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Abstract 
One way countries around the world are increasing the proportion of renewable fuels for 

electricity generation is to convert coal fired power stations to co-fired (biomass/coal 

fired) or converting coal fired power stations to burn only biomass fuels. This however 

has led to measurement challenges monitoring the complex multi-phase flow of the 

pulverised fuels entering the furnace due to the complex shape of biomass particles.  

To meet these measurement challenges a novel electrostatic sensor array and 

piezoelectric sensor array have been developed. The electrostatic sensor array consists 

of an array of electrostatic electrodes pairs that span the diameter of the pipe. 

Consequently the electrostatic sensor array is capable of determining the particle 

velocity and concentration profiles as well as detecting specific flow regimes such as 

roping. The piezoelectric impact sensor array consists of an array of piezoelectric 

individual impact sensors that span the diameter of the pipe. The piezoelectric sensor 

array is capable of determining the particle concentration and size distribution profiles. 

Experimentation has been carried out on laboratory scale pneumatic conveying 

systems using a variety of materials such as coal, biomass, coal/biomass blends and 

plastic shot. Experiments using the electrostatic sensor array have shown that it is 

indeed capable of determining the particle velocity and concentration profiles in both 

dilute developed and undeveloped flows. Analysis of the standard deviation of the 

velocity profiles as well as the correlation coefficient profiles have indicated that parts 

of the pipe cross section have a more stable flow compared to others. Data obtained 

through on-line and off-line experimentation using the piezoelectric sensor array has 

shown that through selective frequency filtering of the impact signal particle size can be 

determined assuming the particle velocity and the mechanical properties of the 

conveyed pulverised materials are known. By using a threshold voltage to determine 

when an impact has occurred on each element of the piezoelectric sensor array the 

particle concentration profile has been determined. The concentration profiles measured 

by the piezoelectric sensor array were verified using the electrostatic sensor array. 
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Introduction 

 

 

1.1 Introduction 
 

One of the most common and efficient ways granular and pulverised materials are 

transported is through the use of bulk solid pneumatic conveying systems. This chapter 

is an introduction to all aspects of bulk solid pneumatic conveying systems including: 

the principle of bulk solid pneumatic conveying systems; design challenges; flow 

characteristics; and specific particle flow regimes (such as dilute multi-phase flow). 

This chapter will likewise introduce the justification for this research; illustrating its 

importance in the power generation industry where the increasing use of pulverised 

biomass fuels is boosting the amount of renewable electricity being generated. The 

increasing use of biomass fuels in power generation is being used by governments 

around the world to fulfil their commitment to reduce greenhouse gas emissions. This 

use of biomass, however, has had the effect of increasing the complexity of the particle 

flow in pneumatic conveying systems which is presenting measurement challenges.   
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1.2 Pneumatic Bulk Solid Conveying Systems 
 

One of the most common ways granular and pulverised materials are transported is 

through the use of bulk solid pneumatic conveying systems. Bulk solid pneumatic 

conveying systems use high velocity gas to convey pulverised and granular materials 

down a pipework system. Depending on the properties of the granular/pulverised 

material, the conveying gas can be air or an inert gas (for conveying explosive 

materials) [1].The conveying gas in the pneumatic conveying systems can be either 

positive or negative pressure (positive pressure blows the particles down the pipe work 

system where negative sucks the particles down the pipework system).  

 The bulk solid pneumatic conveying system is commonly but not limited to four 

main components illustrated in Fig. 1.1: 

 Fan/Blower – the fan/blower is the method utilised to generate the high velocity 

gas used to convey the pulverised/granular material (in a positive pressure 

system). The most common system to generate the high velocity gas is to use a 

centrifugal fan which has the advantage that the gas velocity can be easily 

controlled by varying the centrifugal fan speed. For some applications (where 

high back pressure is required in the pipework system) compressed gas from a 

compressor or high pressure storage tank can be used. 

 Particle Feeding System – in order to meter in the pulverised/granular material 

into the pneumatic conveying system some kind of feeding system needs to be 

employed. The two most common methods are to use either a venturi educator 

(which has the advantage of having no moving parts) or a rotary feeding system 

(which is capable of being used on systems with back pressure). 

 Pipe Network – the pipe network is what is used to contain and direct the 

particle flow in the pneumatic conveying system. The Pipe network in 

pneumatic conveying systems can be either horizontal or vertical pipes 

consisting of straight and angled pipe sections. The bore of the pipe network is 
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dependent on the application of the pneumatic conveying system and can range 

from tens of millimetres to thousands of millimetres. 

 Particle Output – once the particles have travelled through the pipe network they 

will reach their destination. Depending on the application of the system, this 

could be a sealed storage tank (where the particles will have to be decelerated 

and separated from the conveying gas using a cyclone chamber) or directly to a 

combustion chamber such as the furnace in a coal fired power station. 

Pulverised 

Material

Particle feeding 

System
Fan/Blower Pipe Network Particle Output

 

Fig. 1.1 Block diagram of a typical bulk solid pneumatic conveying system 

1.2.1 Particle Flow Characteristics 

Depending on the design of the bulk solid pneumatic conveying system different flow 

regimes occur inside the pipe line. These flow regimes create measurement challenges 

for measuring the mass flow rate of the pneumatically conveyed bulk solids. 

1.2.2 Multiphase Flow 

When a mono-pulverised/granular material (same material and particle size) is 

conveyed in a pneumatic conveying system the flow is regarded as a two-phase flow 

consisting of the conveying gas and the pulverised/granular material. When multiple 

pulverised/granular materials are conveyed at the same time in a pneumatic conveying 

system pipe line the flow is consequently regarded as multiphase flow [1]. 

1.2.3 Dilute-Phase Flow 

Dilute-phase flow uses air velocity (either positive or negative pressure) to fully 

suspend the particles in the conveying gas. Using this method of conveyance almost any 

pulverised or granular material can be conveyed regardless of the particle size and shape 
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[1]. The particle concentration in dilute-phase flow is less than 0.1% by volume [2]. 

Due to the low particle concentration this creates measurement challenges. In order to 

suspend the particles in the conveying gas the gas velocity has to be in the region of 12 

m/s for fine pulverised material and around 16 m/s for fine granular material [1]. If, 

however, the conveying gas velocity is not sufficient to fully suspend the particles 

saltation or choking occurs. This is where the particles will fall out of suspension and 

settle on the bottom of the pipe causing a build-up of pulverised material which will 

eventually lead to a blockage in the pipe line. Due to the high particle velocity some 

fragile materials cannot be transported in dilute phase systems since interaction between 

the high velocity particles and the pipe wall will result in damage to the conveyed 

material [1]. 

1.2.4 Dense Phase Flow 

Dense phase flow differs from dilute phase flow in that, firstly the particle concentration 

in dense phase flow systems are much higher than in dilute phase flow systems. The 

reason for this is the method of conveying the pulverised materials differs since the 

pulverised material are not fully suspended in dense phase flow (dense phase flow is 

often referred to as non-suspended flow) [1]. In dense phase flow the particles are 

conveyed down the pipeline in the form of dunes along the bottom of the pipe; or as 

slugs/plugs that cover the whole bore of the pipe separated between each other by air 

gaps [1]. When dense phase flow particles are conveyed in dunes along the pipe bottom 

the system is only capable of conveying finely pulverised material (having a mean 

particle size of 40 – 70 μm) [1]. When plug/slug flow regime is employed in dense 

phase flow systems only materials that have a good permeability can be conveyed 

(mono-sized particles that allow the conveying gas to pass between the particles such as 

pellet type materials and seeds) [1]. The gas velocity in dense phase is much lower than 

in dilute phase (< 3 m/s) [1].  
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1.2.5 Developed Particle Flow 

When the pulverised/granular material is inputted into a dilute phase pneumatic 

conveying system the particle velocity is zero. The high velocity air accelerates the 

particles to their maximum velocity (dictated by the particle size and the conveying air 

velocity). Once the conveyed particles are no longer accelerating the flow is developed. 

The distance along the pipe to create a developed flow is approximately 30 pipe 

diameters of straight pipe [3]. A developed particle flow, however, can become 

underdeveloped by obstructions in the pipe or different geometries of pipe section (such 

as right angle pipe bends). If this occurs then the particle flow will need to travel 

another 30 pipe diameters inside a straight pipe section to become developed again [3]. 

1.2.6 Particle Velocity 

The particle velocity is primarily determined by the conveying gas velocity with the 

particle velocity typically being around 80% the velocity of the conveying gas velocity 

(however this ratio is dependent on the particle size, shape and density) [1]. Due to the 

interaction of the conveying gas and the pipe wall the conveying gas velocity will be 

different depending on how close it is to the pipe wall; the conveying gas velocity in the 

centre of the pipe moves faster than the conveying gas along the pipe wall, thus creating 

a velocity profile as shown in Fig. 1.2. Since the conveyed particles have a mass they 

are also affected by gravity. The effect of gravity can be seen in a developed flow in a 

horizontal pipe as shown in Fig. 1.2. This illustrates the particle velocity profile with the 

particles at the bottom of the pipe having a lower velocity compared to the particle 

velocity along the pipe wall in the top of the pipe. The reason for this is that the 

particles at the bottom of the pipe are interacting more with the pipe wall and are being 

slowed down due to friction. This increased interaction between the particles and pipe 

wall is caused by gravity pulling the particles towards the bottom of the pipe. Fig. 1.3 

however demonstrates the expected velocity profile that is perpendicular to the profile 

shown in Fig. 1.2. The velocity profile in Fig. 1.3 is more symmetrical across the pipe 
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diameter compared to Fig. 1.2. The reason for this is that gravity is having a uniform 

effect on all the particles traveling inside the pipe. 

 

Fig. 1.2 Illustration of the expected particle velocity profile on a developed dilute phase flow on a 

horizontal pipe (side view) 

 

Fig. 1.3 Illustration of the expected particle velocity profile on a developed dilute phase flow on a 

horizontal pipe (top view) 

1.2.7 Particle Concentration 

In dilute-phase flow the particle concentration is low (less than 0.1% by volume). This 

concentration, however, is not constant across the whole pipe cross section. The particle 

concentration is dependent on several factors such as: 

 Gravity – the effect of gravity can be best seen in the developed flow in a 

horizontal pipe. Since the particles have a mass gravity pulls the particles to the 

Particle Velocity Profile 

Gravity 

Particle Velocity Profile 

Gravity 
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bottom of the pipe. Fig. 1.4 demonstrates the expected particle concentration 

profile with the higher particle concentration at the bottom of the pipe. 

 Particle Velocity – the velocity of the particles will also affect the particle 

concentration profile. This is because for lower particle velocities the particles 

will fall out of suspension and suffer from saltation. This will cause higher 

particle concentration in the direction of the pull of gravity [3]. 

 Pipework Design - the design of the pipe network similarly affects the particle 

concentration profile. Pipe sections such as right-angle bends will cause the 

particles to be forced along the outer radius of the bend due to centrifugal force 

causing a phenomenon known as roping which is illustrated in Fig. 1.5 [4].  

 

Fig. 1.4 Illustration of the expected particle concentration profile on a developed dilute phase flow on a 

horizontal pipe 

Gravity 

Particle Concentration Profile 



 

 

 

 

 

 

Chapter 1 Introduction 
____________________________________________________________________________________________________________________________________________________________________________________________________________________  

8 

 

 

Fig. 1.5 Diagram illustrating the roping flow regime caused by a right angle pipe bend 

1.2.8 Particle Size Distribution 

Particle size distribution is the physical size of the individual particles that make up the 

conveyed pulverised material.  In Dilute phase particle flow the particle size distribution 

has an effect on both the particle velocity and the particle concentration profile [1]. The 

size of the particle has an effect on the particle velocity (in relation to the conveying gas 

velocity) since larger particles have a larger surface area; consequently they have a 

higher drag factor [1]. Particle size also has an effect on the particle concentration 

profile. Since larger particles have a higher volume they would have a larger mass; 

accordingly they would be affected to a greater extent by forces such as gravity. An 

example of this would be on particle flow in a horizontal pipe with a low conveying gas 

velocity; since the conveying gas velocity would not be high enough to fully suspend 

the higher mass particles they would be forced to travel along the bottom of the pipe 

due to the force of gravity [1]. This effect is illustrated in Fig. 1.6 which shows the 

particles increasing in size along the bottom of the pipe in the direction of the 

gravitational force. 

Particle Flow Direction 

Roping 
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Fig. 1.6 Illustration of the expected particle size distribution profile on a developed dilute phase flow on a 

horizontal pipe 

1.3 Implementation of Pneumatic Bulk Solid Conveying 
 

Pneumatic bulk solid conveying systems are used in a variety of industries such as 

chemical, pharmaceutical, steel and energy. They allow the efficient transport of 

pulverised/granular material across a network of pipes. One industrial sector where the 

use of pneumatic conveying systems is fundamental to its operation is in the power 

generation industry in coal fired power stations. 

1.3.1 Measurement of Pneumatic Conveyed Bulk Solids 

The measurement of mass-flow rate and particle size distribution of the pneumatic 

conveyed bulk solids are important in many industries for quality control and ensuring 

the correct quantity of material is conveyed. Measurements of the mass flow rate of the 

pulverised/granular material can be taken as the material enters or leaves the pneumatic 

conveying system via load cells. The particle size distribution (which is important for 

quality control) can also be taken using off-line testing of the material before and after 

the pulverised/granular material has left the pneumatic conveying system. 

 In some industries, however, it is desirable to monitor the mass flow rate and the 

particle size distribution of the conveyed material as it is being conveyed inside the 

pneumatic conveying system (on-line monitoring). Particle size distribution can be 
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Particle Size Distribution Profile 
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monitored independently but the mass flow rate requires the particle velocity and 

concentration to be known. 

1.3.2 Coal Fired Power Stations 

Burning coal as a fuel has been the primary source for electricity generation for over a 

hundred years. Since the early 1970s coal has been the major source of fuel for 

electricity generation worldwide as illustrated in Fig. 1.7. Even today in the twenty-first 

century electricity generated through burning coal as a fuel source makes up around 

41% of the world’s electricity generation capacity [5].  The reason for coal’s continuing 

popularity is its cheapness; which is not only limited to the cost of the coal fuel itself 

but also with the price of construction of coal fired power stations. For this reason 

developing countries, such as China with their rapid industrialisation, have chosen coal 

to be the fuel that delivers their ever increasing need for more electricity generation 

capacity. 

 

Fig. 1.7 World electricity generation by source of energy in terawatt hours (TWh) 

Despite coal having the advantage that it is a low cost source of electricity generation, it 

does however have a major disadvantage; it is a fossil fuel. Being a fossil fuel, burning 

it introduces carbon dioxide which has been stored underground for millions of years 

back into the atmosphere. The burning of coal to generate electricity is responsible for 

44% of the global carbon dioxide emissions [6]. The process of burning of coal also 
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emits large amounts of air pollution into the surrounding environment which has a 

detrimental effect on human health [7]. 

 In coal fired power stations electricity is generated by using the heat generated 

from burning coal to produce high pressure steam to turn a turbine illustrated in Fig. 

1.8. 

 Coal Storage – the coal is delivered to the power plant by train or ship and is 

stored in its natural form (lumps of coal). 

 Pulveriser – in order for the coal to be transported to the furnace and burnt 

efficiently the coal first needs to be pulverised. The coal is pulverised in a ball or 

tube mill which converts the lumps of coal into a fine powder. 

 Input Metering – the pulverised coal is then metered into the pneumatic 

conveying system. This is carried out by either a rotary feeder or a screw feeder.  

 Pneumatic Conveying System – warm air is then used to convey the pulverised 

coal to the furnace. The coal is fully suspended in the conveying air (dilute 

phase flow). 

 Furnace – the pulverised coal is then blown into the furnace where the coal is 

burnt to generate heat. This heat is then used to heat water to generate high 

pressure steam which turns a turbine that drives a generator. 

 Boiler – heat from the furnace heats water to generate steam at high pressure to 

generate super-heated steam. 

 Turbine – the super-heated steam from the boiler is then used to turn the turbine. 

In order to improve efficiency there are three turbines: high pressure, 

intermediate pressure and low pressure. Each one of the turbines uses recycled 

steam from the previous turbine. 

 Generator – rotational force from the turbine turns a generator which generates 

the electricity. 
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Fig. 1.8 Block diagram of a coal fired power station 

 

1.3.3 Co-Fired/Biomass Fired Power Stations 

One way countries around the world are increasing the proportion of renewable fuels 

used for electricity generation is to convert coal fired power stations to co-fired 

(biomass/coal fired) or converting coal fired power stations to burn only biomass fuels 

(such as the Drax Group converting its UK coal fired power stations to biomass fuelled, 

thus increasing the proportion of renewable electricity being generated in the UK [8]). 

As of 2015 9.1% of electricity in the UK was generated by burning biomass (this figure 

however includes energy crops, sewage, animal waste and recycled wood) [9].  

 The process of generating electricity from burning biomass is similar to burning 

coal. First the biomass is pulverised and is then conveyed along a pneumatic conveying 

system to a furnace as shown in Fig. 1.9. 
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Fig. 1.9 Block diagram of a co-fired power station 

1.3.4 Biomass Fuel 

Biomass fuel is derived from organic materials that are also combustible. Biomass fuel 

is carbon neural meaning that the carbon dioxide that is created from burning the 

biomass fuel is reabsorbed by the plants/trees that will eventually become biomass fuel. 

Biomass fuel for electricity generation can be derived from: 

 Recycled Wood – this is wood that has been reclaimed or is the by-product of 

wood manufacturing (sawdust and off cuts from timber manufacture) [8].  

 Energy Crops – these are specific crops that are grown to be harvested and burnt 

as fuel such as willow [8]. 

 Food waste – these are products of food manufacturing which are of no use in 

the finished product but are combustible (peanut husks) [8]. 
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When converting a coal fired power station to be co-firing or to be fully biomass fired 

there are challenges involved. Biomass fuels present technical challenges such as 

increase in slagging and fouling in the furnace. Slagging is where molten ash from the 

combustion process adheres and builds up on the parts of the boiler where radiative heat 

transfer occurs. Fouling occurs in the conductive heat transfers region of the boiler and 

is caused by the deposition of ash [10]. The primary effect of slagging and fouling is a 

reduced efficiency due to diminished heat transfer rates. The deposits themselves can 

likewise cause damage to the boiler by restricting gas flows inside the boiler which will 

have the effect of making the boiler unmanageable. Additionally, the deposits can cause 

corrosion to parts to the heat transfer system inside the boiler [10]. 

1.3.5 Online Measurement of Coal/Biomass Multi-Phase Flow 

The ability to monitor the mass-flow rate and particle size of the pulverised 

coal/biomass fuel as it is being transported to the furnace in a pneumatic conveying 

system is very important. Being able to monitor the mass-flow rate would allow more 

advanced control systems to be developed which could allow the combustion process to 

be made more efficient. This would not only reduce the amount of greenhouse gas 

emissions released but would similarly reduce the amount of fuel being used which 

would reduce costs. Furthermore, having an online sensor to monitor the particle size of 

the pulverised coal/biomass would improve burning efficiency; this is because the 

combustion process requires the particle size to be a specified size since particles larger 

than the specified size would not burn as efficiently [11]. The ability to monitor the 

particle size online would be beneficial from a maintenance stand point; since if the 

particle size went out of the desired size range this would be an indication that the 

pulveriser would need servicing. 
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1.3.6 Measurement Challenges of Coal/Biomass Multi-Phase Flow 

The online measurement of the mass-flow rate and particle size distribution of 

multiphase coal/biomass/gas in dilute phase particle flow presents certain challenges: 

 Low Particle Concentration – since the particle flow is dilute phase flow the 

particle concentration is less than 0.1% by volume. This would require any 

online measurement system to be sensitive enough to detect low particle 

concentration. 

 Non-uniform Particle Size – pulverised coal has a more uniform size distribution 

when pulverised compared to biomass. The reason for this is that, unlike coal 

which is a mineral mostly consisting of carbon; biomass is made up of fibres 

which do not lend themselves to being pulverised [12]. 

 Irregular Particle Shape – coal particles are generally more uniform in shape. In 

contrast biomass particles, due to their fibrous structure, are more elongated. 

This presents challenges in measuring them since particle spin is more apparent 

on biomass particles compared to coal particles [12]. 

1.4 Objectives of Research 
 

The primary goal of this research is to develop a novel sensor design that is capable of 

measuring complex dilute multi-phase flow. To this end, the developed sensor 

technology will be capable of determining the particle velocity profiles, concentration 

profiles and the particle size distribution profiles of pneumatically conveyed bulk solids. 

This sensor technology will be an on-line measurement system capable of measuring 

the complex particle flow in real time. In order to increase the commercial value of this 

research all efforts will be done to ensure the developed sensor is robust, inexpensive 

and designed so that the sensor can be retrofitted to existing systems with minimal 

modification to the existing equipment. To achieve these goals the primary objectives of 

this research are: 
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Review of state-of-the-art of sensor technologies – a literature review will be carried 

out on the current state of research in the area of developing sensors to measure dilute 

phase pneumatically conveyed bulk solids. This literary review will focus on sensor 

paradigms that that are capable of measuring particle velocity, concentration and size 

distribution of pneumatically conveyed bulk solids. This will be of benefit to the 

coal/biomass fired power generation industry since this will allow more advanced 

control systems to be developed to improve the combustion process.  

 

Design and construction of an electrostatic sensor array – current generations of 

electrostatic sensors have been applied to determine particle velocity, concentration and 

size distribution using either ring, arc and probe electrodes. These configurations of 

electrostatic sensor electrodes are only capable of measuring the particle flow 

parameters such as particle velocity and concentration in a small area inside the pipe. In 

order to measure the complex multi-phase particle flow in the full areas of the pipe 

cross section that previous electrostatic sensors have been unable achieve, a novel 

electrostatic sensor array will be designed, constructed and tested. This electrostatic 

sensor array will be an invasive sensor design (comes into contact with the particle 

flow) and will consist of an array of individual electrostatic sensors that span the 

diameter of the pipe. Using this electrostatic sensor array the particle velocity and 

concentration profiles will be able to be measured in real time. This will allow the 

complex dilute multi-phase flow associated with pneumatically conveyed coal/biomass 

blends to be measured. The electrostatic sensor array will be designed in such a way that 

will allow existing bulk solid pneumatic conveying systems to be retrofitted with the 

electrostatic sensor array with minimal modification. 

 

Design and construction of a piezoelectric sensor array – like electrostatic sensors 

the current series of sensors that detect particle concentration and size distribution 
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through the measurement of particle impacts are only capable of monitoring a small 

area of the pipe cross section. To achieve a more complete picture of the complex multi-

phase particle flow in the pipe cross section a novel piezoelectric sensor array will be 

designed, constructed and tested. The piezoelectric sensor array will consist of an array 

of individual piezoelectric impact sensors that span the diameter of the pipe. The 

piezoelectric sensor array will be capable of determining particle concentration and 

particle size distribution profiles across the diameter of the pipe. The piezoelectric 

sensor array will be an on-line sensor technology. To this end the particle concentration 

will be determined by counting the number of particle impacts that occur on each of the 

piezoelectric elements in the array. A system model will be developed to determine the 

particle size though analysis of the magnitude of the impact signals. The piezoelectric 

sensor array will be designed in such a way that will allow existing bulk solid 

pneumatic conveying systems to be retrofitted with the piezoelectric sensor array with 

minimal modification. 

 

Design and commissioning of on-line and off-line test rigs – research facilities at the 

University of Kent have a fully functional negative pressure bulk solid pneumatic 

conveying system suitable for on-line experimentation. The negative pressure test rig is 

capable of conveying a variety of pulverised/granular materials such as flour, biomass 

and glass/plastic shot at a range of different particle velocities for both horizontal and 

vertical pipe orientations. To increase the choice of materials and flow conditions a 

positive pressure bulk solid pneumatic conveying system will be commissioned. The 

positive pressure test rig will use positive pressure high speed air to convey 

pulverised/granular material along both horizontal and vertical pipe sections which will 

allow on-line experimentation. Due to its design the positive pressure test rig will allow 

coal and coal/biomass blends to be conveyed at a range of air velocities. Both the 

negative and positive pressure test rigs will accommodate both the electrostatic and 

piezoelectric sensor arrays.  
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To test the performance of the piezoelectric sensor array under controlled 

conditions, an off-line test rig will be constructed. This test rig will guide ball bearings 

of different sizes and materials onto individual elements of the piezoelectric sensor 

array. The off-line test rig will independently measure the particle impact velocity of 

each particle before it impacts the piezoelectric sensor. The purpose of the off-line test 

rig is to validate the developed system model for the piezoelectric sensor array.  

 

Experimentation of particle flow characteristics – to test the full capabilities of both 

the electrostatic and piezoelectric sensor arrays a wide range of experimentation will be 

carried out. Experimental investigation will be carried out to determine: 

 If the electrostatic sensor array can determine the particle velocity and 

concentration profiles of dilute multi-phase particle flow using a variety of 

different pulverised/granular materials.  

 If the electrostatic sensor array is capable of determining particle flow 

characteristics such as areas of the pipe that have higher turbulence compared to 

others. 

 If the electrostatic sensor array can detect if different materials or different 

particle sizes have specific flow characteristics. This area of experimentation 

will focus on coal/biomass blends. 

 If the piezoelectric sensor array is capable of determining particle concentration 

and size distribution profiles. 

1.5 Thesis Outline 
 

Chapter 1: Introduction  

This chapter will introduce the challenges in measuring gas/solid multi-phase flow and 

give an overview of industrial application and why this research is being carried out. 

Moreover, information will be provided about principles of gas/solid multi-phase flow 
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as well as information about different flow regimes encountered in gas/solid multi-

phase flow. 

 

Chapter 2: Review of Particle Flow Sensor Technologies 

This chapter will present an overview of previous research carried out to monitor 

particle velocity, size and particle concentration in a gas/solid multi-phase flow. The 

review will present all the sensor technologies including: electrostatic, capacitive, 

optical, radiometric, impact and ultrasonic, and will illustrate their advantages and 

disadvantages. 

 

Chapter 3: Concept and Design of the Electrostatic Sensor Array 

This chapter will cover an introduction to the electrostatic sensor array concept and 

present its novelty and advantages. The evolution of the sensor design will be 

demonstrated showing the reasons for design features to overcome technical difficulties 

and improve performance. Detailed technical specification will be shown in the form of 

circuit schematics and mechanical designs. 

 

Chapter 4: Concept and Design of the Piezoelectric Sensor Array 

This chapter will cover an introduction to the piezoelectric sensor array and reveal its 

novelty and advantages. The principle of the sensor concept will be illustrated and 

reasons for design features, such as the use of the piezoelectric film, will be presented. 

Detailed information will be provided in the form of technical drawings and circuit 

schematics as well as specialist information on manufacturing techniques used to 

fabricate the piezoelectric film transducers.  

 

Chapter 5: Description of Particle Flow Test Rigs and Experimental Procedures 

This chapter will introduce the in house laboratory scale on-line test rigs (positive and 

negative pressure) used to perform experimentation. The off-line test rig used to test the 
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performance of the piezoelectric sensor array will also feature. Technical details will be 

provided, such as changeable variables for each rig as well as safety features on the test 

rigs. Furthermore, advantages and disadvantages will be presented detailing 

specifications such as the types of material each rig can test.  

 

Chapter 6: Results and Discussion 

This chapter will show the results from practical experimentation carried out using the 

electrostatic sensor array using a variety of different pulverised materials and flow 

conditions. Results from the piezoelectric sensor array will be presented and compared 

to theoretical results obtained using the system model developed for the piezoelectric 

sensor array. 

 

Chapter 7: Conclusion and Recommendations for Future Work 

This chapter will present the conclusions made for the electrostatic sensor array and the 

piezoelectric sensor array experiments. Recommendations for future work will also be 

discussed in this chapter. 
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Chapter 2 

 

 

Review of Particle Flow Sensor Technologies 

 

 

2.1 Introduction 
 

This chapter will introduce the various sensing technologies that have been researched 

and implemented to determine characteristics such as particle velocity, concentration 

and size distribution of pneumatically conveyed bulk solids. This chapter will cover 

capacitive sensors, digital imaging sensing methods, electrostatic sensors, impact 

sensors, optical method and ultrasonic sensors. The chapter will illustrate the 

advantages and disadvantages of each of the sensor paradigms as well as a detailed 

overview of the principles of each sensing technique. 

 The chapter will also summarise and identify the deficiency of previous sensor 

technologies in measuring complex multi-phase particle flow for the whole diameter of 

the pipe (such as the particle velocity profile inside a pipe). A proposition will be made 

that the ideal solution for a robust on-line sensor to measure particle velocity, 

concentration and size distribution for the pipe cross section can be achieved through 
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the use of a combination of sensing technologies. Particle velocity and concentration 

will be determined by an electrostatic sensor array constructed across the pipe cross 

section. Particle concentration and size distribution will be determined via an impact 

sensor array that also spans the diameter of the pipe 

2.2 Capacitive Sensors 
 

Capacitive sensors, in respect to measuring parameters of flow in a pneumatic bulk 

solid conveyor system, use the principle of the permittivity of the dielectric changes 

when particles pass between the sensor plates (an active sensor plate and ground plate); 

this is shown in Fig. 2.1. A signal conditioning circuit, such as an AC deflection bridge, 

would be used to convert the capacitance into a usable output signal that can be 

digitised by an analogue to digital converter [13]. 

 

Fig. 2.1 Diagram of capacitive sensor plate configuration, without particles (left) and with particles (right) 

Capacitive sensors have been used to measure the particle concentration as well as 

particle velocity allowing them to determine mass flow rate of pneumatically conveyed 

bulk solids. 

2.2.1 Particle Concentration using Capacitive Sensors 

Capacitive sensors have been applied to determine the particle concentration of 

pneumatically conveyed bulk solids [14] – [17]. The capacitive sensing plates are 

constructed inside the wall of the pipe as shown in Fig. 2.2. This design of sensor plates 
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has the advantage that the sensor is non-intrusive since it does not come into contact 

with the particle flow. However this sensor design is often constructed inside a pipe 

spool which can cause problems in retrofitting onto existing pneumatic conveying 

systems due to increased installation costs (especially if the spool is installed at a high 

level). 

 

Fig. 2.2 Cross section diagram of capacitive sensors inside a pipe with particles 

Likewise, capacitive sensors have a disadvantage since they use the relative permittivity 

of the dielectric between the sensor plates to detect the capacitance; this makes them 

susceptible to the moisture content of the pulverised material [16]. 

2.2.1.1 Electrical Capacitance Tomography 

Electrical Capacitive Tomography (ECT) uses an array of capacitive sensor plates 

around the inner wall of the pipe. By measuring the changes in the capacitance level 

between difference sensor plates as shown in Fig. 2.3 the particle concentration for the 

whole pipe cross section can be measured [18] – [25].  

The advantage of this sensing method is that it is capable of being able to detect 

specific flow regimes inside the pipe. However since an array of sensor plates are being 

used this requires a large amount of digital signal processing (DSP). Cui et al. [21] 
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implemented an ECT sensor using an FPGA for the DSP which negated this problem. 

With the improved computational speed provided by the implementation of a FPGA the 

sensor allowed specific flow regimes such as slug flow to be detected. 

 

 

Fig. 2.3 Cross section diagram of ECT sensor configuration inside a pipe with illustrated sensor area 

2.2.2 Velocity Measurement using Capacitive Sensors 

2.2.2.1 Particle Velocity using Cross Correlation  

In order to measure mass flow rate the particle velocity needs to be determined; to this 

end capacitive sensors have been adapted to measure particle velocity. Various methods 

have been implemented such as using the cross correlation method [26]. This method 

uses capacitive sensing plates in an upstream/downstream configuration as shown in 

Fig. 2.4.  
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Fig. 2.4 Cutaway view of upstream downstream capacitive sensor plate configuration used to determine 

particle velocity [26] 

As the particles travel between the capacitive sensor plates the upstream/downstream 

signal output changes. Since the particle flow is traveling in one direction the signal 

from the upstream sensor plate will be the same as the signal from the downstream 

sensor plate except there will be delay between the two signals. The distance between 

the sensor plates is known and the delay can be determined using the cross correlation 

method thus allowing the particle velocity to be determined. 

2.2.2.2 Particle Velocity using Frequency Analysis  

Particle velocity has also been determined using capacitive sensors implementing 

frequency analysis of the sensor output [27]. This system uses the principle that the 

faster the particles are traveling the less time they are in between the sensing plates; the 

less time the particles are between the sensor plates the higher the frequency component 

of the signal spectrum. This method has the advantage that it only requires a single ring 

of capacitive sensor plates as shown in Fig. 2.5.  
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Fig. 2.5 Cutaway view of single layer of capacitive sensor plates used to determine particle velocity 

through frequency analysis [27] 

2.3 Digital Imaging Sensors 
 

Digital imaging sensors are capable of determining particle size distribution [28] – [39], 

velocity [37] – [41] and concentration [38] – [39]. Digital imaging uses a camera to 

capture an image of the particles whether the sensor is on-line (as particles are traveling 

inside the pipe) or off-line (where samples of particles are taken out of the system to be 

analysed). For on-line measurement of particle parameters the digital imaging sensor 

consists of two parts: a camera and a method of illuminating the particles (due to the 

dark environment inside the pipe). The illuminator often chosen is a laser diode that 

projects a laser screen across the cross section of the pipe as shown in Fig. 2.6 [33]. The 

thickness of the laser screen is important; if the laser screen is too thick (even in dilute 

phase flow) too many particles will be illuminated which could create errors because of 

particle overlap (laser screen thickness set between 0.5 and 1.5 times the maximum 

particle size) [31]. This configuration of illuminating the particles in the pipe and using 
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a CCD camera to capture the image is capable of on-line measurement of particle size, 

velocity and concentration. 

 

Fig. 2.6 Diagram of an on-line digital imaging sensor on a pneumatically conveying bulk solid pipe [33] 

On-line digital imaging sensors have the advantage that they are nonintrusive as they do 

not obstruct the particle flow. However using this method presents a challenge for use 

on industrial systems since it requires a transparent window on the pipe and this is 

susceptible to contamination from the pulverised material. This drawback, however, has 

been addressed by Gao et al. [28] which implemented an air purging system that 

prevented contamination of the window with pulverised material. 

2.3.1 Particle Size/shape using Digital Imaging Sensors 

2.3.1.1 Off-Line 

Particle size distribution and shape can be determined using either off-line methods or 

on-line methods. For off-line methods a sample is taken from the material being 

conveyed inside a pneumatic conveying system (this can be manually done by an 

operator or automatically done [42]). A sample of particles is then placed into a lightbox 

and an image is taken using a CCD camera which is then analysed as shown in Fig. 2.7 

[43].  
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Fig. 2.7 Diagram of off-line particle size imagine sensor system [43] 

2.3.1.2 On-line 

The use of on-line particle sizing on pneumatic conveying systems requires a 

transparent window to be placed in the pipe wall. The particles are then illuminated 

using a laser diode to create a laser screen across the pipe cross section as illustrated in 

Fig 2.6. The principle of using this method is based on the contrast between the 

illuminated particles and the black background of the dark pipe [28] and [36]. An image 

analysis algorithm is then used to determine the boundary of the edge of the particle and 

this determines the particle size and shape [31]. This sensing method is susceptible to 

noise caused by the laser reflecting off the pipe wall or contamination to the lens so a 

threshold value is used to reduce these errors [28]. 

2.3.2 Particle Velocity using Digital Imaging Sensors 

Particle velocity has been determined using on-line digital imaging sensors. Since these 

sensors have to work on-line they have to be mounted on the pipe line. To accomplish 

this they use the configuration of an illuminator to light up the particles inside a dark 

pipe and a CCD camera with a clear window in the pipe as shown in Fig. 2.6. 

2.3.2.1 Particle Velocity Using Cross-Correlation of Digital Images 

The principle of using the cross-correlation method of determining particle velocity 

using digital imaging camera and an illuminator is shown in Fig. 2.8 [37]. As the 

particles travel across the illuminated screen (the illuminating screen pulses at the same 
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rate as the camera’s frame rate) the camera captures images at a set frame rate. In order 

to determine velocity two frames are required. The movement of the particles in the two 

frames are then assessed by a two dimensional cross-correlation algorithm with the 

velocity determined by the position of the peak correlation coefficient [37]. However 

Carter and Yan [37] point out that this configuration of the laser screen has the 

disadvantage that particles may enter the laser screen or exit the screen between frames 

causing particles to be in one frame and not the other. 

 

Fig. 2.8 Cutaway diagram of on-line particle velocity measurement using digital imaging and cross 

correlation as implemented by Carter and Yan [37] 

2.3.2.2 Particle Velocity Using Motion Blur of Digital Images 

Particle velocity has also been determined using the motion blur caused when a still 

image is taken of a moving object [40] – [41]. Song et al. used a laser diode to generate 

a laser screen to illuminate particles in a dark pipe as shown in Fig. 2.9 [40]. Fuchs et 

al. [41] uses a clear section of pipe with a spotlight to ensure good illumination. For 

both setups the length of the motion blur is what is used to determine the particle 

velocity (the longer the blur the higher the particle velocity). For this method the 
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camera’s exposure time is very important since the longer the exposure time the longer 

the motion blur will be. 

 

Fig. 2.9 Cutaway diagram of on-line particle velocity measurement using digital imaging and motion blur 

analysis as implemented by Song et al. [41] 

2.3.2.3 Particle Concentration using Digital Imaging Sensors 

Digital imaging has been implemented to determine particle concentration in 

pneumatically conveyed bulk solids [38] – [39]. This method uses a laser diode to 

produce a laser screen to illuminate the particles in a dark pipe and a CCD camera to 

capture the image as shown in Fig. 2.6. The principle of using digital imaging to 

determine particle concentration is similar to the method to determine particle size; 

except the particle concentration is determined by the number of particles detected in 

relation to the volume of empty space in the laser screen [38]. 
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2.4 Electrostatic Sensors 
 

Electrostatic sensors have been implemented in determining particle velocity [44] – 

[56], concentration [53] – [57] and particle size [58] – [60]. The fundamental principle 

of using electrostatic sensors is that as solid particles are conveyed down the pipe in a 

pneumatic conveying system they pick up electrostatic charge [1]. The level and 

distribution of this charge is random due to the nature of how it is generated inside the 

pipe through interaction and friction between the air and other particles [1]. The 

electrostatic electrostatic charge carried by the particles can be detected using an 

electrode as the particles pass in close proximity of the electrode since a small amount 

of charge is induced on the electrode [61].  

