the mixture can be readily determined. Also, it seems that
certain non-illuminated or ‘dark’ particles might obscure the camera’s view. In practice this
is not a problem as the concentration of PF particles is low.
One challenge of such imaging scheme is that the sensing geometry will lead to problems in
respect to image processing from a physical viewpoint. Specifically, there will be some
trapezoid distortion introduced due to the camera angle. Image distortion is easily dealt with
through straightforward correction algorithms that will not be covered in this report. Another
challenge in developing techniques is the problem of window contamination due to the
presence of a large number of tiny particles in a PF line. This problem is resolved through
the use of purging air that keeps the deposited particles away from access window.
3. Implementation and Evaluation of a 2” bore Electrostatic System

This section details the transition from the initial theoretical investigation of a 2”-bore, 20channel, electrostatic measurement system to on-line operation. The basic principle remains
unchanged and so only additional work is presented here.
3.1 Implementation of the Prototype Electrostatic System
3.1.1 Electrostatic Sensing Unit

Based on the scheme described above, a 2” bore electrostatic sensing unit was constructed
by the Mechanical Workshop at the University of Kent. The outside view of the sensing unit
is shown in Figure 11(a).

(a) External view
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(b) Internal view

Figure 11 2”-bore electrostatic sensing unit
The electrodes, insulation materials (white rings) and external terminals for electronic
connection are clearly seen in Figure 11. The spoolpiece houses the two sets of electrostatic
electrodes and each set consists of four identical circular electrode planes (Section 2.2.2).
3.1.2 Electronic Circuits

Figure 12 shows the electronic circuits based on the initial testing PCB (Figure 7) with
optimised layout.

(a) Pre-amplifier units

(b) Signal conditioning and processing units

Figure 12 Electronic circuits
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As can be seen, the original single-board PCB has been divided into two parts, the preamplifier unit (Figure 12(a)) and signal conditioning and processing unit (Figure 12(b)). The
pre-amplifier unit is connected directly to the arc-shaped electrode to minimize the distortion
of low-level signals. By passing through the pre-amplifier unit, the signal is amplified to mV
level before being fed into the signal conditioning and processing unit. As shown in Figure
12(b), the signal conditioning and processing PCB (main PCB), which is fixed to the leads of
four circular electrodes, is divided into the analogue and digital parts. This is a common way
to avoid cross-talk between the analogue and digital components. The signal conditioning
unit, which deals with the analogue voltage signal, consists of signal switching elements,
adjustable amplifier and second-order low pass filter. The core of the signal processing unit
is a multi-functional micro-chip called dsPIC, which integrated ADC, DSP, I/O ports and
UART communication function etc together. The power supply of the all the PCBs are the
USB power from host computer and there are wire connections between the main PCB and
four small PCB (connected to the arc-shaped electrodes). The pre-amplified electrostatic
signals from four groups of arc-shaped electrodes are all connected to the main PCB by
shield wires.
3.1.3 Electrostatic Sensing Head

The installation of the PCBs on the sensing head is shown in Figure 13. Four pre-amplifier
units are connected to the four sets of arc-shaped electrodes. The main board is attached to
one of the four circular electrodes. The whole sensing system is powered by a USB lead
from the laptop.

(a) Side view

(b) Top view

Figure 13 Electrostatic sensing head
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As the induced current on the electrode is very weak, any internal or external noise will
affect the output of the pre-amplifier and further undermine the performance of the whole
signal conditioning electronics. As the internal interference between electronic components
has been considered in the earlier design, the detected noise probably comes from the
environment. Thus, a metal screen was mounted on each piece of PCB to minimise any
surrounding electronic and electromagnetic interference. Figure 14 shows the electrostatic
sensing with the grounded screens. As demonstrated by the experimental results, the system
noise has been reduced to a minimum level and the refinement of the system hardware has
proven effective.

(a) Side view

(b) Top view

Figure 14 Electrostatic sensing head with metal screen
3.1.4 Host Computer Control Software and Embedded Signal Processing Program

In addition to the electronic circuits, an on-chip program for running the dsPIC, processing
the signals and communicating with the host computer has been developed using C
language. The program mainly includes ADC control module, correlation computation
module, devices (multiplexer, digital resister and USB communication chip etc)
configuration module and communication module. In order to control the electronic circuit
according to the real experimental conditions, host computer control software was also
developed in the Visual Studio2008 development environment. An initial version of the
interface of the host computer control software is shown in Figure 15. Although very limited
function was achieved in the early stage, the whole system can running together for further
refinement. After a period of debugging, the control softer was finalised as shown in Figure
16.
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Figure 15 Initial version of user interface of the control software

Figure 16 User interface of the control software
As shown in Figure 16, the control software has very friendly user interface with a 3-D
drawing of the sensor and corresponding “interlocking” function was introduced to allow the
user to select the working electrodes with minimum effort. The main functions of the
software include configuration of the sensing system, presentation of data on the user
interface and automatic data logging for further analysis. The user interface has three dropPage 15

down menus in the main menu. In the “File” menu, previously recorded data can be loaded
to the software and shown on the screen. Every 400 sets of measurement data can be stored
automatically and 200 sets of on-screen data can also be saved manually under the “Results
Recording Only” mode. When the software configured to “Raw data recording” mode, every
50 sets of results will be recorded automatically due to the dramatically increased size of the
data file. Also, the image of the interface window can be saved automatically or manually
for future reference. Under the “System” menu, the operator can initialize, start, pause and
stop the measurement system and change the data recording mode at any time. The “Help”
menu offers some helpful information for software users to operate the software properly.
In order to make it easier for the operator to choose the electrodes (up to four of them can be
chosen at the same time), a 3D drawing of the sensor is shown in the interface. The group
“E” represents the four circular electrodes and the groups “A” to “D” represent four sets of
arc-shaped electrodes, in which groups “A” and “C” are on the top and bottom of the
pipeline (in horizontal view), respectively. The gain of the secondary amplifier is adjustable
by dragging the adjuster on the screen. The signal magnitude adjuster and some key system
configuration buttons are integrated in the “Control Panel” area. Also some important
experimental information such as air suction power/air flow speed, test material and its mass
flow rate (MFR) of the material can be recorded for future reference. Up to six colour coded
correlation velocities (C-V) (any combination between electrodes 1, 2, 3 and 4) as a function
of time can be calculated and plotted on the screen simultaneously. The six correlation
velocities are colour coded. The charge levels of the chosen electrodes group as a function of
time are also plotted on the screen in real time with the same colour code. Six correlation
coefficients (C-C) as a function of time are included on the screen with the same colour code
as the C-Vs. The instantaneous values of the parameters are displayed on the right hand side
of the user interface.
The response time of the whole system can be fast as 0.22 second for one complete
computation of the correlation between any pair of signals. The computation of all six
correlations will take approximately 0.48 second. As a very large number of data are to be
recorded under the “Raw Data Recording” mode, the system longest system respond time
will be 1.96 seconds. Due to the complexity of the particle flow, the correlation function may
give unreasonable results in some rare cases. Thus, a rolling averaging algorithm is applied
to the final processing of the measurement data. This strategy has improved the reliability of
the measurement results and the robustness of the system.
3.1.5 Key Parameters of the Electrostatic System

After a long period of debugging and optimization work, the performance of the electrostatic
system has been significantly improved. The system is very stable in a wide range of test
conditions and has a fast dynamic response when the condition changes. The key parameters
of the electrostatic system are summarised below:








MCU working frequency: 10MHz
System power supply: Standard USB power 5.0V
ADC: 4 synchronous 10-bit sample/hold channel
ADC sampling rate: 50 or 100kHz
Sampling duration: 2048 points
Test data transmission baud rate: 227,273 bit/s
System response time: 0.22 to 1.96s (depending on the number of correlation
computations configured and data recording mode)
Page 16

3.2 Particle Flow Test Rig

A brand new 2”-bore stainless steel particle flow test rig was constructed in the newly
refurbished Instrumentation Lab at the University of Kent. Figure 17 shows a schematic
diagram of the test rig.

Figure 17 Schematic diagram of lab scale particle flow test rig
As can be seen from Figure 17, there are five demountable pipe sections on the test rig,
which have various dimensions suitable for the installation of existing and new flow sensors.
When the test rig is in operation an industrial vacuum system sucks the air in the loop from
the down right side of the rig to form a stable air flow, and fuel particles are fed into the tube
from the up right side through a vibrating feeder. As both the suction power of the vacuum
system and the feeding rate of the vibratory feeder can be adjusted, various particle flow
conditions can be created.
Different locations of the flexible pipe sections allow the measurement of flow from both
vertical and various horizontal positions, and this makes it possible to understand more about
the characteristics of coal/biomass/air flow in different parts of the conveying pipeline. The
20-channel electrostatic sensing head was installed on the horizontal and vertical pipe
sections (Figure 17) respectively during the test period. Figure 18 shows a photo of the test
rig, in which the 20-channel electrostatic sensing head was installed on the vertical section
(about 10 degree to the vertical plane) of the rig on the left hand side of the photo.
3.3 Test Programme

Some initial system tests were conducted to calibrate and optimise the measurement system
at the beginning. The velocity distribution of the conveying air in the cross-section of the
horizontal pipe was also studied as a reference of how the solid particles affect the pure air
flow regime. After crucial adjustment and refinement work of the measurement system,
extensive experimental work was undertaken on the lab-scale stainless steel test rig using the
20-channel electrostatic sensing head.
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Figure 18 Photo of the particle flow test rig
In order to conduct a systematic analysis of the dynamics behaviours of the coal/biomass
flow, a test matrix was constructed as shown in Table 1. Flour (as a substitute of coal to
comply with health and safety regulations of the University of Kent), willow (supplied by
Alstom Power), wood and bark (supplied by RWE npower) were tested. Three groups of
tests were conducted using pure flour, pure biomass and biomass/flour mixtures on the
horizontal and vertical pipe sections, respectively. As can be seen from the Table 1, various
experimental conditions, including different biomass fuels, mass flow rate of the fuel,
conveying air velocity, and proportion of biomass in the mixture were created. When the test
material and mass flow rate are fixed, six tests were conducted under different air velocities
using the electrodes from Groups A to E. To ensure the test results were comparable, the air
velocity for different suction powers was measured and calibrated. To obtain reliable data
tests under the same conditions were repeated for a few times.
Table 1 Test matrix for laboratory scale experimental work
Test Index

Test Material

A (horizontal)

Flour (F)
Willow (W)
Wood (WD)
Bark (B)
F+ 3% W
F + 5% W
F + 10% W
F + 3% W
F + 5% W
F + 10% W
Flour
Willow
Wood
Bark
F+ 3%, 10% W
F + 10% WD
F + 10% B
F + 3%, 10% W
F + 10% WD
F + 10% B

B (horizontal)

C (horizontal)

D (vertical)

E (vertical)

F (vertical)

Mass flow rate (g/min)

Air Velocity (m/s)

Electrodes

36, 54 and 72
15, 25
25
25
36

~ 10 to 32
~ 10 to 32
~ 10 to 32
~ 10 to 32
~ 10 to 32

Groups A to E

54

~ 10 to 32

Groups A to E

36 and 54
15, 25
25
25
36

~ 10 to 32
~ 10 to 32
~ 10 to 32
~ 10 to 32
~ 10 to 32

Groups A to E

54

~ 10 to 32

Groups A to E
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Groups A to E

Groups A to E

Relevant properties of the coal, flour and biomass are summarised in Table 2. Images of the
test materials are shown in Figure 19. As can be seen from Table 2 and Figure 19, the size
and shape of coal and flour are relatively similar, but quite different from those of biomass.
Figure 19 shows that the flour particles are roundish, while biomass particles are irregular.
The diameter of biomass particles can often be greater than 2 mm, which is much bigger
than that of flour. The biomass particles have much higher mean aspect ratio (the ratio of the
shortest to the longest dimension of a particle) than flour. All of these properties are
expected to affect the flow characteristics.
Table 2 Properties of test materials
Material
Equivalent diameter (µm)
Mean aspect ratio
Bulk density (kg/m3)

Coal
60
~0.90
~1300

Flour
~150
~0.80
520

Willow
2420
0.41
420

Wood
1690
0.54
~500

(a) Coal (enlarged)

(b) Flour (enlarged)

(c) Willow

(d) Wood

(e) Bark

Figure 19 Images of test materials
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Bark
1860
0.55
~500

3.4 Results and Discussions
All the tests were undertaken on the test rig in the Instrumentation Lab at Kent. Typical test
results, which were selected up from a huge amount of data, were presented in this section.
Measurement results that were recorded and analysed in the tests include air velocity,
particle velocity, correlation coefficient, and r.m.s charge level of the electrostatic signal.
Comparisons between the circular and arc-shaped electrostatic electrodes under different
flow conditions at both horizontal and vertical pipe were also achieved.
3.4.1 Air Velocity Measurement and Calibration
In order to compare the measured particle flow velocity with the conveying air velocity, it is
important to understand the real air velocity distribution in the cross-section of the pipeline.
A digital hot-wire anemometer was employed to measure the air velocity at different
positions of the pipe cross-section. The measurement results are shown in Figure 20.