2.4.1 Electrostatic Electrode Design 

In order to detect this electrostatic charge three main types of electrode have been 

implemented: ring [44], [45], [48], [50], [53], [54], [56] and [60], arc [46], [47], [52], 

[54] and [55] and probe [48], [49], [51], [57] and [62] as shown in Fig. 2.10. The 

electrode is then interfaced with a signal conditioning circuit that consists of a pre-

amplifier that can amplify the detected charge to a level that can be digitised in an 

analogue to digital converted (ADC) since the level of charge detected on the electrodes 

is in the region of nA. 
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Fig. 2.10 Cross section diagram of electrostatic ring, arc and probe electrode configuration 

2.4.1.1 Ring Electrodes 

Ring electrodes have the advantage that they are non-invasive since they are constructed 

inside the pipe wall and thus do not come into contact with the particle flow. Ring 

electrodes also can be easily adapted for different shaped pipe such as square pipe as 

shown in Fig 2.11, however for square pipes it was found that the particle flow in the 

corners of the square pipe was more complex [63]. Ring electrodes do, however, have 

disadvantages; since they are constructed inside the pipe wall they are often constructed 

inside a pipe spool and this can increase costs when a system is retrofitted with this type 

of electrode (especially if the pipe spool is to be mounted at high level). Moreover, 

since the ring electrode spans the whole circumference of the pipe wall they are not as 

effective in measuring multi-phase flow due to different areas of the particle flow 

having different flow characteristics [48]. Ring electrodes have also been implemented 

into commercial systems for determining particle velocity and concentration [64].  
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Fig. 2.11 Cross section diagram of ring electrode on a round pipe (left) and square pipe (right) 

2.4.1.2 Arc Electrodes 

Arc electrodes are a similar design to ring electrodes (since they are constructed inside 

the pipe wall and as such are non-intrusive) but unlike ring electrodes (that cover the 

whole circumference of the pipe wall with a single electrode), arc electrodes are 

separated into individual electrodes that only cover a small proportion of the 

circumference of the pipe wall as shown in Fig. 2.10. Because of this it increases their 

ability to measure multi-phase flow [54]. They are, however, like ring electrodes and are 

constructed inside the pipe wall whereby they are mounted inside a pipe spool and as 

such can increase installation costs on existing systems.  

2.4.1.3 Probe Electrodes 

Unlike ring and arc electrodes, probe electrodes are invasive sensors since they come 

into contact with the particle flow, however this does not cause a significant problem in 

dilute phase flow due to low particle concentration. For practical reasons it is 

recommended that the probe electrodes have a round cross section [51]. Since probe 

electrodes are intrusive they have a much more localised sensing area which improves 

their ability to measure multi-phase flow [65]. Due to their design, probe electrodes 

have the advantage that they are relatively simple to retro fit onto existing systems since 

to install a probe electrode on a system all that is required is a hole to be drilled and 

tapped in the pipe of a pneumatic conveying system. 
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2.4.2 Particle Velocity using Electrostatic Sensors 

Electrostatic sensors have been applied to determine on-line particle velocity in bulk 

solid pneumatic conveying pipelines [44] – [56]. To determine particle velocity two 

methods have been used: spatial filtering [44] – [47] and the cross-correlation method 

[48] – [52] and [54] – [57]. 

2.4.2.1 Particle Velocity using Spatial Filtering 

Determining particle velocity using the spatial filtering method has been implemented 

using ring [44], [45] and arc [46], [47] electrodes. The spatial filtering method uses the 

principle that the signal output from the electrostatic sensor in the frequency domain 

changes depending on the particle velocity. It does this because the time the particles 

take to pass in close proximity to the electrostatic sensing electrode is dependent on the 

particle velocity; the higher particle velocity the higher the dominate frequency of the 

sensor output. For determining the particle velocity using the spatial filtering method 

the ring electrodes are placed in a linear array [45] or arc electrodes are placed in a 

linear matrix [47] configuration as shown in Fig. 2.12. It was determined through 

experimentation and finite element modelling (FEM) that the optimum number of 

electrodes should be between 4 and 10. It was also suggested that the ratio between the 

electrode spacing compared to the electrode width should be between 7 and 10, and the 

electrode width to pipe radius should be in the range of 0.1-0.2 [44]. The use of the 

spatial filtering method, however, requires that the sensor be calibrated to the particle 

size which has to be known beforehand since this factor can significantly affect the 

frequency output [66].  
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Fig. 2.12 Diagram showing spatial filtering electrode configuration; linear ring electrodes [45] (left) and 

linear arc electrode matrix [47] (right) 

2.4.2.2 Particle Velocity using Cross-Correlation 

The cross-correlation method has been implemented with electrostatic sensors using 

ring [53], arc [55] and probe [51] electrodes. Using the cross correlation method to 

measure particle velocity of particles traveling inside the pneumatic conveying pipe 

involves the use of two electrodes arranged in an upstream/downstream configuration as 

shown in Fig. 2.13 [61]. 
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Fig. 2.13 Diagram of the upstream/downstream electrostatic electrode configuration for determining 

particle velocity using the cross correlation method 

As the charged particles travel past the electrodes the charge on the surface of the 

particle is detected by the sensor electrodes. If both electrodes and the signal 

conditioning circuits are identical the signal from the upstream electrode will be the 

same as the signal on the downstream electrode except the downstream signal will be 

time delayed as shown in Fig. 2.14. Since the distance between the upstream and 

downstream electrodes is known, particle velocity (Vc) can be calculated from: 

 
𝑉𝑐 =  

𝐿

𝜏𝑚
 (2.1) 

Where L is the spacing between the upstream and downstream electrodes and m is the 

time difference between the upstream and downstream signals. To determine m the 

cross-correlation method is used. The delay between the two signals is determined from 

the location of the dominant peak in the cross correlation function [57]. The position of 

the dominant peak for the resulting correlation function - known as the correlation 

coefficient - indicates the delay between the upstream and downstream signals, as 

illustrated in Fig. 2.15. 
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Fig. 2.14 Upstream and downstream signals from electrostatic sensors 

 

Fig. 2.15 Correlation function between the upstream and downstream sensor signals 

When using the cross-correlation method the distance between the upstream and 

downstream electrodes is a significant factor. Qian and Yan [54] used ring and arc 

electrodes and found that when the upstream and downstream electrodes were closer 

together this improved the quality of the correlation coefficient. The reason for this is 

that the further away the upstream and downstream electrodes are to each other the 

more changes can happen to the particles. This is most apparent with elongated 

materials since their orientation can change between the upstream and downstream 

electrodes due to particle spin. The design of the electrostatic electrodes plays an 

important part in the measured particle velocity and the quality of the correlation 

coefficient when using the cross-correlation method. Shao et al. [67] assessed the 

performance of probe electrodes through a combination of practical on-line 

experimentation and off-line finite element modelling. It was found that a probe 
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electrode with an electrode depth of 0.3-0.5 of the pipe diameter would give a 

reasonable estimate of the true mean velocity for regular velocity profiles. In addition, it 

was found that the rod electrodes had a higher correlation coefficient compared to the 

traditional ring electrode design with the rod electrodes obtaining a correlation 

coefficient of around 0.55-0.75 compared to 0.35-0.50 for the ring electrodes under the 

conditions tested; this is due to the fact that the sensitivity of the rod electrodes is much 

more localised [62]. 

2.4.3 Particle Concentration using Electrostatic Sensors 

Electrostatic sensors have been applied to determine particle concentration using ring 

[54], [56], arc [54] and probe [57] electrodes. Particle concentration is determined using 

the principle that the higher the particle concentration the higher the electrostatic charge 

detected by the electrostatic sensors. The design of the electrostatic electrodes will 

determine the location in the pipe where the concentration is measured. Ring and arc 

electrodes will only measure the particle concentration along the pipe wall. Whereas 

probe, since they have a localised sensing area, are able to give specific particle 

concentration in areas of the pipe. An adaption of the probe electrode was implemented 

by Jurjevčič et al. [68]; an electrostatic probe electrode was divided up into multiple 

probe electrodes, thus creating a probe array across a section of pneumatic 

transportation ducting, which was implemented on a coal fired power station illustrated 

in Fig. 2.16. Using multiple of these electrostatic probe arrays an electrostatic matrix 

was created that was able to determine the particle concentration for the cross section of 

the ducting. Utilising this matrix it was likewise possible to detect roping caused by the 

centrifugal force from the particle flow exiting a right angle bend when the fans were 

set on higher speeds [68]. 



 

 

 

 

 

 

Chapter 2 Review of Particle Flow Sensor Technologies  
____________________________________________________________________________________________________________________________________________________________________________________________________________________  

39 

 

 

Fig. 2.16 Diagram of electrostatic probe matrix used by Jurjevčič et al. [68] to determine particle 

concentration for the cross section of a section of pneumatic transportation ducting 

2.4.4 Particle Size using Electrostatic Sensors 

Particle size of pneumatically conveyed bulk solids has been determined using 

electrostatic sensors. This has been achieved by using characteristics of the electrostatic 

sensor signal output in either the time domain [58], [59] or the frequency domain [60]. 

2.4.4.1 Particle Size using Time Domain 

Zhang and Yan [58] proposed a method of using the output signal from an electrostatic 

sensor in the time domain to determine particle size. The principle of this method is that 

larger particles have a larger surface area and consequently have a higher electrostatic 

charge. Therefore, when the larger particles travel passed the electrostatic electrodes the 

magnitude of the electrostatic sensor signal is higher. The electrode design used by 

Zhang and Yan [58] is a mesh type as illustrated in Fig. 2.17. The mesh was constructed 

from 0.5 mm wire to minimise the effect of the mesh on the particle flow. This sensor 

design and measuring principle has several disadvantages: firstly the design of the 

sensor is prone to erosion; and secondly the sensing principle is dependent on the mass 

flow rate being independently measured [58]. 
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Fig. 2.17 Diagram of electrostatic mesh electrodes used by Zhang and Yan [58] to determine particle size 

distribution for pneumatically conveyed particles 

2.4.4.2 Particle Size using Frequency Domain 

Particle size has been established by determining the dominant peak in the frequency 

domain from an electrostatic sensor. Tajdari et al. [60] employed a ring electrode design 

and used the principle that as the particles pass the electrostatic electrode the smaller the 

particle the higher the dominant frequency. This is because larger particles will be 

detected for longer as they pass the electrostatic electrode compared to smaller particles 

[60]. However, this sensing method would require the sensor to be calibrated to the 

particle velocity since this would affect the spectral frequency. This is similar to the 

drawback of using the spatial filtering method to determine particle velocity which 

requires that the sensor to be calibrated to the particle size [66]. 
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2.5 Impact Sensors 
 

Impact sensors have been utilised to determine particle size distribution [69] – [77] and 

particle concentration [77] – [79]. When a moving particle collides with a fixed solid 

surface the kinetic energy of the moving particle is converted into an impact force. 

Several sensor technologies have been researched to detect this impact force such as 

piezoelectric transducers [69] – [73], [78] – [79], acoustic emission sensors [74], [75] 

and accelerometer [76], [77]. 

2.5.1 Particle Size using Impact Sensors 

The use of impact sensors to determine particle size uses the principle that the larger the 

particle size the larger the mass of the particle and so the larger the impact force would 

be. When a moving particle impacts an object its kinetic energy is converted into an 

impact force. During the impact acoustic waves are induced in the material of the 

impact target [74]. An offline method was implemented by Müller et al. [75] where they 

used an acoustic sensor on an impact plate to measure the vibrations caused by a 

particle impact. It was found that if the particle velocity was known then the particle 

size could be determined by measuring the magnitude of the impact signal detected by 

the acoustic sensor. This off-line sensor arrangement would be unsuitable for online 

particle sizing since the impact plate would have a large surface area and suffer from 

simultaneous impacts which could cause measurement errors. 

 An on-line method has been implemented using an impact bar arrangement [69], 

[72] – [73], [76], and [77]. This method is an invasive measuring technology since it 

utilises an impact bar that comes into contact with the particle flow. This impact bar 

acts as a waveguide to the vibration sensor for the vibrations in the waveguide caused 

by particle impacts. Goa et al. [73] employed this sensor arrangement using 

piezoelectric film to measure the vibrations caused by particles hitting the impact bar. 

The piezoelectric film was fixed to the impact bar as shown in Fig. 2.18. The 
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piezoelectric film for this sensor is operating in ‘bending mode’ since this allows the 

sensor to be more sensitive to smaller impact forces [73]. 

 

Fig. 2.18 Sensor design implemented by Goa et al. [73] 

Hu et al. [74] implemented the impact bar sensor arrangement using an acoustic sensor 

to detect the vibrations caused by particles impacting the sensor bar, which is illustrated 

in Fig. 2.19. Using electrostatic sensors to independently measure the particle velocity 

Hu et al. [74] were able to determine particle size distribution of glass beads. 
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Fig. 2.19 Impact sensor design implimented by Hu et al. [74] 

Accelerometers have also been used to measure the impact force of particles impacting 

an invasive impact bar. Meunier et al. [77] used an impact bar that came into contact 

with the particle flow with an accelerometer mounted on the opposite end of the impact 

bar as shown in Fig. 2.20. The advantage of this sensor arrangement is that the 

components, such as the accelerometer, are inexpensive and simple to construct. 
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Fig. 2.20 Impact sensor design implemented by Meunier et al. [77] 

Despite the impact probe having only a small area it is still relatively large in 

comparison to the particle size. Consequently, even in dilute phase flow multiple 

simultaneous impacts may occur that would cause measurement errors.  

An adaption of the intrusive impact bar sensor design was implemented by 

Coghill [71]. For this design only has a small part of the impact bar is active. This was 

achieved by masking all but the active area on the sensor. The active area on the sensor 

is a ‘hit’ plate design as shown in Fig. 2.21. The outside of the plate is coated in ceramic 

for abrasive resistant with a layer of piezoelectric film inside the plate which detects the 

vibrations caused particles impacting the plate. The advantage of this sensor design is 

that it can detect the particle size distribution in a very local area (however the plate 
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design used by Coghill [71] is 19 mm diameter which would only be suitable for large 

diameter pipes).  

 

Fig. 2.21 Sensor design implemented by Coghill [71] 

2.5.2 Particle Concentration using Impact Sensors 

Particle concentration has been determined using impact sensors either by measuring 

the number of particle impacts [78] or by measuring the spectral frequency [79]. Zhan 

and Jing [78] used piezoelectric film to measure the impacts of grain as it fell onto the 

piezoelectric film in order to determine grain loss. By measuring the number of impacts 

in the time domain the grain loss (particle concentration) was able to be determined. 

This sensor arrangement would be unsuitable to determine particle concentration in a 

pneumatic conveying system since having the particle flow directly impacting the 

piezoelectric film would cause damage to the film due to the particles’ erosive effects.  

Wang et al. [79] used piezoelectric sensors and the principle of measuring the 

spectral frequency of the particle impacts. It was found that the higher the frequency 

component the higher the particle concentration due to more number of particle impacts. 

The sensor presented by Wang et al. [79] is non-invasive since it is mounted on the 
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outside of the pipe on a right angle pipe bend. The primary advantage of this is that it 

would be simple to retrofit onto an existing system. 

2.6 Optical Sensors 
 

Optical sensors have been applied to determine particle velocity [80]. Optical sensing 

techniques differ from digital imaging sensors in that an expensive camera and image 

analysis equipment is not required.  

2.6.1 Particle velocity using Optical Sensors 

Particle velocity has been determined using optical sensors. The optical sensor 

arrangement uses an optical emitter and an optical receiver. Mahmod et al. [80] used an 

LED of the optical emitter and a photodiode for the receiver in a configuration 

illustrated in Fig. 2.22.  

 

Fig. 2.22 Optical sensor configuration implemented by Mahmod et al. [80] 

Particle velocity was determined using two pairs of optical emitters/receivers in an 

upstream/downstream arrangement. As particles in a dilute phase flow pass between the 

optical emitters and receivers the light from the emitter that is detected by the receiver is 
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attenuated randomly. Using the signal outputs from the upstream/downstream sensors 

and using the cross correlation method the particle velocity can be determined. This 

sensor design has the advantage that is it a non-invasive sensing technology. This 

sensor, however, has the same problem as digital imaging sensing techniques as it 

requires a transparent window in the pipe which can be contaminated by particles.  

2.7 Radiometric Sensors 
 

Radiometric sensors are a non-intrusive sensor that work on the principal of a Gamma-

ray source (e.g. Americium-241) projecting a radiation beam across the cross section of 

a pipe which is detected by a detector (photodiode) with an appropriate signal 

conditioning circuit as shown in Fig. 2.23 [81]. 

 

Fig. 2.23 Diagram of the basic components of a radiometric sensor in a pipe. 

When the pipe is empty the output signal from the detector remains constant, however 

the detector output will vary as the particle flow travels through the radiation beam. 
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2.7.1 Particle Concentration Radiometric Sensors 

Barratt et al. [81], instead of using a single narrow radiation beam, used a strip source 

approach and an array of detectors as shown in Fig. 2.24. Using this method a matrix of 

gamma-ray was formed in the pipe. Particle concertation is determined by the 

attenuation of the gamma-ray beam; the higher the particle concentration the higher the 

attenuation of the gamma-ray beam. This design was able to get data of the particle 

concentration from the whole cross section of the pipe. 

 

Fig. 2.24 Diagram of Barratt et al. [81] radiometric sensor using a strip gamma-ray source used to detect 

particle concentration for the whole pipe cross section. 

2.7.2 Particle velocity using Radiometric Sensors 

Barratt et al. [81] also used the method shown in Fig. 2.24 to determine particle velocity 

by using two identical sensors in an upstream and downstream arrangement and using a 

cross-correlation method. Using data fusion of the particle concentration and particle 

velocity, the mass flow rate was able to be determined. Barratt et al. [81], however, 

states that this system is not in its current form an on-line system, but an on-line 

continuous system could be achieved by adding more identical radiation beam elements. 
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It is important to point out that the radiometric sensors contain a radiation 

source. Consequently their use would cause administrative problems as well as personal 

concerns about safety because of the public’s concern over radiation. 

2.8 Ultrasonic Sensors 
 

Ultrasonic Sensors are on-line sensors that are capable of determining both the particle 

velocity and particle concentration in a pneumatic bulk solid conveyor system making 

them capable of determining the mass flow rate. The sensor arrangement consists of two 

parts: the ultrasonic transmitter and the receiver as shown in Fig. 2.25 [82].  

 

Fig. 2.25 Configuration of an Ultrasonic flow sensor 
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2.8.1 Particle Concentration using Ultrasonic Sensors 

The particle concentration is determined by the attenuation of the pulsed ultrasonic 

beam as it is transmitted across the pipe since the higher the particle concentration the 

more attenuation is experienced in the ultrasonic beam [82]. 

2.8.2 Particle Velocity using Ultrasonic Sensors 

The particle velocity is determined by using an ultrasonic contra-propagation method, 

where the air velocity is determined by the difference in the transit time compared to 

when there is no air flow in the pipe. The contra-propagation method is used to 

determine the velocity in a pneumatic system since the speed of sound in air (340m/s) is 

relatively low compared to the speed of sound in water (1500m/s) making the 

propagation easier to measure [82]. 

 Abernethy et al. [83]  successfully trialled an ultrasonic sensor to determine 

mass flow rate on a pulverized coal fuel line to a 660MW boiler at Bayswater Power 

Station in NSW Australia, where it was installed on a 500mm diameter pipe with 

particle velocities of 25m/s with particle concentrations between 0.8 and 1.2kg/m3. 

2.9 Summary 
 

From this review of sensor technologies of work carried out by previous scholars, it is 

the opinion of this author that the ideal solution for an online system for monitoring 

particle velocity, size distribution and concentration would be to use a combination of 

sensing techniques.  

The ideal sensing technique for determining particle velocity is the electrostatic 

method using cross correlation due to its robustness and low cost. Furthermore, the 

electrostatic sensor will be able to determine particle concentration. It is also the opinion 

of this author that the ideal sensing technique for determining true particle concentration 

and particle size distribution is to use the impact sensing techniques; this is due to its 
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simplicity of the sensor design and that impact sensors can determine particle 

concentration and size distribution in a single sensor.  

It has been noted in this literary review that work carried out on sensors, such as 

electrostatic sensors and impact sensors, has revealed that they have a very local sensing 

area and do not provide a complete picture of what is happening in the whole cross 

section of the pipe (not considering digital imaging sensors). This will cause problems 

with multi-phase flow since different parts of the cross section of the pipe will be 

traveling at different velocities as well as different particle concentrations and size 

distributions. So in order to overcome this deficiency the electrostatic sensors (for 

determining particle velocity/concentration) and impact sensors (for determining 

particle concentration/size distribution) should be constructed in an array across the 

diameter of the pipe. This will allow the particle velocity/concentration/size distribution 

profiles to be monitored by an on-line sensor. 
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Design and Implementation of the Electrostatic 

Sensor Array 

 

 

3.1 Introduction 
 

This chapter will explain the concept and principle of the electrostatic sensor array 

design and will illustrate the novel features of the sensor array which will be capable of 

determining the particle velocity and particle concentration profiles for the whole 

diameter of the pipe. This will allow the electrostatic sensor array to measure the 

complex multi-phase flow that previous types of electrostatic sensors have been unable 

to achieve. All aspects of the sensor hardware design will be covered including: the 

structure and shape of the sensor array; the design and configuration of the sensor 

electrodes; signal conditioning circuit designs for the electrostatic sensors; digital 

selecting of each element of the sensor array; the use of an external high-speed analogue 

to digital converter (ADC) for digitisation of the electrostatic sensor signals; and the use 
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of an embedded microcontroller to determine particle velocity through cross correlation. 

Experimental procedure and results will be discussed in later chapters. 

3.2 Electrostatic Sensor Principle 
 

As solid particles are conveyed down the pipe in a pneumatic conveying system they 

pick up electrostatic charge. The level and distribution of this charge is random due to 

the nature of how it is generated inside the pipe through interaction and friction between 

the air and other particles [1]. The electrostatic charge carried by the particles can be 

detected using a sensor electrode. As the particles pass in close proximity of the sensor 

electrode a small amount of charge is induced on the sensor electrode [61]. Using this 

detected charge the particle velocity can be determined by either the spectral filtering 

method or the cross correlation method (depending on the electrode configuration). The 

relative particle concentration can be determined by measuring magnitude of the r.m.s. 

of the electrostatic charge (the higher the r.m.s. charge detected the higher the particle 

concentration). 

3.3 Electrostatic Array Concept 
 

This design of electrostatic sensor array is an invasive sensor design like the 

electrostatic probe electrode sensor in that the sensor electrodes comes into direct 

contact with the particle flow. Unlike the probe electrode design, however, the 

electrostatic sensor array is separated into individual electrode pairs spaced equally 

across the pipe diameter as shown in Fig. 3.1. 

 The advantage of this sensor design is that the electrostatic sensor array will be 

capable of determining both the particle velocity and particle concentration profiles for 

the whole diameter of the pipe. This will allow the complex flow characteristics 
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associated with multi-phase flow (air/coal and air/coal/biomass) to be monitored as well 

as specific flow regimes such as roping that occur within the sensors sensing range. 

 

Fig. 3.1 Comparison of the probe electrode (left) and the electrostatic sensor array (right) 

3.4 Electrostatic Sensor Array Design 
 

When devising the electrostatic sensor array design there are two possible designs for 

the main sensor structure. The first was to take the standard design for the electrostatic 

probe design and divide each probe into to isolated sections as shown in Fig. 3.2. This 

has the disadvantage of being complex to construct due to the fact each element of the 

electrodes has to be isolated and then each element connected to an external signal 

conditioning circuit (pre-amplifier). The extended connection distance between each 

sensor element to the pre-amplifier circuit would also cause a problem with noise 

contamination which would overwhelm the small signal from the electrodes. 

 The second electrostatic sensor array design is the blade design also shown in 

Fig. 3.2. The blade sensor design has the advantage of being able to construct the pre-

amplifier circuit directly inside the sensor blade. The advantage of this would be the 
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reduced distance between the electrodes and the pre-amplifier circuit reducing unwanted 

noise from entering the circuit and thus improving signal to noise ratio. 

 

Fig. 3.2 Diagram of electrostatic sensor array formed using probe electrodes (left) and sensor blade (right)  

Since the electrostatic sensor array is an invasive sensor its cross sectional area has to be 

kept as small as possible. Because the sensor array has to cross the whole diameter of 

the pipe the main factor in reducing the cross sectional area is to keep the sensor as thin 

as possible to reduce the impact the sensor array has on the particle flow. Even though 

the current sensor array design has the pre-amplifier circuits constructed inside the 

blade, the current electrostatic sensor array is 2.5 mm thick meaning that for a 50 mm 

bore pipe the sensor array’s cross sectional area takes up less than 6.4% of the pipe 

cross section. This, however, could be reduced for commercial versions by using thinner 

printed circuit board as well as using other manufacturing processes for fabricating the 

sensor blade. 

 Another consideration for the design of the blade shape of the sensor array is 

how it will affect the flow characteristics such as creating turbulence and causing 

velocity changes. For these reasons the sensing electrodes are only constructed on one 

side of the sensor blade with a 45 degree knife edge on the leading edge of the senor 

array. The 45 degree knife edge increase the aerodynamics of the sensor array and also 
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it deflects most of the turbulence and velocity change caused by the sensor array behind 

the sensing electrodes. Wind tunnel simulations (using CFD Motion created by 

Autodesk) were carried out to analyse the effect the sensor has on the conveying air 

(Fig. 3.3). The wind tunnel simulation confirms that most of the velocity change 

happens behind the sensor array’s electrodes. The simulation was carried out with a 

developed air flow of 20 m/s with a mesh count of 16,000 elements per plane. 

 

Fig. 3.3 Wind tunnel simulation of the effect of the sensor array's cross section on air velocity 

The sensor array blade housing is constructed from grounded metal to shield the pre-

amplifiers from external noise. This similarly has the advantage that any particle that 

impacts the leading edge of the sensor array blade will have its electrostatic charge 

discharged and hence it would not be detected by the electrostatic sensor arrays. 

Consequently any particles that have slowed down due to impacting the sensor blade 

will not be detected.  

3.4.1 Sensor Electrode Configuration 

There are two methods to determine particle velocity using electrostatic sensors: the 

spatial filtering method [44] and the cross correlation method [57]. Since the spatial 

filtering method uses a linear array of electrodes in the direction of the flow it was 

unsuitable for use with the electrostatic sensor array presented in this study due to space 
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constraints on the sensor blade. Using the cross correlation method to measure the 

velocity of particles traveling inside the pneumatic conveying pipe involves the use of 

two electrodes arranged in a configuration as shown in Fig. 3.4 [61].  

 

Fig. 3.4 Electrode configuration of the electrostatic sensor array inside a pipe 

The electrostatic sensors array consists of five pairs of electrodes across the diameter of 

the pipe. The physical size of the electronics for the pre-amplifier was the determining 

factor for the number of electrostatic electrodes able to be constructed across the pipe 

diameter. 

3.4.2 Design of the Sensor Electrode 

The electrodes for the electrostatic sensor array are manufactured on a double sided 

printed circuit board (PCB). The advantage of this is that the signal conditioning circuit 

can be constructed directly behind the electrodes on the other side of the PCB with the 
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electrode and signal condition circuit connected using via pins. Another advantage of 

manufacturing the electrodes on PCB is that different electrode designs can be 

constructed and tested quickly. However, for commercial use PCB electrodes are not 

suitable since prolonged exposer to the particle flow will erode the electrodes. 

 The cross correlation uses the input of a pair of electrodes in an upstream 

downstream configuration. The upstream and downstream electrodes are set as close as 

possible (10 mm apart). The physical size of the pre-amplifier was the determining 

factor in the electrode spacing. This is done to improve the magnitude of the correlation 

coefficient. The width of the electrode affects the bandwidth of the sensor signal with 

narrower width electrodes having a wider bandwidth. For this reason the electrodes in 

the current design were kept as narrow as possible (1 mm) [54]. The length of the 

electrodes governs the number of points that can be used to determine the particle 

velocity and concentration profile. The primary factor in determining the length of 

electrodes is the physical size of the signal conditioning circuits for each pair of 

electrodes. For a 50 mm bore pipe the maximum number of elements in the sensor array 

were five pairs of electrostatic sensors with each electrode having a length of 8 mm 

(with a 2 mm gap between each of the elements). 

3.4.3 Design of the Sensor Mounting Spool 

A custom sensor mounting spool was constructed to allow the sensor array to be 

mounted on the laboratory scale test rig. The sensor mounting spool has a pipe bore of 

50 mm which is compatible with both the negative and positive pressure test rigs. The 

sensor mounting spool is capable of rotating the sensor array around the cross sectional 

axis of the pipe as shown in Fig. 3.5. Several parts of the sensor mounting spool were 

constructed from Nylon using a laser sintering 3D printer. This was done to ensure a 

tight seal between the sensor array and the mounting spool. 
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Fig. 3.5 Illustration of the electrostatic sensor array mounted inside the custom pipe spool 

3.5 Design of the Electronic Hardware 
 

Since the electrostatic charge inducted on the sensor electrodes is so weak (in the region 

of nA) a special signal conditioning circuit is required to amplify the signal to a usable 

level. The signal conditioning circuit consists of a pre-amplifier, a variable secondary 

amplifier and a low pass filter. Since the electrostatic signal from the electrodes is so 

weak the pre-amplifier is constructed close to the sensing electrodes in the sensor blade 

as shown in Fig. 3.6. Two stages of amplification are used for amplifying the signal 

from the electrodes since a single stage would require a large feedback resistor 

(100MΩ). Furthermore, another advantage of a two stage amplification process is that 

the secondary amplifier can be configured to have a variable gain which would improve 

the sensors adaptability. 
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Fig. 3.6 Block diagram of the signal conditioning circuit for the electrostatic sensor 

3.5.1 Design of the Pre-Amplifier 

In order to convert the electrostatic charge detected on the electrode to a usable voltage 

signal, a current to voltage converter is used. The current to voltage converter uses the 

AD8601 operational amplifier (op-amp) configuration (Fig. 3.7). The AD8601 op-amp 

by ANALOG Devices was chosen because [84]: 

 Availability in single (AD8601), dual (AD8602) and quad (AD8604) packages 

allowing an increase in the component density of the circuits 

 Single supply operation (removes the need for dual rail power supply) 

 Wide bandwidth (8 MHz) 

 Fast slew rate (5V/μs) 

 Low offset voltage (500 μV Max) 

The relationship between the input current and the output voltage signal is [7]: 

 𝑉𝑜𝑢𝑡 = 𝑉𝑟𝑒𝑓 − 𝐼𝑖𝑛 𝑅𝑓 (3.1) 

The feedback capacitor Cf in parallel with Rf is used to ensure closed-loop stability of 

the amplifier [7]. Since the ADC used for digitisation can only accept positive input 

voltages, Vref (VDD/2) is used to bias the pre-amplifier between 0V and VDD (3.3V).  
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Fig. 3.7 Schematic design of the current to voltage pre-amplifier using an AD8601 operational amplifier 

The conventional design for a current to voltage converter using an op-amp 

configuration, as shown in Fig. 3.7, uses a high resistor value for Rf for small current 

applications. However, high resistor values for Rf will decrease the accuracy of the 

output signal due to temperature drift error. Moreover using large resistor values for Rf 

would affect the stability of the circuit. Nevertheless the sensitivity of the current to 

voltage converter can be increased without using a high value resistor for Rf by using a 

resistive “T” network as shown in Fig. 3.8; however using a resistive “T” network may 

cause an increase in offset and noise gain [85].  
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Fig. 3.8 Schematic design of the current to voltage pre-amplifier using a resistive “T” network using an 

AD8601 operational amplifier 

The relationship between the input current and output voltage for the resistive “T” 

network is express as [85]: 

 
𝑉𝑜𝑢𝑡 = 𝑉𝑟𝑒𝑓 − 𝐼𝑖𝑛 (𝑅2 +  𝑅𝑓 + 

𝑅2 𝑅𝑓

𝑅1
) (3.2) 

Due to the low particle concentrations in a dilute phase flow and the small surface area 

of the electrodes, the pre-amplifier requires a high scaling factor to make the pre-

amplifier sensitive enough to detect the particle flow. Using resistor values of 2 kΩ for 

R1 and 200kΩ R2 and Rf creates a scaling factor equivalent of approximately 20MΩ. 

However the addition of two extra resistors in the pre-amplifier will require smaller 

surface mount (SMD) components to be used in the construction of the pre-amplifier 

due to space constraints.  

3.5.2 Design of the Variable Secondary Amplifier 

The output signal from the pre-amplifier will still be in the region of millivolts so the 

output signal will not make full use of the whole range of the ADC. For this reason, a 

secondary amplifier is required to amplify the signal to a sufficient magnitude. Since the 

magnitude of the electrostatic signal is dependent on factors such as: what sort of 
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pulverised material is under test; the time particles have had to charge; and particle size, 

the secondary amplifier has an adjustable gain to increase its durability over different 

experimental conditions. The secondary amplifier is an op-amp in a non-inverting 

configuration as shown in Fig. 3.9 using an AD8601 op-amp [85]. 

 

Fig. 3.9 Schematic design of the variable AC coupled non-inverting amplifier using an AD8601 

operational amplifier 

Since the output of the pre-amplifier has a DC component (Vref) the secondary amplifier 

is AC coupled to prevent the DC component being amplified and causing saturation. 

The output voltage of the secondary amplifier is calculated using the equation [85]: 

 
𝑉𝑜𝑢𝑡 =  𝑉𝑟𝑒𝑓 + 𝑉𝑖𝑛  (1 + 

𝑅2

𝑅1
) (3.3) 

The secondary amplifier gain is controlled via jumper pins that select different values of 

R2. R2 was selected as the variable resistor rather than R1 since the value of R1 is used to 

determine the closed-loop upper cut off frequency (fc) of the amplifier which is 

calculated using [86]: 
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𝑓𝑐 =

1

2 𝜋 𝑅1 𝐶1
 (3.4) 

Additionally, changing the value of R1 would change the cut off frequency of the 

amplifier as well as the gain. In order to ensure the maximum frequency response for 

the secondary amplifier the value of fc was set as close to DC as possible with C1 being 

set to 22 μf and R1 being set to 15 kΩ the value of fc achieved was approximately 0.5 

Hz. 

3.5.3 Design of the Anti-Aliasing Low-Pass Filter 

Since the cross-correlation method is being used to determine the particle velocity it is 

essential that the signals from the electrostatic sensors contain as little noise as possible. 

For this reason, a second order Sallen-Key low pass filter was used to remove high 

frequency noise from the sensor output signals. The use of the Sallen-Key low-pass 

filter also provides anti-aliasing for the output signal. Fig. 3.10 shows the schematic 

diagram of the Sallen-Key low-pass filter. 

 

Fig. 3.10 Schematic design of the second order Sallen-Key low pass filter using an AD8601 operational 

amplifier 

The cut-off frequency (fc) for the Sallen-Key filter is determined by [87]: 

 
𝑓𝑐 =

1

2 𝜋 𝑅 𝐶 √𝑚𝑛
 (3.5) 
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Where mn is assumed to be set to 1 for unity gain. Previous work carried out using 

electrostatic sensors used a cut-off frequency of 15 kHz [88]. The values for R1 and R2 

are set at 47 kΩ and the values for C1 and C2 are set at 220 pF giving a cut-off 

frequency of approximately 15 kHz.  

3.5.4 Electrostatic Protection 

As in previous work [88] a BZA408B quadruple bidirectional ESD transient voltage 

suppressor is used to protect the circuit from any voltage surges caused by electrostatic 

discharges from the particles [89]. Each of the upstream/downstream electrostatic 

electrodes is connected to the input pins on a BZA408B. 

3.5.5 Design of the Vref Input Circuit 

In order to bias the pre-amp to VDD/2 a reference voltage (Vref) needs to be generated. 

The reference voltage is generated using a simple resistive voltage divider network 

tapped off VDD with the output determined by: 

 
𝑉𝑟𝑒𝑓 =

𝑅2

𝑅1 +  𝑅2
 𝑉𝐷𝐷 (3.6) 

The resistors used in the voltage divider are high tolerance resistors (+-0.5%) and are 

matched during circuit construction. The schematic diagram for the Vref circuit is shown 

in Fig. 3.11. The Vref output has to be as noise free as possible to ensure that it does not 

create additional noise in the sensor system. Capacitors C1 and C2 are used to eliminate 

power supply (VDD) pick-up noise. An op-amp (AD8601) is connected in a voltage 

follower configuration on the output of the voltage divider network. This is used to 

ensure a stable output voltage and remove any cross-coupling. The use of an op-amp 

also allows higher values of resistors to be used in the voltage divider network to reduce 

power consumption.  
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Fig. 3.11 Schematic design of the voltage divider circuit used to generate Vref with an AD8601 

operational amplifier in a voltage follower configuration 

3.5.6 Design of the Power Supply Circuit 

The power supply for all parts of the signal conditioning circuit runs on a common 3.3V 

supply which was chosen since the op-amp’s (AD8601) supply voltage is 2.7-5.5V. The 

input voltage is 12V DC since this is the supply used to power the microcontroller. 

However the voltage between 12V and 3.3V requires a two stage voltage regulator 

configuration as shown in Fig. 3.12. The two stage power supply also allows both 3.3V 

and 5V components to be powered. 

Mains to 12V 

DC Power 

Supply

First Stage 

(12V-5V DC) 

Second Stage 

(5V-3.3V DC) 
12V DC 5V DC 3.3V DC

Signal 

Conditioning 

Circuit
 

Fig. 3.12 Block diagram of the multi stage power supply unit 

The voltage regulator used for the first stage (12V-5V) is the SPX3819 voltage 

regulator by EXAR. This voltage regulator was chosen because [90]:  

 Low output noise (40μV) 

 High Accuracy (less than 1%) 

 Available in fixed output values 

To ensure low noise operation for the output voltage a 10 pF capacitor is connected 

between the bypass pin (pin 4) and ground as shown in schematic in Fig. 3.13. 
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Fig. 3.13 Schematic design of the 12V-5V DC power supply using the SPX3819 voltage regulator 

The second stage voltage regulator (5V-3.3V) uses the SP6205 voltage regulator from 

EXAR. This voltage regulator was chosen because [91]: 

 Low output noise (12μV) 

 Stable output voltage 

 Available in fixed output values 

To ensure low noise operation for the output voltage a 10 pF capacitor is connected 

between the bypass pin (pin 4) and ground as shown in schematic in Fig. 3.14. 

 

Fig. 3.14 Schematic design of the 12V-5V DC power supply using the SP6205 voltage regulator 

 



 

 

 

 

 

 

Chapter 3 Design and Implementation of the Electrostatic Sensor Array 
____________________________________________________________________________________________________________________________________________________________________________________________________________________  

68 

 

3.5.7 Design of the Analogue Multiplexer 

In order to maximise hardware resources an analogue multiplexer (MUX) controlled by 

the microcontroller is required. This allows the microcontroller to select each element 

(pair of upstream and downstream electrodes) of the electrostatic sensor array. The 

chosen analogue MUX was the ADG707 by ANALOG DEVICES. This analogue MUX 

was selected since [92]: 

 1.8V-5.5V supply voltage 

 Low internal resistance (2.5Ω initial 0.5Ω constant) 

 Fast switching time (40nS) 

The ADG707 is also a dual analogue MUX meaning that for each address the 

microcontroller selects a pair of inputs as shown in Fig. 3.15; this improves resource 

management for the microcontroller. 

 

Fig. 3.15 Diagram of the ADG707 duel analogue multiplexer [92] 

Table 3.1 shows the truth table for each switch pair on the ADG707 analogue MUX. 

The software for controlling the analogue MUX is embedded into the microcontroller 

(pin 21 = EN, pin 22 = A0, pin 23 = A1 and pin 24 = A2 on the MBED 

microcontroller). However, for the current design only pairs 1-5 are used since the 
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electrostatic sensor array only has five elements for a 50 mm bore pipe (this can be 

increased for larger bore pipes). 

          Table 3.1 

          ADG707 Truth Table 

A2 A1 A0 EN ON Switch Pair 

X X X 0 NONE 

0 0 0 1 1 

0 0 1 1 2 

0 1 0 1 3 

0 1 1 1 4 

1 0 0 1 5 

1 0 1 1 6 

1 1 0 1 7 

1 1 1 1 8 

X = Don’t Care 

3.5.8 ADC Implementation 

In order to digitise the analogue signal from the electrostatic sensors to perform the 

cross correlation, an ADC is required. The two main factors in the selection of an ADC 

are the resolution and the sampling rate. The resolution has to be suitably high enough 

so that minute changes in the output signal from the electrostatic sensor can be detected, 

and the sampling rate has to be sufficient so as not to cause aliasing on the digitised 

signal (at least twice the highest frequency 30 kHz).  

 The original design used the inbuilt ADC on the MBED microcontroller which 

has a 12-bit resolution [93]. However initial trials showed that the internal ADC only 

had a sampling rate of approximately 27 kHz which would be below the requirement of 

twice the highest frequency. Using modified software code to call the analogue 

conversion function [94], the sampling rate was able to be increased to approximately 

70 kHz per channel; however the digitised signal suffers from voltage spikes. Fig. 3.16 

illustrates the voltage spikes on ADC with a constant reference voltage of 1.65V as an 

input.  
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Fig. 3.16 Internal MBED ADC readings showing voltage spikes (with only Vref) 

Since the cross correlation method is used to determine particle velocity the presence of 

such voltage spikes would affect the quality and similarity of the signals. The presence 

of the voltage spikes has been documented on the MBED support website which gave 

advice regarding reducing voltage spikes by grounding unused analogue input pins [95]. 

This method did reduce the number of voltage spikes but they still occurred. 

Consequently the internal ADC on the MBED microcontroller was unsuitable for 

digitisation of the sensor array output signals. 

 The solution was to use an external ADC chip interfaced with the MBED 

microcontroller. The selected external ADC was the AD7490 by ANALOG DEVICES. 

This external ADC chip was selected because [96]: 

 12-bit resolution 

 Up to 1 MHz sampling rate (at 5V supply) 

 Sampling rate is controlled by the clock on the SPI interface enabling sampling 

rate to be controlled through software 

Using a modified open source library [97] for the MBED microcontroller a sampling 

rate of 150 kHz (10 times the highest frequency) per channel was achieved. Unlike the 
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internal MBED ADC, the digitised signal from the AD7490 did not suffer from voltage 

spikes. Only 2 of the 16 channels of the AD7490 are used for the digitisation of the 

upstream and downstream signals from the electrostatic sensors with all unused inputs 

grounded to reduce noise. The AD7490 is interfaced with the MBED microcontroller 

through the SPI port on pins 11, 12 and 13. 

 However the AD7490 has the disadvantage that its analogue signal input range 

is from 0-2.5V and the analogue signal from the electrostatic sensor signal conditioning 

circuits is 0-3.3V. The solution to this was to use a voltage divider resistor network to 

scale down the signal from the electrostatic sensor conditioning circuit as shown in the 

schematic in Fig. 3.17. An op-amp in a voltage follower configuration is placed 

between the voltage divider and the ADC to prevent the resistance in the divider 

network affecting the ADC.  

 

Fig. 3.17 Schematic diagram of the ADC input scaling circuit 

3.5.9 Design of the Complete Signal Conditioning Circuit 

The original design for the signal conditioning circuit on the electrostatic sensor array 

was to have the analogue MUX placed directly after the five pairs of pre-amplifiers as 

shown in Fig. 3.18. This was done since having the analogue MUX after the pre-

amplifiers would reduce the amount of electronics needed to construct the complete 

signal conditioning circuit. 
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Fig. 3.18 Block diagram of the complete electrostatic with signal duel secondary amplifiers 

Trials were carried out using the design of having the analogue MUX directly after the 

pre-amplifiers and it was found that output signal from the signal conditioning circuit 

would saturate for several seconds when switching of the analogue MUX occurred 

before stabilising to Vref. The cause of this was due to the AC coupling capacitors in the 

variable secondary amplifiers. Since the capacitor charging time (t) is governed by [13]: 

 
𝑡 =  −𝑅 𝐶 𝐿𝑛 (1 −  

𝑉𝑟𝑒𝑓

𝑉𝑖𝑛
) (3.7) 

Where Vin is the input signal voltage to the secondary amplifier.  Consequently until the 

AC coupling capacitor was charged to the level of Vref the variable secondary amplifier 

would behave like a DC coupled non-inverting amplifier and amplify the DC reference 

voltage causing saturation on the output. A solution to this problem was first 

implemented in the software on the microcontroller where a delay was placed between 

switching the MUX and performing the ADC function. However, since the AC coupling 

capacitors on the variable secondary amplifiers are set at 22 μF, a delay of 

approximately 2.5 seconds had to implement in the software. The consequences of this 
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meant that to perform a single velocity profile reading across the diameter would take 

12.5 seconds (not including time to perform the cross correlation operation for each 

velocity measurement). This was deemed unacceptable.  

 The solution was to place the analogue MUX after the low-pass filter stage as 

shown in the block diagram in Fig. 3.19. This solution has the disadvantage of requiring 

more signal conditioning circuitry. Nevertheless the main advantage of using this 

configuration is that the only limitation on the time taken to perform the velocity 

reading for the whole diameter of the pipe is the time for the microcontroller to perform 

the correlation coefficient operation. 
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Fig. 3.19 Block diagram of the final design of the electrostatic sensor array system 

3.5.10 Microcontroller Selection 

The purpose of the microcontroller is to perform the cross-correlation to determine the 

particle velocity and the r.m.s. calculation to determine particle concentration. The 

MBED NXP LPC1768 microcontroller using the 32-bit ARM Cortex-M3 chip was 

selected because [98]: 
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 The 32-bit ARM Cortex-M3 chip runs at 96 MHz allowing it to perform the 

cross-correlation calculation. 

 32 KB of RAM which is sufficient to perform the cross-correlation calculation 

using 1024 samples on both upstream and downstream electrodes. 

The MBED microcontroller was also selected because of its number of different 

interfaces which will allow the MBED to interface with external devices such as ADCs 

using the SPI line and analogue MUXs as shown in Fig. 3.20.  

 

Fig. 3.20 Interface diagram of the MBED NXP LPC1768 microcontroller [98] 

The MBED microcontroller outputs the data to either a PC via a USB serial line or data 

can be stored on an SD card. 

3.6 Embedded Software 
 

All data processing software (calculating velocity via the cross-correlation method and 

calculating the r.m.s charge level) is embedded into the MBED microcontroller and 

outputs the relevant data (Particle velocity, r.m.s charge level and correlation 

coefficient) for each element in the array via a USB serial line. Using the current MBED 

microcontroller, the particle velocity for each element of the array can be carried out in 
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approximately 100ms (so the sensor has a refresh rate of 500ms for all five elements of 

the array). Full data logging can be carried out (recording of the upstream/downstream 

electrode sensor output and the correlation coefficient values) with the data being stored 

on an SD card; however this significantly reduces the sensor refresh rate due to the time 

taken to record the data to the SD card.  

3.6.1 Embedded Software Operation 

Fig. 3.21 illustrates the operation of the embedded software used for data sampling of 

the upstream/downstream sensor outputs and the data processing software. Once the 

microcontroller is activated it: 

 Selects the element of the array via the address on the MUX control lines (pin 21 

= EN, pin 22 = A0, pin 23 = A1 and pin 24 = A2).  

 The external ADC is then configured (selects analogue input pins on the external 

ADC).  

 Once the ADC is configured the upstream and downstream sensor outputs are 

sampled with 1024 samples taken from both upstream and downstream sensor 

outputs. During the sampling process the time period between each sample is 

recorded using the internal timer on the MBED as a reference.  

 Once the sampling process is complete the particle velocity is calculated using 

the cross-correlation method and particle concentration by calculating the r.m.s 

of the sampled data. 

 The data is then output via the USB serial communications line or, for full data 

collection, saved to a SD card. 

 The next element in the array is selected by the MUX. 

 The system will continue looping until a sufficient number of 

velocity/concentration measurements have been taken. 
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Fig. 3.21 Software flow chart for determining particle velocity and concentration using the electrostatic 

sensor array 

3.6.2 Cross-Correlation Algorithm 

To determine the particle velocity the cross-correlation method is used to determine the 

delay time between the upstream and downstream signals. Since the distance between 

the upstream and downstream electrodes is known the particle velocity Vc can be 

calculated by: 

 
𝑉𝑐 =  

𝐿

𝜏𝑚
 (3.8) 

Where L is the spacing between the upstream and downstream electrodes and m is the 

time difference between the upstream and downstream signals. The delay m between 

the two signals is determined from the location of the dominant peak in the cross 

correlation function [57]. The normalised correlation function is determined by [99]:  
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𝑅𝑥𝑦[𝑚] =  

∑ 𝑥[𝑛]𝑦[𝑛 + 𝑚]𝑁
𝑛=1

√∑ 𝑥[𝑛]2  ∑ 𝑦[𝑛]2
𝑁

2⁄

𝑛=1

𝑁
2⁄

𝑛=1

 
(3.9) 

Where x[n] and y[n] are the digitised signals from the upstream and downstream 

electrodes respectively. The cross correlation function is determined by using 1024 

samples taken on both the upstream and downstream electrodes (this number of samples 

was the maximum able to be utilised using the MBED’s internal memory). The 

correlation coefficient (the dominant peak of the correlation function) is determined by 

a software algorithm illustrated in Fig. 3.22. From the location of the dominant peak the 

delay in the time domain is determined by the ADC sampling period (which was 

determined using the MBED’s internal timer function). 
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Fig. 3.22 Flow chart of the embedded software used to determine particle velocity using the position of 

the correlation coefficient 
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3.6.3 Algorithm for R.M.S Particle Concentration 

Since the charged particles is random and can have either a positive or negative charge 

[56] the particle concentration is determined and represented by the magnitude of the 

r.m.s. charge level of the electrostatic signal detected by the electrostatic sensor. 

 

𝑉𝑟𝑚𝑠 =  √
∑ 𝑥[𝑛]2𝑁

𝑛=1

𝑁
 (3.10) 

Where x is the signal from the electrostatic sensor electrode, n is the sample number and 

N is the total number of samples. 

3.7 Summary 
 

All aspect of the design of the electrostatic sensor array designed to measure the particle 

velocity and concentration profiles of pneumatically conveyed bulk solids have been 

presented in this chapter. This includes: the development of the structure of the 

electrostatic sensor array, the design of the electrostatic sensing electrodes, design of the 

custom pipe spool to allow the electrostatic sensor array to be mounted on a laboratory 

scale test rig, all designs of the signal conditioning circuits, the implementation of a 

high speed external ADC and the embedded digital signal processing used to determine 

the particle velocity (cross correlation software) and particle concentration (by 

measuring the magnitude of the r.m.s charge). 
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Design and Implementation of the Piezoelectric 

Sensor Array 

 

 

4.1 Introduction 
 

This chapter will explain the concept and principle of the piezoelectric impact sensor 

array design. This chapter will also illustrate how the sensor array will have the novel 

feature allowing it to be capable of determining the particle concentration and particle 

size distribution profiles for the whole diameter of the pipe in a complex multi-phase 

flow. All aspects of the sensor hardware design will be covered including: the structure 

and shape of the sensor array; the design and configuration of the impact sensor; 

justification of the use of piezoelectric film transducers, design of anti-vibration 

shielding for non-active areas of the sensor array (which will allow the sensor array to 

have a very local sensing area as well as reduce the chances of measurement errors 

caused by simultaneous particle impacts); signal conditioning circuit designs for the 
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piezoelectric transducers; digital selecting of each element of the sensor array; the use 

of an external high-speed analogue to digital converter (ADC) for digitisation of the 

impact sensor signals; the use of an embedded microcontroller for data logging of the 

impact data; and theoretical system modelling of the piezoelectric impact sensor. This 

chapter will also illustrate the need of another sensor technology such as an electrostatic 

sensor to independently measure the particle velocity in order to determine particle size 

through impact analysis. Both on-line and off-line experimental data using the 

piezoelectric sensor array will be presented in following chapters. 

4.2 Piezoelectric Impact Sensor Principle 
 

While particles are traveling in a pneumatic conveying system they have kinetic energy. 

The level of kinetic energy is determined by the particle velocity and the particle mass. 

When the moving particle collides with a fixed surface the kinetic energy is transferred 

to the fixed surface in the form of an impact force. Piezoelectric impact sensors work on 

the principle of using a piezoelectric transducer to measure the impact force. 

Piezoelectric materials are materials that output an electrical charge when mechanical 

stress is applied. The particle size distribution is determined by measuring the 

magnitude of the impact signal from the piezoelectric transduces. Using this method to 

determine the particle size, the particle velocity has to be independently measured and 

the particle’s mechanical properties likewise have to be known, so conversely the only 

unknown variable is the particle’s mass which can be determined using the impact 

signal magnitude. Particle concentration is determined by measuring the number of 

particle impact events. This would have the advantage that it would provide a true 

particle concentration measurement. 
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4.3 Concept of the Piezoelectric Impact Sensor Array 
 

Much like previous work the piezoelectric impact sensor array is an invasive sensor 

design which is similar to previous work carried out using impact sensors to determine 

particle size and particle concentration in pneumatically conveyed solids [73]. Unlike 

previous impact sensor designs, however, the piezoelectric impact sensor array is 

separated into individual impact sensors spaced equally across the pipe diameter as 

shown in Fig. 4.1. 

  
Fig. 4.1 Comparison of previous impact sensor design (left) and the piezoelectric impact sensor array 

concept (right) 

The advantage of this sensor design is that piezoelectric impact sensor array will be 

capable of determining both the particle concentration and particle size distribution 

profiles for the whole diameter of the pipe. This will allow the complex flow 

characteristics associated with multi-phase flow (air/coal and air/coal/biomass) to be 

monitored as well as specific flow regimes such as roping.  
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4.4 Design of the Piezoelectric Impact Sensor Array 
 

Since the piezoelectric impact sensor array is an invasive sensor design (it comes into 

contact with the particle flow), the effect of erosion caused by the particle flow needs to 

be taken into consideration. For this reason a mechanical interface (waveguide) would 

be placed between the particle flow and the piezoelectric transducer. Consequently the 

vibrations caused by a particle impact would be transferred through the waveguide into 

the piezoelectric transducer. 

 The first design of the piezoelectric impact sensor array was a blade design 

which would have five (to have conformity with the electrostatic sensor array) equally 

sized knife edge impact plate shaped waveguides placed across the diameter of the pipe. 

This design would have the piezoelectric transducer placed between the impact plate 

waveguide and a ridged back plate as shown in Fig. 4.2. 

 

Fig. 4.2 First design of the particle piezoelectric impact sensor array 

Active Impact Sensor Array Elements  
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However, each element of the impact sensor array would have had a large active 

sensing area (6 x 8 mm) meaning that even in a dilute phase flow the chances of 

simultaneous impacts occurring and causing measurement errors would be high. 

 The solution to reducing the chances of simultaneous impacts was to reduce the 

active sensing area on each element of the piezoelectric impact sensor array. The final 

design for the piezoelectric impact sensor array was to have a 45° knife edge blade 

design with the vast majority of the sensor blades’ cross sectional area non-active with 

narrow active waveguides protruding from the sensor blades’ leading edge to create 

impact sensors, as shown in Fig. 4.3. 

 

Fig. 4.3 Final design of the piezoelectric impact sensor array 

For a 50 mm bore pipe five independent impact sensors are arranged across the diameter 

of the pipe.  Each impact sensor is set 10 mm apart as illustrated in Fig. 4.3. This design 

of array was chosen since it conforms to the design of the electrostatic array. Each of 

the impact sensors has an active diameter of 1 mm (0.04% of the cross sectional area of 

a 50 mm bore pipe). The sensor array blade has a width of 6 mm which takes up 

approximately 15% of the cross sectional area of a 50 mm bore pipe. The diameter of 
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the waveguides was set to 1 m diameter to reduce the chances of simultaneous impacts 

as well as it reduced the thickness of the sensor blade. 

4.4.1 PVDF Film  

The piezoelectric material chosen for the piezoelectric transducer was polyvinylidene 

fluoride (PVDF) film. PVDF film was chosen for the piezoelectric transducer since it 

has the advantage of [100]: 

 Wide frequency range 0.001 Hz to 109 Hz. 

 High voltage output (10 times greater than piezo ceramics for the same force 

input). 

 Highly flexible allowing it to be fabricated into unusual designs. 

The PVDF transducer is fabricated by having a layer of PVDF film sandwiched 

between two metal surfaces. The metal surfaces are applied to the PVDF surface by 

evaporatively deposited metals such as copper, nickel, silver or gold with the metal 

layer being between 500 – 1000 Å thick [100]. The active area on the PVDF transducer 

is determined by where the metal surfaces overlap to form an electrode as shown in Fig. 

4.4. These electrode shapes can be fabricated using chemical etching techniques [100].  

 

Fig. 4.4 Diagram of how a piezoelectric film transducer is formed 

When stress is applied to the active area on the PVDF transducer the deformation 

changes the charge density of the material, this change causes a charge or voltage to be 
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generated between the two electrodes. The output charge or voltage is directly 

proportional to the magnitude and frequency of the applied stress [100]. 

PVDF film is anisotropic which means the charge or voltage output is dependent 

upon which axis the mechanical stress is applied as shown in Fig. 4.5. These piezo 

coefficients are most commonly used in either charge or voltage modes (d3n or g3n 

respectively). 

 

 

Fig. 4.5 Diagram of the numerical stress axes for PVDF film 

The output of the PVDF film can be either charge or voltage. The output charge in 

charge mode is represented by [100]: 

 
𝐷 =  

𝑄

𝐴
=  𝑑3𝑛 𝐹𝑛 (4.1) 

Where D is the charge density developed, Q is the charge developed A is the conductive 

area of the electrodes, d3n is the axis of the applied stress or strain and Fn is the applied 

stress in the specified direction. When configured in voltage mode the output voltage is 

represented by [100]: 

 𝑉𝑜 = 𝑔3𝑛 𝑋𝑛  𝑡𝑓 (4.2) 
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Where Vo is the output voltage of the PVDF film transducer, g3n is the axis of the 

applied stress or strain, Xn is the applied stress in the specified direction and tf is the 

thickness of the PVDF film. 

4.4.2 Design of the Piezoelectric Transducer 

The piezoelectric transducer used in the piezoelectric sensor array is a custom design 

that was constructed using 110 μm thick PVDF film with evaporatively deposited nickel 

copper alloy plating. The 110 μm thickness of PVDF film was chosen because the 

piezoelectric transducer will operate in one axis of stress (compressive stress on the 

thickness axis as expressed in Fig. 4.5). The nickel copper alloy plating was chosen 

since the alloy can be fabricated into electrodes via a chemical etching process using 

ferric chloride in the same way as a printed circuit board [100] (since the evaporatively 

deposited metal layer is only between 500 – 1000 Å thick the etching process only takes 

seconds to completely etch the electrodes). The active area of the piezoelectric 

transducer is 2.5 mm diameter as shown in Fig 4.6 with electrode leads etched on the 

top and bottom nickel copper alloy plating acting as tracts to the active area. The piezo 

transducer is insulated with a layer of silicone to prevent short circuiting between the 

electrode and waveguide. The silicone insulation also protects the delicate electrodes. 

The ends of the electrodes however are not insulated, thus enabling an interface for the 

piezoelectric transducer and the signal conditioning circuit to be created which is 

illustrated in Fig. 4.6. 



 

 

 

 

 

 

Chapter 4 Design and Implementation of the Piezoelectric Impact Sensor Array 
____________________________________________________________________________________________________________________________________________________________________________________________________________________  

87 

 

 

Fig. 4.6 Design of the custom piezoelectric film transducer used for the piezoelectric impact sensor array 

(not to scale) 

4.4.3 Anti-vibration Shielding 

In order to allow only selective parts of the piezoelectric impact sensor array to be 

active the majority of the leading edge of the sensor blade has to be shielded against 

vibrations caused by particle impacts. To do this, a variety of materials were used in a 

layered structure as shown in Fig. 4.7:  

 The first layer (working from the front of the leading edge of the sensor blade) is 

the front impact plate, this plate is a 45° knife edge (to improve the 

aerodynamics of the sensor blade) constructed out of brass for ease of 

manufacture (for commercial designs this impact plate would be made of 

ceramic or ceramic coated steel for abrasion resistance).  

 The second layer is a layer of rubber to attenuate the vibrations caused by 

particles impacting the front impact plate.  

 The third layer is another brass plate, this plate has screw mountings that allow 

the first two layers to be fixed to the fifth nylon layer (the screw mountings are 

recessed inside the pipe spool housing so do not come into contact with the 

particle flow.  
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 The fourth layer is another layer of rubber for vibration attenuation.  

 The fifth layer is used to mount layers 1 – 4 to the main aluminium sensor 

housing, the fifth layer is constructed from 3D printed nylon using the laser 

sintering method.  

The waveguide passes through all layers of anti-vibration shielding and is isolated from 

the layers by an air gap of approximately 0.1 mm. The sides of the sensor array blade 

do not have as much anti-vibration shielding as the leading edge of the sensor blade 

since they are constructed out of printed circuit board. This does not cause a problem 

since particles will not be impacting the side of the sensor blade since they will be 

traveling in parallel to it. 

 

 

Fig. 4.7 Cutaway view of the piezoelectric impact sensor array showing the layers of anti-vibration 

shielding 

4.4.4 Waveguide Design 

The waveguides protrude from the leading edge of the sensor blade so particles impact 

the waveguide head on. The impact face of the waveguide is a flat surface to reduce the 
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complexity of the impact mechanics. The waveguides are machined from brass for 

convenience and ease of machining (for commercial designs the waveguides would be 

fabricated from hardened steel). The impact face of the waveguide is 1 mm diameter (if 

mounted inside a 50 mm bore pipe each impact face has the equivalent area of 0.04% of 

the pipe bore). 

When the particles impact the waveguide the vibrations caused by the particle 

impacts travel along the waveguide into the piezoelectric transducer. The waveguide 

and piezoelectric transducer are fixed together using specialist adhesive for gluing 

silicone based rubbers.  

The waveguides are assembled into the aluminium housing of the sensor blade 

using tight fitting rubber washers as shown in Fig. 4.8. These rubber washers restrict the 

axial movement of the waveguide restricting them to one dimension of vibration. The 

reason for this is to ensure that mechanical stress is only applied to the piezoelectric 

transducer in one axis (compressive stress on the thickness axis as expressed in Fig. 4.5. 

Each of the waveguides is 17 mm in length (from tip to the base where it is fixed to the 

piezoelectric film transducer) allowing it to pass through the leading edge anti vibration 

shielding. The waveguides protrude from the leading edge by 2 mm to form the active 

sensor area of each element.  
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Fig. 4.8 Cutaway view of the piezoelectric impact sensor array showing the structure of the piezoelectric 

impact sensor array 

4.4.5 Design of the Sensor Mounting Spool 

A custom sensor mounting spool was constructed to allow the piezoelectric sensor array 

to be mounted on the laboratory scale test rig. The sensor mounting spool has a pipe 

bore of 50 mm which is compatible with both the negative and positive pressure test 

rigs. The sensor mounting spool is capable of rotating the sensor array around the cross 

sectional axis of the pipe as shown in Fig. 4.9. Several parts of the sensor mounting 

spool were constructed from Nylon using a laser sintering 3D printer. This was done to 

ensure a tight seal between the sensor array and the mounting spool. 
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Fig. 4.9 Illustration of the piezoelectric impact sensor array mounted inside the custom pipe spool 

4.4.6 Piezoelectric Transducer Interface 

One of the main challenges in using custom fabricated piezoelectric film transducers is 

the method to mechanically/electronically interface them to the signal conditioning 

circuit (pre-amplifier). Some of the standard methods include [100]: 

 Rivets/eyelets. This method uses a rivet or eyelet that is pressed through the 

piezoelectric film and in doing so makes a conductive contact with the 

evaporatively deposited metal layer and the rivet or eyelet is then attached to a 

wire. However; this method was not used because of space constraints inside the 

sensor blade housing. 

 Crimp connectors. This uses a specialist crimp that is pressed through the 

piezoelectric film and makes a conductive contact with the evaporatively 

deposited metal layer. The crimps have solder tags for easy soldering to wires. 

This method was not used since the crimps would require a crimping tool that 

was financially uneconomical for the low number of piezoelectric transducers 

that would be fabricated. 
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 Direct soldering. This requires wires to be directly soldered to the evaporatively 

deposited metal layer. This is the simplest method; however the low melting 

temperature of the piezoelectric film makes this unadvisable.  

 Conductive transfer tape. For this method conductive tape is affixed to the 

evaporatively deposited metal layer and a wire soldered to the conductive tape. 

The use of conductive tape is ideal for short term experimentation with 

piezoelectric film; however long term the adhesive on the tape degrades which 

made it unsuitable for use in the piezoelectric sensor array. 

 Conductive epoxy resin. This process uses conductive epoxy resin to form the 

connection with the evaporatively deposited metal layer and a cable connector. 

This method was not used since the restricted space in the sensor array blade 

would make it difficult to control the placement of the epoxy resin. 

The chosen method was to use a clamping system illustrated in Fig. 4.10. This method 

has the advantage of both creating a good electrical connection as well as a strong 

mechanical fixing to ensure the piezoelectric film transducer did not lose connectivity 

over time. The clamp surfaces are fabricated from printed circuit board using the copper 

layer as a conductive contact face to the evaporatively deposited metal layer. The clamp 

faces are compressed against the piezoelectric film using two M1.2 screws and nuts. 

The bottom printed circuit board (PCB) clamp is formed from one of the sensor blade’s 

outer PCB walls (the advantage of this is that the pre-amplifier can be constructed very 

close to the piezoelectric transducer thus improving the signal to noise ratio). The 

compression screws are insulated from the conductive surfaces on the clamp to ensure 

they do not cause a short circuit and are countersunk into the PCB to reduce the width 

of the sensor blade.  
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Fig. 4.10 Diagram of the clamping system used to interface the piezoelectric film transducer to the signal 

conditioning circuit 

4.5 Design of the Signal Conditioning Unit 
 

The signal output from the piezoelectric transducer can either be in charge or voltage 

mode. The mode in which the piezoelectric transducer operates is determined by the 

configuration of the pre-amplifier. In order to increase the flexibility of the piezoelectric 

sensor array (increase the range of particle sizes it can be used to measure) a variable 

secondary amplifier is placed on the output of the pre-amplifier. Since the impact signal 

from a particle impact may consist of different frequencies that relate to different 

particle impact parameters (such as particle impact velocity and particle size) an 

adjustable band-pass filter is placed on the output of the variable secondary amplifier as 

shown in Fig. 4.11. This bandpass filter can also be bypassed for experiments to allow 

the full frequency spectrum to be analysed.  

Bottom PCB Clamp 

Top PCB Clamp 

PCB Copper Tracks 

Compression nut/bolts 

PVDF Metal Layer 

PVDF Film 
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Adjustable
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Fig. 4.11 Block diagram of the piezoelectric impact sensor array signal conditioning circuit  

4.5.1 Design of the Pre-Amplifier 

The piezoelectric transducer can be configured in either charge or voltage mode. The 

piezoelectric transducer is modelled in charge mode as a charge source with a shunt 

capacitor and resistor or in voltage mode with a series capacitor and resistor as shown in 

Fig. 4.12 [101]. 

 

Fig. 4.12 Schematics of the charge model and the voltage model of the piezoelectric film transducer 

The configuration of the pre-amplifier is what determines the mode in which the 

piezoelectric transducer operates in. Fig. 4.13 shows the schematic of a charge amplifier 

which sets the pre-amplifier in charge mode. 
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Fig. 4.13 Circuit schematic – charge mode 

The advantage of using a piezoelectric transducer in charge mode is that long cables can 

be used to connect the piezoelectric transducer [100]. The gain of the piezoelectric 

transducer using the pre-amplifier in charge mode is determined by [100]: 

 
𝐴𝑜 = −

𝑄

𝐶𝑓
 (4.3) 

Where Ao is the gain, Q is the charge developed and Cf is the feedback capacitor. The 

pre-amplifier in charge mode likewise affects the operating frequency of the 

piezoelectric transducer with the lower cut-off frequency fL determined by [101]: 

 
𝑓𝐿 =

1

2 𝜋 𝑅𝑓  𝐶𝑓
 (4.4) 

With Cf being the feedback capacitor and Rf being the feedback resistor (Fig. 4.13). The 

upper cut-off frequency fH is determined by [101]: 

 𝑓𝐻 =
1

2 𝜋 𝑅𝑖(𝐶𝑝 𝐶𝑐)
 (4.5) 

Where Ri and Cc are the resistance and capacitance respectively of the input cable 

linking the piezoelectric transducer to the pre-amplifier and Cp is the capacitance of the 

piezoelectric transducer. 
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 The schematic shown in Fig. 4.14 shows the circuit topography of the pre-

amplifier for the piezoelectric transducer in voltage mode. The advantage of using 

piezoelectric transducer in voltage mode is that changes in temperature have little effect 

on the voltage sensitivity [100]. However, using the piezoelectric transducer in voltage 

has the disadvantage that the pre-amplifier has to be constructed close to the 

piezoelectric transducer. 

 

Fig. 4.14 Circuit schematic – voltage mode 

The pre-amplifier in voltage mode is a non-inverting amplifier and the voltage gain is 

determined by: 

 𝐴𝑜 = 1 +
𝑅𝑓

𝑅𝑔
 (4.6) 

Consequently the output voltage of the pre-amplifier in voltage mode using a 

piezoelectric PVDF film transducer is determined by: 

 𝑉𝑜 = (𝑉𝑖𝑛 𝐴𝑜) + 𝑉𝑟𝑒𝑓 (4.7) 

Where Vo is the output voltage from the voltage mode pre-amplifier, Vin is the voltage 

output from the PVDF film transducer when mechanical stress is applied which is 

calculated using (4.2), Ao is the voltage gain of the voltage mode pre-amplifier 

calculated using (4.6) and Vref is the bias voltage. The pre-amplifier in voltage mode 
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also affects the operating frequency of the piezoelectric transducer with the lower cut-

off frequency fL determined by [101]: 

 
𝑓𝐿 =

1

2 𝜋(𝑅𝑝 ∥ 𝑅𝑏)(𝐶𝑝 ∥ 𝐶𝑐)
 (4.8) 

Where Rp is the resistance of the PVDF film, Rb is a high value resistor that provides a 

DC bias path for the amplifier input stage (Fig. 4.14), Cp is the capacitance of the PVDF 

film and Cc is the capacitance of the input cables (Fig. 4.14.). The upper cut-off 

frequency fH is determined by [101]: 

 
𝑓𝐻 =

1

2 𝜋 𝑅𝑓 𝐶𝑓
 (4.9) 

With Cf being the feedback capacitor and Rf being the feedback resistor. 

 For the pre-amplifier presented in this study the non-inverting amplifier (voltage 

mode) was used. The primary reason for this decision was that changes in temperature 

have little effect on the voltage sensitivity [100]. However this would require the pre-

amplifier to be constructed inside the sensor blade close to the piezoelectric transducer. 

The voltage mode pre-amplifier uses the AD8601 op-amp. The AD8601 op-amp by 

ANALOG Devices was chosen because [84]: 

 Available in single (AD8601), dual (AD8602) and quad (AD8604) packages to 

increase component density in circuits 

 Single supply operation (removes the need for dual rail power supply) 

 Wide bandwidth (8 MHz) 

 Fast slew rate (5V/us) 

The value for Rg and Rf was 10 kΩ and 1 kΩ respectively giving the pre-amplifier a gain 

of 1.1; this was done so the amplifier’s gain would be as close to 1 as practically 

possible. The value of Rb was set to 10 MΩ [101]. The feedback capacitor Cf was set to 

15 nF giving an upper cut-off frequency of approximately 10 kHz. Since the ADC used 

for digitisation can only accept positive input voltages Vref (VDD/2) is used to bias the 

pre-amplifier between 0V and VDD (3.3V). 
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4.5.2 Design of the Secondary Variable Circuit  

The purpose of the secondary amplifiers is to increase the signal output from the pre-

amplifier to a level that utilises the full range of the ADC. The variable secondary 

amplifier also: 

 Improves the robustness of the sensor to allow it to detect a wide range of 

particle sizes at different impact velocities. 

 Allows each of the secondary variable amplifiers to calibrate each of the 

piezoelectric impact sensors in the array. The reason for this is that the 

piezoelectric impact sensor is an electromechanical sensor and variations in the 

mechanical manufacture will require each sensor in the array to be calibrated. 

The design of the secondary variable amplifier is an AC coupled non-inverting 

amplifier; the circuit topography is the same design as the secondary variable amplifier 

used on the electrostatic sensor array described in chapter 3. 

4.5.3 Design of the Adjustable Bandpass Filter 

When the piezoelectric impact sensor is struck by a particle; the vibrations caused by 

the impact travel along the impact waveguide to the piezoelectric film transducer which 

will induce a signal proportional to the frequency of this vibration. In order to increase 

the adaptability of the impact sensor, an adjustable bandpass is placed on the output of 

the variable secondary amplifier. This is to filter out frequencies that are not related to a 

direct particle impact on the active part of the sensor array.  

 The bandpass filter is formed by a second order low-pass Sallen-Key filter and a 

second order high-pass Sallen-Key filter. The schematics of the low-pass Sallen-Key 

filter and a second order high-pass Sallen-Key filter are illustrated in Fig. 4.15 and Fig. 

4.16 respectively. The cut-off frequencies are set by jumpers that select different value 

resistors and capacitors 
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Fig. 4.15 Circuit schematic of the Sallen-Key low-pass filter 

 

Fig. 4.16 Circuit schematic of the Sallen-Key high-pass filter 

The cut-off frequency (fL) for the low-pass Sallen-Key filter is determined by [87]: 

 
𝑓𝐿 =

1

2 𝜋 𝑅 𝐶 √𝑚𝑛
 (4.10) 
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Where mn is assumed to be set to 1 for unity gain. The cut-off frequency (fH) for the 

high-pass Sallen-Key filter is determined by [87]: 

 
𝑓𝐻 =

1

√𝑅1 𝑅2 𝐶1 𝐶2

 (4.11) 

The bandpass filter is optional and can be bypassed in the sensor hardware. The reason 

for this is to allow full data collection of all frequency components of the signal. A 

bandpass filter can also be applied off-line using digital signal processing (DSP). 

4.5.4 Design of the Vref Input Circuit  

In order to bias the pre-amp to VDD/2 a reference voltage (Vref) needs to be generated. 

The reference voltage is generated using a simple resistive voltage divider network 

tapped off of VDD with a voltage follower. This circuit design is explained in detail in 

chapter 3.  

4.5.5 Design of the Power Supply Circuit  

In order to reduce noise in the signal conditioning circuit the power supply design used 

for the piezoelectric impact sensor array is the same design used on the electrostatic 

sensor array described in chapter 3. 