Figure 20 Air velocity profile of the pipe cross-section for four different suction powers
Figure 20 shows that the highest velocity was measured in the lower-middle part of the
cross-section (due to the gravitational effect) and the velocity gradually decreased as it is
closer to the pipe wall. The maximum air velocity difference in the same cross-section could
reach as much as 7m/s.
3.4.2 Belt Rig and Initial Flow Test
Some initial experimental work was undertaken to assess the performance of the developed
sensor. As in previous research, a belt rig (Figure 21) was used to conduct the work. A
tachometer was installed on the rig to obtain a reference velocity of the moving belt
simulating an idealised particle flow. The belt was set to run for a range of motor voltages
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(and hence different belt speeds). Figure 22 shows a direct comparison between the
measured correlation velocity and the reference reading from the tachometer. The results
show that the measured correlation velocity matches the reference velocity reasonably well.
However, a certain disagreement exists between the two measurements. It is believed this
stems from several sources including uncertainties in the spacing between the electrodes,
errors in correlation computation and fluctuations in the moving belt. Based on the results of
belt rig tests, the electrostatic measurement system was refined and the performance of the
system shows it is ready for flow test.

Figure 21 Belt rig for velocity assessment

Figure 22 Comparison of belt and correlation velocity
The flow tests were undertaken on the newly built stainless steel test rig using the 20channel electrostatic sensing head. Flour was used as test material. Figure 23 depict typical
results of the measured correlation velocity, r.m.s charge level and correlation coefficient as
a function of time under ready flow conditions. The figure shows that the three pairs of
correlation velocities are consistent. The consistent lower reading of the correlation velocity
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Correlation Velocity (m/s)

between electrodes 1 and 2 than the other two means the spacing between electrodes 1 and 2
is slightly greater than the nominal design value due to mechanical tolerance in the
manufacturing of the sensing head. Figure 23 indicates that the four circular electrodes
(Electrode Group E) have given almost identical r.m.s charge levels. This is a good
indication of the four channel signal conditioning units having matched properties. As
expected, the correlation coefficient depends on the spacing of the electrodes with a shorter
spacing (electrodes 1 and 2) giving rise to higher correlation coefficient.
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Figure 23 Comparison of measurements between the three pairs of circular electrodes
In order to test the reliability of the measurement system, the measured particle velocity
through correlation is compared with the conveying air velocity. The air velocity was
determined using a digital hot-wire anemometer traversing across the pipe cross-section. As
can be seen from Figure 24, the willow particles travels slower than the flour particles and
the slip velocity between the particles and the conveying air are about 1.8m/s and 0.5m/s,
respectively. The flour velocity measured on the top of the pipe cross-section is lower than
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others, while the velocities measured from other locations are quite similar. As to the willow
flow, top and middle parts of the flow travel faster than other parts of the flow at lower air
velocity, while the middle and bottom parts of the flow run fastest and slowest, respectively,
when the air velocity was above 20m/s. Figure 24 also shows a good linear relationship
between the measured correlation velocity and the air velocity.
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Figure 24 Comparison of correlation velocity with the air velocity for the four electrode pairs
3.4.3 Experiments Using Pure Material on a Horizontal Pipe
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Figures 25 depicts typical results of C-V, C-C and r.m.s charge level as a function of time for
pure flour and pure willow flows under high (27.3m/s) and low (13.7m/s) air velocity
conditions. The circular electrodes (Group E) were selected as the measuring electrodes and
the MFR of flour and willow are 36g/min and 20g/min, respectively.
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Figure 25 Typical measurement results of pure flour and willow flows
Figure 25(b) shows the original results calculated by the embedded dsPIC while the finalized
results using a rolling averaging algorithm are shown in Figure 25(a). It is obvious that the
willow dust travels slower than the flour when the conveying air velocity remains the same.
As expected, the C-C depends on the spacing of the electrodes with a shorter spacing
(electrodes 1 and 2) giving rise to higher correlation coefficient. The higher C-C values that
obtained from willow flow means its flow regime is more stable than that of the flour flow.
This can also be seen from their original results, as the results from flour flow changes more
dramatically than those of willow flow. Figure 6 also shows that the three pairs of flour flow
C-V are slightly different. The consistent lower reading of the C-V between electrodes 1 and
2 than the other two means the actual sensing spacing between electrodes 1 and 2 is slightly
greater than the other – we have seen this outcome in previous observations. It is also
noticed that no obvious velocity difference between electrodes pairs was detected in the
willow flow. Such phenomenon indicates that the electrical property of flour flow and
willow flow are different, depending upon the physical and chemical properties of the
material. The original results illustrate that the four circular electrodes have given almost
identical RMS charge levels. This is a good indication of the four channel signal
conditioning units having matched properties.
In order to obtain the flour and willow flow parameters in various conditions, a series of tests
was conducted by varying their MFR and conveying air velocity. Figure 26 shows typical
results measured by the pair of circular electrodes with the shortest spacing.
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Figure 26 Comparison between flour and willow flows
As shown in Figure 26, the C-V of both flour and willow flows have a linear relationship
with the conveying air velocity regardless of the changes in MFR. As one would expect, the
mean velocity of particles is slightly lower than the air velocity. The slip velocity (difference
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in velocity between air and the solid phase) is relatively constant. The flour particles and
willow chips travel about 1m/s and 2m/s slower than the air, respectively. It is known that
the slip velocity between the solid phase and the gas phase depends on particle size and its
free fall velocity; larger the particle size leads to a greater slip velocity. Since the flour
particles are much smaller than willow chips, the slip velocity between flour and air is a lot
smaller than that between willow and air. This result is consistent with earlier observations
under similar test conditions. Because both the flour and the willow flows are relatively
stable when the conveying air velocity is higher than 10m/s, the C-C value remains between
0.65 and 0.75. As expected, the r.m.s charge level of the flow increases with the conveying
air speed or when more material is fed into the pipe in a fixed time period. As the willow
chips are much greater than flour particles in size, the willow flow carries less electrostatic
charge than the flour flow and does not changes as much as that of the flour flow when the
test condition varies.