4.5.6 Design of the Analogue Multiplexer Circuit  

In order to maximise hardware resources an analogue multiplexer (MUX) controlled by 

the microcontroller is required. This allows the microcontroller to select each element 

(piezoelectric impact sensor) of the electrostatic sensor array. The chosen analogue 

MUX is the ADG706 by ANALOG DEVICES. This analogue MUX was selected in 

view of the following features [92]: 

 1.8V-5.5V supply voltage 

 Low internal resistance (2.5Ω initial 0.5Ω constant) 

 Fast switching time (40nS) 

The ADG707 is also a single end analogue MUX meaning that for each address the 

microcontroller selects one of the inputs as shown in Fig. 4.17 
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Fig. 4.17 Diagram of the ADG706 single ended analogue multiplexer [92] 

Table 4.1 shows the truth table for each switch on the ADG706 analogue MUX. The 

software for controlling the analogue MUX is embedded into the microcontroller (pin 

25 = EN, pin 24 = A0, pin 23 = A1, pin 22 = A2 and pin 21 = A3 on the MBED 

microcontroller). For the current design, however, only 1-5 are used since the 

piezoelectric sensor array only has five elements for a 50 mm bore pipe (this can be 

increased for larger bore pipes). 
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        Table 4.1 

        ADG706 Truth Table 

A3 A2 A1 A0 EN ON Switch 

X X X X 0 NONE 

0 0 0 0 1 1 

0 0 0 1 1 2 

0 0 1 0 1 3 

0 0 1 1 1 4 

0 1 0 0 1 5 

0 1 0 1 1 6 

0 1 1 0 1 7 

0 1 1 1 1 8 

1 0 0 0 1 9 

1 0 0 1 1 10 

1 0 1 0 1 11 

1 0 1 1 1 12 

1 1 0 0 1 13 

1 1 0 1 1 14 

1 1 1 0 1 15 

1 1 1 1 1 16 

      X = Don’t Care 

4.5.7 Implementation of the ADC Data Logger 

The analogue to digital converter used to digitise the signal output from the 

piezoelectric sensor array uses the same external ADC (AD7490) described in chapter 

3. The embedded algorithm in the MBED microcontroller used to control the sampling 

rate in the external ADC is different. Unlike the sampling process for the cross 

correlation algorithm used on the electrostatic sensor array described in chapter 3, the 

sampling period for the piezoelectric sensor array has to be exactly consistent. The 

reason for this is that a spectral analysis will be carried out on the impact signal to 

determine the frequency components of the impact signal. To ensure a constant 

sampling rate an algorithm was developed and embedded into the MBED 

microcontroller that linked the sampling operation of the external ADC to the internal 
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timer on the MBED microcontroller. The sampling frequency was set to 200 kHz (twice 

the highest frequency expected from a piezoelectric transducer in one dimension of 

mechanical stress [100]) in the embedded software. 

 To ensure the accuracy of this algorithm the ADC was bench tested using a 

signal generator to generate a sine wave and have the ADC sample the output. Three 

sine waves were inputted into the ADC from the signal generator: 10 kHz, 30 kHz and 

50 kHz. A power spectral analysis was then applied to the captured data as shown in 

Fig. 4.18 which shows dominant peaks at 10 kHz, 30 kHz and 50 kHz. This verifies that 

the sampling period of the ADC is constant and suitable for spectral analysis of the 

impact signal from the piezoelectric impact sensor. 

 

Fig. 4.18 Power spectral analysis of 10 kHz, 30 kHz and 50 kHz sine wave generated by a signal 

generator 

4.5.8 Microcontroller Selection 

It was decided that all data logging and digital control of the piezoelectric sensor array 

would be carried out by a dedicated microcontroller. The reason for this was that a 

microcontroller would allow the piezoelectric impact sensor array to be easily adapted 

and configured for individual experimentation (such as being able to interface with 
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sensors on a test rig). The selected microcontroller was the MBED NXP LPC1768 

microcontroller using the 32-bit ARM Cortex-M3 chip. The reason for this selection can 

be seen in chapter 3. 

4.5.9 Design of the Complete Signal Conditioning Circuit  

Since both the secondary amplifier and the optional bandpass filter are both adjustable 

these components of the signal conditioning circuit for the piezoelectric sensor array 

have to be replicated for each of the five elements of the sensor array illustrated in Fig. 

4.19.  

MUX

Variable 
Secondary 
Amplifier

Digital Control Lines

ADC/

Microcontroller

(Optional)

Adjustable 

Bandpass Filter

Variable 
Secondary 
Amplifier

Variable 
Secondary 
Amplifier

Variable 
Secondary 
Amplifier

Variable 

Secondary 

Amplifier

Piezo 

Transducer/ 

Pre-Amplifier

(Optional)

Adjustable 

Bandpass Filter

Piezo 

Transducer/ 

Pre-Amplifier

(Optional)

Adjustable 

Bandpass Filter

Piezo 

Transducer/ 

Pre-Amplifier

(Optional)

Adjustable 

Bandpass Filter

Piezo 

Transducer/ 

Pre-Amplifier

(Optional)

Adjustable 

Bandpass Filter

Piezo 

Transducer/ 

Pre-Amplifier
 

Fig. 4.19 Block diagram of the complete piezoelectric impact sensor array signal conditioning circuit  

4.5.10 SD Card Interface Design 

Due to the large amount of data that will be collected during experimentation with the 

piezoelectric sensor array, a SD card is interfaced with the MBED microcontroller. The 

SD card is interfaced with the MBED microcontroller (pin 5 = DI, pin 6 = DO, pin 7 = 

CLK, pin 8 = CS and pin 40 = VDD). The software for interfacing is an open source 

library [102] and is embedded into the MBED microcontroller. The data from the 

piezoelectric sensor array is saved as a .txt file in the SD card. 
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4.6 Modelling of the Piezoelectric Impact Sensor  
 

When a moving particle collides with a fixed solid surface the kinetic energy of the 

moving particle is converted into an impact force. Hertz was the first to pioneer this 

work [103]. In order to determine the impact force the particle is assumed to be a dry 

sphere. This is because many particles in industry such as coal particles in the energy 

industry or shot in manufacturing are close to being spherical in shape. In order to 

calculate the impact force the mechanical properties of the impact surface and particle 

have to be taken into account. To determine the particle size the particle velocity will 

have to be independently measured using another sensing technology such as the 

electrostatic sensor. The effective elastic modulus E* can be determined by [104]: 

 
𝐸∗ = 2 (

1 −  𝜈1
2

𝐸1
+

1 −  𝜈2
2

𝐸2
)

−1

 (4.12) 

Where ν1 and ν2 is the Poisson’s ratio of the particle and surface respectively and E1 and 

E2 are the Young’s modulus of the particle and surface respectively. The size (radius) of 

the particle also has to be taken into account. The median radius R* of the contact 

surfaces is defined as [104]: 

 
𝑅∗ =  (

1

𝑅1
+

1

𝑅2
)

−1

≈  𝑅1 (4.13) 

Where R1 and R2 are the radius of the particle and surface respectively. 

The effective mass m* of both the contact parameters is defined as [104]: 

 
𝑚∗ =  (

1

𝑚1
+

1

𝑚2
)

−1

 (4.14) 

Where m1 and m2 are the masses of the impacting particle and target respectively. From 

the moment that a collision occurs until the moment the particle velocity reduces to 

zero, elastic deformations occur. The time t (duration of impact) is determined by [104]: 

 
𝑡 = 3.78 (

𝑚∗2

𝑉  𝑅∗  𝐸∗2
)

1/5

 (4.15) 

Where m* is the effective mass of the particle and V is the velocity of the particle. The 

maximum impact force is defined by [104]: 
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𝐹𝑚𝑎𝑥 =  (

125 𝑚∗3  𝐸∗2 𝑅∗  𝑉6

144
)

1/5

 (4.16) 

To measure the impact force of the colliding particle a piezoelectric transducer is 

used to measure the vibrations caused by the particle’s impact. Piezoelectric materials 

convert mechanical stress and strain into charge or voltage expressed in (4.1) and (4.2) 

respectively [105]. 

The piezoelectric transducers used in the piezoelectric sensor array are 

configured in voltage mode which is expressed in (4.2). Xn is the applied stress in the 

specified direction and t is the thickness of the PVDF film. The mechanical stress Xn is 

calculated by: 

 𝑋𝑛 =  
𝐹𝑚𝑎𝑥

𝐴
 (4.17) 

The particles do not directly impact the piezoelectric transducer since this would 

damage the piezoelectric film. The particles impact the waveguide which has the 

primary function to act as a conduit for the vibrations caused by the particle impacts. 

The waveguide is secured using tightly fitting rubber washers which limits the 

directional axis of movement to one direction (one dimension of movement). By doing 

this the rubber washer also applies friction to this dimension of movement and this 

would reduce the amount of stress applied to the piezo transducer during impact. For 

this the output voltage is calculated by: 

 𝑉𝑜 =
𝑔3𝑛 𝑋𝑛 𝑡 

𝑓𝑓
 (4.18) 

Where ff is the friction acting against the waveguide from the rubber washer during the 

particle impact. However it is difficult to quantify the value of the friction acting 

between the rubber washer due to the complexity of the surface texture of the 

waveguide, rubber washer and the force between the washer and waveguide [106]. For 

this reason the value ff is an estimate. This estimate will be determined using an off-line 

testing method under controlled conditions applying known variables which will be 

explained in detail in Chapter 5.  
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4.7 Summary  
 

All aspect of the design of the piezoelectric sensor array designed to measure the 

particle size distribution and concentration profiles of pneumatically conveyed bulk 

solids have been presented in this chapter. This includes: the development of the 

structure of the piezoelectric sensor array, the design of the vibration shielding that 

allows a very small area to be active reducing the risk of simultaneous particle impacts, 

design of the custom pipe spool to allow the piezoelectric sensor array to be mounted on 

a laboratory scale test rig, all designs of the signal conditioning circuits and the 

implementation of a high speed external ADC. This chapter also presents the theoretical 

system model for the piezoelectric impact sensors. This model allows the particle size 

(particle diameter) to be determined assuming the particle velocity can be independently 

measured using another sensing technology (such as an electrostatic sensor) and the 

mechanical properties of the particles is known. 
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Chapter 5 

 

 

Particle Flow Test Rigs and Experimental 

Procedures 

 

5.1 Introduction  
 

For validation of the performance of both the electrostatic and piezoelectric sensor 

arrays, laboratory experimentation has to be carried out. For this purpose, on-line 

laboratory scale pneumatic bulk solid conveying test rigs were designed and constructed 

as well as a specific off-line test rig for testing and calibrating the piezoelectric sensor 

array. This chapter covers the specific design features of both the on-line pneumatic 

conveying systems (negative and positive pressure rigs) and the off-line test rig for the 

piezoelectric sensor array.  

Testing procedures such as: modes of testing for each test rig; specific analysis 

tools used (such as the off-line digital imaging system for measuring particle size and 

shape); and preparation procedures for each type of experiment. Health and safety 

considerations when carrying out experimentation will be expressed in this chapter. All 

experimental results will be presented in Chapter 6. 
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5.2 Pulverised Materials and Handling 
 

A variety of pulverised materials were used in on-line pneumatic conveying test rigs. 

These pulverised materials include flour, coal, plastic shot and a variety of pulverised 

biomass materials. Before the pulverised materials can be used for experimentation they 

have to be prepared (separated into specific particle sizes) and their size and shape 

analysed. 

5.2.1 Particle Size and Shape Analysis 

In order to characterise the particle size and shape in 2D an off-line digital imaging 

system was used. The particle size and shape digital imaging system consists of a USB 

imaging scanner and the BioMscan software developed by Robert Carter at the 

University of Kent [43]. When using the particle imaging scanner the procedure is: 

 Open the scanner lid and clean the glass of the scanning table of any unwanted 

particles. 

 Lightly sprinkle the test particles on the glass scanner table ensuring that only a 

small concentration of particles is present and close the scanner lid. 

 Run the BioMscan software (shown in Fig. 5.1). If particle concentration is 

above 3% clean the glass scanning table and reapply particles (since higher 

particle concentrations will cause measurement errors). 

 Particle size and shape can be displayed on the user interface or exported as a 

.csv file. 



 

 

 

 

 

 

Chapter 5 Particle Flow Test Rigs and Experimental Procedures 
____________________________________________________________________________________________________________________________________________________________________________________________________________________  

110 

 

 

Fig. 5.1 Screenshot of the user interface of the BioMscan software  

5.2.2 Particle Size Separation Using Sieving 

In some experiments the effect of particle size on particle flow characteristics is to be 

examined. In order to achieve this, pulverised materials have to be separated by particle 

size. This is carried out by sieving the pulverised through the desired mesh size. Once 

enough pulverised material has been sieved, the material is analysed to ensure the 

particle size corresponds to the mesh size of sieve. 

5.2.3 Handling of Pulverised Material 

Before handling the pulverised materials a full risk assessment is carried out on the type 

of material being used to ensure correct handling and storage procedure is being 

followed. When handling the pulverised materials specific personal protective 

equipment is used: 

 Overalls – these are used to protect the user’s clothes from fine pulverised 

materials such as coal. 
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 Protective Glasses - these are used to protect the user’s eyes in the event the 

pulverised material becomes airborne (such as in the event of containment loss 

in the storage tank on the positive pressure test rig).  

 Dust Mask - these are used to protect the user from breathing in the fine 

particles used during experimentation (P3 specification filters were used [107]). 

5.2.4 Blending Procedure of Pulverised Material 

For experimentation on the characteristics of multi-phase particle flow different 

materials are required to be blended together. The separate pulverised materials are first 

analysed using the digital particle size imager; the separate pulverised materials were 

first weighed out using digital scales (blend ratios are determined by weight); they were 

then mixed together by hand. The mixing process was carried out by hand to reduce the 

chance that the mixing process would affect the particle size of the pulverised materials 

during the mixing process compared to using a machine to blend the material which 

could grind the material to smaller particle sizes. 

5.2.5 Storage Procedure of Pulverised Material 

All pulverised materials are stored in labelled containers that can be resealed. All 

combustible materials are stored in designated storage areas (workshop fire store). 

5.3 Negative Pressure Bulk Solid Conveying Test Rig 
 

In order to examine the performance of the electrostatic and piezoelectric sensor arrays, 

laboratory scale bulk solid conveying systems were designed and constructed. The 

negative pressure test rig was designed and constructed by a team of researchers at the 

University of Kent. The negative pressure test rig uses negative pressure to convey the 

pulverised material at high velocity along both horizontal and vertical pipes (50 mm 

pipe bore) illustrated in Fig. 5.2 and consists of: 
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 Vacuum Plant – this is used to generate a vacuum that sucks the pulverised 

material along the system’s pipes. The vacuum plant also collects the pulverised 

material once it outputs from the pipe system. The particle velocity is controlled 

by changing the fan speed on the vacuum plant which is controlled by a manual 

variable transformer. 

 Vibration Feeder – the vibration feeder controls the particle feed rate into the 

input pipe. The feed rate of the vibration feeder is controlled by adjusting the 

magnitude of the vibrations in the unit. This is achieved manually by a 

controller. 

 Sensor Mounting on Horizontal Pipe – the horizontal pipe sensor mounting 

allows a 400 mm long pipe spool to be mounted. This pipe spool can be fitted 

with the electrostatic or the piezoelectric sensor arrays as well as a hot wire 

anemometer for independent conveying air velocity measurement. The sensor 

mounting pipe spool can be orientated to allow the sensor array to mount on 

different axis which is displayed in Fig. 5.3. The horizontal pipe sensor 

mounting is placed 2600 mm (52 pipe diameters) from the particle input, 

consequently allowing developed particle flow to be analysed. 

 Sensor Mounting on Vertical Pipe – the vertical pipe sensor mounting allows a 

400 mm long pipe spool to be mounted. This pipe spool can be fitted with either 

the electrostatic or the piezoelectric sensor arrays. The sensor mounting pipe 

spool can be orientated to allow the sensor array to mount on different axis 

which is displayed in Fig. 5.3. The horizontal pipe sensor mounting is placed 

400 mm (8 pipe diameters) from a right angle pipe bend. Consequently the 

particle flow measurements obtained from this location will be undeveloped. 
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Fig. 5.2 Layout of the negative-pressure pneumatic conveying test rig 

 

Fig. 5.3 Diagram of the sensor axis orientations for both horizontal and vertical pipe mountings for the 

negative pressure test rig (including particle direction through right angle pipe bend) 
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5.3.1 Operating Procedure of the Negative-Pressure Test Rig  

To ensure consistent parameters between experiments a testing procedure was 

developed and implemented.  

1. Cleaning System – if a new type of pulverised material is to be used with the 

negative pressure test rig the system is fully cleaned out including pipes and the 

catcher tank on the vacuum plant. 

2. Cleaning Filters – before each experiment the filters on the vacuum plant are 

cleaned out. This is carried out to ensure repeatability of the conveying air 

velocity for a specific fan speed on the vacuum plant. 

3. Temperature and Humidity Levels – during each experiment the average 

temperature and humidity is monitored and recorded to allow consistent testing 

conditions. 

4. Powering up the Vacuum Plant – to start up the vacuum plant the manual 

transformer is first turned on at 100% power for a few seconds to overcome the 

torque on the fan blades. Once the fans are running at full speed the manual 

transformer is set to the desired power level. 

5. Starting the Particle Feeder – once the conveying air velocity is stable the 

vibration feeder is turned on at the desired feed rate.  

6. Begin Data Logging – when there are particles traveling along the pipe the data 

logging of the sensor output on either the electrostatic/piezoelectric sensor arrays 

can begin. On both the electrostatic and piezoelectric sensor arrays this is an 

automatic process that starts as soon as the ‘start button’ is pressed on the 

MBED microcontroller. 

7. Data Logging Complete – once data collection is complete first turn off the 

vibration feeder then after a few seconds turn off the vacuum plant. This is done 

to ensure that there are no particles remaining in the pipe when the vacuum plant 

is turned off. 
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5.3.2 Advantages and Disadvantages of the Negative Pressure Test Rig 

The negative pressure test rig has advantages and disadvantages that dictate the type of 

experiments that can be conducted utilising it: 

Advantages: 

 Simple to Operate – the manual controls for the vacuum plant and vibration 

make the negative pressure test rig simple to operate and change parameters 

such as conveying air velocity. 

 Wide Range of Conveying Air Velocities – the negative pressure test rig is 

capable of a range of conveying air velocities from low air velocities (< 10 m/s) 

up to high conveying air velocities (40 m/s).  

Disadvantages: 

 Can’t Convey Pulverised Coal – the negative pressure test rig is unable to 

convey pulverised coal. The reason for this is that the fine coal particles clog the 

filter on the vacuum plant in a matter of minutes. Consequently the conveying 

air velocity decreases.  

 Long Setup Time – the negative pressure has a long set up time for each 

individual experiment since the filters have to be cleaned after each test. 

 Short Experimental Duration – long experiments (> 30 minutes) cannot be 

performed using the negative pressure rig since the motor on the vacuum plant 

overheats. Additionally the filters get clogged causing the conveying air velocity 

to decrease. 

 No Monitoring of Mass Flow Rate – the monitoring of the mass flow rate of 

individual experiments cannot be performed on the negative pressure test rig. 

The reason for this is that the design of the catcher tank on the vacuum plant 

does not allow the full collection of the used pulverised material after the 

experiment has concluded (since material embeds itself in difficult to reach 

places in the tank). Additionally material is lost when the filters are cleaned out 

for this reason the input particle mass flow rate is estimated in a separate 
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experiment by measuring how much material is metered out by the vibration 

feeder in a period of time. 

5.3.3 Safety Features of the Negative Pressure Test Rig 

In order to prevent fire/explosion triggered by arcs generated by electrostatic discharges 

inside the pipes or the catcher tank on the negative pressure test rig, all sections of the 

test rig are earthed. Additionally only a small amount of pulverised material is used for 

each test (< 0.3 kg) and the material is emptied from the catcher tank after each 

experiment. 

 5.4 Positive Pressure Bulk Solid Conveying Test Rig 
 

The laboratory scale positive pressure test rig at the University of Kent was originally 

designed by previous researchers at the University of Kent. However, substantial 

changes have been made from the original design. The positive pressure test rig uses 

positive pressure to convey the pulverised material at high velocity along both 

horizontal and vertical pipes (50 mm pipe bore) illustrated in Fig. 5.4 and consists of: 

 Centrifugal Fan – the original design for the positive pressure test rig used high 

velocity air generated by compressors. This system was unable to sustain a 

stable conveying air velocity due to flow restrictions caused by an extended 

compressed air supply pipe from the compressor. The solution to this problem 

was to use a centrifugal fan instead of compressed air generated by compressors. 

The centrifugal fan is driven by an inverter controlled 3-phase 5.5 kW motor 

which allows the conveying air velocity to be changed by changing the speed of 

the driving motor on the fan. The centrifugal fan supplied by FANS & 

BLOWERS LTD is capable of delivering an air flow rate of 400 m
3
/h with 100 

mBar back pressure [108]. 

 Particle Input Feeder - the original design for the positive pressure test rig used 

a rotary feeder to input the particles into the system. It was found that when the 
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rotary feeder was used the particles were “pulsed” into the system causing 

uneven particle flow. The solution was to use a vibration feeder with a custom 

designed venturi eductor. The venturi eductor creates a negative pressure 

(suction) on the particle input allowing the particles to be inputted into a positive 

pressure. The feed rate of the vibration feeder is controlled by adjusting the 

magnitude of the vibrations in the unit. This is achieved manually by a 

controller. 

 Sensor Mounting on Horizontal Pipe – the horizontal pipe sensor mounting 

allows a 400 mm long pipe spool to be mounted. This pipe spool can be fitted 

with the electrostatic or the piezoelectric sensor arrays as well as a hot wire 

anemometer for independent conveying air velocity measurement. The sensor 

mounting pipe spool can be orientated to allow the sensor array to mount on 

different axis which is displayed in Fig. 5.5. The horizontal pipe sensor 

mounting is placed 6400 mm (128 pipe diameters) from the particle input 

consequently allowing developed particle flow to be analysed. 

 Sensor Mounting on Vertical Pipe – the vertical pipe sensor mounting allows a 

400 mm long pipe spool to be mounted. This pipe spool can be fitted with either 

the electrostatic or the piezoelectric sensor arrays. The sensor mounting pipe 

spool can be orientated to allow the sensor array to mount on different axis 

which is displayed in Fig. 5.5. The horizontal pipe sensor mounting is placed 

1350 mm (27 pipe diameters) from a right angle pipe bend. 

 Catcher Tank – after the pulverised material has left the pipe it is first 

decelerated in a cyclone deceleration chamber which is above the catcher tank. 

The pulverised material then falls into the catcher tank by gravity. The 

pulverised material is then emptied out of the catcher tank by opening the 

butterfly valve under the catcher tank. 
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Fig. 5.4 Layout of the positive-pressure pneumatic conveying test rig 

 

Fig. 5.5 Diagram of the sensor axis orientations for both horizontal and vertical pipe mountings for the 

positive pressure test rig (including particle direction through right angle pipe bend) 
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5.4.1 Operating Procedure of the Positive Pressure Test Rig  

To ensure consistent parameters between experiments a testing procedure was 

developed and implemented for the positive pressure test rig.  

1. Cleaning System – if a new type of pulverised material is to be used with the 

negative pressure test rig the system is fully cleaned out including pipes and the 

catcher tank on the vacuum plant. 

2. Temperature and Humidity Levels – during each experiment the average 

temperature and humidity is monitored and recorded to allow consistent testing 

conditions. 

3. Powering up the Centrifugal Fan – to start up the centrifugal fan the desired 

fan speed is selected manually on the inverter control panel using the “up/down” 

controls. Once the desired speed is selected the fan is started with the green 

“Start” button. 

4. Starting the Particle Feeder – once the conveying air velocity is stable the 

vibration feeder is turned on at the desired feed rate. At this moment a timer is 

also started to measure the experiment duration which is used to estimate the 

average particle feed rate. 

5. Begin Data Logging – when there are particles traveling along the pipe the data 

logging of the sensor output on either the electrostatic/piezoelectric sensor arrays 

can begin. On both the electrostatic and piezoelectric sensor arrays this is an 

automatic process that starts as soon as the ‘start button’ is pressed on the 

MBED microcontroller. 

6. Data Logging Complete – once data collection is complete first turn off the 

vibration feeder (also recording the experiment duration), then after a few 

seconds turn off the vacuum plant. This is done to ensure that there are no 

particles remaining in the pipe when the vacuum plant is turned off. 

7. Weighing the Pulverised Material – the material used for the duration of the 

experiment is then emptied from the catcher tank by opening the butterfly valve 
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and weighed to calculate the estimated flow rate of the pulverised material 

during the experiment.  

5.4.2 Advantages and Disadvantages of the Positive Pressure Test Rig 

The positive pressure test rig has advantages and disadvantages that dictate the type of 

experiments that can be conducted utilising it: 

Advantages: 

 Simple to Operate – the manual controls for the inverter controlled centrifugal 

fan and vibration make the positive pressure test rig simple to operate and 

change parameters such as conveying air velocity. 

 Wide Range of Conveyable Materials – the positive pressure test rig is able to 

convey a wide range of pulverised materials including pulverised coal 

 Short Setup Time – since the pulverised material can be easily removed from 

the catcher tank and the positive pressure does not have any filters so the setup 

time is reduced  

 Capable of Prolonged Experiments – with the large internal volume on the 

catcher tank and the design of the inverter controlled centrifugal fan (self-

cooling of the motor) individual experiments can be carried out over a long time 

period 

 Capable of Monitoring Mass Flow Rate – the design of the catcher tank 

allows all the pulverised material used during the experiment to be collected and 

weighed thus allowing the mass flow rate of the pulverised material to be 

estimated 

Disadvantages: 

 Lower Conveying Air Velocity – unlike the negative pressure test rig the 

positive pressure test rig has a reduced range of conveying air velocities (10 m/s 

– 19 m/s) on a horizontal pipe 

 Only Able to Convey Small Particles – due to the reduced conveying air 

velocity coupled with the upward direction the particles has to travel in the 
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vertical pipe section particle with a higher mass (large biomass particles) cannot 

be conveyed 

5.4.3 Safety Features of the Positive Pressure Test Rig 

In order to prevent fire/explosion triggered by arcs generated by electrostatic discharges 

inside the pipes or the catcher tank on the positive pressure test rig, all sections of the 

test rig are earthed. Additionally only a small amount of pulverised material is used for 

each test (< 0.3 kg) and the material is emptied from the catcher tank after each 

experiment. 

5.5 Off-line Impact Test Rig 
 

In order to conduct experiments on the piezoelectric impact sensor array under 

controlled conditions, an off-line impact test rig was designed and constructed. The off-

line impact test rig is used to investigate individual particle impacts on the piezoelectric 

impact sensors using spherical particles (ball bearings).  

The impact sensor is rigidly mounted in a vice to prevent movement. A vertical 

guiding tube is centred above the impact sensor to guide the ball bearing onto the 

impact sensor. The guiding tube can be adjusted to different lengths (500 mm, 750 mm, 

1000 mm and 1250 mm), allowing the ball bearing under test to be dropped from 

different heights for different impact velocities. The guiding tube bore is 4 mm diameter 

consequently the maximum diameter ball bearings that can be tested with the off-line 

test rig are 3.5 mm in diameter. 

To independently measure the impact velocity of the ball bearing before impact 

at the end of the guiding tube (just before the impact sensor), a pair of optical sensors 

set 25 mm apart were used, as shown in Fig. 5.6 and Fig. 5.7. The optical sensors 

consist of an IR (infra-red) emitter that creates an IR beam across the inside of the tube. 

This IR beam is detected by an IR receiver (IR photodiode). The optical sensors are 

connected to the digital inputs on the MBED microcontroller (p19 upstream and p20 
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downstream). When the ball bearing breaks the upstream IR beam the microcontroller 

triggers the timer. When the falling ball bearing breaks the downstream IR beam the 

microcontroller reads the time taken for the ball bearing to travel from the upstream to 

the downstream sensor. The average velocity of the ball bearing is calculated from the 

spacing between the sensors and the measured time.  Since the velocity measurement 

requires the ball bearings to break the IR beam the smallest ball bearings that can be 

used on the off-line test rig are 2.5 mm (smaller ball bearings sometimes miss the IR 

beam consequently not triggering the IR sensor). 

As soon as the downstream IR sensor was triggered the microcontroller begins 

data logging from the ADC since an impact was imminent. All data from the impact 

sensor output was saved onto a SD memory card and an algorithm in the 

microcontroller determined the peak amplitude of the impact signal. 

5.5.1 Operating Procedure of the Off-Line impact Test Rig 

To ensure consistent parameters between experiments a testing procedure was 

developed and implemented for the off-line impact test rig.  

1. Align the Active Impact Sensor to Guiding tube - to ensure that a direct 

impact occurs and not a glancing impact the centre of the guiding tube bore is 

aligned to the impact sensor. 

2. Powering Up the Test Rig –  all electronics on the off-line test rig are powered 

from the MBED microcontroller and will power up as soon as the MBED is 

connected via USB to the PC (a status LED will indicate when the test rig is 

ready). 

3. Performing Impact Test – to carry out a particle impact test drop a single ball 

bearing down the guiding tube. The impact velocity and impact event (20 ms) 

will be automatically saved to a .txt file on a SD card interfaced with the MBED 

microcontroller. The peak impact magnitude and particle impact velocity is also 

transmitted via the USB to the PC. The status LED on the MBED will indicate 

when the system is ready for another impact test. 
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4. Changing Impact Velocity – to change the particle impact velocity the guiding 

tube is extended by screwing extra tube sections to the guiding tube. The 

guiding tube can be set to 500 mm, 750 mm, 1000 mm and 1250 mm in length. 

5. Powering Down the Test Rig – once the impact experiments are complete the 

test rig is powered down by disconnecting the USB cable from the PC. Once the 

test rig is powered down the SD card can be removed and the collected data 

analysed.  

 

 
Fig. 5.6 Off-line experimental setup (A) impact 

sensor, (B) upstream/downstream optical sensors, 

(C) guiding tube, (D) ball bearing entering the 

guiding tube 

 

Fig. 5.7 Photo of the off-line impact test rig 
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5.6 Summary 
 

The technical aspects of the positive and negative pressure bulk solid conveying test 

rigs as well as the off –line impact test rig have been described in this chapter. 

Operating procedures of all the test rigs as well as safe working practices for the 

operation and handling of pulverised material have been covered. The advantages and 

disadvantages of both the positive and negative pressure test rigs have been described. 

The sensor orientation classification used for indicating the orientation of both the 

electrostatic and the piezoelectric sensor arrays on the positive and negative pressure 

test rigs on both the horizontal and vertical pipe sections have likewise been described. 
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Chapter 6 

 

 

Experimental Results and Discussion 

 

6.1 Introduction 
 

In order to validate the measurement potential of both the electrostatic sensor array (to 

measure the particle velocity and concentration profiles) and the piezoelectric sensor 

array (to determine the particle concentration profile and size distribution) a 

comprehensive series of tests have to be carried out. These tests have consisted of both 

on-line and off-line experimentation which will be carried out on laboratory scale test 

rigs. 

On-line experimentation for the electrostatic sensor array will be carried out 

using: a range of pulverised materials and particle sizes, a range of different air 

velocities, positive and negative pressure pneumatic conveying systems; and different 

pipe and sensor orientations (horizontal and vertical pipe sections). Validation of the on-

line electrostatic sensor array tests will be carried out using; commercial measurement 

equipment (hot wire anemometer to independently measure the air velocity profile with 
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a comparison to the measured particle velocity profile). Particle size and shape of each 

conveyed material will be measured using an in-house digital imaging system.  

Evaluation of the piezoelectric sensor array will be carried out using both on-line 

and off-line testing methods. The off-line testing will be used to compare the theoretical 

system model to the test results as well as being used to calibrate each element of the 

sensor array. On-line experiments will likewise be carried out on the piezoelectric 

sensor array using: material with a specific particle size; known mechanical properties 

and using a variety of particle velocities. 

6.2 The Electrostatic Sensor Array 
 

The electrostatic sensor array is designed to determine the particle velocity and the 

particle concentration across the diameter of the pipe in order to determine the particle 

velocity and concentration profiles of dilute multi-phase particle flow. The electrostatic 

sensor array achieves this by using an array or electrostatic electrode pairs across the 

diameter of the pipe. To this end a wide range of particle flow conditions will be 

investigated. 

6.2.1 Initial Experimentation Using Flour 

Initial trials of the electrostatic sensor array were carried out using the negative pressure 

rig with flour as a pulverised material due to the fine particle size of flour which makes 

it have good flow characteristics in the pipe. The initial testing was designed to 

determine if the electrostatic sensor array was capable of determining the particle 

velocity and concentration profiles. Furthermore comparisons were carried out between 

the measured particle velocity and the conveying air velocity to determine the difference 

between the two. The initial tests with flour were implemented with the sensor mounted 

on a horizontal pipe section.    
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6.2.1.1 Experimental Conditions  

To ensure sensor readings were taken on a developed dilute phase flow the sensor was 

mounted after a 2600 mm straight horizontal pipe section. During the experiments, 

temperature (25.3°C average) and relative humidity (47.5% average) were monitored to 

ensure environmental test conditions were the same for each test. Particle feed rate of 

the flour was approximately 1.8 kg/hour for all experiments. Particle size and shape 

analysis of the pulverised flour was taken using an off-line digital particle size imager. 

The measured particle size distribution and shape distribution (aspect ratio) of the flour 

particles are shown in Fig. 6.1 and Fig 6.2 respectively. 

 

Fig. 6.1 Particle size distribution of flour particles  

 

Fig. 6.2 Particle aspect ratio of flour particles 

For each of the electrostatic sensor array axis orientations, experiments were carried out 

on the electrostatic array with five different conveying air velocities. These ranges of 

particle velocity were achieved by varying the power of the vacuum plant on the 

negative pressure test rig. The complete test matrix is shown in Table 6.1. 

        Table 6.1 

        Flour Test condition matrix 

Pulverised 
Material 

Sensor Axis Pipe Orientation  Vacuum Relative 
Power (%) 

Flour Z Horizontal 50, 55, 60, 65, 70 

Flour Y Horizontal 50, 55, 60, 65, 70 
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The conveying air velocity profiles were obtained as a reference using a commercial hot 

wire anemometer. Readings were taken using the hot wire anemometer at the same 

locations across the pipe diameter as the locations of each of the elements on the 

electrostatic sensor array. The air velocity profiles for the Z and Y sensor axis is shown 

in Fig. 6.3 and Fig. 6.4 respectively. 

 

Fig. 6.3 Air velocity profiles measured using a 

commercial hot wire anemometer on the Z axis at 

the same locations as the electrostatic sensors 

 

Fig. 6.4 Air velocity profiles measured using a 

commercial hot wire anemometer on the Y axis at 

the same locations as the electrostatic sensors 

6.2.1.2 Upstream/Downstream Electrostatic Sensor Output 

The electrostatic sensor array has two data logging functions: full data logging and basic 

data logging. Full data logging records the signal output from both the upstream and 

downstream electrodes on each of the elements on the electrostatic sensor array as well 

as the correlation function for each cross correlation operation. The basic data logging 

function only records the measured particle velocity, correlation coefficient, and r.m.s 

charge level (particle concentration) for each element of the array. For efficient data 

collection, most experimental data is collected using the basic data logging function. 

For initial testing, however, full data logging was used on a small number of test runs to 

observe the upstream and downstream electrostatic signal outputs. Fig. 6.5 shows the 

upstream/downstream signal outputs for one element of the electrostatic array. The 

delay between the upstream/downstream signals can be observed. The correlation 
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function of the upstream/downstream signals can be observed in Fig. 6.6. The position 

of the dominant peak m (the correlation coefficient) along the time axis denotes the 

delay between the upstream and the downstream signals. 

 

Fig. 6.5 Upstream and downstream signals from a 

single element in the electrostatic sensor array 

 

Fig. 6.6 Correlation function between the upstream 

and downstream sensor signals 

6.2.1.3 Measured Particle Velocity Profiles 

The electrostatic sensor array is capable of determining the velocity profile of a 

developed dilute flour/air flow. Fig. 6.7 and Fig. 6.8 show the mean particle velocity 

profile for a range of air velocities. The profiles clearly show that particles traveling at 

the centre of the pipe are moving at a higher velocity then those moving along the pipe 

wall due to the frictional force acting on the conveying air and particles caused by 

interaction with the pipe wall.  
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Fig. 6.7 Mean velocity profiles measured by the 

electrostatic sensor array on the Z axis (data points 

indicate centre of the electrode) 

 

Fig. 6.8 Mean velocity profiles measured by the 

electrostatic sensor array on the Y axis 

 

The Z axis velocity profile in Fig. 6.7 shows that the velocity at the bottom of the pipe 

(5 mm) is lower than the velocity at the top of the pipe (45 mm); this is due to gravity’s 

effect on the particles forcing them to come into contact with the pipe wall at the bottom 

of the pipe. Whereas Fig. 6.8 shows the velocity profile for the Y axis which is more 

symmetrical compared to the Z axis since gravity is having a uniform effect over the 

whole pipe diameter. 

 A comparison of the particle velocity and air velocity profiles shown in Fig. 6.9 

and Fig. 6.10 illustrates that the difference between the particle and air velocities 

decreases for higher air velocities indicating that higher air velocities are better at 

keeping the particles in suspension.  
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Fig. 6.9 Percentage difference between the air and 

particle velocity profiles on the Z axis 

 

Fig. 6.10 Percentage difference between the air 

and particle velocity profiles on the Y axis 

The reason for the difference between the velocity of the conveying air and particle 

velocity is because the process of conveying and suspending the particle is one of drag 

force and hence the particle velocity will be lower than the conveying air [1]. Typically 

in a horizontal pipe the particle velocity is 80% of the conveying air velocity. However 

this value can vary depending on parameters such as particle size, shape and density [1]. 

Conversely, the effect of friction between the pipe wall and particle flow can be seen in 

Fig. 6.9 and Fig. 6.10 where the difference between the particle and air velocity is 

higher at 5 mm and 45 mm (however this observation only holds true at higher air 

velocities, at lower air velocities 50% and 55% power has a more uniform profile since 

the particles may not be fully suspended). The effect of gravity can be seen in Fig. 6.9 

where the difference between the conveying air velocity and the particle velocity is 

higher the closer to the bottom of the pipe. 

 The normalised velocity standard deviation profile shown in Fig. 6.11 and Fig. 

6.12 shows that the particle velocities measured in the centre of the pipe have a lower 

deviation compared to those along the pipe wall indicating a more stable particle flow in 

the centre of the pipe. 
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Fig. 6.11 Normalised standard deviation profiles of 

the velocities on the Z axis 

 

Fig. 6.12 Normalised standard deviation profiles of 

the velocities on the Y axis 

6.2.1.4 Measured Particle Concentration Profiles 

The electrostatic sensor array is capable of determining the particle concentration 

profiles. Fig. 6.13 shows the concentration profile measured by the electrostatic sensor 

array on the Z axis. The particle concentration increases the closer to the bottom of the 

pipe due to the effect of gravity. However at the very bottom of the pipe (5 mm) the 

particle concentration is less compared to the concentration measured on the sensor 

element above (15 mm). A possible reason for this is that the particle size of the flour 

used in this experiment is very small; consequently the flour particles would have a 

lower mass and would therefore be affected more by the turbulence caused by the 

proximity of the sensor blade and the pipe wall. This turbulence would mean the smaller 

particles would be unable to enter the smaller volume of space at the bottom of the pipe 

between the sensor blade and pipe wall thus causing less particles to be detected by the 

sensor. However, for larger pipe bores this effect would be less dramatic since the pipe 

radius would be increased. This flow characteristic could conceivably be due to the 

small flour particles spinning as they are traveling down the pipe causing the Magnus 

effect [109] where this particle spin pulls the particles away from the pipe wall. The 

phenomenon of reduced particle concentration along the pipe wall can be seen on the Y 
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axis particle concentration profile (Fig. 6.14), which shows that the concentration in the 

centre of the pipe is higher than along the pipe wall. Another possibility is that smaller 

particles are affected more by the discharging effect of coming into contact with the 

pipe wall due to the steel pipe being earthed for safety reasons. In addition, Fig. 6.14 

shows that for the higher air velocities (60-70% power) the r.m.s charge is increasing in 

the centre of the pipe (with exception to the r.m.s. measured at the centre of the pipe for 

70% power). This is most likely due to a disruption of the particle input on the vibration 

feeder since it does not appear in other particle velocities). This is feasibly due to the 

fact that at higher air velocities more particles are being suspended; consequently more 

particles are able to be detected by the sensor array on the Y axis. 

 

Fig. 6.13 Mean particle concentration profiles on 

the Z axis 

 

Fig. 6.14 Mean particle concentration profiles on 

the Y axis

6.2.1.5 Correlation Coefficient Profiles 

The magnitude of the correlation coefficient is an indication of the stability of the 

particle flow [54] (the closer to 1 the correlation coefficient is, the more stable the 

flow). Fig. 6.15 and Fig. 6.16 show the correlation coefficient profiles (for the Z and Y 

axis respectively). Across the pipe diameter, it is clear that the correlation coefficient is 

higher in the centre of the pipe compared to that along the pipe wall, demonstrating that 

the particle flow is more stable in the centre of the pipe which is consistent over all five 

particle velocities for both sensor orientations. 
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Fig. 6.15 Mean correlation coefficient profiles for 

the pipe cross section on the Z axis 

 

Fig. 6.16 Mean correlation coefficient profiles for 

the pipe cross section on the Y axis 

The normalised standard deviation of the correlation coefficient with the sensor array on 

the Z axis shown in Fig. 6.17 agrees well with the standard deviation of the velocity in 

the same orientation (Fig. 6.11), with the correlation coefficient deviating less in the 

centre of the pipe compared to along the pipe wall. However, the normalised standard 

deviation of the correlation coefficient with the sensor array on the Y axis (Fig. 6.18) 

does not agree with the standard deviation of the velocity in the on the Y axis (Fig. 

6.12). The normalised standard deviation shows that the correlation coefficient deviated 

more evenly over the pipe diameter with only a small reduction of the deviation in the 

centre of the pipe. This effect is not fully understood. This is possibly an indication that 

a combination of turbulence (caused by the sensor array interacting with the particle 

flow), a smaller particle size/mass and gravity (since gravity is having a uniform effect) 

has a significant effect on the standard deviation of the correlation coefficient on a 

horizontal pipe on the Y axis. 
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Fig. 6.17 Normalised standard deviation profiles of 

the correlation coefficient on the Z axis 

 

Fig. 6.18 Normalised standard deviation profiles of 

the correlation coefficient on the Y axis 

6.2.1.6 Discussion on the Initial Experimentation Using Flour 

The electrostatic sensor array is capable of on-line monitoring of the particle velocity 

and concentration profiles across the diameter of a pneumatic conveying pipe.  Through 

analysis of the velocity profiles as well as the correlation coefficient profiles the 

performance of the electrostatic sensor array is in line with particle flow dynamics 

inside a pipe; this shows the particle flow in the centre of the pipe is more stable than 

the particle flow along the pipe wall. Comparison of the air velocity profile (measured 

using a commercial hot wire anemometer) and the particle velocity profile (measured 

using the electrostatic sensor array) has shown that interaction with the pipe causes 

velocity loss in the conveyed particles due to friction. The effect of gravity has also 

been documented on a horizontal pipe since particle velocity at the bottom of the pipe 

has a higher difference between the conveying air velocity and particle velocity 

compared to the top of the pipe. 
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6.2.2 Flow Characteristics of Pneumatically Conveyed Biomass 

Biomass fuel is becoming a popular alternative to burning coal to generate electricity 

since biomass is a renewable fuel. Pneumatically conveyed biomass however presents 

measurement challenges due to its wider size and shape distribution compared to 

pulverised coal. For this reason experimental work was carried out to determine the 

effect that particle size has on the flow characteristics of pneumatically conveyed 

biomass. Tests were carried out on two different size ranges of pulverised willow 

biomass (coarse and fine particles), using a range of conveying air velocities, on 

different pipe orientations (horizontal and vertical pipe sections) and sensor 

orientations. Pulverised willow was chosen as a pulverised material due to its use as a 

biofuel. Experimentation was carried out using the negative pressure test rig. 

6.2.2.1 Experimental Conditions  

Testing was carried out using the negative pressure test rig with the sensor mounted on 

both horizontal and vertical pipe sections. The sensor mounting on the horizontal pipe 

section was mounted after a 2600 mm straight horizontal pipe section ensuring 

measurement of a developed flow. The sensor mounting for the vertical pipe section 

was placed 400 mm from a right angle bend with the particle flow going in the direction 

of gravity. During the experiments, temperature (25.3°C average) and relative humidity 

(47.5% average) were monitored to ensure environmental test conditions were the same 

for each test. Particle size and shape analysis of the pulverised willow biomass was 

taken using an off-line digital particle size imager. The measured particle size 

distribution and shape distribution (aspect ratio) for both the coarse and fine willow 

biomass particles are shown in Fig. 6.19 and Fig 6.20 respectively. 
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Fig. 6.19 Particle size distribution of coarse and 

fine willow particles  

 

Fig. 6.20 Particle aspect ratio of coarse and fine 

willow particles  

For each of the electrostatic sensor array axis orientations the electrostatic array was 

placed in, five different conveying air velocities were used. These ranges of particle 

velocity were achieved by varying the power of the vacuum plant on the negative 

pressure test rig. The particle feed rate for each type of material was approximately 2.08 

kg/hour and 1.48 kg/hour for coarse and fine willow respectively. The complete test 

matrix is shown in Table 6.2. 

        Table 6.2 

        Biomass test condition matrix 

Pulverised 
Material 

Sensor Axis Pipe Orientation  Vacuum Relative 
Power (%) 

Coarse Willow Z Horizontal 50, 55, 60, 65, 70 

Fine Willow Z Horizontal 50, 55, 60, 65, 70 

Coarse Willow Y Horizontal 50, 55, 60, 65, 70 

Fine Willow Y Horizontal 50, 55, 60, 65, 70 

Coarse Willow X Vertical 50, 55, 60, 65, 70 

Fine Willow X Vertical 50, 55, 60, 65, 70 

Coarse Willow Y Vertical 50, 55, 60, 65, 70 

Fine Willow Y Vertical 50, 55, 60, 65, 70 
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6.2.2.2 Measured Particle Velocity Profiles  

Horizontal Particle Flow 

The electrostatic sensor array was able to measure the velocity profile for the whole 

diameter of the pipe. Fig. 6.21 - Fig. 6.24 show the velocity profiles for the sensor array 

mounted on the Z and Y axis on the horizontal pipe.  

 

Fig. 6.21 Mean velocity profiles of the coarse 

willow on the Z axis on a horizontal pipe 

 

Fig. 6.22 Mean velocity profiles of the fine willow 

on the Z axis on a horizontal pipe 

 

Fig. 6.23 Mean velocity profiles of the coarse 

willow on the Y axis on a horizontal pipe 

 

Fig. 6.24 Mean velocity profiles of the fine willow 

biomass on the Y axis on a horizontal pipe 

The particle velocity profiles indicate that the coarse and fine willow particles at the 

centre of the pipe are travelling at a higher velocity than the particles near the pipe wall 
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due to the particles colliding with the wall and slowing down due to friction. The shape 

of the velocity profiles for the fine willow (Fig. 6.22 and Fig. 6.24) are much more 

homogeneous than the coarse willow profiles (Fig. 6.21 and Fig. 6.23) indicating that 

smaller particles have more stable flow characteristics. 

The normalised standard deviation of the velocity profiles is an indication of 

flow stability. The coarse willow on the Z and Y axis shown in Fig. 6.25 and Fig. 6.27 

illustrates that the velocity standard deviation is uniform across the whole diameter of 

the pipe. Whereas the velocity standard deviation profiles for the fine willow material 

(Fig. 6.26 and Fig. 6.28) indicate that the particle velocity in the centre of the pipe 

deviates less than the particle flow along the pipe wall; this is an indication that the fine 

willow biomass produces a more stable flow compared to the coarse willow. Moreover, 

the fine willow produces a standard deviation profile that is in line with flow dynamics; 

the flow along the pipe wall is more unstable then the flow at the centre of the pipe. 

 

Fig. 6.25 Normalised standard deviation profiles of 

the velocities for coarse willow on the Z axis on a 

horizontal pipe 

 

Fig. 6.26 Normalised standard deviation profiles of 

the velocities for fine willow on the Z axis on a 

horizontal pipe 
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Fig. 6.27 Normalised standard deviation profiles of 

the velocities for coarse willow on the Y axis on a 

horizontal pipe 

 

Fig. 6.28 Normalised standard deviation profiles of 

the velocities for fine willow on the Y axis on a 

horizontal pipe 

Vertical Particle Flow 

The velocity profile measured using the electrostatic sensor array mounted on the X and 

Y axis on the vertical pipe is not a typical velocity profile (Fig. 6.29 – Fig. 6.32).

This is because the velocity profile has not yet developed since it has just left the right 

angle bend.  

 

Fig. 6.29 Mean velocity profiles of the coarse 

willow on the X axis on a Vertical pipe 

 

Fig. 6.30 Mean velocity profiles of the fine willow 

on the X axis on a Vertical pipe 
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Fig. 6.31 Mean velocity profiles of the coarse 

willow on the Y axis on a Vertical pipe 

 

Fig. 6.32 Mean velocity profiles of the fine willow 

on the Y axis on a Vertical pipe 

The shape of the velocity profiles (Fig. 6.29 and Fig. 6.30) indicates that the particle 

flow along the outer radius (45 mm) is travelling at a higher velocity than particles 

flowing along the inner radius of the right angle pipe bend. The normalised standard 

deviation velocity profiles in Fig. 6.33 - Fig. 6.36 show that the fine willow biomass 

(Fig. 6.34 and Fig. 6.36) deviates less than the coarse willow (Fig. 6.33 and Fig. 6.35). 

 

Fig. 6.33 Normalised standard deviation profiles of 

the velocities for coarse willow biomass measured 

by the electrostatic array sensor on the X axis on a 

Vertical pipe 

 

Fig. 6.34 Normalised standard deviation profiles of 

the velocities for fine willow biomass measured by 

the electrostatic array sensor on the X axis on a 

Vertical pipe 
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Fig. 6.35 Normalised standard deviation profiles of 

the velocities for coarse willow on the Y axis on a 

Vertical pipe 

 

Fig. 6.36 Normalised standard deviation profiles of 

the velocities for fine willow on the Y axis on a 

Vertical pipe 

This difference in the standard deviation profiles suggest that the fine willow has a more 

stable flow compared to the coarse willow biomass in an undeveloped flow when 

traveling in a vertical pipe section. 

6.2.2.3 Measured Particle Concentration Profiles  

Horizontal Particle Flow 

The use of the normalised r.m.s magnitude to determine particle concentration can be 

seen in Fig. 6.37 - Fig. 6.40. From the analysis of the r.m.s profiles it can be seen that 

the fine willow biomass (Fig. 6.38 and Fig. 6.40) has a higher r.m.s charge magnitude 

compared to the coarse willow biomass (Fig. 6.37 and Fig. 6.39). This is an indication 

that high volume of smaller particles carries a higher electrostatic charge compared to 

smaller concentrations of larger particles (even though the coarse willow has a higher 

mass flow rate then the fine willow biomass). This is possibly due to the larger surface 

area produced by many smaller particles when compared to the surface area created by 

fewer large particles. The effect of gravity can be seen in the r.m.s profile for the fine 

willow particles (Fig. 6.38) where the r.m.s charge magnitude is higher on the bottom of 

the pipe (5 mm) compared to the top of the pipe (45 mm). The increased concentration 
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shown on Fig. 6.40 on the 5 mm side of the pipe could possibly be down to the 

vibration feeder unevenly distributing particles into the system. 

 

Fig. 6.37 Mean particle concentration profiles of 

coarse willow on the Z axis on a horizontal pipe 

 

Fig. 6.38 Mean particle concentration profiles of 

fine willow on the Z axis on a horizontal pipe 

 

Fig. 6.39 Mean particle concentration profiles of 

coarse willow on the Y axis on a horizontal pipe 

 

Fig. 6.40 Mean particle concentration profiles of 

fine willow on the Y axis on a horizontal pipe

 

Vertical Particle Flow 

The normalised r.m.s profiles measured by the sensor array mounted on the vertical pipe 

section indicates that the smaller particles of the fine willow (Fig. 6.42 and Fig. 6.44) 
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carry more electrostatic charge compared to the coarse willow biomass (Fig. 6.41 and 

Fig. 6.43).  

 

Fig. 6.41 Mean particle concentration profiles of 

coarse willow on the X axis on a vertical pipe 

 

Fig. 6.42 Mean particle concentration profiles of 

fine willow on the X axis on a vertical pipe 

 

Fig. 6.43 Mean particle concentration profiles of 

coarse willow on the Y axis on a vertical pipe 

 

Fig. 6.44 Mean particle concentration profiles of 

fine willow on the Y axis on a vertical pipe 

The shape of the profiles also indicates that the highest particle concentration is along 

the pipe wall. This illustrates that the particles have been forced along the outer wall due 

to the centrifugal forces caused by the particles travelling inside the right angle bend. 

Moreover, this demonstrates that the sensor array is capable of detecting roping inside a 

pneumatic conveying system. 
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6.2.2.4 Correlation Coefficient Profiles  

Horizontal Particle Flow 

The value of the correlation coefficient is additionally an indication of flow stability 

[54] (the closer to 1 the correlation coefficient, the more stable the flow). The fine 

willow biomass shown in Fig. 6.46 and Fig. 6.48 has a higher correlation coefficient 

compared to the coarse willow biomass shown in Fig. 6.45 and Fig. 6.47 indicating that 

the fine willow biomass has a more stable flow compared to the coarse willow biomass; 

this is consistent with the velocity standard deviation results.  

The correlation coefficient profiles for the fine willow biomass in Fig. 6.46 and 

Fig. 6.48 also show that the correlation coefficient is higher in the centre of the pipe 

compared to along the pipe wall, indicating that the particle flow along the pipe wall is 

more unstable compared to the particle flow in the centre of the pipe. 

 

Fig. 6.45 Mean correlation coefficient profiles of 

coarse willow on a horizontal pipe 

 

Fig. 6.46 Mean correlation coefficient profiles of 

fine willow on the Z axis on a horizontal pipe 
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Fig. 6.47 Mean correlation coefficient profiles of 

coarse willow on the Y axis on a horizontal pipe 

 

Fig. 6.48 Mean correlation coefficient profiles of 

fine willow on the Y axis on a horizontal pipe 

Analysis of the standard deviation of the correlation coefficient demonstrates that the 

fine willow biomass (Fig. 6.50 and Fig. 6.52) deviates less than the coarse willow 

biomass (Fig. 6.49 and Fig. 6.51).  

 

Fig. 6.49 Normalised standard deviation profiles of 

the correlation coefficient of coarse willow on the 

Z axis on a horizontal pipe 

 

Fig. 6.50 Normalised standard deviation profiles of 

the correlation coefficient of fine willow on the Z 

axis on a horizontal pipe 
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Fig. 6.51 Normalised standard deviation profiles of 

the correlation coefficient of coarse willow on the 

Y axis on a horizontal pipe 

 

Fig. 6.52 Normalised standard deviation profiles of 

the correlation coefficient of fine willow on the Y 

axis on a horizontal pipe

The shape of the profiles for the fine willow biomass (Fig. 6.50 and Fig. 6.52) likewise 

denotes that the correlation coefficient deviates less in the centre of the pipe compared 

to along the pipe wall indicating that the flow along the pipe wall is more unstable 

compared to the flow at the centre of the pipe. 

 

Vertical Particle Flow 

The correlation coefficient profiles for the coarse willow biomass flowing along a 

vertical pipe displayed in Fig. 6.53 and Fig. 6.55 is consistent across the whole pipe 

diameter. However, the correlation coefficient profile for the fine willow biomass 

shown in Fig. 6.54 and Fig. 6.56 increases towards the centre of the pipe. This can 

especially be seen in Fig. 6.56 where the correlation coefficient is around 0.6 along the 

pipe wall and 0.7 at the centre of the pipe, revealing that the flow in the centre of the 

pipe is more stable than along the pipe wall. The fine willow biomass shown in Fig. 

6.54 and Fig. 6.56 has a higher correlation coefficient compared to the coarse willow 

biomass shown in Fig. 6.53 and Fig. 6.55 demonstrating that the fine willow biomass 

has a more stable flow compared to the coarse willow biomass when being conveyed 

along a vertical pipe. 
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Fig. 6.53 Mean correlation coefficient profiles of 

coarse willow on the X axis on a vertical pipe 

 

Fig. 6.54 Mean correlation coefficient profiles of 

fine willow on the X axis on a vertical pipe 

 

Fig. 6.55 Mean correlation coefficient profiles of 

coarse willow on the Y axis on a vertical pipe 

 

Fig. 6.56 Mean correlation coefficient profiles of 

fine willow on the Y axis on a vertical pipe 

The normalised standard deviation profiles of the correlation coefficient data obtained 

by the electrostatic sensor array on a vertical pipe for coarse and fine willow biomass 

are shown in Fig. 6.57 – Fig. 6.60. These profiles indicate that the fine willow (Fig. 6.58 

and Fig. 6.60) deviate less than the coarse willow (Fig. 6.57 and Fig. 6.59) suggesting 

that finer particles of willow biomass have more stable flow characteristics.   
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Fig. 6.57 Normalised standard deviation profiles of 

the correlation coefficient of coarse willow on the 

X axis on a vertical pipe 

 

Fig. 6.58 Normalised standard deviation profiles of 

the correlation coefficient of fine willow on the X 

axis on a horizontal pipe 

 

Fig. 6.59 Normalised standard deviation profiles of 

the correlation coefficient of coarse willow on the 

Y axis on a vertical pipe 

 

Fig. 6.60 Normalised standard deviation profiles of 

the correlation coefficient of fine willow on the Y 

axis on a vertical pipe

6.2.2.5 Discussion on the Flow Characteristics of Pneumatically Conveyed Biomass  

An electrostatic sensor array has been successfully used to measure the velocity and 

concentration profiles of pneumatically conveyed biomass particles. The velocity 

profiles have clearly demonstrated that the particles along the pipe wall travel at a lower 

velocity than those in the centre of the pipe. In addition the electrostatic sensor array has 

also been able to measure the particle concentration profiles. This has been well 
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documented on the vertical pipe sections since the centrifugal force caused by the 

particle flow traveling through a right angle bend forces the particles against the pipe 

wall, which also demonstrates that the electrostatic sensor array is capable of detecting 

roping flow regimes in a pipeline. 

Through analysis of the normalised standard deviation of the velocity profiles, 

as well as the correlation coefficient profiles, it can be seen that the flow at the centre of 

the pipe is more stable than that along the pipe wall on developed flow. The comparison 

between the fine and coarse willow particles has shown that the fine willow produces 

characteristics of more stable flow compared to the coarse willow on both horizontal 

and vertical pipe sections.  Moreover, the r.m.s profiles have demonstrated that the fine 

willow generates a sensor signal of a higher magnitude than that of the coarse willow, 

despite the lower feed rate of the fine willow. The reason for this is the electrostatic 

charge is stored on the particle surface and higher numbers of smaller particles have a 

larger combined surface area compared to smaller numbers of large particles. 

6.2.3 Flow Characteristics of Pneumatically Conveyed Coal/Biomass Blends 

With many coal fired power stations around the world being converted to be co-fired to 

increase the amount of renewable fuels used in power generation, the particle flow 

dynamics of the coal/biomass blend has increased. For this reason experimentation has 

been carried out using the electrostatic sensor array to measure the flow characteristics 

of pneumatically conveyed coal/biomass blends. 

6.2.3.1 Experimental Conditions  

Testing was carried out using the positive pressure test rig with the sensor mounted on 

both horizontal and vertical pipe sections. The sensor mounting on the horizontal pipe 

section was mounted after a 6400 mm straight horizontal pipe section ensuring 

measurement of a developed flow. The sensor mounting for the vertical pipe section 

was placed 1350 mm upstream from a right angle bend with the particle flow going in 

the up direction against gravity. During the experiments, temperature (20°C average) 

and relative humidity (45.5% average) were monitored to ensure environmental test 
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conditions were the same for each test. The biomass used for this experiment was 

obtained by pulverising biomass fuel pellets (the biomass pellets were formed from 

waste spruce or pine obtained from saw mill waste [110]). Particle size and shape 

analysis of the pulverised biomass was obtained using an off-line digital particle size 

imager. The measured particle size distribution and shape distribution (aspect ratio) for 

both the pulverised coal and biomass particles are shown in Fig. 6.61 and Fig 6.62 

respectively. 

 

Fig. 6.61 Particle size distribution of pulverised 

coal and biomass particles  

 

Fig. 6.62 Particle aspect ratio of pulverised coal 

and biomass particles 

Tests were run with pure coal and biomass as well as different coal/biomass ratios by 

weight (95% coal - 5% biomass, 90% coal - 10% biomass, 85% coal - 15% biomass and 

80% coal – 20% biomass). For each of the electrostatic sensor array axis orientations 

the pulverised material was conveyed using five different air velocities. These ranges of 

particle velocity were achieved by varying the fan speed of the centrifugal blower on the 

positive pressure test rig. The time taken for each experiment was recorded as well as 

the weight of the material collected in the output hopper (to determine the exact particle 

feed rate). The complete test matrix is described in Table 6.3. 
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Table 6.3 

        Coal/Biomass blend test condition matrix 

Pulverised Material Sensor 
Axis 

Pipe Orientation  Fan Speed (RPM) 

Coal Z Horizontal 750, 800 ,850 , 900 ,950 

Coal Y Horizontal 750, 800 ,850 , 900 ,950 

Coal X Vertical 750, 800 ,850 , 900 ,950 

Coal Y Vertical 750, 800 ,850 , 900 ,950 

95% Coal 5% Biomass Z Horizontal 750, 800 ,850 , 900 ,950 

95% Coal 5% Biomass Y Horizontal 750, 800 ,850 , 900 ,950 

95% Coal 5% Biomass X Vertical 750, 800 ,850 , 900 ,950 

95% Coal 5% Biomass Y Vertical 750, 800 ,850 , 900 ,950 

90% Coal 10% Biomass Z Horizontal 750, 800 ,850 , 900 ,950 

90% Coal 10% Biomass Y Horizontal 750, 800 ,850 , 900 ,950 

90% Coal 10% Biomass X Vertical 750, 800 ,850 , 900 ,950 

90% Coal 10% Biomass Y Vertical 750, 800 ,850 , 900 ,950 

85% Coal 15% Biomass Z Horizontal 750, 800 ,850 , 900 ,950 

85% Coal 15% Biomass Y Horizontal 750, 800 ,850 , 900 ,950 

85% Coal 15% Biomass X Vertical 750, 800 ,850 , 900 ,950 

85% Coal 15% Biomass Y Vertical 750, 800 ,850 , 900 ,950 

80% Coal 20% Biomass Z Horizontal 750, 800 ,850 , 900 ,950 

80% Coal 20% Biomass Y Horizontal 750, 800 ,850 , 900 ,950 

80% Coal 20% Biomass X Vertical 750, 800 ,850 , 900 ,950 

80% Coal 20% Biomass Y Vertical 750, 800 ,850 , 900 ,950 

Biomass Z Horizontal 750, 800 ,850 , 900 ,950 

Biomass Y Horizontal 750, 800 ,850 , 900 ,950 

Biomass X Vertical 750, 800 ,850 , 900 ,950 

Biomass Y Vertical 750, 800 ,850 , 900 ,950 

6.2.3.2 Measured Particle Velocity Profiles  

Horizontal Particle Flow 

The electrostatic sensor array was able to measure the velocity profile for the whole 

diameter of the pipe. Fig. 6.63 - Fig. 6.74 show the developed velocity profiles for the 

sensor array mounted on the Z and Y axis on the horizontal pipe for coal, biomass and 

coal/biomass blends. The effect of gravity can be seen for the velocity profiles with the 

sensor array on the Z axis (Fig. 6.63, Fig. 6.65, Fig. 6.67, Fig. 6.69, Fig. 6.71 and Fig. 
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6.73) with the particles at the bottom of the pipe (5 mm) traveling at a lower velocity 

compared to the particles along the top of the pipe (45 mm). 

 

Fig. 6.63 Mean velocity profiles of pulverised coal 

on the Z axis on a horizontal pipe 

 

Fig. 6.64 Mean velocity profiles of pulverised coal 

on the Y axis on a horizontal pipe 

 

Fig. 6.65 Mean velocity profiles of pulverised 

coal/biomass (95%/5% blend) on the Z axis on a 

horizontal pipe 

 

Fig. 6.66 Mean velocity profiles of pulverised 

coal/biomass (95%/5% blend) on the Y axis on a 

horizontal pipe 
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Fig. 6.67 Mean velocity profiles of pulverised 

coal/biomass (90%/10% blend) on the Z axis on a 

horizontal pipe 

 

Fig. 6.68 Mean velocity profiles of pulverised 

coal/biomass (90%/10% blend on the Y axis on a 

horizontal pipe 

 

Fig. 6.69 Mean velocity profiles of pulverised 

coal/biomass (85%/15% blend) on the Z axis on a 

horizontal pipe 

 

Fig. 6.70 Mean velocity profiles of pulverised 

coal/biomass (85%/15% blend) on the Y axis on a 

horizontal pipe 
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Fig. 6.71 Mean velocity profiles of pulverised 

coal/biomass (80%/20% blend) on the Z axis on a 

horizontal pipe 

 

Fig 6.72 Mean velocity profiles of pulverised 

coal/biomass (80%/20% blend) on the Y axis on a 

horizontal pipe 

 

Fig. 6.73 Mean velocity profiles of pulverised 

biomass on the Z axis on a horizontal pipe 

 

Fig. 6.74 Mean velocity profiles of pulverised 

biomass on the Y axis on a horizontal pipe 

The normalised standard deviation of the velocity profiles of the coal, biomass and 

coal/biomass blends (Fig. 6.75 – Fig. 6.86) show that the particle velocity deviates less 

in the centre of the pipe compared to along the pipe wall. This indicates that particle 

flow is more stable in the centre of the pipe compared to along the pipe wall. 
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Fig. 6.75 Normalised standard deviation profiles of 

the velocities for pulverised coal on the Z axis on a 

horizontal pipe 

 

Fig. 6.76 Normalised standard deviation profiles of 

the velocities for pulverised coal on the Y axis on a 

horizontal pipe 

 

Fig. 6.77 Normalised standard deviation profiles of 

the velocities for pulverised coal/biomass 

(95%/5% blend) on the Z axis on a horizontal pipe 

 

Fig. 6.78 Normalised standard deviation profiles of 

the velocities for pulverised coal/biomass 

(95%/5% blend) on the Y axis on a horizontal pipe
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Fig. 6.79 Normalised standard deviation profiles of 

the velocities for pulverised coal/biomass 

(90%/10% blend) on the Z axis on a horizontal 

pipe 

 

Fig. 6.80 Normalised standard deviation profiles of 

the velocities for pulverised coal/biomass 

(90%/10% blend) on the Y axis on a horizontal 

pipe 

 

Fig. 6.81 Normalised standard deviation profiles of 

the velocities for pulverised coal/biomass 

(85%/15% blend) on the Z axis on a horizontal 

pipe 

 

Fig. 6.82 Normalised standard deviation profiles of 

the velocities for pulverised coal/biomass 

(85%/15% blend) on the Y axis on a horizontal 

pipe 
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Fig. 6.83 Normalised standard deviation profiles of 

the velocities for pulverised coal/biomass 

(80%/20% blend) on the Z axis on a horizontal 

pipe 

 

Fig. 6.84 Normalised standard deviation profiles of 

the velocities for pulverised coal/biomass 

(80%/20% blend) on the Y axis on a horizontal 

pipe 

 

Fig. 6.85 Normalised standard deviation profiles of 

the velocities for pulverised biomass on the Z axis 

on a horizontal pipe 

 

Fig. 6.86 Normalised standard deviation profiles of 

the velocities for pulverised biomass on the Y axis 

on a horizontal pipe 

Vertical Particle Flow 

The electrostatic sensor array has been shown to be capable of determining the velocity 

of pneumatically conveyed coal, biomass and coal/biomass blends on a vertical pipe 

section with the particle flow going against gravity. The measured particle velocity 

profiles for the vertical particle flow illustrated in Fig. 6.87 – Fig. 6.98 appear to be less 
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developed compared to the velocity profiles measured on the horizontal pipe (Fig. 6.63 - 

Fig. 6.74). This is conceivably due to the placement of the electrostatic sensor array 

being only 1350 mm from the right angle bend consequently the flow has not yet 

developed. Furthermore the measured particle velocity at the centre for the vertical pipe 

is also lower than the particle velocity in centre of the pipe for the horizontal velocity 

measurements for the same fan speed. This is conceivably due to gravity slowing down 

the particle flow in the vertical pipe; because the particles are still in the process of 

accelerating from exiting the right angle bend or perhaps a combination of the two. The 

velocity profiles show that the particle velocity along the pipe wall is traveling slower 

compared to the centre of the pipe. The shape of the velocity profiles show that the 

measured velocity profiles on the Y axis are more symmetrical compared to the velocity 

profiles measured on the X axis. (Fig. 6.88, Fig. 6.90, Fig. 6.92, Fig. 6.94, Fig. 6.96 and 

Fig. 6.98). The shape of the velocity profiles on the X axis displays that the particle 

velocity is higher on the side of the pipe that corresponds to the outer radius of the right 

angle-bend (5 mm). This is possibly due to particles maintaining some of their 

momentum that they built up when they were traveling along the horizontal pipe as they 

travel along the outer radius of the bend.    

 

Fig. 6.87 Mean velocity profiles of pulverised coal 

on the X axis on a vertical pipe 

 

Fig. 6.88 Mean velocity profiles of pulverised coal 

on the Y axis on a vertical pipe 
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Fig. 6.89 Mean velocity profiles of pulverised 

coal/biomass (95%/5% blend) on the X axis on a 

vertical pipe 

 

Fig. 6.90 Mean velocity profiles of pulverised 

coal/biomass (95%/5% blend) on the Y axis on a 

vertical pipe 

 

Fig. 6.91 Mean velocity profiles of pulverised 

coal/biomass (90%/10% blend) on the X axis on a 

vertical pipe 

 

Fig. 6.92 Mean velocity profiles of pulverised 

coal/biomass (90%/10% blend) on the Y axis on a 

vertical pipe 
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Fig. 6.93 Mean velocity profiles of pulverised 

coal/biomass (85%/15% blend) on the X axis on a 

vertical pipe 

 

Fig. 6.94 Mean velocity profiles of pulverised 

coal/biomass (85%/15% blend) on the Y axis on a 

vertical pipe 

 

Fig. 6.95 Mean velocity profiles of pulverised 

coal/biomass (80%/20% blend) on the X axis on a 

vertical pipe 

 

Fig. 6.96 Mean velocity profiles of pulverised 

coal/biomass (80%/20% blend) on the Y axis on a 

vertical pipe 
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Fig. 6.97 Mean velocity profiles of pulverised 

biomass on the X axis on a vertical pipe 

 

Fig. 6.98 Mean velocity profiles of pulverised 

biomass on the Y axis on a vertical pipe 

The standard deviation profiles of the measured particle velocity profiles shown in Fig. 

6.99 – Fig. 6.110 suggests that the particles deviate less in the centre of the pipe 

compared to along the pipe wall illustrating that the flow along the pipe wall is more 

unstable compared to the centre of the pipe. The magnitude of this difference between 

the normalised standard deviation value of the particle flow along the pipe wall and the 

centre of the pipe decreases for higher ratios of biomass – coal (15% biomass and 

higher Fig. 6.105 – Fig. 6.110). Hence the normalised standard deviation profiles for the 

higher ratios of biomass (15% and higher) transitions to resemble the pure biomass 

standard deviation profiles (more flat across the pipe diameter). A similar change in the 

shape of the normalised standard deviation profile occurred between the coarse biomass 

and the fine biomass illustrated in Fig. 6.25 and Fig. 6.26. This is conceivably an 

indication that higher ratios of biomass – coal have a more unstable particle flow 

compared to pure coal or lower ratios of biomass.  
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Fig. 6.99 Normalised standard deviation profiles of 

the velocities for pulverised coal on the X axis on a 

vertical pipe 

 

Fig. 6.100 Normalised standard deviation profiles 

of the velocities for pulverised on the Y axis on a 

vertical pipe

 

Fig. 6.101 Normalised standard deviation profiles 

of the velocities for pulverised coal/biomass 

(95%/5% blend) on the X axis on a vertical pipe 

 

Fig. 6.102 Normalised standard deviation profiles 

of the velocities for pulverised coal/biomass 

(95%/5% blend) on the Y axis on a vertical pipe 
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Fig. 6.103 Normalised standard deviation profiles 

of the velocities for pulverised coal/biomass 

(90%/10% blend) on the X axis on a vertical pipe 

 

Fig. 6.104 Normalised standard deviation profiles 

of the velocities for pulverised coal/biomass 

(90%/10% blend) on the Y axis on a vertical pipe

 

Fig. 6.105 Normalised standard deviation profiles 

of the velocities for pulverised coal/biomass 

(85%/15% blend) on the X axis on a vertical pipe 

 

Fig. 6.106 Normalised standard deviation profiles 

of the velocities for pulverised coal/biomass 

(85%/15% blend) on the Y axis on a vertical pipe 
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Fig. 6.107 Normalised standard deviation profiles 

of the velocities for pulverised coal/biomass 

(80%/20% blend) on the X axis on a vertical pipe 

 

Fig. 6.108 Normalised standard deviation profiles 

of the velocities for pulverised coal/biomass 

(80%/20% blend) on the Y axis on a vertical pipe

 

Fig. 6.109 Normalised standard deviation profiles 

of the velocities for pulverised biomass on the X 

axis on a vertical pipe 

 

Fig. 6.110 Normalised standard deviation profiles 

of the velocities for pulverised biomass on the Y 

axis on a vertical pipe
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6.2.3.3 Measured Particle Concentration Profiles  

Horizontal Particle Flow 

The use of the normalised r.m.s magnitude to determine particle concentration can be 

seen in Fig. 6.11 - Fig. 6.122. The shape of the concentration profiles measured using 

the electrostatic sensor array in the Z axis on a horizontal pipe (Fig. 6.11, Fig. 6.13, Fig. 

6.15, Fig. 6.17, Fig. 6.19 and Fig. 6.21) illustrates the effect of gravity with the 

measured particle concentration increasing in the direction of gravity. However, the 

concentration measurements taken at the very bottom of the pipe for pure coal and low 

ratios of biomass (< 15% biomass Fig. 6.11, Fig. 6.13 and Fig. 6.15) show that the 

measured particle concentration at the bottom of the pipe (5 mm) is roughly the same as 

the measurement taken by the sensor above (15 mm). This phenomenon was also 

observed on experimentation carried out using flour as a pulverised material on the 

negative pressure test rig. For pure biomass, however, this reduced concentration at the 

bottom of the pipe does not occur (Fig. 6.121). The r.m.s concentration profiles indicate 

that once the ratio of biomass-coal is 15% or higher (by weight) the particle 

concentration profile flow characteristics transition from coal flow characteristics to 

biomass flow characteristics. This transition can likewise be observed in the particle 

concentration profiles measured with the electrostatic sensor array on the horizontal 

pipe on the Y axis (Fig. 6.112, Fig. 6.114, Fig. 6.116, Fig. 6.118, Fig. 6.120 and Fig. 

6.122). 