Correlation Velocity (m/s)

Figure 27 depicts further experimental results of particle velocity, charge level and
correlation coefficient as a function of time for pure flour and pure biomass flow for three
different air velocities (24, 20 and 15m/s). The circular electrodes (Group E) were selected
as the measuring electrodes and the mass flow rates of flour and biomass are 36g/min and
25g/min, respectively
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Figure 27 Results from circular electrodes for three different air velocities
As each group of electrode consists of four electrodes, six sets of correlation velocity and
correlation coefficient can be obtained from different electrodes combinations. It is also
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noticed that there are no significant differences in the measured correlation velocities
between electrodes pairs for biomass flow, while there were consistent gaps among flour
flow velocity readings. Such phenomena indicate that the electrical property of very fine
particle (flour or PF) flow and relatively bigger particle (biomass) flow are very different,
depending upon the physical and chemical properties of the material. The results illustrate
that the four circular electrodes have given almost identical r.m.s charge levels. This is a
good indication of the four channel signal conditioning units having matched electronics
properties. As the air slows down, the r.m.s charge level of flour flow decreases
significantly, while that of the biomass flow does not change much when the air velocity is
below 20m/s. As expected, correlation coefficient depends on the spacing of the electrodes
with a shorter spacing (electrodes 1 and 2) giving rise to better similarity between the two
signals. Correlation coefficients of both flour and biomass flows stay relatively stable
regardless of changes in air velocity.

Correlation Velocity (m/s)

Figure 28 shows the results of the four test materials using all four groups of electrode for
24m/s air velocity.
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Figure 28 Results from four electrode groups for air velocity at 24m/s
Due to their different densities and the gravitational effect, the biomass flow travels slower
at the bottom of the pipe, but the flour flow runs slightly slower in the middle. It is
reasonable that the charge levels measured from the circular electrodes (group E) are
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considerably higher than that measured from arc-shaped electrodes, because the circular ones
sense the flow circumferentially while the arc-shaped ones measure the “local” particles. As
can be seen from the r.m.s values, more flour particles travel in the middle of the pipe than in
other parts whilst biomass particles are distributed relatively uniformly across the pipe. The
correlation coefficient indicates that the flour flow is more stable than biomass flow. As
expected, different biomass fuels behave differently in the pipeline. The willow (lighter and
smaller) flow is much more stable than wood and bark flow, and the flow pattern of wood
particles fluctuates significantly.
3.4.4 Experimental Results on a Horizontal Pipe
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On the basis of the experimental results acquired from the pure material flow, extensive tests
were conducted using willow/flour mixtures. Figure 29 shows the C-V measured by the first
two electrodes of each electrode group in different flow conditions.
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Figure 29 Comparison of correlation velocities between different material mixtures
Figure 29 shows that the correlation velocity of the mixture flow is consistently lower than
the pure flour flow and as the C-V decreases with the mass ratio of willow in the mixture.
Again, this outcome agrees earlier work. It can be seen that the flow on the top of the pipe
cross section runs slightly faster than the middle and the flow goes even slower at the
bottom. This is attributable to the gravitational effect in a horizontal pipe.
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Unlike the C-V, C-C of the mixture flow changes considerably compared to the pure flour
flow when it goes faster. As can be seen from Figure 30, the C-C values measured from
different electrode groups are consistently greater than the pure flour flow. However, the CC value goes down with the conveying air velocity, especially in the middle and bottom of
the pipe cross section, while the C-C of pure flour flow is fairly stable. It is possible that, in
the lower velocity conditions, the flour and willow particles are better mixed and travels
together in the pipeline, while as the flow speeds up the two materials gradually separate out
and run at slightly different velocities - the induced current on the electrode depends on both
of the materials and, as a result, the C-C between the two adjacent electrodes decreases.
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Figure 30 Comparison of correlation coefficients between different material mixtures
The r.m.s charge levels of different mixtures measured by electrode groups E, A, B and C
are plotted in Figure 31. As can be seen, the charge levels on the circular electrodes are
much higher than the arc-shaped ones. This makes sense as the sensing area of the circular
electrode covers the entire circumference of the pipe cross-section. It is obvious that the
charge level goes higher as the particles speed up and the MFR increases. The higher r.m.s
charge levels detected by the electrodes at the middle and bottom parts of the pipe may stem
from the fact that more particles are distributed at the central and lower parts of the pipe
because of the gravitational effect.
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Figure 31 Comparison of r.m.s charge levels between different material mixtures
Experimental results presented above indicate that the movement behaviours and flow
characteristics of the flour-willow mixture flow differ from those of pure flour flow or pure
willow flow. The flour and willow particles are well mixed and travel together in the
pipeline under the lower velocity conditions, while the two materials gradually separate out
and run at slightly different velocities as the flow speeds up (Figure 29). As a result, the C-C
value of the mixture flow goes down with the conveying air velocity (Figure 30), especially
in the middle and bottom regions of the pipe cross section. In addition, the mixture flow
travels slightly slower than the pure flour flow and does not have a fine linear relationship
with the conveying air velocity (Figures 29 and 31). For the circular electrodes there are no
significant differences in the C-C values and in the r.m.s values between the pure flour flow
and mixture flow.
3.4.5 Experimental Results on a Vertical Pipe

In a power station, pulverised fuel may go through many sections of horizontal and vertical
pipelines before reaching the burners. Thus, it is necessary to study the movement
behaviours of biomass flow in a vertical pipeline. The 20-channel electrostatic sensing head
was installed in a vertical pipe section, which is about 10 degree from the vertical plane, on
the left hand side of the test rig as shown in Figure 18. Similar to previous experiments on
the horizontal pipe, a series of tests was conducted by varying test materials, conveying air
velocity and mass flow rate. The experimental results indicate that the flow characteristics of
the flour-biomass mixture differ from those of pure flour flow or pure biomass flow in both
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horizontal and vertical pipes. Typical results are presented here, being selected from a large
amount of data obtained.
Figures 32 depicts comparison of typical results of the measured particle velocity,
correlation coefficient and r.m.s charge level as a function of time for pure flour, pure
biomass and flour-biomass mixtures under high (about 27m/s) air velocity conditions from
both horizontal and vertical pipe tests. Electrode pairs 1&2 and 1&4 of each electrode group
(Group A to E) were selected as the measuring electrodes in turn. As shown in Figure 32,
two groups of measurement results from the horizontal pipeline using pure flour and flourwillow mixture with a mass flow rate 54g/min, is selected to make a comparison between
eight groups of test results on the vertical pipe. As the density of biomass is significantly
lower than that of flour, the mass flow rate of the biomass fuels was set to a constant at
25g/min while for pure flour and flour-biomass mixture tests the mass flow was set to be
under 36/54g/min and 54g/min test condition, respectively.
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Figure 32 Comparison between particle flows on both horizontal and vertical pipelines
Page 30