 Observation of all the concentration profiles measured on the horizontal pipe 

(both Z and Y axis sensor orientation) show that the level of r.m.s charge increases for 

higher particle velocities. Fig. 6.123 and Fig. 6.124 show the feed rates of each of the 

experiments. This indicates that higher particle velocity has the effect of generating 

higher electrostatic charge on the particles. 
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Fig. 6.111 Mean particle concentration profiles of 

pulverised coal on the Z axis on a horizontal pipe 

 

Fig. 6.112 Mean particle concentration profiles of 

pulverised coal on the Y axis on a horizontal pipe 

 

Fig. 6.113 Mean particle concentration profiles of 

pulverised coal/biomass (95%/5% blend) on the Z 

axis on a horizontal pipe 

 

Fig. 6.114 Mean particle concentration profiles of 

pulverised coal/biomass (95%/5% blend) on the Y 

axis on a horizontal pipe 
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Fig. 6.115 Mean particle concentration profiles of 

pulverised coal/biomass (90%/10% blend) on the 

Z axis on a horizontal pipe 

 

Fig. 6.116 Mean particle concentration profiles of 

pulverised coal/biomass (90%/10% blend) on the 

Y axis on a horizontal pipe 

 

Fig. 6.117 Mean particle concentration profiles of 

pulverised coal/biomass (85%/15% blend) on the 

Z axis on a horizontal pipe 

 

Fig. 6.118 Mean particle concentration profiles of 

pulverised coal/biomass (85%/15% blend) on the 

Y axis on a horizontal pipe 
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Fig. 6.119 Mean particle concentration profiles of 

pulverised coal/biomass (80%/20% blend) on the 

Z axis on a horizontal pipe 

 

Fig. 6.120 Mean particle concentration profiles of 

pulverised coal/biomass (80%/20% blend) on the 

Y axis on a horizontal pipe 

 

Fig. 6.121 Mean particle concentration profiles of 

pulverised biomass on the Z axis on a horizontal 

pipe 

 

Fig. 6.122 Mean particle concentration profiles of 

pulverised biomass on the Y axis on a horizontal 

pipe 
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Fig. 6.123 Measured material feed rates carried out on a horizontal pipe on the Z sensor axis 

 

Fig. 6.124 Measured material feed rates carried out on a horizontal pipe on the Y sensor axis 

Vertical Particle Flow 

The electrostatic sensor array is capable of measuring the particle concentration of coal, 

biomass and coal/biomass blends in a horizontal pipe (Fig. 6.125 – Fig. 6.136). The 

phenomenon of lower measured particle concentrations for pure coal and lower ratios of 

blended biomass along the pipe wall are not observed for the concentration profiles 
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measured on the vertical pipe. This is conceivably due to the effect of roping caused by 

the right-angle bend forcing the particles along the pipe wall due to centrifugal forces. 

 A similar effect of higher particle velocity causing higher r.m.s values can also 

be observed in the concentration profiles (with the exception of the pure coal 750 RPM 

profile shown in Fig. 6.125) A possible reason for this could be due to an increase in the 

particle feed rate for that experiment illustrated in Fig. 6.137. Conversely the effect of 

increased r.m.s charge caused by increased particle velocity is not as pronounced on the 

vertical particle flow as it was on the horizontal particle flow. A possible reason for this 

is the vertical particle flow is not as developed compared to the measurements taken on 

the horizontal particle flow due to the sensor location in relation to the right-angle pipe 

bend.    

 

Fig. 6.125 Mean particle concentration profiles of 

pulverised coal on the X axis on a vertical pipe 

 

Fig. 6.126 Mean particle concentration profiles of 

pulverised coal on the Y axis on a vertical pipe 
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Fig. 6.127 Mean particle concentration profiles of 

pulverised coal/biomass (95%/5% blend) on the X 

axis on a vertical pipe 

 

Fig. 6.128 Mean particle concentration profiles of 

pulverised coal/biomass (95%/5% blend) on the Y 

axis on a vertical pipe 

 

Fig. 6.129 Mean particle concentration profiles of 

pulverised coal/biomass (90%/10% blend) on the 

X axis on a vertical pipe 

 

Fig. 6.130 Mean particle concentration profiles of 

pulverised coal/biomass (90%/10% blend) on the 

Y axis on a vertical pipe 
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Fig. 6.131 Mean particle concentration profiles of 

pulverised coal/biomass (85%/15% blend) on the 

X axis on a vertical pipe 

 

Fig. 6.132 Mean particle concentration profiles of 

pulverised coal/biomass (85%/15% blend) on the 

Y axis on a vertical pipe 

 

Fig. 6.133 Mean particle concentration profiles of 

pulverised coal/biomass (80%/20% blend) on the 

X axis on a vertical pipe 

 

Fig. 6.134 Mean particle concentration profiles of 

pulverised coal/biomass (80%/20% blend) on the 

Y axis on a vertical pipe 
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Fig. 6.135 Mean particle concentration profiles of 

pulverised biomass on the X axis on a vertical pipe 

 

Fig. 6.136 Mean particle concentration profiles of 

pulverised biomass on the Y axis on a vertical pipe 

  

Fig. 6.137 Measured material feed rates carried out on a vertical pipe on the X sensor axis 

0

5

10

15

20

25

0 10 20 30 40 50

r.
m

.s
 C

h
ar

g
e 

L
ev

el
 (

%
) 

Sensor Location Across Pipe Diameter (mm) 

750

800

850

900

950

Fan Speed 

(RPM) 

0

5

10

15

20

25

0 10 20 30 40 50

r.
m

.s
 C

h
ar

g
e 

L
ev

el
 (

%
) 

Sensor Location Across Pipe Diameter (mm) 

750

800

850

900

950

Fan Speed 

(RPM) 

0

0.5

1

1.5

2

2.5

Coal Biomass 5% Biomass 10%

Biomass

15%

Biomass

20%

Biomass

P
ar

ti
cl

e 
F

ee
d
 R

at
e 

k
g
/h

o
u
r 

Conveyed Material 

750

800

850

900

950

Fan Speed 

(RPM) 
 



 

 

 

 

 

 

Chapter 6 Experimental Results and Discussion 
____________________________________________________________________________________________________________________________________________________________________________________________________________________  

175 

 

  

Fig. 6.138 Measured material feed rates carried out on a vertical pipe on the Y sensor axis 

6.2.3.4 Correlation Coefficient Profiles  

Horizontal Particle Flow 

The value of the correlation coefficient is also an indication of flow stability [54] (the 

closer to 1 the correlation coefficient, the more stable the flow). The correlation 

coefficient profiles for coal, biomass and coal/biomass blends shown in Fig. 6.139 – 
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compared to along the pipe wall indicating more stable flow. The correlation coefficient 
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and Fig. 6.149) are not as symmetrical as the profiles from the sensor on the Y axis 

(Fig. 6.140, Fig. 6.142, Fig. 6.144, Fig. 6.146, Fig. 6.148 and Fig. 6.150). The shape of 

the correlation coefficient profiles (Z and Y sensor orientation) bare a similarity to the 

r.m.s profiles illustrated in Fig. 6.111 – Fig. 6.122 indicating that the quality of the 

correlation coefficient is also related to the particle concentration. Indicating that higher 

particle concentrations give rise to higher correlation coefficients. The correlation 

coefficient profiles for coal and all the coal/biomass blends (Fig. 6.139 - Fig. 6.148) 

appear to be consistent with each other over their respective particle velocities except 

for the pure biomass correlation coefficient profiles (Fig. 6.149 and Fig. 6.150). The 
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pure biomass correlation coefficient profiles seem to increase with particle velocity. 

This conceivably could be due to the larger particles of biomass having a more stable 

particle flow at higher particle velocities. It also appears that at higher particle velocities 

the pure biomass has a higher correlation coefficient compared to the pure coal and 

coal/biomass blends.  

 

Fig. 6.139 Mean correlation coefficient profiles of 

pulverised coal on the Z axis on a horizontal pipe 

 

Fig. 6.140 Mean correlation coefficient profiles of 

pulverised coal on the Y axis on a horizontal pipe 

 

Fig. 6.141 Mean correlation coefficient profiles of 

pulverised coal/biomass (95%/5% blend) on the Z 

axis on a horizontal pipe 

 

Fig. 6.142 Mean correlation coefficient profiles of 

pulverised coal/biomass (95%/5% blend) on the Y 

axis on a horizontal pipe 
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Fig. 6.143 Mean correlation coefficient profiles of 

pulverised coal/biomass (90%/10% blend) on the 

Z axis on a horizontal pipe 

 

Fig. 6.144 Mean correlation coefficient profiles of 

pulverised coal/biomass (90%/10% blend) on the 

Y axis on a horizontal pipe 

 

Fig. 6.145 Mean correlation coefficient profiles of 

pulverised coal/biomass (85%/15% blend) on the 

Z axis on a horizontal pipe 

 

Fig. 6.146 Mean correlation coefficient profiles of 

pulverised coal/biomass (85%/15% blend) on the 

Y axis on a horizontal pipe 
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Fig. 6.147 Mean correlation coefficient profiles of 

pulverised coal/biomass (80%/20% blend) on the 

Z axis on a horizontal pipe 

 

Fig. 6.148 Mean correlation coefficient profiles of 

pulverised coal/biomass (80%/20% blend) on the 

Y axis on a horizontal pipe 

 

Fig. 6.149 Mean correlation coefficient profiles of 

pulverised biomass on the Z axis on a horizontal 

pipe 

 

Fig. 6.150 Mean correlation coefficient profiles of 

pulverised biomass on the Y axis on a horizontal 

pipe 
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Fig. 6.161) on the particle flow along a horizontal pipe shows that the shapes of the 

profiles are an inverse shape to the correlation coefficient profiles (Fig. 6.139 – Fig. 

6.150). This indicates that the particle flow in the centre of the pipe is more stable 

compared to the particle flow along the pipe wall. The normalised standard deviation of 

the correlation coefficient profiles for the particle flow of the pure coal remains similar 
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over the five particle velocities. As the ratio of biomass - coal increases (to pure 

biomass) the normalised standard deviation correlation coefficient profiles start to 

deviate from each other. This can best be seen on the Z sensor axis (Fig. 6.151, Fig. 

6.153, Fig. 6.155, Fig. 6.157, Fig. 6.159 and Fig. 6161). The standard deviation 

improves as the particle velocity increases. This indicates that the increase in biomass 

reduces the flow stability and that higher particle velocity improve the flow stability for 

biomass.    

 

Fig. 6.151 Normalised standard deviation profiles 

of the correlation coefficient of pulverised coal on 

the Z axis on a horizontal pipe 

 

Fig. 6.152 Normalised standard deviation profiles 

of the correlation coefficient of pulverised coal on 

the Y axis on a horizontal pipe 
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Fig. 6.153 Normalised standard deviation profiles 

of the correlation coefficient of pulverised 

coal/biomass (95%/5% blend) on the Z axis on a 

horizontal pipe 

 

Fig. 6.154 Normalised standard deviation profiles 

of the correlation coefficient of pulverised 

coal/biomass (95%/5% blend) on the Y axis on a 

horizontal pipe 

 

Fig. 6.155 Normalised standard deviation profiles 

of the correlation coefficient of pulverised 

coal/biomass (90%/10% blend) on the Z axis on a 

horizontal pipe 

 

Fig. 6.156 Normalised standard deviation profiles 

of the correlation coefficient of pulverised 

coal/biomass (90%/10% blend) on the Y axis on a 

horizontal pipe 
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Fig. 6.157 Normalised standard deviation profiles 

of the correlation coefficient of pulverised 

coal/biomass (85%/15% blend) on the Z axis on a 

horizontal pipe 

 

Fig. 6.158 Normalised standard deviation profiles 

of the correlation coefficient of pulverised 

coal/biomass (85%/15% blend) on the Y axis on a 

horizontal pipe 

 

Fig. 6.159 Normalised standard deviation profiles 

of the correlation coefficient of pulverised 

coal/biomass (80%/20% blend) on the Z axis on a 

horizontal pipe 

 

Fig. 6.160 Normalised standard deviation profiles 

of the correlation coefficient of pulverised 

coal/biomass (80%/20% blend) on the Y axis on a 

horizontal pipe 
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Fig. 6.161 Normalised standard deviation profiles 

of the correlation coefficient of pulverised biomass 

on the Z axis on a horizontal pipe 

 

Fig. 6.162 Normalised standard deviation profiles 

of the correlation coefficient of pulverised biomass 

on the Y axis on a horizontal pipe 

Vertical Particle Flow 

The correlation coefficient profiles for the vertical particle flow (Fig. 6.163 – Fig. 

6.174) are consistent over the whole diameter of the pipe on both the X and Y sensor 

axis. This is conceivably due to the flow being undeveloped due to the sensor location 

in relation to the right-angle bend.   

 

Fig. 6.163 Mean correlation coefficient profiles of 

pulverised coal on the X axis on a vertical pipe 

 

Fig. 6.164 Mean correlation coefficient profiles of 

pulverised coal on the Y axis on a vertical pipe 
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Fig. 6.165 Mean correlation coefficient profiles of 

pulverised coal/biomass (95%/5% blend) on the X 

axis on a vertical pipe 

 

Fig. 6.166 Mean correlation coefficient profiles of 

pulverised coal/biomass (95%/5% blend) on the Y 

axis on a vertical pipe 

 

Fig. 6.167 Mean correlation coefficient profiles of 

pulverised coal/biomass (90%/10% blend) on the 

X axis on a vertical pipe 

 

Fig. 6.168 Mean correlation coefficient profiles of 

pulverised coal/biomass (90%/10% blend) on the 

Y axis on a vertical pipe 
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Fig. 6.169 Mean correlation coefficient profiles of 

pulverised coal/biomass (85%/15% blend) on the 

X axis on a vertical pipe 

 

Fig. 6.170 Mean correlation coefficient profiles of 

pulverised coal/biomass (85%/15% blend) on the 

Y axis on a vertical pipe 

 

Fig. 6.171 Mean correlation coefficient profiles of 

pulverised coal/biomass (80%/20% blend) on the 

X axis on a vertical pipe 

 

Fig. 6.172 Mean correlation coefficient profiles of 

pulverised coal/biomass (80%/20% blend) on the 

Y axis on a vertical pipe 
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Fig. 6.173 Mean correlation coefficient profiles of 

pulverised biomass on the X axis on a vertical pipe 

 

Fig. 6.174 Mean correlation coefficient profiles of 

pulverised biomass on the Y axis on a vertical pipe 

The shapes of the normalised standard deviation profiles for correlation coefficient for 

the vertical particle flow (Fig. 6.175 – Fig. 6.186) are similar in shape to the normalised 

standard deviation profiles for the horizontal particle flow (Fig. 6.151 – Fig. 6.162). 

However the parabola shape of the profile is not as pronounced on the vertical flow 

compared to the horizontal flow. This is possibly due to the fact the particle flow is still 

in the process of developing due to the sensor location in relation to the right-angle pipe 

bend.   
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Fig. 6.175 Normalised standard deviation profiles 

of the correlation coefficient of pulverised coal on 

the X axis on a vertical pipe 

 

Fig. 6.176 Normalised standard deviation profiles 

of the correlation coefficient of pulverised coal on 

the Y axis on a vertical pipe

 

Fig. 6.177 Normalised standard deviation profiles 

of the correlation coefficient of pulverised 

coal/biomass (95%/5% blend) on the X axis on a 

vertical pipe 

 

Fig. 6.178 Normalised standard deviation profiles 

of the correlation coefficient of pulverised 

coal/biomass (95%/5% blend) on the Y axis on a 

vertical pipe 
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Fig. 6.179 Normalised standard deviation profiles 

of the correlation coefficient of pulverised 

coal/biomass (90%/10% blend) on the X axis on a 

vertical pipe 

 

Fig. 6.180 Normalised standard deviation profiles 

of the correlation coefficient of pulverised 

coal/biomass (90%/10% blend) on the Y axis on a 

vertical pipe 

 

Fig. 6.181 Normalised standard deviation profiles 

of the correlation coefficient of pulverised 

coal/biomass (85%/15% blend) on the X axis on a 

vertical pipe 

 

Fig. 6.182 Normalised standard deviation profiles 

of the correlation coefficient of pulverised 

coal/biomass (85%/15% blend) on the Y axis on a 

vertical pipe 
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Fig. 6.183 Normalised standard deviation profiles 

of the correlation coefficient of pulverised 

coal/biomass (80%/20% blend) on the X axis on a 

vertical pipe 

 

Fig. 6.184 Normalised standard deviation profiles 

of the correlation coefficient of pulverised 

coal/biomass (80%/20% blend) on the Y axis on a 

vertical pipe 

 

Fig. 6.185 Normalised standard deviation profiles 

of the correlation coefficient of pulverised biomass 

on the X axis on a vertical pipe 

 

Fig. 6.186 Normalised standard deviation profiles 

of the correlation coefficient of pulverised biomass 

on the Y axis on a vertical pipe 
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6.2.3.5 Discussion on the Flow Characteristics of Pneumatically Conveyed 

Coal/Biomass Blends  

The electrostatic sensor array is capable of determining the particle velocity and 

concentration profiles of positive pressure conveyed coal, biomass and coal biomass 

blends on both horizontal and vertical pipe sections. The measured velocity profiles for 

the horizontal particle flow illustrate that they are fully developed. Conversely the 

velocity profiles on the vertical pipe are still in the process of developing as seen by 

their underdeveloped curved shapes due to the position of the electrostatic sensor array 

in relation to a right-angle pipe bend. The effect of gravity can be seen in the measured 

particle concentration profiles with higher particle concentration at the bottom of the 

pipe. The particle concentration profiles at the very bottom of the pipe for pure coal and 

low ratios of biomass have reduced measured particle concentration. However for pure 

biomass and coal/biomass blends (> 15% biomass by weight) this phenomenon of 

reduced particle concentration does not occur. This is conceivably due to turbulence 

caused by the sensor array blade in relation to the pipe wall which would prevent the 

smaller particles (coal) from entering the space between the sensor blade and the pipe 

wall or the Magnus effect. Larger biomass particles, however, do not suffer from this 

effect due to the pulverised biomass having a larger particle size consequently a higher 

particle mass allowing them to overcome the turbulence or Magnus effect. Through 

analysis of the correlation coefficient profiles as well as analysis of the standard 

deviation of the velocity profiles on the horizontal developed particle flow, it is clear 

that the flow is more stable in the centre of the pipe compared to along the pipe wall.  
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6.3 The Piezoelectric Sensor Array 
 

The piezoelectric sensor array is designed to determine the particle concentration and 

particle size distribution profiles in dilute multi-phase flow. The piezoelectric sensor 

array achieves this by having an array of piezoelectric impact sensors along the leading 

edge of the sensor blade. In order to determine the effectiveness of the piezoelectric 

sensor array a series of experiments were carried out both on-line and off-line and 

compared to the theoretical system model. 

6.3.1 Off-Line Experimentation Using the Piezoelectric Sensor (Single 

Sensor Element)  

In order to compare the developed system model for the piezoelectric impact sensor to 

experimental data off-line experimentation was carried out using the off-line impact test 

rig. The off-line test rig was used to ensure as many experimental conditions as possible 

were known, thus ensuring accurate comparison to the developed system model. 

6.3.1.1 Experimental Conditions  

For off-line experimentation three sizes of ball bearings were used with the off-line test 

rig (2.5 mm, 3 mm and 3.5 mm diameter) each with a mass of 11.62 mg, 20.08 mg and 

31.88 mg respectively. The ball bearings are made from Delrin which is a high strength 

engineering polymer. The Delrin ball bearings have a Poisson Ratio of 0.35 and 

Young’s Modulus of 3.1x10
9
 N/m

2
 [111]. The impacted surface (impact waveguide) is 

manufactured out of engineering brass which has a Poisson Ratio of 0.331 [112] and 

Young’s Modulus of 102x10
9
 N/m

2
 [113]. The mass for the impact target is assumed to 

be sufficiently large making it insignificant for the effective mass calculation (4.14) 

[114]. The impact velocity was independently measured by the optical sensor on the 

off-line impact test rig. 
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6.3.1.2 Unfiltered Impact Analysis 

The impact sensor was first tested without the bandpass filter in order to examine the 

frequency component of the ball bearing impact. A total of 200 impact reading were 

taken for each size of ball bearings.  Fig. 6.187 shows the peak amplitude of the impact 

signals. The magnitude of the unfiltered impact signals shows a high level of deviation, 

especially on 2.5 mm diameter ball bearing. The impact signals for the 3 mm ball 

bearing also show a large number of impact signals that are at the supply voltage 

(1.65V) indicating that the preamplifier has saturated for the impacts.  

 

Fig. 6.187 Magnitude of dominant peak of ball bearing impact (unfiltered) 

Power spectral analysis of impacts of all three sizes of ball bearings is carried out for 

2.0 m/s, 2.2 m/s, 2.4 m/s and 2.6 m/s, as shown in Fig. 6.188 – Fig. 6.191 respectively. 

The power spectra in Fig. 6.188 – Fig. 6.191 indicate that the smaller diameter ball 

bearings have higher frequency components. This higher frequency component is 

conceivably related to the impact duration. Fig. 6.192 shows the theoretical impact 

duration calculated using (4.15). Illustrating that impact duration decreases for smaller 

diameter ball bearings, thus introducing a higher frequency (lower period) into the 

particle impact. Additionally, for larger diameter ball bearings at higher velocity there is 

a large DC component in the signal indicating that the signal has saturated to the supply 

voltage. 
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Fig. 6.188 Power spectra of the ball bearing 

impacts at 2.0 m/s 

 

Fig. 6.189 Power spectra of the ball bearing 

impacts at 2.2 m/s 

 

Fig. 6.190 Power spectra of the ball bearing 

impacts at 2.4 m/s 

 

Fig. 6.191 Power spectra of the ball bearing 

impacts at 2.6 m/s 

 

Fig. 6.192 Impact duration for 2.5 mm, 3 mm and 3.5 mm Delrin ball bearings calculated using (4.15) 
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Fig. 6.193 – Fig. 6.195 shows the power spectra for the ball bearing with different 

impact velocities. They too show an increase in magnitude for higher frequency 

components which also corresponds to the theoretical impact durations shown in Fig. 

6.192. Likewise, Fig. 6.193 – Fig. 6.195 show a higher DC component for the higher 

impact velocities for 3 mm and 3.5 mm ball bearing impacts illustrating that the impact 

sensor signal has saturated to the supply voltage for higher impact forces. 

 

Fig. 6.193 Power spectra of 2.5 mm ball bearing 

impact signal 

 

Fig. 6.194 Power spectra of 3 mm ball bearing 

impact signal 

 

Fig. 6.195 Power spectra of 3.5 mm ball bearing impact signal 

For Fig. 6.188 – Fig. 6.191 and Fig. 6.193 – Fig. 6.195 there is a common frequency 

range (approximately between 5 kHz and 15 kHz) that is consistently proportional to the 

impact force due to a higher impact velocity or larger mass of the ball bearing. 

 



 

 

 

 

 

 

Chapter 6 Experimental Results and Discussion 
____________________________________________________________________________________________________________________________________________________________________________________________________________________  

194 

 

6.3.1.3 Filtered Impact Analysis 

A second order bandpass filter with a low cut-off frequency of 5 kHz and an upper cut-

off frequency of 15 kHz was placed between the impact sensor’s output and the ADC. 

This was done to remove the DC component caused by saturation as well as the high 

frequency components and only use the frequencies that were shown to be proportional 

to the impact force as seen in Fig. 6.188 – Fig. 6.191 and Fig. 6.193 – Fig. 6.195. The 

filtered power spectra analysis of the filtered impact signals (Fig. 6.196 – Fig. 6.201) 

illustrate that magnitude of the frequency component between 5 kHz – 15 kHz increases 

proportionally for higher impact force caused by larger particle mass or impact velocity. 

 

Fig. 6.196 Power spectra of the ball bearing 

impacts at 2.2 m/s (filtered) 

 

Fig. 6.197 Power spectra of the ball bearing 

impacts at 2.4 m/s (filtered) 

 

Fig. 6.198 Power spectra of the ball bearing 

impacts at 2.6 m/s (filtered) 

 

Fig. 6.199 Power spectra of 2.5 mm ball bearing 

impact signal (filtered) 
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Fig. 6.200 Power spectra of 3 mm ball bearing 

impact signal (filtered) 

 

Fig. 6.201 Power spectra of 3.5 mm ball bearing 

impact signal (filtered) 

The same experiment was repeated again 200 times for all three ball bearing diameters 

using the bandpass filter. Fig. 6.202 shows the peak amplitude of the filtered impact 

signals. Fig. 6.202 also shows the calculated signal magnitude using the mechanical 

characteristics of the waveguide and the Delrin ball bearings and a range of impact 

velocities using (4.18).  

 

Fig. 6.202 Magnitude of dominant peak of ball bearing impact (with bandpass filter) 

The signal output from the impact sensor agrees well with the calculated values using 

(4.18). However, the results from the 2.5 mm impacts show a higher deviation 

compared to the other two. This is believed to be due to the fact that, even though the 

guiding tube is centred above impact sensor waveguide, some of the 2.5mm ball 
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bearings may not be impacting the centre of the waveguide. Furthermore, for higher 

impact forces the impact sensor output is greater than the calculated values (3.5 mm ball 

bearing impacts); this is possibly due to the higher impact force being able to overcome 

the adhesive effect between the rubber and the waveguide [106]. This indicates that for 

a spherical particle, if the particle velocity is known as well as the mechanical 

characteristic of the particle, particle size can be determined via impact analysis using 

the piezoelectric impact sensor. 

6.3.1.4 Discussion on the Off-Line Experimentation Using the Piezoelectric Sensor  

The piezoelectric impact sensor has been capable of determining the particle size 

through analysis of the magnitude of the particle impact signal. Through analysis of the 

frequency component of the sensor output during impact, it has been determined that 

selective filtering of frequency components of the impact signal has an effect on 

reducing the deviation of the peak magnitude of the impact signal. The comparison 

between the calculated output signal values and the sensor outputs obtained during the 

experimentation agree well. This outcome indicates that, for a spherical particle, the 

piezoelectric impact sensor is capable of determining the size of the particle through 

impact analysis, assuming that the mechanical properties of the particle and particle 

impact velocity are known. The impact sensor has a very small active sensing area, 

making it ideal for online particle size measurement on a pneumatic conveying system 

since the small active sensing area reduces the chance of simultaneous impacts of 

multiple particles occurring. 

6.3.2 On-Line Experimentation Using the Piezoelectric Sensor (Single 

Sensor Element)  

Before the piezoelectric sensor array was fully constructed a single piezoelectric impact 

sensor was constructed inside the sensor blade. This was done to ensure the sensor 

design was viable before full construction of the piezoelectric sensor array was carried 

out. The single piezoelectric impact sensor was placed in the centre of the sensor blade 

(centre of the pipe). 
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6.3.2.1 Measuring the Performance of the Anti-Vibration Shielding 

The drawback of previous sensors (impact bar sensor designs) that determined particle 

size through impact analysis was the relatively large surface area of the impact bar. This 

design feature caused a problem that even in dilute phase particle flow multiple impacts 

may occur simultaneously which would lead to measurement errors. In contrast, this 

design of impact sensor has the novel feature that only a small particle of the sensor 

blade is active due to specific anti-vibration shielding on the leading edge of the sensor. 

In order to test the effectiveness of this anti-vibration shielding a series of off-line tests 

were carried out. These tests utilised the off-line test rig and involved impacting Delrin 

ball bearings at a specific impact velocity (2 m/s) and size of ball bearing (3.5 mm) on 

both the active sensor area and non-active sensor area to measure the impact attenuation 

caused by the anti-vibration shielding. Fig. 6.203 and Fig. 6.204 show the impact signal 

of a Delrin ball bearing impacting the active (unfiltered) and non-active (filtered)  

sensor areas respectively. The attenuation of particle impacts caused by the combination 

of the anti-vibration shielding and the band-pass filter is approximately -28 dB.      

 

Fig. 6.203 Unfiltered impact signal of a 3.5 mm 

Delrin ball bearing with an impact velocity of 2 

m/s impacting the active sensor area 

 

Fig. 6.204 Filtered impact signal of a 3.5 mm 

Delrin ball bearing with an impact velocity of 2 

m/s impacting the non-active sensor area 

6.3.2.2 Experimental Conditions  

Testing was carried out using the positive pressure test rig with the sensor mounted on a 

horizontal pipe sections. The impact sensor was mounted on a horizontal pipe section 

after a 6400 mm straight horizontal pipe section ensuring measurement of a developed 
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flow. During the experiments, temperature (21 °C average) and relative humidity 

(46.5% average) were monitored to ensure environmental test conditions were the same 

for each test. 

 The pulverised material used for this experimentation was plastic shot (Amino 

plastic blast media) which is used in industry for shot blasting when the substrate of the 

material must not be damaged [115]. This material was chosen over materials such as 

glass beads since the plastic shot will not fracture when it is being conveyed and 

consequently it is reusable. The plastic shot was first sieved between a 600 μm and a 

700 μm sieve to reduce the particle size distribution. The shape of the plastic shot 

particles are semi cubical to angular; consequently the weight of the particles are 

estimated (estimated by assuming the particles are spherical and using the density of the 

plastic shot of 1.6 g/cm
3
) at 0.18 mg (600 μm diameter particles) and 0.287 mg (700 μm 

diameter particles). Since the manufacture does not specify the exact mechanical 

properties of the plastic shot the estimated Poisson Ratio of 0.331 and Young’s 

Modulus of 10x10
9
 N/m

2
 was taken from a similar material [116]. Particle size and shape 

distribution was independently measured using the off-line digital particle size imaging 

techniques. Fig. 6.205 and Fig. 6.206 shows the particle size and shape distribution of 

the sieved plastic shot.  

 

Fig. 6.205 Particle size distribution of plastic shot 

particles  

 

Fig. 6.206 Particle aspect ratio of plastic shot 

particles  
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Analysis of the particle size data show that the majority of the measured particles (90%) 

shown in Fig. 6.205 are within the range of 710-1000 μm which is slightly higher than 

the sieve mesh size. It has been documented that the digital imaging technique measures 

the particles to be slightly larger than their actual size [33]. The particle shape 

distribution shows that the majority of the particles have a an aspect ratio (Fig. 6.206) in 

the range of 1:1 – 1:1.5 indicating that most of the particles are close to being spherical. 

 Since the system model for determining the particle size requires the particle 

velocity to be known the electrostatic sensor array was used to determine the particle 

velocity at the centre of the pipe in the same location of the impact sensor. The 

experiment consisted of five different fan speeds were used to create five different 

particle velocities as shown in Table 6.4. This was done so the only variable that will 

affect the magnitude of the impact signal will be the particle velocity (since the plastic 

shot particles were sieved to have the same particle size). 

        Table 6.4 

        Plastic shot (single impact sensor) test condition matrix 

Pulverised 
Material 

Sensor Axis Pipe Orientation  Fan Speed (RPM) 

Plastic Shot Z Horizontal 750 

Plastic Shot Z Horizontal 800 

Plastic Shot Z Horizontal 850 

Plastic Shot Z Horizontal 900 

Plastic Shot Z Horizontal 950 

 

Due to the small mass of the plastic shot particles compared to the Delrin ball bearings 

used in the off-line particle impact experiments a secondary amplifier was placed after 

the pre-amplifier. The secondary amplifier was set to have a gain of 1.5 to ensure the 

full range of the ADC on the data logger was used. Since the anti-vibration shielding on 

the leading edge of the sensor blade has creates an attenuation of approximately -28 dB 

a threshold signal magnitude was used to determine when a particle impact has 

occurred. This threshold signal voltage was set to 100 mV. This magnitude of threshold 
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ensured that only particles that impacted the active sensor area were categorised as a 

particle impact. Each individual experiment was carried out for approximately 10 

minutes. 

6.3.2.3 On-Line Experimentation Using the Piezoelectric Sensor (Single Sensor 

Element) Results 

The measured particle impacts for the on-line experimentation indicate that the 

magnitude of the impacts increase with the higher particle velocities. Fig. 6.207 displays 

the average measured particle impacts for the five different particle velocities with the 

impact sensor being in the centre of the pipe. The measured average particle impact 

magnitudes for each of the five particle velocity appear to be slightly lower than the 

modelled data for the 600 μm plastic shot particles. This is conceivably due to some of 

the particles not impacting the active sensor area directly (glancing impacts); 

consequently not all the impact force is applied to the active sensor area. Another 

possibility is that the estimated mass of the individual particles is underestimated since 

the mass of the shot particles was estimated assuming the particles are spherical, 

however, according to the manufacturer the shape of the plastic shot are semi cubical to 

angular [115].  

 

Fig. 6.207 Estimated and measured average magnitude of the particle impacts measured by the 

piezoelectric impact sensor mounted in the centre of the pipe 
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6.3.2.4 Discussion on the On-Line Experimentation Using the Piezoelectric Sensor 

(Single Sensor Element)  

A single piezoelectric impact sensor has been successfully implemented in measuring 

the particle size of plastic shot through impact analysis in an on-line mode using a 

positive pressure bulk solid conveying test rig. It has been proven that if the mechanical 

properties of the conveyed material are known, as well as the particle velocity is 

independently measured (using an electrostatic sensor) the measured impact signal 

values show a close similarity to the calculated values using the derived system model. 

Through use of anti-vibration shielding a small active sensor area has been achieved on 

the leading edge of the sensor blade. This feature has ensured that the current design of 

the piezoelectric impact sensor does not suffer from measurement errors caused by 

multiple simultaneous impacts caused by large active sensor areas. 

6.3.3 On-Line Experimentation Using the Piezoelectric Sensor Array 

After successful on/off-line trials carried out using the single impact sensor on the 

sensor blade the full sensor array was constructed. The piezoelectric sensor array 

consists of five independent impact sensors on a sensor blade that spans the diameter of 

the pipe. The impact sensor elements are spaced out equally across the pipe diameter 

(10 mm apart). This design corresponds to the positions of the electrostatic sensor 

elements on the electrostatic sensor array. The purpose of this on-line experiment on the 

piezoelectric sensor array is to test the viability of the piezoelectric sensor array’s ability 

to determine the particle size profiles as well as determining the particle concentration 

profiles across the diameter of the pipe. To this end the piezoelectric sensor array will 

be tested on a horizontal pipe on a developed dilute-phase particle flow with 

comparison made with measurements taken by the electrostatic sensor array. 

6.3.3.1 Calibrating the Piezoelectric Sensor Array 

Due to mechanical variations in the construction of each element of the piezoelectric 

sensor array, each impact sensor had to be calibrated to ensure consistent measurement 

of the particle size across the pipe diameter. The calibration process was carried out 
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using the off-line impact test rig and involved carrying out a series of 200 impacts per 

Delrin ball bearing diameter (2.5 mm, 3 mm and 3.5 mm). The secondary amplifiers on 

each piezoelectric impact sensor were then used to calibrate its respective impact sensor 

(fine adjustment was carried out using DSP). After the calibration process, the off-line 

test rig was used to verify each element was calibrated. Fig. 6.208 - Fig. 6.212 illustrate 

the off-line testing using the three sizes of Delrin ball bearings after calibration. The 

impact sensors were calibrated to the original impact values obtained from the off-line 

testing on the original impact sensor. 

 

Fig. 6.208 Calibrated values of impacts measured 

on sensor 1 (5 mm) using Delrin ball bearings on 

the off-line impact test rig 

 

Fig. 6.209 Calibrated values of impacts measured 

on sensor 2 (15 mm) using Delrin ball bearings on 

the off-line impact test rig 

 

Fig. 6.210 Calibrated values of impacts measured 

on sensor 3 (25 mm) using Delrin ball bearings on 

the off-line impact test rig 

 

Fig. 6.211 Calibrated values of impacts measured 

on sensor 4 (35 mm) using Delrin ball bearings on 

the off-line impact test rig 
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Fig. 6.212 Calibrated values of impacts measured on sensor 5 (45 mm) using Delrin ball bearings on the 

off-line impact test rig 

6.3.3.2 Experimental Conditions  

On-line experimentation on the piezoelectric sensor array was carried out on the 

positive pressure test rig. The impact sensor was mounted on a horizontal pipe section 

after a 6400 mm straight horizontal pipe section ensuring measurement of a developed 

flow. During the experiments, temperature (21 °C average) and relative humidity 

(45.5% average) were monitored to ensure environmental test conditions were the same 

for each test. The pulverised material used for this experimentation was the same plastic 

shot (Amino plastic blast media) which was used for the on-line experiment for the 

single piezoelectric impact sensor. Again the plastic shot was first sieved between a 600 

μm and a 700 μm sieve to reduce the particle size distribution. Fig. 6.205 and Fig. 6.206 

shows the particle size and shape distribution of the sieved plastic shot used for the on-

line experiment for the piezoelectric sensor array.  

The experiment consisted of five different fan speeds were used to create five 

different particle velocities with the piezoelectric sensor mounted in the Z and Y axis as 

shown in Table 6.5. This was done so the only variable that will affect the magnitude of 

the impact signal will be the particle velocity (since the plastic shot particles were 

sieved to have the same particle size). 
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        Table 6.5 

        Plastic shot (array impact sensor) test condition matrix 

Pulverised 
Material 

Sensor Axis Pipe Orientation  Fan Speed (RPM) 

Plastic Shot Z Horizontal 750 

Plastic Shot Z Horizontal 800 

Plastic Shot Z Horizontal 850 

Plastic Shot Z Horizontal 900 

Plastic Shot Z Horizontal 950 

Plastic Shot Y Horizontal 750 

Plastic Shot Y Horizontal 800 

Plastic Shot Y Horizontal 850 

Plastic Shot Y Horizontal 900 

Plastic Shot Y Horizontal 950 

 

The electrostatic sensor array was used to measure the particle velocity profiles and the 

particle concentration profiles for both the Z and Y sensor axis and all particle 

velocities. During the experiments to measure the particle velocity and the concentration 

profiles of the pneumatically conveyed plastic shot it was found that the measured r.m.s. 

charge was considerably lower than the measured r.m.s. charge for the flour, biomass or 

coal. Consequently the gain of each of the secondary amplifies on the electrostatic 

sensor array had to be increased. A possible reason for this is that the plastic shot has an 

anti-static solution added to it during its manufacture [115] to reduce static charge build 

up during the shot blasting process. The measured particle velocity profiles presented in 

Fig. 6.213 and Fig. 6.214 show the typical velocity profiles of a developed particle flow 

on a horizontal pipe. This indicates that the particle velocity is higher in the centre of 

the pipe compared to the particle flow along the pipe wall. In addition the particle 

velocity measured on the Z axis (Fig. 6.213) shows that the particle velocity along the 

pipe wall at the bottom of the pipe (0 mm) is lower than the particle velocity along the 

pipe wall at the top of the pipe (45 mm). The reason for this is that gravity is causing the 

particles to come into contact with the bottom of the pipe more than the top of the pipe 

causing them to slow down more due to more friction with the pipe wall. 
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Fig. 6.213 Mean velocity profiles of plastic shot 

measured by the electrostatic sensor array on the Z 

axis on a horizontal pipe 

 

Fig. 6.214 Mean velocity profiles of plastic shot 

measured by the electrostatic sensor array on the Y 

axis on a horizontal pipe 

The normalised standard deviation of the velocity profiles presented in Fig. 6.215 and 

Fig 6.216 illustrate that the particle velocity deviates less in the centre of the pipe 

compared to along the pipe wall. 