As Figure 32 shows, the correlation velocity of the flow measured on the vertical pipe is
slightly greater than that from the horizontal pipe due to the gravity effect. Biomass and
flour-biomass mixture flow always travel slower than the pure flour flow, and the velocity
decreases with the mass ratio of biomass in the mixture. Unlike in the horizontal tests, it can
be seen that the flow at the left part (Electrode Group A) of the pipe cross section always
runs faster than at the other parts. The front (Electrode Group D) and back (Electrode Group
B) of the flow travel at a similar velocity but faster than that of the right (Electrode Group C)
part of the flow. This is not surprising as the test section on the vertical pipe was installed
just 5 times of pipe diameter away from the elbow section connection the horizontal pipeline
(Figure 18). It is interesting that the particles at the back (Electrode Group B) move slightly
faster than those on the front (Electrode Group D) because of the small angle between the
flow line and the vertical plane (Figure 3). As expected, the correlation velocity from the
circular electrode pairs (Electrode Group E) is roughly an average of the results from other
electrode groups. The correlation coefficient between electrodes 1 and 2 is consistently
higher than that between electrodes 1 and 4. This result is identical to those obtained from
the horizontal pipeline as report in the last Progress Report.
The correlation coefficient can be seen as a parameter indicating the stability of the flow. In
this case, it is obvious that the particle flow in the vertical pipe is relatively more stable than
in the horizontal pipe, because the friction between the flow and the pipe wall is much
smaller due to the free fall effect in the pipeline. As expected, pure flour flow gives the
highest correlation coefficient and as the mass ratio of biomass-flour mixture increases the
correlation coefficient drops. It is noticed that the correlation coefficient value from the left
part of the pipe is consistently higher than that of other parts. Again, this is due to the
centrifugal force when particle turn at a 90 degree angle at the bend.
The charge levels of different mixtures measured by Electrode Groups E, A, B and C are
also plotted in Figure 32. Again, the charge levels on the circular electrodes are much higher
than the arc-shaped ones. It is obvious that the charge level goes higher as the mass flow rate
increases. It can be seen from the results on the horizontal pipe that higher charge level is
detected by the electrodes at the middle of the pure flour flow. As willow dust was added
into the flour flow, more particles distributed at the central and lower parts of the pipe, due
to the gravitational effect of large willow dust. The charge levels measured from the vertical
pipe tests are quite different from those from the horizontal pipe as the gravity has minimum
effect at such situation. As expected, similar charge levels are measured on the front, right
and back of the flow, which means the particles distribution in most part of the pipe cross
section is relatively uniform. A higher charge level is always measured from the electrode on
the left side of the pipe (Electrode Group A) due to the centrifugal force at the bend.
4. Trials on a Larger Scale Test Facility Using an Integrated Measurement System

Extensive industrial scale tests were conducted on a 6”-bore test rig at the Institute of
Thermal Power Engineering at Zhejiang University, China. Both the 20-channel electrostatic
measurement system and the digital imaging system were specially produced in the
workshop at the University of Kent for the industrial scale tests.
4.1 System Implementation

The 6”-bore electrostatic sensing head with exactly the same structure of the 2”-bore labscale version was constructed. Figure 33 shows the arch-shaped and circular electrodes as
well as the whole spoon piece.
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(a) Arc-shaped and circular electrodes and insulators

(b) Electrostatic sensing head (through view and side view)

Figure 33. 150mm bore, 20-channel electrostatic sensing head
As the inner diameter of the new sensing head is 6” (150mm), the axial width of each
electrode has been increased from 2mm to 3mm. Stainless steel was used to make the
electrodes to maintain adequate sensitivity and robustness. PVC was used as insulating
material because of its good insulation properties and light weight. Although the sensing
head is three times bigger in diameter than the 2” version, the distance between two adjacent
electrodes was kept at 16mm as it is found that the flow parameters determined from the
electrodes pair with shorter spacing are always more stable and reliable. In order to reduce
the overall weight of the sensing head for long distance transportation, its body and the antiinterference metal between the electrodes were made of aluminium. The overall weight of
the sensing head is within 15kg without the flanges. The electronic circuits remain the same
as the ones used in the 2” version. A brand new digital imaging unit, as shown in Figure 34,
was made the same diameter as the electrostatic unit. A powerful red light laser is used as the
pulse light source to illuminate the moving particles. The CCD camera with very short
exposure time captures particle images which are then transmitted to the PC for image
processing.
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(a) Digital imaging sensor

(b) Inner view of the digital imaging sensor

Figure 34 6”-bore digital imaging system
4.2 System Installation and Trials on an Industrial-Scale Test Rig
4.2.1 Test Rig and System Installation

The biomass/coal/air three-phase flow test facility at Zhejiang University is a complete
closed loop with 6” bore pipe sections. Figure 35 shows a layout of the test rig. The primary
air goes into the system from down left of the system and blows the particles, which are fed
into the pipe via a screw feeder, up to the top of the rig and pass the horizontal test section.
The particles will then either go down to the direct drain or recycled to the hopper by passing
a cyclone separator. The rotational speed of the screw feeder is controlled by an adjustable
motor, so a variable feeding rate (or mass flow rate) is achieved by pre-calibrating the
operating voltage of the motor. The two instruments were installed on the horizontal section,
as shown in Figure 36.
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Figure 35 Biomass/coal/air flow test rig at Zhejiang University

Figure 36 Installation of the electrostatic and digital imaging sensors on the 6” rig
4.2.2 Test Programme

A test matrix was constructed based on the experience of previous laboratory tests (Table 3).
Similar to previous laboratory tests, three sets of experiments were carried out using
pulverised coal, sawdust and their mixtures, respectively. Different flow conditions were
created by changing the mass flow rate of particles, conveying air velocity, and biomass-tocoal ratio. The 20-channel electrostatic measurement system and digital imaging system
were operated simultaneously.
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Table 3 Test matrix for industrial scale experimental tests
Test Test Material
Index
G
H

H
I

Volumetric
Concentration (%)

Coal (C)
C+ 5%, 10%, 20% Sawdust (SD)
C+ 5%, 10%, 20% SD
C+ 5%, 10%, 20% SD

0.03, 0.06 and 0.09
~ 0.03
~ 0.06
~ 0.09

Air Velocity
(m/s)
~ 8 to 17
~ 8 to 17
~ 8 to 17
~ 8 to 17

Electrodes
Groups A to E
Groups A to E
Groups A to E
Groups A to E

The volumetric concentration of fuel particles in Table 3 is estimated from the time averaged
mass flow rate of particles and air velocity [4, 5]:



100%

(7)

where Ms and ρs are the mass flow rate and true density of solid fuel particles, respectively, A
is the cross sectional area of the pipe and va is the velocity of the conveying air (for purpose
of the volumetric concentration estimation, va is assumed to be close to the particle velocity).
The mass concentration of solids (m) is defined as the mass per unit volume of a particulate
suspension (kg/m3). m is directly related to the volumetric concentration of solids by:
(8)
m  s s
A volumetric concentration of 0.03% to 0.09% is equivalent to a mass concentration of 0.39
to 1.17 kg/m3, given the true density of the pulverised coal is 1300 kg/m3 (Table 4). The
solid loading ratio (i.e., mass flow rate of solids : mass flow rate of air) is around 0.3 kg/kg
to 0.9 kg/kg, which is estimated from the following equation [4,5]:
qm ,s  s vs  s


 s s
(9)
qm ,a  a va 1   s  a
where vs and ρa are the particle velocity and density of air within the pipeline, respectively.
Relevant properties of the test materials are summarised in Table 4. The size distribution of
pulverised coal (measured using a Malvern instrument) and sawdust (measured using an
imaging analyser) are plotted in Figure 37 and Figure 38, respectively.
Table 4 Properties of test materials
Material
Coal
Sawdust

Mean diameter (µm)

Mean aspect ratio

True density (kg/m3)

60

0.9

1300

1400

0.6

450

Figure 37 Particle size distribution of pulverised coal
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(a) Particle size distribution

(b) Particle image

Figure 38 Particle size distribution and image of sawdust
4.3 Results and Discussions

All the tests were undertaken on the horizontal section of the 6” test facility at Zhejiang.
Typical test results were presented here. Measurement results that were recorded and
analysed include particle velocity, correlation coefficient, r.m.s charge level, mean particle
size and particle size distribution.
4.3.1 Pure Material Test

Figure 39 shows the measured correlation velocity (C-V), correlation coefficient (C-C) and
r.m.s charge level for different air velocities for pure pulverised coal. The volumetric
concentration of coal particles was estimated to be about 0.09% (equation (7)).
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Figure 39 Coal flow parameters under different velocity conditions for four electrode groups
As can be seen from Figure 39, the particle on the top of the pipe cross section runs slightly
faster than in the middle well the flow goes the slowest at the bottom. The slip velocity
between the particles at different locations and the conveying air are about 1.3m/s (circular
electrodes), 1.2m/s (arch-shaped electrodes on the top), 1.5m/s (arch-shaped electrodes in the
middle) and 1.9m/s (arch-shaped electrodes at the bottom). Circular electrodes give the
highest r.m.s charge level as its sensing area covers the entire circumference of the pipe
cross section. Although the particles in the middle of the pipe travel slower than those on the
top, slightly higher charge level is detected as more particles travel in the middle due to the
gravity effect. It can also be seen that the particle flow becomes more stable as it speeds up,
as higher velocity gives greater C-C value.
Figure 40 depicts typical coal flow parameters, which measured by different electrode
groups, as a function of time for pure coal under high and low air velocity conditions. The
volumetric concentrations of coal particle are about 0.03% and 0.06%, respectively.
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Figure 40 Typical measurement results of pure coal flow from four electrode groups
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As can be seen from Figure 40, the C-V and C-C become unstable under low velocity
conditions, although the C-C value under both conditions did not change significantly.
Especially the particles at bottom of the pipe give the lowest results in three parameters. The
charge levels measured by electrodes at different locations are all decreased as the particles
slow down. Different from the high velocity condition, higher charge level was measured by
the middle electrodes, which means even more particles travel at the lower part of the pipe in
low velocity conditions. Also under relatively low velocity condition particles trend to be
more evenly distributed in the cross section of the pipe.
Figure 41 shows the variation in the mean coal particle size, measured through digital
imaging, with solid concentration for two different particle velocities. It should be noted that
the particle sizing data produced by the software represents the equivalent diameter of a
circle having the same area. The results shown represent the mean equivalent diameter
during the test run having been both spatially (within each image) and time averaged.

Figure 41 Measured mean coal particle size under various conditions

Figure 42 Coal particle size distributions under two different solids concentrations
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It can be seen from Figure 41 that, as expected, the mean particle size does not vary
significantly with solid concentration and particle velocity. The measured mean particle size
is about 59.7µm, which agrees perfectively well with the off-line results using a Malvern
particle sizer (60 µm, Fig.37). Particle size distribution results for two solid concentrations
are plotted in Figure 42. It can be seen that the particle size distribution is very consistent
with no significant variation between the two different concentrations and the general
agreement with the off-line results (Figure 37) is good.
4.3.2 Biomass/Coal Mixture Test
Figure 43 shows typical measurement results of biomass/coal flow, in which biomass to coal
ratio is about 10%, from four electrode groups under two air velocity conditions.
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Figure 43 Typical measurement results of biomass/coal flow from four electrode groups
under two air velocity conditions
It can be seen that the correlation velocity and r.m.s charge level of the mixture flow is
consistently lower than the pure coal flow (Figures 39 and 40). Under high velocity
conditions the flow behaves similar to the pure coal flow in general, except the r.m.s charge
level. It is obvious that more biomass particles travel at the lower part of the pipe cross
section, as they are much larger and hence heavier than those of coal. The mixture flow
becomes very unstable under low velocity conditions - only a small quantity of fine particles
travel on the top of the pipe cross section. The flow moves very slowly at the bottom due to
the presence of large particles there.
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Correlation Velocity (m/s)

Figure 44 shows the C-V, C-C and r.m.s charge level measured using four electrode groups
for the same air velocity by varying sawdust to coal ratio. The overall solid particle
concentration is about 0.03%
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Figure 44 Results from four electrode groups for air velocity at about 17m/s
As shown in Figure 44, the C-V and r.m.s charge level decrease as more sawdust is added to
the mixture. As demonstrated before, the biomass particles travel slowly and carry less
electrostatic charge than fine coal particles. Another contributing factor is the gravitational
effect in a horizontal pipe. The velocity across the pipe section becomes more evenly
distributed as more sawdust is added into the flow. Very little variation of the C-C value was
observed for different electrode groups when the biomass to coal ratio is below 10%. As
biomass proportion increases, the flow becomes very unstable and there is little similarity
between the two signals measured by the electrode pair even with the shortest spacing. The
r.m.s charge levels measured by electrode groups E, A, B and C are also plotted in Figure 44.
Again, the charge levels on the circular electrodes are much higher than the arc-shaped ones.
As expected, the charge level decreases as more biomass is added to the flow. It can be seen
that higher charge level is detected by the electrodes on the top of the pure coal flow. As
sawdust is added into the flow, more particles are distributed at the central and lower parts of
the pipe due to the gravitational effect.
Figure 45 gives the typical mean size of coal/biomass particles measured through digital
imaging for 10% and 20% biomass additions. The calculated mean size is obtained from the
reference data, i.e., Malvern data in the case of coal and the biomass scanner in the case of
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biomass fuels by considering the correct biomass to coal ratio (90:10 or 80:20) in the
mixture and the mean size of coal (59.7µm) and biomass (1400µm). Fig.45 indicates the
trend of the measured mean size of particle is correct, but is consistently greater than the
calculated mean size of the mixtures. This is likely due to the location of the focal plane of
the imaging sensor – which is closer to the bottom of the pipe and hence larger particles
were detected. Figure 46 shows measured particle size distribution of the mixture for the two
biomass additions. An increase in the proportions in the larger size ranges is evident. It is
worth noting that the height of the upper ranges is a good indication of biomass additions,
i.e. more biomass additions will result in higher bars in the upper size range.