 

Fig. 6.215 Normalised standard deviation profiles 

of the velocities for plastic shot measured by the 

electrostatic array sensor on the Z axis on a 

horizontal pipe 

 

Fig. 6.216 Normalised standard deviation profiles 

of the velocities for plastic shot measured by the 

electrostatic array sensor on the Y axis on a 

horizontal pipe 

The particle concentration profiles were also measured using the electrostatic sensor 

array for comparison purposes. Fig. 6.217 and Fig. 6.218 display the measured particle 
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concentration profiles measured by the electrostatic sensor array for the plastic shot on 

the horizontal pipe with the sensor in the Z and Y axis. The effect of gravity can be seen 

in the Z axis profiles (Fig. 6.217) which indicates that the particle concentration 

increases in the direction of gravity. 

 

Fig. 6.217 Mean particle concentration profiles of 

plastic shot using normalised r.m.s. charge value to 

measure particle concentration on the Z axis on a 

horizontal pipe 

 

Fig. 6.218 Mean particle concentration profiles of 

plastic shot using normalised r.m.s. charge value to 

measure particle concentration on the Y axis on a 

horizontal pipe 

The threshold signal voltage was set to 100 mV. This magnitude of threshold ensured 

that only particles that impacted the active sensor area were categorised as a particle 

impact. For each fan speed for the piezoelectric sensor array the experiment run time 

was approximately 50 minutes (approximately 10 minutes for each element of the 

piezoelectric sensor array). 

6.3.3.3 Measured Particle Size Distribution Profiles  

The particle size was determined by the magnitude of the measured particle impact 

signal on the active sensor area of each element of the piezoelectric sensor array (if the 

signal magnitude was over the threshold voltage). Fig. 6.219 and Fig. 6.220 show the 

average impact magnitude of detected impacts for the sensor mounting on the Z and Y 

axis (five particle velocities for each axis). Since the plastic shot particles were sieved to 

ensure a limited size distribution (sieved between a 600 μm and 700 μm sieves), the 
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only variable to affect the impact magnitude is the particle velocity. The displayed 

average impact magnitude profiles in. Fig. 6.219 and Fig. 6.220 clearly demonstrate that 

the measured impact force is proportional to the particle velocity. This illustrates that 

the piezoelectric sensor array is capable of determining the impact force of a particle 

impact and hence the particle size for the local area of the pipe. The analysis of the 

standard deviation of the profiles for the measured impacts on the piezoelectric impact 

array in Fig. 6.221 and Fig. 6.222 bare a close similarity to the standard deviation 

profiles of the velocity profiles measured by the electrostatic sensor array in Fig. 6.215 

and Fig 6.216 in which the measured particle impacts deviate less in the centre of the 

pipe compared to the along the pipe wall. This analysis demonstrates that the particle 

velocity is the determining factor for the impact force when particle size and material 

are the same.   

 

Fig. 6.219 Average impact magnitude profiles 

measured using the piezoelectric sensor array for 

plastic shot on the Z axis 

 

Fig. 6.220 Average impact magnitude profiles 

measured using the piezoelectric sensor array for 

plastic shot on the Y axis 
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Fig. 6.221 Normalised standard deviation profiles 

of the impact magnitudes measured using the 

piezoelectric sensor array for plastic shot on the Z 

axis 

 

Fig. 6.222 Normalised standard deviation profiles 

of the impact magnitudes measured using the 

piezoelectric sensor array for plastic shot on the Y 

axis 

6.3.3.4 Measured Particle Concentration Profiles  

If the measured signal magnitude was higher than the set threshold voltage then a 

particle impact was registered to have occurred on the individual sensor element. The 

measured particle concentration measured by the piezoelectric sensor array was 

determined by the normalised number of particle impacts measured across the pipe 

diameter (on the five elements of the piezoelectric sensor array). The measured particle 

concentrations measured by the piezoelectric sensor array illustrated in Fig. 6.223 and 

Fig. 6.224 for the Z and Y sensor axis agree well with the measured particle 

concentration profiles measured with the electrostatic sensor array (Fig. 6.217 and Fig. 

6.218). The effect of gravity can be seen with the sensor orientation on the Z axis with 

the particle concentration increasing in the direction of gravity (towards the bottom of 

the pipe).  
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Fig. 6.223 Normalised particle concentration 

profiles measured by the piezoelectric sensor array 

on the Z axis for plastic shot 

 

Fig. 6.224 Normalised particle concentration 

profiles measured by the piezoelectric sensor array 

on the Y axis for plastic shot 

6.3.3.5 Discussion on the On-Line Experimentation Using the Piezoelectric Sensor Array  

Calibration of each element of the piezoelectric sensor array using the off-line test rig 

has ensured that each sensor element gives the same output to each of the other 

elements in the piezoelectric sensor array. The use of anti-vibration shielding on the 

sensor blade and a threshold voltage to determine when a particle impact has occurred 

on the active sensor area demonstrates that the piezoelectric sensor array was capable of 

detecting particle impacts in specific areas of the pipe diameter. Through on-line 

experimentation using the positive pressure test rig and using plastic shot that has been 

sieved to ensure a similar particle size the piezoelectric has been shown to be able to 

detect increasing particle impact force when the particle velocity is increased.  

Consequently indicating that the piezoelectric sensor array is capable of determining the 

particle size (assuming the mechanical properties of the pulverised material are known 

and the particle velocity is independently measured). The piezoelectric sensor array has 

also been demonstrated to be capable of determining the particle concentration profiles 

across the pipe. This has been well documented in the experiments carried out with the 

piezoelectric sensor array and compared to particle concentrations measured using the 

electrostatic sensor array on both the Z and Y sensor axis. The effect of gravity can be 
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seen with the piezoelectric sensor array mounted in the Z axis in the horizontal pipe 

since the particle concentration increases in the direction of gravity.  

6.4 Summary 
 

The electrostatic sensor array has been demonstrated to be capable of determining the 

particle velocity and concentration profiles of dilute-phase pneumatically conveyed bulk 

solid materials in both developed and undeveloped flows (on horizontal and vertical 

pipe sections) in an on-line mode. This has been achieved on both positive and negative 

pressure laboratory scale pneumatic conveying test rigs. A wide variety of pulverised 

materials have been used in experimental work including: flour, biomass (of different 

particle sizes and materials), coal and coal/biomass blends. It has been shown that 

particle size and shape have a significant effect on particle flow stability. Through 

analysis of the standard deviation profiles of the velocity profiles as well as through 

analysis of the correlation coefficient profiles it has been demonstrated that different 

parts of the pipe cross section have more stable flow characteristics compared to others 

(more stable flow in the centre of the pipe). Experiments carried out on undeveloped 

particle flows have revealed that the electrostatic sensor array is capable of detecting 

specific flow regimes such as roping which was caused by the particle flow traveling 

through a right-angle bend. 

 Off-line experimentation using the off-line impact test rig on the piezoelectric 

sensor array has shown that for a spherical particle (ball bearing) the measured impact 

force agrees well with the developed system model (assuming the mechanical properties 

of the particles are known and the impact velocity is independently measured). It has 

also been found through spectral analysis of the impact signal that different parts of the 

frequency spectrum relate to aspects of a particle impact. Using the off-line impact test 

rig for calibrating each of the elements of the array it has been found that each impact 
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sensor element on the piezoelectric sensor array can give the same measurement for the 

same impact force.  

Through a combination of the anti-vibration shielding and the selective 

frequency filtering, very small active sensing areas have been achieved. Consequently 

this has reduced the chances of measurement errors caused by simultaneous impacts and 

it has also allowed the impact force magnitude profiles to be measured across the 

diameter of the pipe. Consequently assuming the particle velocity is known as well as 

the mechanical properties of the particles being known the particle size can be 

determined. The piezoelectric sensor array has also demonstrated its capability of 

measuring the particle concentration profiles with comparisons made with the measured 

particle concentration profiles using the electrostatic sensor array with agree. This has 

been primarily demonstrated on the Z axis on a horizontal pipe where the particle 

concentration increases in the direction of gravity. 
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Chapter 7 

 

 

Conclusions and Recommendations for Future 

Work 

7.1 Research Contributions 
 

A novel electrostatic sensor array and a piezoelectric impact sensor array have been 

designed, constructed and tested using a variety of pulverised materials on laboratory-

scale pneumatic conveying systems. These sensor arrays span the diameter of the pipe 

and are capable of determining the particle velocity (electrostatic sensor array), particle 

concentration (electrostatic/piezoelectric sensor arrays) and particle size distribution 

(piezoelectric sensor array) profiles.  

 The electrostatic sensor array consists of five pairs of electrostatic electrodes 

(upstream and downstream) that span the diameter of the pipe with the pre-amplifiers 

constructed inside the sensor blade to improve signal to noise ratio. The particle 

velocity is determined using the cross correlation method and the particle concentration 

is determined by measuring the magnitude of the r.m.s charge value detected by the 

electrostatic sensors. Analysis of the particle velocity standard deviation as well as the 

correlation coefficient profiles has shown that different parts of the pipe cross section 
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have more stable flow compared to others (the centre of the pipe has a more stable flow 

compared to along the pipe wall). Measurements of undeveloped particle flow have 

shown that the electrostatic sensor array is also capable of determining specific particle 

flow regimes such as roping caused by particles going through a right angle pipe bend. 

 The piezoelectric sensor array consists of five individual impact waveguides 

(sensors) along the leading edge of the sensor blade. The impact waveguides only have 

a small active sensing area which allows them to achieve a very local area inside the 

pipe cross section as well as reducing the risk of simultaneous particle impacts. The 

waveguide is mechanically fixed to a piezoelectric transducer allowing the vibrations 

caused by particles impacting the waveguide to be detected. On-line and off-line 

experimentation was carried out using the piezoelectric sensor array which has shown 

that, using the developed system model, the particle size of spherical particles can be 

determined if the mechanical properties of the particle are known and the impact 

velocity is independently measured. On-line tests have also shown that the piezoelectric 

sensor array is capable of determining the particle concentration profile across the 

diameter of the pipe. The detected particle concentration profiles measured by the 

piezoelectric sensor array have been compared to concentration measurements taken by 

the electrostatic sensor array which show a close similarity.  

This ability of the electrostatic and piezoelectric sensor arrays to measure the 

particle velocity, concentration and size distribution profiles is an improvement over 

previous sensor paradigms that are only capable of monitoring a small area of the pipe 

bore. This allows the developed sensor arrays to measure complex multi-phase flow 

characteristic that previous sensor technologies have been unable to achieve.  

Both the electrostatic and piezoelectric sensor arrays would be of benefit to the 

coal/biomass power generation industries, allowing more accurate measurements of 

pulverised fuels entering the combustion furnace to be monitored and more advanced 

control systems to be developed and improve efficiency. The developed sensor arrays 

would also be of value to research in the area of computational fluid dynamics since 
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data collected from experiments using the electrostatic and piezoelectric sensor arrays 

can be compared to simulated flow patterns. 

7.2 Conclusions from this Research 

7.2.1 Electrostatic Sensor Array 

An electrostatic sensor array has been designed, constructed and tested on a laboratory 

scale pneumatic conveying system using a variety of pulverised materials. The 

electrostatic sensor array consists of five pairs of electrostatic electrodes (upstream and 

downstream) that span the diameter of the pipe with the pre-amplifiers constructed 

inside the sensor blade to improve signal to noise ratio. The particle velocity is 

determined using the cross correlation method whereby the cross correlation algorithm 

is embedded inside a MBED microcontroller. Using the current MBED microcontroller, 

the particle velocity for each element of the array can be carried out in approximately 

100ms (so the sensor has a refresh rate of 500ms for all five elements of the array). The 

particle concentration is determined by measuring the magnitude of the r.m.s of the 

electrostatic charge detected.  

 Experimental work with the electrostatic sensor array mounted on a laboratory 

scale pneumatic conveying systems has shown that the electrostatic sensor array is 

capable of determining both the particle velocity and concentration profiles. Analysis of 

the particle velocity standard deviation and the correlation coefficient profiles has 

shown that particle flow is more stable in the centre of the pipe compared to along the 

pipe wall. Experimental results for different particle sizes of biomass have shown that 

particle size has an effect on particle flow stability with smaller biomass particles 

having characteristics of more stable flow compared to larger biomass particles. 

Experiments using coal, biomass and coal/biomass blends have shown that coal and 

biomass have different flow characteristics. When coal-biomass is blended to 15% 

biomass or higher (by weight) the particle flow characteristic transitions from coal flow 

characteristics to biomass flow characteristics. Measurements of undeveloped particle 



 

 

 

 

 

 

Chapter 7 Conclusions and Recommendations for Future Work 
____________________________________________________________________________________________________________________________________________________________________________________________________________________  

215 

 

flow have shown that the electrostatic sensor array is likewise capable of determining 

specific particle flow regimes such as roping caused by particles going through a right 

angle pipe bend. 

7.2.2 Piezoelectric Sensor Array 

A piezoelectric impact sensor array has been designed, constructed and tested which is 

capable of determining both the particle concentration and particle size distribution 

profiles. The piezoelectric sensor array consists of individual impact sensors that span 

the diameter of the pipe. The piezoelectric sensor array uses custom piezoelectric 

transducers that have been fabricated from piezoelectric film (PVDF). The piezoelectric 

film transducers are mechanically interfaced with waveguides that protrude from the 

leading edge of the sensor blade which utilises anti-vibration shielding on the leading 

edge. This anti-vibration shielding has the effect of attenuating the vibration caused by 

any particle impacts that do not occur on the waveguide by -26 dB; consequently 

allowing each of the impact sensor elements to have a very small active sensing area (1 

mm diameter) which reduces the chance of simultaneous impacts. This innovation 

solves the deficiency that other sensor technologies suffered from in previous impact 

sensor designs. The pre-amplifiers for the piezoelectric transducers are constructed 

inside the sensor blade to reduce the connection distance with the piezoelectric film to 

improve the signal to noise ratio. 

 The testing of the piezoelectric sensor array consisted of both off-line and on-

line experimentation. Off-line experimentation was carried out using a custom built test 

rig that allowed ball bearings to be dropped onto the impact sensor and the impact 

velocity to be measured. The off-line testing allowed experiments to be carried out with 

controlled variables and allowed test data to be compared to the system model in order 

to determine particle size by measuring the magnitude of the particle impact. Analysis 

of the frequency spectrum of the impact signal using the off-line testing method has also 

found a link between the impact duration and frequency component of the impact 

signal; the shorter the impact duration the more higher frequency components are 



 

 

 

 

 

 

Chapter 7 Conclusions and Recommendations for Future Work 
____________________________________________________________________________________________________________________________________________________________________________________________________________________  

216 

 

present in the impact signal spectrum. Particle size was also determined by means of on-

line experimentation on a positive pressure bulk solid conveying system using plastic 

shot. It was found that on-line and off-line experimental data show close similarities to 

the developed system model, assuming that the particles are spherical/close to being 

spherical, the mechanical properties of the particles are known and the particle impact 

velocity is independently measured. On-line testing has also shown that the 

piezoelectric sensor array is capable of determining the particle concentration profiles 

by measuring the number of particle impacts on each impact sensor element. The 

measured profiles using the piezoelectric sensor array were compared to particle 

concentration profiles that were measured using the electrostatic sensor array. The 

profiles from both sensor systems show close similarities. 

7.3 Recommendations for Future Work 

7.3.1 Combining the Electrostatic/Piezoelectric Sensor Arrays 

Both the electrostatic and piezoelectric sensor arrays should be constructed inside a 

single sensor blade. With the electrostatic electrodes placed on the side of the sensor 

blade and the piezoelectric impact sensor array placed on the leading edge as shown in 

Fig. 7.1.  
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Fig. 7.1 Conceptual design of the combined electrostatic/piezoelectric sensor array 

Each element of the electrostatic sensor array will consist of a pair of electrostatic 

electrodes in an upstream/downstream configuration using the cross correlation method 

to determine particle velocity. The pre-amplifier for the electrostatic sensor elements 

will be constructed inside the sensor blade to reduce the connection distance between 

the electrode and the pre-amplifier to improve signal to noise ratio. Subsequent signal 

conditioning elements for each element of the electrostatic sensor array will be 

constructed outside the sensor blade due to space constraints inside the sensor blade. 

The subsequent signal conditioning circuit for each element of the electrostatic sensor 

array will consist of: 

 Adjustable Amplifier – this is to adjust the signal gain to allow the electrostatic 

sensor array to be configured for different particle flow conditions (different 

particle concentrations). 

 Low Pass Filter – this is to remove any high frequency noise contamination. 

Electrostatic Electrodes Piezoelectric Impact Sensors 



 

 

 

 

 

 

Chapter 7 Conclusions and Recommendations for Future Work 
____________________________________________________________________________________________________________________________________________________________________________________________________________________  

218 

 

 MUX – the multiplexer is controlled by the FPGA and used to select each 

element of the electrostatic sensor array. 

 ADC – the analogue to digital converter is used to digitise the analogue signal 

for the FPGA. 

Each element of the piezoelectric sensor array will consist of piezoelectric film 

transducers that will be fabricated using PVDF film with metallization layers on both 

sides of the PVDF film. The custom transducers are fabricated using chemical etching 

techniques in a similar way to how PCBs are fabricated. Using this method of 

construction the piezoelectric film transducer can be fabricated in such a way that only a 

specific area of the film is active (generates a signal output when mechanically 

stressed). The pre-amplifiers for each element of the piezoelectric sensor array will be 

constructed inside the sensor blade to reduce the connection distance to improve the 

signal to noise ratio. The subsequent signal conditioning circuit for each element of the 

piezoelectric sensor array will consist of:  

 Adjustable Amplifier – this is used to calibrate each element of the 

piezoelectric sensor array to each of the other elements. 

 MUX – the multiplexer is controlled by the FPGA and used to select each 

element of the electrostatic sensor array. 

 ADC – the analogue to digital converter is used to digitise the analogue signal 

for the FPGA. 

In order to allow the electronic sensor to analysis data in real time all signal processing 

will be performed by a FPGA (currently the electrostatic sensor array uses a MBED 

microcontroller to perform the cross correlation calculation with a refresh time of 100 

ms for one element of the array). The use of a FPGA could allow the 

electrostatic/piezoelectric sensor arrays to be developed into a portable diagnostic tool 

much like a commercial hot wire anemometer. 
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7.3.2 Electrostatic Sensor Matrix 

The use of a FPGA would not only allow more elements of the array to be added for 

larger diameter pipes (such as those used in power stations > 150 mm) to increase the 

resolution of the profile measurements but it also opens up the possibility of the 

implementation of an electrostatic matrix as shown in Fig. 7.2. The FPGA would be 

capable of using the cross correlation method to determine the particle velocity between 

adjacent electrostatic electrodes and thus be able to measure very complex flows (such 

as vortexes). The number of pre-amplifiers required for an electrostatic sensor matrix 

would need a much higher component density then in the current electrostatic sensor 

array design. For this reason either custom silicon would be needed to fabricate the pre-

amplifiers or the pre-amplifiers could be implemented using PSoC (Programmable 

System on Chip) technology.  

 

Fig. 7.2 Conceptual design of the electrostatic sensor matrix 

Electrostatic Electrodes 
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The computational power of a FPGA would also allow frequency spectral analysis of 

the signal from the electrostatic sensor matrix to be processed in real time. This would 

allow the possibility of using spectral analysis to determine particle size distribution in 

real time. 
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Appendix A 

 

 

Circuit Schematics 

This section contains the circuit schematics for the entire signal conditioning circuits for 

both the electrostatic and piezoelectric sensor arrays as well as the circuit schematics for 

the embedded microcontrollers used for signal processing and data logging. 



JRC55




Electrostatic Sensor Array Pre-Amps




School of Engineering and Digital Arts




17/05/2016




Electrostatic Pre-Amps.sch




1




1




A




COMPANY:




DRAWN BY:




FILE NAME:




REV:




TITLE:




SHEET         OF




LAST MODIFIED:




Sensor I/P Header




S1 Electrodes and Pre-Amps




S2 Electrodes and Pre-Amps




S3 Electrodes and Pre-Amps




S4 Electrodes and Pre-Amps




S5 Electrodes and Pre-Amps




3.3V Decoupling Capacitors




1.65V Decoupling Capacitors




1




2




3




4




5




6




7




14




13




12




11




10




9




8




1




OUTA




2




-INA




3




+INA




4




V-




8




V+




7




OUTB




6




-INB




5




+INB




AD8602




1




2




2
0
0
k




1




2




2
0
0
k




1




2




2
k




1
0
p
F




1




2




2
0
0
k




1




2




2
0
0
k




1




2




2
k




1
0
p
F




1




2




3




6




5




4




BZA408B




1




ELECTRODE_PIN




1




ELECTRODE_PIN




1




OUTA




2




-INA




3




+INA




4




V-




8




V+




7




OUTB




6




-INB




5




+INB




AD8602




1




2




2
0
0
k




1




2




2
0
0
k




1




2




2
k




1
0
p
F




1




2




2
0
0
k




1




2




2
0
0
k




1




2




2
k




1
0
p
F




1




2




3




6




5




4




BZA408B




1




ELECTRODE_PIN




1




ELECTRODE_PIN




1




OUTA




2




-INA




3




+INA




4




V-




8




V+




7




OUTB




6




-INB




5




+INB




AD8602




1




2




2
0
0
k




1




2




2
0
0
k




1




2




2
k




1
0
p
F




1




2




2
0
0
k




1




2




2
0
0
k




1




2




2
k




1
0
p
F




1




2




3




6




5




4




BZA408B




1




ELECTRODE_PIN




1




ELECTRODE_PIN




1




OUTA




2




-INA




3




+INA




4




V-




8




V+




7




OUTB




6




-INB




5




+INB




AD8602




1




2




2
0
0
k




1




2




2
0
0
k




1




2




2
k




1
0
p
F




1




2




2
0
0
k




1




2




2
0
0
k




1




2




2
k




1
0
p
F




1




2




3




6




5




4




BZA408B




1




ELECTRODE_PIN




1




ELECTRODE_PIN




1




OUTA




2




-INA




3




+INA




4




V-




8




V+




7




OUTB




6




-INB




5




+INB




AD8602




1




2




2
0
0
k




1




2




2
0
0
k




1




2




2
k




1
0
p
F




1




2




2
0
0
k




1




2




2
0
0
k




1




2




2
k




1
0
p
F




1




2




3




6




5




4




BZA408B




1




ELECTRODE_PIN




1




ELECTRODE_PIN




1
0
0
n
F




1
0
0
n
F




1
0
0
n
F




1
0
0
n
F




1
0
0
n
F




1
0
0
n
F




1
0
0
n
F




1
0
0
n
F




1
0
0
n
F




1
0
0
n
F




GND




GND




3.3V




1.65V




S1B




S2B




S3B




S4B




S5B




S1A




S2A




S3A




S4A




S5A




1
.6

5
V




GND




1.65V




S1A




1
.6

5
V




S1B




1.65V




3.3V




GND




1
.6

5
V




GND




1.65V




S2A




1
.6

5
V




S2B




1.65V




3.3V




GND




1
.6

5
V




GND




1.65V




S3A




1
.6

5
V




S3B




1.65V




3.3V




GND




1
.6

5
V




GND




1.65V




S4A




1
.6

5
V




S4B




1.65V




3.3V




GND




1
.6

5
V




GND




1.65V




S5A




1
.6

5
V




S5B




1.65V




3.3V




GND




3.3V




GND




1.65V




GND






Electrostatic Data Logger




JRC55




School of Engineering and Digital Arts




17/05/2016




Electrostatic Data Logger.sch




1




1




A




COMPANY:




DRAWN BY:




FILE NAME:




REV:




TITLE:




SHEET         OF




LAST MODIFIED:




SD Card Interface




MBED Microcontroller




Push Button




ADG707 MUX




AD7490 ADC




Sensor I/P Header




5V Power Supply




3.3V Power Supply




9V DC Supply Socket




2.5V Reference Supply




1.65V Reference Supply




ADC Upstream (A) I/P Buffer




ADC Downstream (B) I/P Buffer




decoupling capacitors




1




GND




2




VIN




3




4




5




6




7




8




9




TX




10




RX




11




12




13




TX




14




RX




15




16




17




18




19




20




40




3.3VOUT




39




5VOUT




38




37




36




35




34




33




32




31




30




29




28




TX




27




RX




26




25




24




23




22




21




1




CD




2




DO




3




GND




4




SCK




5




VCC




6




DI




7




CS




3




4




2




1




1




VIN-11




2




VIN-10




3




VIN-9




4




NC




5




VIN-8




6




VIN-7




7




VIN-6




8




VIN-5




9




VIN-4




10




VIN-3




11




VIN-2




12




VIN-1




13




VIN-0




14




AGND




28




VIN-12




27




VIN-13




26




VIN-14




25




VIN-15




24




AGND




23




REF-IN




22




VDD




21




AGND




20




CS'




19




DIN




18




NC




17




VDRIVE




16




SCLK




15




DOUT




1




2




3




5




4




SPX3819




2.2uF




2.2uF




10nF




1




2




3




5




4




SP6205




2.2uF




10nF




1




G
N

D




2




V+




3




C




1




2




3




5




4




AD8601




1




2




1
5
k




1




2




4
7
k




10pF




10pF




1




2




3




5




4




AD8601




1




2




4
7
k




1




2




4
7
k




10pF




10pF




1




2




3




5




4




AD8601




1




2




1
5
k




1




2




4
7
k




1




VDD




2




DB




3




NC




4




S8B




5




S7B




6




S6B




7




S5B




8




S4B




9




S3B




10




S2B




11




S1B




12




GND




13




NC




14




NC




28




DA




27




VSS




26




S8A




25




S7A




24




S6A




23




S5A




22




S4A




21




S3A




20




S2A




19




S1A




18




EN




17




A0




16




A1




15




A2




1




2




3




5




4




AD8601




1




2




1
5
k




1




2




4
7
k




100nF




100nF




100nF




100nF




100nF




100nF




1




2




3




4




5




6




7




14




13




12




11




10




9




8




SDCS




SDDI




VDD




SDCLK




GND




SDDO




SDDO




GND




VDD




SDCLK




SDDI




SDCS




GND




P9




P9




VDD




CS'




DIN




SCLK




DOUT




DIN




SCLK




DOUT




CS'




GND




GND




GND




GND




GND




ADCIPA




ADCIPB




GND




GND




GND




GND




GND




GND




GND




GND




GND




GND




GND




GND




GND




GND




GND




9V




9V




GND




5V




GND




3.3V




GND




5V




GND




5V




9V




GND




3.3V




2.5V




2.5V




GND




GND




3.3V




VDD




1.65V




GND




GND




3.3V




VDD




GND




VDD




GND




DA




ADCIPA




MUXEN




MUXEN




A0




A1




A2




A0




A1




A2




3.3V




GND




GND




VDD




GND




DB




ADCIPB




DA




DB




S1A




S2A




S3A




S4A




S5A




GND




S1B




S2B




S3B




S4B




S5B




3
.3

V




G
N

D




GND




GND




3.3V




1.65V




S1B




S2B




S3B




S4B




S5B




S1A




S2A




S3A




S4A




S5A






JRC55




Piezoelectric Sensor Pre-Amps




School of Engineering and Digital Arts




10/06/2016




Piezoelectric Pre-Amps.sch




1




1




A




COMPANY:




DRAWN BY:




FILE NAME:




REV:




TITLE:




SHEET         OF




LAST MODIFIED:




S1 Piezoelectric Film Transducer and Pre-Amps




S2 Piezoelectric Film Transducer and Pre-Amps




S3 Piezoelectric Film Transducer and Pre-Amps




S4 Piezoelectric Film Transducer and Pre-Amps




S5 Piezoelectric Film Transducer and Pre-Amps




3.3V Decoupling Capacitors




1.65V Decoupling Capacitors




Sensor I/P Header




1




2




3




5




4




AD8601




1




2




RG1




10k




1




2




RF1




1k




CF1




15nF




1




2




R
B
1




1
0
M




1




2




P
IE

Z
O




1




2




3




5




4




AD8601




1




2




RG2




10k




1




2




RF2




1k




CF2




15nF




1




2




R
B
2




1
0
M




1




2




P
IE

Z
O




1




2




3




5




4




AD8601




1




2




RG3




10k




1




2




RF3




1k




CF3




15nF




1




2




R
B
3




1
0
M




1




2




P
IE

Z
O




1




2




3




5




4




AD8601




1




2




RG4




10k




1




2




RF4




1k




CF4




15nF




1




2




R
B
4




1
0
M




1




2




P
IE

Z
O




1




2




3




5




4




AD8601




1




2




RG5




10k




1




2




RF5




1k




CF5




15nF




1




2




R
B
5




1
0
M




1




2




P
IE

Z
O




1
0
0
n
F




1
0
0
n
F




1
0
0
n
F




1
0
0
n
F




1
0
0
n
F




1
0
0
n
F




1
0
0
n
F




1
0
0
n
F




1
0
0
n
F




1
0
0
n
F




1




2




3




4




8




7




6




5




O/P1




GND




3.3V




O/P1




1
.6

5
V




O/P1




GND




3.3V




O/P2




1
.6

5
V




O/P1




GND




3.3V




O/P3




1
.6

5
V




O/P1




GND




3.3V




O/P4




1
.6

5
V




O/P1




GND




3.3V




O/P5




1
.6

5
V




3.3V




GND




1.65V




GND




GND




3.3V




O/P1




O/P2




O/P3




O/P4




O/P5




1.65V






Piezoelectric Data Logger




JRC55




School of Engineering and Digital Arts




17/05/2016




Piezoelectric Data Logger.sch




1




1




A




COMPANY:




DRAWN BY:




FILE NAME:




REV:




TITLE:




SHEET         OF




LAST MODIFIED:




SD Card Interface




MBED Microcontroller




Push Button




ADG706 MUX




AD7490 ADC




Sensor I/P Header




5V Power Supply




3.3V Power Supply




9V DC Supply Socket




2.5V Reference Supply




1.65V Reference Supply




ADC I/P Buffer




decoupling capacitors




1




GND




2




VIN




3




4




5




6




7




8




9




TX




10




RX




11




12




13




TX




14




RX




15




16




17




18




19




20




40




3.3VOUT




39




5VOUT




38




37




36




35




34




33




32




31




30




29




28




TX




27




RX




26




25




24




23




22




21




1




CD




2




DO




3




GND




4




SCK




5




VCC




6




DI




7




CS




3




4




2




1




1




VDD




2




NC




3




NC




4




S16




5




S15




6




S14




7




S13




8




S12




9




S11




10




S10




11




S9




12




GND




13




NC




14




A3




28




D




27




VSS




26




S8




25




S7




24




S6




23




S5




22




S4




21




S3




20




S2




19




S1




18




EN




17




A0




16




A1




15




A2




1




VIN-11




2




VIN-10




3




VIN-9




4




NC




5




VIN-8




6




VIN-7




7




VIN-6




8




VIN-5




9




VIN-4




10




VIN-3




11




VIN-2




12




VIN-1




13




VIN-0




14




AGND




28




VIN-12




27




VIN-13




26




VIN-14




25




VIN-15




24




AGND




23




REF-IN




22




VDD




21




AGND




20




CS'




19




DIN




18




NC




17




VDRIVE




16




SCLK




15




DOUT




1




2




3




4




8




7




6




5




1




2




3




5




4




SPX3819




2.2uF




2.2uF




10nF




1




2




3




5




4




SP6205




2.2uF




10nF




1




G
N

D




2




V+




3




C




1




2




3




5




4




AD8601




1




2




1
5
k




1




2




4
7
k




10pF




10pF




1




2




3




5




4




AD8601




1




2




4
7
k




1




2




4
7
k




10pF




10pF




1




2




3




5




4




AD8601




1




2




1
5
k




1




2




4
7
k




100nF




100nF




100nF




100nF




100nF




SDCS




SDDI




VDD




SDCLK




GND




SDDO




SDDO




GND




VDD




SDCLK




SDDI




SDCS




GND




P9




P9




A3




A3




A2




A2




A1




A1




A0




A0




MUXEN




MUXEN




GND




GND




VDD




CS'




DIN




SCLK




DOUT




DIN




SCLK




DOUT




CS'




GND




GND




GND




GND




GND




ADCIP




D




GND




GND




GND




GND




GND




GND




GND




GND




GND




GND




GND




GND




GND




GND




GND




S1




S2




S3




S4




S5




1.65V




3.3V




GND




S1




S2




S3




S4




S5




GND




9V




9V




GND




5V




GND




3.3V




GND




5V




GND




5V




9V




GND




3.3V




3.3V




2.5V




2.5V




GND




GND




3.3V




VDD




1.65V




GND




GND




3.3V




VDD




GND




VDD




GND




D




ADCIP




3
.3

V




G
N

D






 
 
 
 

 

 

Appendix B MBED Embedded Software Code 
____________________________________________________________________________________________________________________________________________________________________________________________________________________  

240 
 

 

 

Appendix B 

 

 

MBED Embedded Software Code 

 

 

This section contains the embedded software code used for both digital signal 

processing for the electrostatic sensor array and the software code for data logging the 

sensor output for the piezoelectric sensor array. The individual codes in this appendix 

are: 

MBED Cross Correlation Code – this software code controls the analogue multiplexer 

that selects the elements on the electrostatic sensor array, interfaces the external ADC to 

the MBED through the SPI bus and calculates the particle velocity using a cross 

correlation algorithm 

External AD7490 ADC.h Library – this is a modified code of an open source library 

that allowed the MBED to communicate with the AD7490 external ADC chip. The 

library was modified from its original configuration to increase the ADC sapling rate. 

External AD7490 ADC.cpp Library – this is a modified code of an open source 

library that allowed the MBED to communicate with the AD7490 external ADC chip. 