Figure 45 Comparison of mean particle size for different biomass additions
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Figure 46 Measured particle size distribution of biomass/coal mixture
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5. Progress in the Last Three Months

In the past three months the project team worked primarily on Work Package 4 (On-plant
investigations and data interpretation) and Work Package 5 (Project management,
dissemination and documentation). This section summarises the progress that has been made
in the three month as well as a statement of the expenditure in the period. Other relevant
issues such as publication of results are also included.
5.1 Technical Progress

The technical progress that has been made in the last three months is illustrated in Table 5.
The Work Packages (WP) were defined as follows:
WP1: Design and implementation of an integrated instrumentation system (Milestone 1)
WP2: Evaluation and refinement of the instrumentation system (Milestone 2)
WP3:Study of dynamics and movement behaviours of biomass & coal mixtures (Milestone3)
WP4: On-plant investigations and data interpretation (Milestone 4)
WP5: Project management, dissemination and documentation (Milestone 5)
Table 5 Project plan
Project Year
Months

1 (20007/08)

2 (2008/09)

3 (2009/10)

3

6

9

12

15

18

21

24

27

30

▌

▌

▌

▌

▌

▌

▌

▌

▌

▌





















33

36

WP1
WP2
WP3
WP4
WP5

Planned Progress

Actual Progress



Reporting Period

As the industrial test rigs to which the team used to have access in the UK are either not
available or being used as oxy-fuel firing, a series experimental work has been conducted on
a 6”-bore industrial scale test rig at the Institute of Thermal Power Engineering at Zhejiang
University, China. The institute is a long term international partner of the Kent team. This
free offer is important to undertake WP4 when the anticipated full-scale power plant trials
are not possible in the UK.
A 6”-bore electrostatic sensing head with exactly the same structure of the 2”-bore lab-scale
version and a 6”-bore digital imaging system were constructed in the workshop at the
University of Kent. The instruments were installed and tested on the horizontal section of the
test rig at Zhejiang (Section 4.2).
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Similar to previous laboratory tests, three sets of experiments were carried out using
pulverised coal, saw dust and their mixtures, respectively. Different flow conditions were
created by changing the mass flow rate of particles, conveying air velocity, and biomass to
coal. The experimental results, including air velocity, particle velocity, correlation
coefficient, and r.m.s magnitude of the electrostatic charge signal, were recorded and
analysed to study the flow behaviours under different flow conditions. Typical test results,
which were picked up from a huge amount of data, are presented in Section 4.3.
5.2 Dissemination of Results

In the reporting period one research paper [1] has been accepted by the IEEE International
Instrumentation and Measurement Technology Conference 2011 following a rigorous
reviewing process. An extended version of the conference paper to the special issue of the
IEEE Transactions on Instrumentation and Measurement after the conference will be
produced and submitted. Two abstracts [2,3] have been accepted by the IOP International
Conference on Electrostatics 2011 and the 7th International Symposium on Measurement
Techniques for Multiphase Flows (ISMTMF), respectively. A full paper will be submitted to
the ISMTMF and probably will be included in a special issue of a journal. It is also planned
to submit a full paper to the Journal of Electrostatics following the IOP conference. A joint
paper with the University of Leeds [4] has been drafted and will be submitted to journal of
Biomass & Bioenergy or journal of Renewable Energy.
[1] Xiangchen Qian, Yong Yan and Alf Malmgren, ‘Flow measurement of pneumatically
conveyed biomass-coal particles using multi-channel electrostatic sensors’, IEEE
International Instrumentation and Measurement Technology Conference (I2MTC),
Hangzhou, China, May 2011, extended abstract accepted.
[2] Xiangchen Qian, Yong Yan and Alf Malmgren, ‘Multi-channel electrostatic sensors for
the flow measurement of biomass-coal particles in a pneumatic suspension’, IOP
International Conference on Electrostatic, Bangor University, Wales, UK, 10-14 April
2011, abstract accepted.
[3] Xiangchen Qian, Yong Yan, Alf Malmgren, Jiaqing Shao and Hao Zhou, ‘Flow
Measurement of Pneumatically Conveyed Biomass and Coal Particles Using MultiChannel Electrostatic Sensors’, The 7th International Symposium on Measurement
Techniques for Multiphase Flows (ISMTMF), Tianjin University, Tianjin, China, 17-19
September 2011, abstract accepted.
[4] S. R. Gubba, K. J. Larsen, X. Qian, L. Ma, A. Williams, M. Pourkashanian and Y. Yan,
‘CFD Modelling and Experimental Measurements of the Transportation of Particles in a
Pipeline’, to be submitted shortly to journal of Biomass & Bioenergy or journal of
Renewable Energy.
5.3 Expenditure

Details of the expenditure on defined categories in comparison with the original budget are
summarised in Table 6. As can be seen the project is on budget despite the extension in time.
Some internal funding arrangement has contributed to the additional resource required to
undertake the extended period of the project, in particular, the experimental work at Zhejiang
University. Note that the research student working on the project paid the international rate
in the first few months of his studies and then Home/EU tuition fees, because he was
successful in his application for the ORSAS (Overseas Research Students Awards Scheme).
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The ORSAS awards provide funding for the difference between the international student
tuition fees and the UK and EU student tuition fees.
Table 6 Summary of financial expenditure
Budget Expenditure
Item Category
(£)
(£)

Balance
(£)

A

PhD student bursary

34,500

32,359

2,141

B

Tuition fees

10,265

15,724

-5,459

C

Consumables

7,000

5,303

1,697

D

Travel & subsistence

4,435

3,121

1,314

E

Overheads (40% of A)

13,800

13,493

307

Total Fund/claim from BCURA

70,000

70,000

0

6. Recommendations for Power Plant Operators

A number of recommendations can be made based on the findings arising from this project.
Both the electrostatic pulverised fuel flow metering technology and the digital imaging based
on-line particle sizing technology are now available for on-plant trials to demonstrate their
operability and effectiveness on biomass/coal co-firing, biomass or coal fired power stations.
An integrated sensing unit comprising the electrostatic sensors with the arc-shaped
electrodes and the digital imaging sensors can be made to fit on pulverised fuel pipes via the
4” circular BSP (British Standard Port). Other forms of access port (e.g. a rectangular hole)
may also be cut during outage if the 4” BSP are not available. Such sensor units can be
installed on each of the branch pipes from the same mill. The sensor units coupled with the
digital signal and image processing units are capable of providing the measurement of the
following parameters of the pulverised fuel flow:
 Particle velocity,
 Correlation coefficient,
 Relative concentration (r.m.s. charge level)
 Particle size distribution.
Purging air is required to maintain the cleanness of the optical access window. If service air
is used, adequate air filters should be used to clean the air to avoid unexpected window
contamination. The above measurement data will provide useful data for the plant operators
to maintain a balanced supply of pulverised coal and biomass fuels to the burners. In
addition, the fluctuations of measured particle velocity, correlation coefficient and relative
concentration data from each electrostatic sensor and relative deviations between the
electrostatic sensor units will inform the plant operators if the fuel delivery to the burners is
smooth and steady.
The results presented in the report indicate that, as more biomass is added to the fuel supply,
the velocity of particles slows down and the flow becomes more unstable. Power plant
operators are advised to pay close attention to the physical characteristics (size, shape and
their distributions) of the biomass and its proportion in co-firing in relation to the air supply
in order to achieve balanced distribution and smooth delivery of biomass/coal to the burners.
Page 44

The electrostatic sensors with the arc-shaped electrodes can be used independently. In such
cases, no purging air is required. They will yield all the measurements as listed above except
the particle size distribution. When two or three such units are installed on the same fuel pipe,
the station operators can use the sensor outputs to identify the distribution of the fuel
particles across the pipe cross section and to detect if roping flow regime exists or other
forms of fuel delivery problem such as oscillation are present.
In summary, the developed electrostatic fuel flow metering technology and the on-line
particle sizing technology through digital imaging have the potential to enable the power
plant operators to measure the important fuel flow parameters in a fuel pipe and detect
imbalanced distribution of fuel between different pipes and fuel distributions cross the pipe
cross section including roping flow regimes.
7. Conclusions

This project has aimed to make an understanding of “dynamics and movement behaviours of
biomass/coal flow”. In order to achieve this, the following work was carried out according to
original project objectives:
(1) To assess the suitability of the electrostatic sensing and digital imaging technologies for
on-line measurement of biomass/coal flow.
(2) To develop a cost-effective instrument capable of measuring the velocity, charge level,
size distribution and concentration of pulverised fuel particles on an on-line continuous
basis.
(3) To evaluate the performance of the instrument on lab-scale flow test rig in the
Instrumentation lab at the University of Kent using typical pulverised fuels under a range
of conditions.
(4) To assess the operability and performance of the instrument at full scale test rig.
A number of conclusions can be drawn from the results presented in this report:
 A novel lab scale 20-channel electrostatic sensing head has been used successfully to
measure the key parameters of the biomass/coal flow.
 A practical on-line correlation algorithm has been programmed and tested, in
conjunction with the signal conditioning and processing hardware under both laboratory
and industrial test conditions.
 A new digital imaging system for on-line particle sizing has been designed, constructed
and evaluated.
 Extensive experimental work has been performed on both small-scale laboratory and
large-scale test rigs.
 Results from both test rigs have demonstrated that the integrated approach chosen here,
incorporating the best available techniques, has been successful to measure particle
velocity, relative concentration, and particle size distribution on an on-line and nonintrusive basis.
 Favourable comparisons have been made between the particle velocity and particle size
distribution measured using the developed instruments and available reference data.
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In summary, the four objectives as defined in the original project proposal have been
achieved.
8. 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:
On-plant trials of a full scale version of the system should be attempted in the near future.
Investigations into the operability and effectiveness of the prototype system on a
biomass/coal co-firing or biomass fired power station should be undertaken. An integrated
sensing unit comprising the electrostatic sensors with the arc-shaped electrodes and the
digital imaging sensors can be made to fit on pulverised fuel pipes via the 4” circular BSP
(British Standard Port). Multiple sensor units of this kind may be installed on the branch
pipes from the same mill to assess if the measurement data provide useful information for
fuel balance purposes. When two, three or four such units are installed on the same fuel pipe,
the sensor outputs may be used to identify the velocity profile and distribution of the fuel
particles across the pipe cross section and to detect if roping flow regime exists or other
forms of fuel delivery problem such as oscillation are present. An important issue that should
be borne in mind is that the sensor housing should be made pressure resistant. Pulverised
fuel pipes are usually pressure rated to 50 psi to withstand the maximum pressure from a
coal/biomass dust explosion, so installing the sensor mustn’t compromise the pressure
containment capacity of the system.
It is challenging is to obtain representative particle sizing results across the pipe crosssection. It is not possible to create a single image for the whole pipe cross-section due to the
fine resolution required for particle sizing. A novel optical scanning mechanism can be
incorporated to allow the focal plane to be freely positioned within the cross-section. A
rotating mirror in conjunction with a double Porro-prism will allow the focal plane to be
positioned anywhere within the pipe cross-section. Particle overlapping is not a problem
because coal/biomass particles in a fuel pipe are very dilute. Once particle images are
acquired, the size distribution and shape profile of particles can be determined. Such
comprehensive information about fuel particles in motion has up to now been impossible to
achieve using any other techniques.
It has been observed in this project that particle shape measurement through digital imaging
may be useful in determining the proportion of biomass in the mixture because of the shape
differences between the two types of fuel. Additionally, particle shape and sizing
information may be applied to on-line fuel tracking, i.e. identifying the type of biomass and
coal being burned and hence achieving optimal combustion conditions for known biomass
and coal. 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 to the power
generation industry.
On-line continuous measurement of the absolute volumetric concentration of biomass/coal
particles remains challenging. It has been found in this project that the measured charge level
depends primarily on the velocity and moisture content of the particles. If the relationship
between the absolute volumetric concentration and the other main parameters is definable,
this relationship can be used to obtain indirect the measurement of absolute volumetric
concentration. This may present a good case for the application of ‘soft sensor’ techniques.
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Although the present work has concentrated on the dynamics of biomass/coal flow, 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. The technologies
developed can also be deployed in pharmaceutical and food handling industries as particle
transportation through pipelines exist widely in such sectors.
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