The library was modified from its original configuration to increase the ADC sapling 

rate. 
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MBED On-line Piezoelectric Sensor Array Data Logging Code – this software code 

controls the analogue multiplexer that selects the elements on the piezoelectric sensor 

array, , interfaces the external ADC to the MBED through the SPI bus with the internal 

clock in the MBED controlling sapling period (200 kHz) and saves all sensor data to an 

SD card. 
MBED Off-line Piezoelectric Sensor Data Logging Code - the software code 

interfaces with the off-line impact test rig and calculates the impact velocity of the ball 

bearings using the optical sensors on the off-line test rig. The software also data logs all 

sensor data from the impact sensor. 
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MBED Cross Correlation Code 

 

#include "mbed.h" 

#include "SDFileSystem.h" 

#include "AD7490.h" 

 

Serial pc(USBTX, USBRX);                // tx, rx 

Timer t;                                // initiate timer function 

//SDFileSystem sd(p5, p6, p7, p8, "sd");  // Set up the pinout on the SD card 

SPI spi(p11,p12,p13);                   // Set up SPI for ADC interface 

DigitalIn pb(p9);                       // Set Pin 9 to switch Input 

DigitalOut ENled(LED1);                 // Set LED 1  

DigitalOut A0led(LED2);                 // Set LED 2 

DigitalOut A1led(LED3);                 // Set LED 3 

DigitalOut A2led(LED4);                 // Set LED 4 

DigitalOut ENmux(p21); 

DigitalOut A0mux(p22); 

DigitalOut A1mux(p23); 

DigitalOut A2mux(p24); 

 

int main() { 

 

pb.mode(PullUp);        // Set to pullup mode for switch 

 

int v; 

int j;                   

int x;                  // Raa0 and Rbb0 Loop Variable 

int m;                  // Zero r1 loop Variable 

int n;                  // r2 loop Variable 

int p;                  // Correlation Coeficent loop Variable 

int samnum = 1024;       // Number of samples taken 

int ccnum = samnum/2;   // Number of samples used for cross correlation 
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int counter;             // Correlation Counter Number 

int a[samnum];          // Channel A (Upstream) 

int b[samnum];          // Channel B (Downstream) 

int muxl; 

int muxlnum = 5;        // MUX Loop 

int mainloop; 

int mainloopnum = 500; 

int sample_period_read[samnum]; 

 

float time_taken; 

float Raa0; 

float Rbb0; 

float Rxx0; 

float r1[ccnum]; 

float r2[ccnum]; 

float cc1_temp; 

float velocity; 

int Signal_a[samnum]; 

int Signal_b[samnum]; 

float RMS; 

float PerRMS; 

int cc_num; 

 

for (;;) 

{  

//---------------------------Set up ADC pins---------------------------// 

//-------------------------Push Button Control-------------------------// 

        ENmux = 0; 

        A0mux = 0; 

        A1mux = 0; 

        A2mux = 0; 
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        ENled = 0; 

        A0led = 0; 

        A1led = 0; 

        A2led = 0; 

    

    if (pb == 0)        // If push button is pressed 

    { 

//-------------------------Push Button Control-------------------------//   

    for (mainloop = 0; mainloop < mainloopnum; mainloop++) 

    {       

        for (muxl = 0; muxl < muxlnum; muxl++) 

        { 

//-------------------------------Set Mux-------------------------------//      

 

    if (muxl == 0)  // Set S1 

    { 

        ENmux = 1;  //ENled = 1; 

        A0mux = 0;  //A0led = 0; 

        A1mux = 0;  //A1led = 0; 

        A2mux = 0;  //A2led = 0; 

    } 

     

    if (muxl == 1)  // Set S2 

    { 

        ENmux = 1;  ENled = 1; 

        A0mux = 1;  A0led = 1; 

        A1mux = 0;  A1led = 0; 

        A2mux = 0;  A2led = 0; 

    } 

     

    if (muxl == 2)  // Set S3 
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    { 

        ENmux = 1;  ENled = 1; 

        A0mux = 0;  A0led = 0; 

        A1mux = 1;  A1led = 1; 

        A2mux = 0;  A2led = 0; 

    } 

     

    if (muxl == 3)  // Set S4 

    { 

        ENmux = 1;  ENled = 1; 

        A0mux = 1;  A0led = 1; 

        A1mux = 1;  A1led = 1; 

        A2mux = 0;  A2led = 0; 

    }     

     

    if (muxl == 4)  // Set S5 

    { 

        ENmux = 1;  ENled = 1; 

        A0mux = 0;  A0led = 0; 

        A1mux = 0;  A1led = 0; 

        A2mux = 1;  A2led = 1; 

    }   

         

        wait_ms(1); 

//-------------------------------Set Mux-------------------------------//  

//-----------------------Set up ADC Parameters-------------------------// 

    // set up SPI interface.  

    spi.format(16,0);           // Set SPI format 

    spi.frequency(12000000);    // Set SPI Clock Frequency 

     

    // construct AD7490 instances 

    AD7490 ad1(spi, p10);       // Set chip sellect for ADC on pin 10 
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    // start ADC conversion with sequential mode 

    ad1.sequential(1);          // Sequential mode pin 0-1 

     

    // Set up buffer size for SPI interface 

    short ad_data[2];      // user buffer size 

//-----------------------Set up ADC Parameters-------------------------// 

//-----------------------------Sampling--------------------------------//  

    t.reset();          // Reset timer t to zero  

    t.start();          // Start timer t          

        for(j=0; j < samnum; j++) 

    {   

        ad1.read(&ad_data[0]);  // save ADC data to buffer 

         

        b[j] = ad_data[0];      // Assign ad_data[0] to a[j] 

        a[j] = ad_data[1];      // Assign ad_data[1] to b[j] 

 

       sample_period_read[j] = t.read_us(); 

    } 

//-----------------------------Sampling--------------------------------// 

//---------------------True Voltage Conversion-------------------------// 

for (v = 0; v < samnum; v++) 

{ 

Signal_a[v] = a[v] - 2048;   

Signal_b[v] = b[v] - 2048;   

} 

//---------------------True Voltage Conversion-------------------------// 

//----------------------Correlation Code Here--------------------------// 

counter = 0;    // Reset counter to zero 

cc1_temp = 0;   // Reset cc1 to zero 

Raa0 = 0;       // Resets Raa0 to zero 

Rbb0 = 0;       // Resets Raa0 to zero 
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cc_num = 0; 

for (x=0; x < ccnum; x++) 

{ 

Raa0 += (Signal_a[x] * Signal_a[x]);    // Calculates Raa0 

Rbb0 += (Signal_b[x] * Signal_b[x]);    // Calculates Rbb0 

} 

Rxx0 = sqrt(Raa0*Rbb0); 

    for (m=0; m < ccnum; m++) 

    { 

    r1[m] = 0; 

    

        for (n=0; n < ccnum; n++) 

        { 

       r1[m] += (Signal_a[n] * Signal_b[(n + m) - 1]); 

        } 

       r2[m] = r1[m]/Rxx0; 

       } 

        

       for (p = 0; p < ccnum; p++)       

       { 

       counter++; 

       if (r2[p] > cc1_temp) 

       { 

        

        

       cc1_temp = r2[p]; 

        

       cc_num = counter - 1;    //  

       } 

       }        

//----------------------Correlation Code Here--------------------------// 

//----------------------Velocity Calculation---------------------------//  
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    time_taken = sample_period_read[cc_num]; 

    velocity = 0.01 / (time_taken/1000000); 

//----------------------Velocity Calculation---------------------------// 

//------------------------------RMS------------------------------------//       

   RMS = (sqrt(Raa0)) / 46341;  

   PerRMS = RMS * 100; 

//------------------------------RMS------------------------------------// 

//------------------------Output Results-------------------------------//  

    if (muxl < 4)    

    {    

    pc.printf("%.3f\t",velocity); 

    pc.printf("%.3f\t",cc1_temp); 

    pc.printf("%.3f\t",PerRMS); 

    } 

    if (muxl == 4)    

    {    

    pc.printf("%.3f\t",velocity); 

    pc.printf("%.3f\t",cc1_temp); 

    pc.printf("%.3f\t",PerRMS); 

    pc.printf("%i\n",mainloop); 

    }     

//------------------------Output Results-------------------------------//  

   

  }}}}} 
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External AD7490 ADC.h Library 

// 

//  AD7490 ... Analog Devices 16 channels, 1MSPS, 12bit ADC 

// 

//  2012.08.29 ... Originaly written by Yoji KURODA 

//  2014.05.22 ... Modified by J R Coombes for fast sampling on inputs A1 and A2 

// 

#ifndef _AD7490_H 

#define _AD7490_H 

class AD7490 { 

  protected: 

    enum CREG { 

        CREG_WRITE  = 0x800, 

        CREG_SEQ    = 0x400, 

        CREG_ADD3   = 0x200, 

        CREG_ADD2   = 0x100, 

        CREG_ADD1   = 0x080, 

        CREG_ADD0   = 0x040, 

        CREG_PM1    = 0x020, 

        CREG_PM0    = 0x010, 

        CREG_SHADOW = 0x008, 

        CREG_WEAK   = 0x004, 

        CREG_RANGE  = 0x002, 

        CREG_CODING = 0x001 

    }; 

    SPI spi; 

    DigitalOut cs; 

    unsigned short read(void);  // dummy read for triggering at sequential mode 

     

  public: 

    AD7490(SPI _spi, PinName _cs); 

    virtual ~AD7490(){}; 

 

    unsigned short convert_single(int ch=0);       // one shot conversion at channel [ch] 

    void convert(short data[]);             // convert all (16) channels with one short conv. 

 

    unsigned short sequential(int ch=15);   // start sequential mode from channel [0] to [ch]   

    void read(short data[]);                // read [0] to [ch], and copy to user area    

}; 

 

#endif  // _AD7490_H 
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External AD7490 ADC.cpp Library 

// 

//  AD7490 ... Analog Devices 16 channels, 1MSPS, 12bit ADC 

// 

//  2012.08.29 ... Originaly written by Yoji KURODA 

//  2014.05.22 ... Modified by J R Coombes for fast sampling on inputs A1 and A2 

// 

#include "mbed.h" 

#include "AD7490.h" 

 

AD7490::AD7490(SPI _spi, PinName _cs) 

:   spi(_spi), 

    cs(_cs) 

{ 

    unsigned short x = 0; 

 

    for(int i=0; i<3; i++){ 

  

        x = 0;     

        x |= CREG_WRITE; 

    //    x |= CREG_SEQ; 

    //    x |= CREG_SHADOW; 

        x |= CREG_ADD3; 

        x |= CREG_ADD2; 

        x |= CREG_ADD1; 

        x |= CREG_ADD0; 

        x |= CREG_PM1; 

        x |= CREG_PM0; 

        x |= CREG_RANGE; 

        x |= CREG_CODING; 

      

        cs = 0; 

        unsigned short ret = spi.write(x<<4); 

        cs = 1; 

     

//        printf("INIT: send = 0x%X, ret = 0x%X\n", x, ret); 

    } 

} 

 

unsigned short 

AD7490::convert_single(int ch) 
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{ 

    unsigned short x = 0; 

 

    x |= CREG_WRITE;  

//    x |= CREG_SEQ; 

//    x |= CREG_SHADOW; 

//    x |= CREG_ADD3; 

//    x |= CREG_ADD2; 

//    x |= CREG_ADD1; 

    x |= (CREG_ADD0|CREG_ADD1|CREG_ADD2|CREG_ADD3) & (ch<<6); 

 

    x |= CREG_PM1; 

    x |= CREG_PM0; 

    x |= CREG_RANGE; 

    x |= CREG_CODING; 

 

    cs = 0; 

    unsigned short ret = spi.write(x<<4); 

    cs = 1; 

 

//    printf("send = 0x%X, ch = %2d, ret = %d\n", x, (ret>>12)&0xF, ret&0xFFF); 

 

    return ret; 

} 

 

void 

AD7490::convert(short data[]) 

{ 

    for(int ch=0; ch<16; ch++) data[ch]=0;   

    for(int ch=0; ch<16; ch++){                  

        unsigned short ret = convert_single(ch); 

 

        data[ ret>>12&0xF ] = ret&0xFFF; 

    } 

} 

 

 

unsigned short 

AD7490::sequential(int ch) 

{ 

    unsigned short x = 0; 
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    x |= CREG_WRITE; 

    x |= CREG_SEQ; 

    x |= CREG_SHADOW; 

//    x |= CREG_ADD3; 

//    x |= CREG_ADD2; 

//    x |= CREG_ADD1; 

    x |= (CREG_ADD0|CREG_ADD1|CREG_ADD2|CREG_ADD3) & (ch<<6);   

 

    x |= CREG_PM1; 

    x |= CREG_PM0; 

    x |= CREG_RANGE; 

    x |= CREG_CODING; 

 

    cs = 0; 

    unsigned short ret = spi.write(x<<4); 

    cs = 1; 

 

    return ret; 

} 

 

 

 

unsigned short 

AD7490::read(void) 

{ 

    unsigned short x = 0; 

 

//    x |= CREG_WRITE; 

//    x |= CREG_SEQ; 

//    x |= CREG_SHADOW; 

//    x |= CREG_ADD3; 

//    x |= CREG_ADD2; 

//    x |= CREG_ADD1; 

//    x |= (CREG_ADD0|CREG_ADD1|CREG_ADD2|CREG_ADD3) & (ch<<6); 

 

//    x |= CREG_PM1; 

//    x |= CREG_PM0; 

//    x |= CREG_RANGE; 

//    x |= CREG_CODING; 
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    cs = 0; 

    unsigned short ret = spi.write(x<<4); 

    cs = 1; 

 

//    printf("send = 0x%X, ch = %2d, ret = %d\n", x, (ret>>12)&0xF, ret&0xFFF); 

 

    return ret; 

} 

 

void 

AD7490::read(short data[]) 

{ 

    for(int ch=0; ch<2; ch++) data[ch]=0;  //     for(int ch=0; ch<16; ch++) data[ch]=0; 

    for(int ch=0; ch<2; ch++){             //     for(int ch=0; ch<16; ch++){ 

        unsigned short ret = read(); 

 

        data[ ret>>12&0xF ] = ret&0xFFF; 

    } 

} 
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MBED On-line Piezoelectric Sensor Array Data Logging Code 

#include "mbed.h" 

#include "AD7490.h" 

#include "SDFileSystem.h" 

DigitalOut ENled(LED1);                 // Set LED 1  

DigitalOut A0led(LED2);                 // Set LED 2 

DigitalOut A1led(LED3);                 // Set LED 3 

DigitalOut A2led(LED4);                 // Set LED 4 

DigitalOut ENmux(p25); 

DigitalOut A0mux(p24); 

DigitalOut A1mux(p23); 

DigitalOut A2mux(p22); 

DigitalOut A3mux(p21); 

SPI spi(p11,p12,p13);    // Set SPI interface pins 

DigitalIn pb(p9);        // Set Pin 9 to switch Input 

Timer t1;                // initiate timer function 

SDFileSystem sd(p5, p6, p7, p8, "sd");  // Set up the pinout on the SD card 

int main()  

{ 

Serial pc(USBTX, USBRX); // tx, rx 

int n = 4000;   // Number of Samples per Cycle 

int time_sample_delay; // ADC Period 

int time_sample_read; // Read Clock for ADC Period 

int adc0_data[n]; // ADC Data 

int mainloop; // Main Loop Variable 

int mainloopnum = 100;  // Number of Data Capture Cycles 

int muxl;  // Array Loop Variable 

int muxlnum = 5;  // Number of array elements 

float abs_adc0_data; // Peak Impact Value 

float impact_peak_temp; // Impact Signal Peak Temp Value 

float square_adc0_data; // Absolute ADC Value 

float no_ref_adc0; // Removes Vref from ADC Signal 
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pb.mode(PullUp);        // Set to pullup mode for switch 

 

for (;;) 

{  

//-------------------------Push Button Control-------------------------// 

        ENmux = 0; 

        A0mux = 0; 

        A1mux = 0; 

        A2mux = 0; 

        A3mux = 0; 

         

        ENled = 0; 

        A0led = 0; 

        A1led = 0; 

        A2led = 0; 

    if (pb == 0)        // If push button is pressed 

    { 

//-------------------------Push Button Control-------------------------// 

        for (mainloop = 0; mainloop < mainloopnum; mainloop++) 

        {   

         

            for (muxl = 0; muxl < muxlnum; muxl++) 

            { 

//-------------------------------Set Mux-------------------------------//   

 

//-------------------------------Set Mux-------------------------------//   

     if (muxl == 0)  // Set S1 

    { 

        ENmux = 1;  ENled = 1; 

        A0mux = 0;  A0led = 0; 

        A1mux = 0;  A1led = 0; 

        A2mux = 0;  A2led = 0; 
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        A3mux = 0;   

    } 

     if (muxl == 1)  // Set S2 

    { 

        ENmux = 1;  ENled = 1; 

        A0mux = 1;  A0led = 1; 

        A1mux = 0;  A1led = 0; 

        A2mux = 0;  A2led = 0; 

        A3mux = 0;   

    } 

     if (muxl == 2)  // Set S3 

    { 

        ENmux = 1;  ENled = 1; 

        A0mux = 0;  A0led = 0; 

        A1mux = 1;  A1led = 1; 

        A2mux = 0;  A2led = 0; 

        A3mux = 0;   

    } 

     if (muxl == 3)  // Set S4 

    { 

        ENmux = 1;  ENled = 1; 

        A0mux = 1;  A0led = 1; 

        A1mux = 1;  A1led = 1; 

        A2mux = 0;  A2led = 0; 

        A3mux = 0;   

    } 

     if (muxl == 4)  // Set S5 

    { 

        ENmux = 1;  ENled = 1; 

        A0mux = 0;  A0led = 0; 

        A1mux = 0;  A1led = 0; 

        A2mux = 1;  A2led = 1; 



 
 
 
 

 

 

Appendix B MBED Embedded Software Code 
____________________________________________________________________________________________________________________________________________________________________________________________________________________  

257 
 

        A3mux = 0;   

    } 

        wait_ms(1); 

//-------------------------------Set Mux-------------------------------//   

//-----------------------Set up ADC Parameters-------------------------//      

// should be set before call AD7490 constructer 

spi.format(16,0); 

spi.frequency(12000000);     

  

// construct AD7490 instances 

AD7490 ad1(spi, p10);   // ADC chip Sellect Pin 10 

  

// start ad conversion with sequential mode 

ad1.convert_single(0); 

//-----------------------Set up ADC Parameters-------------------------// 

//-----------------------------Sampling--------------------------------//  

    short ad_data[1];      // user buffer area   

    t1.reset();          // Reset timer t to zero  

    t1.start();          // Start timer t  

    time_sample_delay = 0; 

        for(int j=0; j<n; j++)  

        { 

        time_sample_read = t1.read_us(); 

            if (time_sample_read >= time_sample_delay) 

            { 

            ad1.read(&ad_data[0]);  // save the first ADC data to buffer 

            adc0_data[j] = ad_data[0]; 

            time_sample_delay = (time_sample_delay + 5); // Sample Period 5us (200KHz) 

            } 

                else if (time_sample_read < time_sample_delay) 

                { 

                j--; 
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                }  

        }   

//-----------------------------Sampling--------------------------------//  

 

//--------------------Find the Peak of Impact signal-------------------//  

impact_peak_temp = 0;    // Reset impact_peak_temp to zero 

square_adc0_data = 0; 

abs_adc0_data = 0;  

no_ref_adc0 = 0;    

    for (int p = 0; p < n; p++) 

    { 

    no_ref_adc0 = (adc0_data[p] - 2047); // Removes DC Reference Voltage 

    square_adc0_data = (no_ref_adc0 * no_ref_adc0); // Square value of adc0_data 

    abs_adc0_data = sqrt(square_adc0_data); // Normallises ADC Signal 

        if (abs_adc0_data > impact_peak_temp)  

        { 

        impact_peak_temp = abs_adc0_data; 

        }  

    }                     

//--------------------Find the Peak of Impact signal-------------------// 

//------------------------Save to SD Card------------------------------// 

 

    if (muxl == 0)  // Save S1 Data 

    { 

FILE *impact_file_open_data = fopen("/sd/ImpactArrayData/S1ImpactData.txt", "a"); 

    if(impact_file_open_data == NULL)  

    {      

    error("Could not open file S1ImpactData\n"); 

    } 

for(int i=0; i<n; i++) 

    { 

    fprintf(impact_file_open_data,"%i\t", adc0_data[i]); 
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    } 

fclose(impact_file_open_data); 

                 

FILE *impact_file_open_newline = fopen("/sd/ImpactArrayData/S1ImpactData.txt", "a"); 

    if(impact_file_open_newline == NULL)  

    { 

    error("Could not open file S1ImpactData\n"); 

    } 

fprintf(impact_file_open_newline,"\r\n"); 

fclose(impact_file_open_newline); 

    } 

 

    if (muxl == 1)  // Save S2 Data 

    { 

FILE *impact_file_open_data = fopen("/sd/ImpactArrayData/S2ImpactData.txt", "a"); 

    if(impact_file_open_data == NULL)  

    {      

    error("Could not open file S2ImpactData\n"); 

    } 

for(int i=0; i<n; i++) 

    { 

    fprintf(impact_file_open_data,"%i\t", adc0_data[i]); 

    } 

fclose(impact_file_open_data); 

                 

FILE *impact_file_open_newline = fopen("/sd/ImpactArrayData/S2ImpactData.txt", "a"); 

    if(impact_file_open_newline == NULL)  

    { 

    error("Could not open file S2ImpactData\n"); 

    } 

fprintf(impact_file_open_newline,"\r\n"); 

fclose(impact_file_open_newline); 
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    } 

     

    if (muxl == 2)  // Save S3 Data 

    { 

FILE *impact_file_open_data = fopen("/sd/ImpactArrayData/S3ImpactData.txt", "a"); 

    if(impact_file_open_data == NULL)  

    {      

    error("Could not open file S3ImpactData\n"); 

    } 

for(int i=0; i<n; i++) 

    { 

    fprintf(impact_file_open_data,"%i\t", adc0_data[i]); 

    } 

fclose(impact_file_open_data); 

                 

FILE *impact_file_open_newline = fopen("/sd/ImpactArrayData/S3ImpactData.txt", "a"); 

    if(impact_file_open_newline == NULL)  

    { 

    error("Could not open file S3ImpactData\n"); 

    } 

fprintf(impact_file_open_newline,"\r\n"); 

fclose(impact_file_open_newline); 

    } 

 

    if (muxl == 3)  // Save S4 Data 

    { 

FILE *impact_file_open_data = fopen("/sd/ImpactArrayData/S4ImpactData.txt", "a"); 

    if(impact_file_open_data == NULL)  

    {      

    error("Could not open file S4ImpactData\n"); 

    } 

for(int i=0; i<n; i++) 
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    { 

    fprintf(impact_file_open_data,"%i\t", adc0_data[i]); 

    } 

fclose(impact_file_open_data); 

                 

FILE *impact_file_open_newline = fopen("/sd/ImpactArrayData/S4ImpactData.txt", "a"); 

    if(impact_file_open_newline == NULL)  

    { 

    error("Could not open file S4ImpactData\n"); 

    } 

fprintf(impact_file_open_newline,"\r\n"); 

fclose(impact_file_open_newline); 

    }    

 

    if (muxl == 4)  // Save S5 Data 

    { 

FILE *impact_file_open_data = fopen("/sd/ImpactArrayData/S5ImpactData.txt", "a"); 

    if(impact_file_open_data == NULL)  

    {      

    error("Could not open file S5ImpactData\n"); 

    } 

for(int i=0; i<n; i++) 

    { 

    fprintf(impact_file_open_data,"%i\t", adc0_data[i]); 

    } 

fclose(impact_file_open_data); 

                 

FILE *impact_file_open_newline = fopen("/sd/ImpactArrayData/S5ImpactData.txt", "a"); 

    if(impact_file_open_newline == NULL)  

    { 

    error("Could not open file S5ImpactData\n"); 

    } 
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fprintf(impact_file_open_newline,"\r\n"); 

fclose(impact_file_open_newline); 

    }     

//------------------------Save to SD Card------------------------------// 

//-----------------------Output Peak Value-----------------------------// 

 

    if (muxl < 4)    

    {    

    pc.printf("%.3f\t",impact_peak_temp); 

    } 

    if (muxl == 4)    

    {    

    pc.printf("%.3f\t",impact_peak_temp); 

    pc.printf("%i\n",mainloop); 

    }  

 

//-----------------------Output Peak Value-----------------------------// 

            }  

        } 

 } 

 }    

 } 
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MBED Off-line Piezoelectric Sensor Data Logging Code 

 

#include "mbed.h" 

#include "AD7490.h" 

#include "SDFileSystem.h" 

DigitalIn pd1(p19);      // Set Pin 19 to digital Input (upstream)  

DigitalIn pd2(p20);      // Set Pin 20 to digital Input (downstream) 

DigitalOut myled1(LED1); // Set myled1 to LED1 

DigitalOut myled4(LED4); // Set myled4 to LED4 

SPI spi(p11,p12,p13);    // Set SPI interface 

Timer t1;                // initiate timer function 

Timer t2;                // initiate timer function 

SDFileSystem sd(p5, p6, p7, p8, "sd");  // Set up the pinout on the SD card 

int main() { 

Serial pc(USBTX, USBRX);                // tx, rx 

float time_read; 

int WL; 

int n = 2000;   //Number of samples 

int time_sample_delay; 

int time_sample_read; 

int adc0_data[n]; 

float abs_adc0_data; 

float impact_peak_temp; 

float square_adc0_data; 

float no_ref_adc0; 

//float impact_peak_true; 

float real_time; 

float velocity; 

wait(0.5);  

 

for (;;) 

{  
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// set up SPI interface.  

// should be set before call AD7490 constructer 

spi.format(16,0); 

spi.frequency(12000000);     

  

// construct AD7490 instances 

AD7490 ad1(spi, p10);   // ADC chip Sellect Pin 10 

  

// start ad conversion with sequential mode 

ad1.convert_single(0); 

 

myled1 = 0; 

myled4 = 1; 

    if (pd1 == 0)        //  

    { 

    t1.reset();          // Reset timer t to zero  

    t1.start();          // Start timer t  

    myled1 = 1; 

    myled4 = 0; 

    WL=1; 

        while (WL == 1) 

        { 

            if (pd2 == 0)        //  

            {   

            time_read = t1.read_us(); 

            real_time = time_read / 1000000; 

            velocity = 0.025 / real_time; 

            pc.printf("%f\t",velocity); 

            WL=0;  

            /////////Sample Impact Data//////////// 

                    short ad_data[1];      // user buffer area   
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                    t2.reset();          // Reset timer t to zero  

                    t2.start();          // Start timer t  

                    time_sample_delay = 0; 

                    for(int j=0; j<n; j++)  

                    { 

                    time_sample_read = t2.read_us(); 

                    if (time_sample_read >= time_sample_delay) 

                        { 

                        ad1.read(&ad_data[0]);  // save the first ADC data to buffer 

                        adc0_data[j] = ad_data[0]; 

                        time_sample_delay = (time_sample_delay + 5); 

                        } 

                            else if (time_sample_read < time_sample_delay) 

                            { 

                            j--; 

                            }  

                    }   

            /////////Sample Impact Data//////////// 

            /////Record Impact Data to SD Card///// 

                FILE *impact_file_open_data = fopen("/sd/Impactdata/ImpactSignalData.txt", "a"); 

                if(impact_file_open_data == NULL)  

                {      

                error("Could not open file ImpactSignalData\n"); 

                } 

                for(int i=0; i<n; i++) 

                { 

                fprintf(impact_file_open_data,"%i\t", adc0_data[i]); 

                } 

                fclose(impact_file_open_data); 

                 

                FILE *impact_file_open_newline = fopen("/sd/Impactdata/ImpactSignalData.txt", "a"); 

                if(impact_file_open_newline == NULL)  
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                { 

                error("Could not open file ImpactSignalData\n"); 

                } 

                fprintf(impact_file_open_newline,"\r\n"); 

                fclose(impact_file_open_newline); 

            /////Record Impact Data to SD Card///// 

            ////Record Velocity Data to SD Card//// 

                FILE *velocity_file_open_data = fopen("/sd/Impactdata/VelocityData.txt", "a"); 

                if(velocity_file_open_data == NULL)  

                {      

                error("Could not open file VelocityData\n"); 

                } 

                fprintf(velocity_file_open_data,"%f\r\n", velocity); 

                fclose(velocity_file_open_data); 

            ////Record Velocity Data to SD Card//// 

            //////Find the Peak Impact Signal////// 

                impact_peak_temp = 0;    // Reset impact_peak_temp to zero 

                square_adc0_data = 0; 

                abs_adc0_data = 0;  

                no_ref_adc0 = 0;    

                for (int p = 0; p < n; p++) 

                { 

                no_ref_adc0 = (adc0_data[p] - 2047); // Removes DC Reference Voltage 

                square_adc0_data = (no_ref_adc0 * no_ref_adc0); // Square value of adc0_data 

                abs_adc0_data = sqrt(square_adc0_data); 

                     if (abs_adc0_data > impact_peak_temp)  

                     { 

                         impact_peak_temp = abs_adc0_data; 

                     }  

                }            

            //////Find the Peak Impact Signal////// 

            ///Record Impact Peak Data to SD Card// 
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                FILE *Impact_Peak_file_open_data = fopen("/sd/Impactdata/ImpactPeakData.txt", "a"); 

                if(Impact_Peak_file_open_data == NULL)  

                {      

                error("Could not open file ImpactPeakData\n"); 

                } 

                fprintf(Impact_Peak_file_open_data,"%f\r\n", impact_peak_temp); 

                fclose(Impact_Peak_file_open_data); 

            ///Record Impact Peak Data to SD Card// 

            pc.printf("%f\n",impact_peak_temp); 

            }  

        } 

    } 

} 

} 
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Appendix C 

 

 

Matlab Code 

 

This Matlab code is used to analysis data from a .txt file containing the impact sensor 

data and applies digital filtering to examine the effect filtering has on the impact 

magnitude. A threshold voltage of 100 mV is used to determine when an impact has 

occurred. 
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Impact Analysis with Bandpass Filter and Threshold Voltage 
 

clear all; 
close all; 
clc; 

  
%% load data 
[fname,pname] = uigetfile('*.txt','Select a file'); 

  
if (any(pname ~= 0) && any(fname ~=0)) 
    data = load([pname fname]); 
else 
    disp('Flie selection has been cancelled'); 
    return; 
end 
arraynum = 3000; 

  
for i = 1:1:arraynum 

     
   fs = 200000; 
    Sample_Lengh = 0.02; 
    N = fs*Sample_Lengh; 
    fnyquist = fs/2; 

  

     
    S1 = data(i:arraynum:arraynum-(arraynum - i),:);   

     
    S1Norm = (S1-2050)*0.00080586;  % True signal voltage 

     
    %   Design filter (butterworth) 
    [b a] = butter(1, [0.05,0.15], 'bandpass'); 

  
    %   Filter signal 
    S1_filtered = filter(b,a,S1Norm); 

     
    S1abs = abs(S1_filtered); 

     
    S1Max = max(S1abs); 

     

  
if (S1Max > 0.1) 
    fprintf('%f\n',S1Max); 
end    
end 
fprintf('end'); 
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Abstract – Sensors are required to determine the particle size 
of granular materials in a variety of industries such as energy, 
chemical manufacturing and food processing. The importance of 
accurately monitoring the particle size is essential in quality 
control in these industrial sectors. This paper presents the use of 
a custom made piezoelectric PVDF film transducer that is 
capable of determining the particle size of granular material 
through impact analysis. Experiments were carried out using a 
purpose-built test rig using ball bearings of different sizes 
traveling at different velocities. Through power spectral analysis 
of the impact signal it has been determined that different 
components of the signal spectrum may relate to different 
characteristics of the particle itself such as particle impact 
velocity and particle size. A comparison between the 
experimental data and system modelling results using the known 
mechanical characteristics of the test particles shows close 
similarities. 

Keywords - piezoelectric film, impact, PVDF, particle size, 
particle velocity 

I. INTRODUCTION 
The ability to determine the particle size in granular 

materials is important in many industrial sectors such as 
energy, chemical manufacturing and food processing. The 
importance of accurately determining the particle size is vital 
for quality control.  

One of the main areas of interest is an online method for 
monitoring particle size distribution during the transport of 
granular materials. One of the most common ways granular 
materials are transported is through the use of bulk solid 
pneumatic conveying systems. This type of system uses high 
velocity air to convey pulverised material along a pipe using 
either positive or negative pressure [1]. 

Many sensing methods have been researched such as 
optical [2 and 3], electrostatic [4] and impact/acoustic [5 and 
6] to determine particle size in bulk solid pneumatic 
conveying systems. The optical method uses a transparent 
window and a camera to capture an image of the conveyed 
particles, a laser screen is used to illuminate the particles as 
they travel past the camera’s view. This method has the 
disadvantage that the transparent window is susceptible to 

contamination by the fine dust in the material. However, this 
problem was addressed by the use of an air purging system to 
prevent particles coming into contact with the window [3]. 

Electrostatic sensors have also been deployed to determine 
particle size. The principle of using electrostatic sensors is that 
as the particles travel down the pipe they pick up an 
electrostatic charge due to friction with each other and the air 
[1]. The use of electrostatic sensors to determine particle size 
is based on the idea that a larger particle carries more 
electrostatic charge on its surface than that of a smaller one of 
the same type [4]. However, Coombes and Yan [7] found that 
smaller particles had a higher level of electrostatic charge 
compared to larger ones of the same type for the same mass 
flow rate. 

Particle size has also been determined by measuring the 
vibrations caused by particle impacts. These sensors have used 
accelerometers to measure the vibrations [5], piezoelectric 
materials [6] and piezoelectric acoustic emission sensors [8]. 
All these methods use an impact bar that comes into contact 
with the particle flow. This method has the disadvantage of the 
sensor being intrusive, however, in dilute phase flow (particle 
concentration less than 0.1% by volume [1]) this does not 
cause a significant problem. However, the design of the 
impact bar used in these sensing methods is quite large so 
even in a dilute phase flow multiple impacts may occur at the 
same time. Also the design of the impact bar and position of 
the sensor means that the same sized particles travelling at the 
same speed could impact the bar at different locations and the 
sensor output would be different. Off-line experimentation has 
also been carried out using a piezoelectric sensor to measure 
the impact characteristics of spherical particles [9]. This work 
used a large impact plate with a piezoelectric sensor mounted 
on the reverse side of the plate. This sensor arrangement 
would be unsuitable for measuring particle size in dilute phase 
flow since the large plate would suffer from simultaneous 
impacts by many particles. 

This research aims to illustrate the feasibility of using a 
piezoelectric film sensor that is capable to determine particle 
size which can be adapted for online measurement of 
pneumatically conveyed particles. This sensor would have the 
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novel feature in that it will have a very small active sensing 
area, thus reducing the chance of multiple impacts occurring at 
the same time.  

II. MEASUREMENT PRINCIPLE 
When a moving particle collides with a fixed solid surface 

the kinetic energy of the moving particle is converted into an 
impact force. Hertz was the first to pioneer this work [10]. In 
order to determine the impact force the particle is assumed to 
be a sphere. This is because many particles in industry such as 
coal particles in the energy industry or shot in manufacturing 
are close to being spherical in shape. In order to calculate the 
impact force the mechanical properties of the impact surface 
and particle have to be taken into account. The effective 
elastic modulus E* can be determined by [11]: 

 
 (1) 

Where ν1 and ν2 is the Poisson’s ratio of the particle and 
surface respectively and E1 and E2 Young’s modulus of the 
particle and surface respectively. The size (radius) of the 
particle also has to be taken into account. The median radius 
R* of the contact surfaces is defined as [11]: 

 
 (2) 

Where R1 and R2 are the radius of the particle and surface 
respectively. 

From the moment of collision occurs till the moment the 
particle velocity reduces to zero elastic deformations occur. 
The time (duration of impact) is determined by [11]: 

 
 (3) 

Where m is the mass of the particle, V is the velocity of the 
particle. The maximum impact force is defined by [11]: 

 
 (4) 

To measure the impact force of the colliding particle a 
piezoelectric transducer is used to measure the vibrations 
caused by the particle impact. Piezoelectric materials convert 
mechanical stress and strain into voltage or charge [12]. 

PVDF (Polyvinylidene Fluoride) film is a piezoelectric 
material which was chosen as the transducer for the impact 
sensor because it has: a wide frequency range (0.001 Hz – 109 
Hz), high mechanical strength and impact resistance, high 
voltage output (10 times higher than piezo ceramics) and it 
can be manufactured into complex shapes [13].  

The PVDF transducer is fabricated by having a layer of 
PVDF film sandwiched between two metal surfaces. The 
metal surfaces are applied to the PVDF surface by 
evaporatively deposited metals such as copper, nickel, silver 
or gold with the metal layer being between 500 – 1000 Å thick 
[13]. The active area on the PVDF transducer is determined by 
where the metal surfaces overlap to form an electrode as 

shown in Fig. 1. These electrode shapes can be fabricated 
using chemical etching techniques [13].  

When stress is applied to the active area on the PVDF 
transducer the deformation changes the charge density of the 
material, this change causes a voltage to be generated between 
the two electrodes. The output voltage is directly proportional 
to the magnitude and frequency of the applied stress [13]. 

 

 
Fig. 1 Diagram of PVDF transducer 

PVDF film is anisotropic which means the voltage output 
is dependent upon which axis the mechanical stress is applied. 
These piezo coefficients are most commonly used in either 
charge or voltage modes (d3n or g3n respectively). The output 
of the PVDF film can be either charge or voltage. The output 
charge in charge mode is represented by [13]:  

 
 (5) 

Where D is the charge density developed, Q is the charge 
developed A is the conductive area of the electrodes, d3n is the 
axis of the applied stress or strain and Fn is the applied stress 
in the specified direction. When configured in voltage mode 
the output voltage is represented by [13]: 

  (6) 

Where Vo is the output voltage, g3n is the axis of the 
applied stress or strain, Xn is the applied stress in the specified 
direction and t is the thickness of the PVDF film. The 
mechanical stress Xn is calculated by:  

 
 (7) 

III. IMPACT SENSOR DESIGN 
The impact sensor and data logger consists of the impact 

waveguide, a PVDF film transducer (illustrated in Fig. 2), a 
signal conditioning circuit and a microcontroller controlled 
analogue to digital converter (ADC) which outputs the impact 
sensor data to a PC or an SD memory card is shown in Fig. 3. 

The waveguide primary function is to act as a conduit for 
the vibrations caused by the particle impact. The waveguide is 
secured using tightly fitting rubber washers which limits the 
directional axis of movement to one direction (one dimension 
of movement). By doing this the rubber washer also applies 
friction to this dimension of movement and this would reduce 

Top Electrode 

Bottom Electrode 

PVDF Film 

Active Area 
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to amount of stress applied to the piezo transducer during 
impact. For this the output voltage is calculated by: 

 
 (8) 

Where ff is the frictional force acting against the waveguide 
from the rubber washer during the ball bearing impact. 
However it is difficult to quantify the frictional force between 
the rubber washer due to the complexity of the surface texture 
of the waveguide, rubber washer and the force between the 
washer and waveguide [14]. For this reason the value ff is an 
estimate.  

The waveguide also has a very small active sensing area (1 
mm diameter). The advantage of this is, if the impact sensor 
was to be mounted in a 50 mm bore pipe to measure particle 
size on a pneumatic conveyor system, the active sensing area 
would be less than 0.001% of the pipe bore. This would 
reduce the possibility of simultaneous impacts of multiple 
particles. The waveguide also protects the piezo transducer 
from possible damage caused by particle impacts. The current 
sensor housing is 6 mm thick meaning that if the impact 
sensor was to be mounted inside a 50 mm pipe bore the non-
active sensor cross section would take up approximately 15% 
of the pipe bore. However, for larger bore pipes such as those 
in the power industry (150 mm and greater) this would be less 
of a problem. 

The piezo transducer consists of a layer of PVDF film of 
110 m thick with nickel copper alloy electrodes. The 
electrodes were fabricated via a chemical etching process 
using ferric chloride [13]. The piezo transducer is insulated 
with a layer of silicone to prevent short circuiting between the 
electrode and waveguide. The silicone insulation also protects 
the delicate electrodes. The piezo transducer is glued to the 
waveguide and fixed surface using a specialist adhesive for 
gluing silicone based rubbers as shown in Fig. 2. 

The first stage of the signal conditioning circuit is a 
preamplifier. The preamplifier is a non-inverting amplifier 
(voltage mode) with the electrodes directly connected to the 
amplifier to reduce connection distance and maintain high 
signal-to-noise ratio [13]. The first stage of the signal 
conditioning circuit is also contained inside a shielded casing 

for noise protection. Having the pre-amplifier in voltage mode 
also has the advantage that changes in temperature have little 
effect on the voltage sensitivity [13].  

The output of the preamplifier is then passed through an 
optional second-order active bandpass filter. This bandpass 
filter is adjustable to change the lower and upper limits of 
frequencies. 

The signal is then digitised in an ADC. The ADC is 
controlled by a microcontroller using a serial peripheral 
interface (SPI) bus. The ADC has a 12-bit resolution and a 
sampling frequency of 200 kHz (since the highest frequency 
expected from a PVDF film transducer in 1 directional axis 
will output a frequency of less than 100 kHz [13]). Data is 
transmitted to a PC or saved on an SD card. 

 
Fig. 2 Cut away view of the piezo impact sensor 

IV. EXPERIMENTAL SETUP 
In order to compare the impact force measured by the 

impact sensor to the theoretical impact force ball bearings 
were used as test particles. The ball bearings are made of 
Delrin which is a high strength engineering polymer. Three 
different sizes of Delrin ball bearings were tested 2.5 mm, 3 
mm and 3.5 mm in diameter (each with a mass of 11.62 mg, 
20.08 mg and 31.88 mg respectively).  
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Adjustable 
Bandpass Filter External ADC Microcontroller PVDF

Transducer

Inside Shielded Casing (Optional) 
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Data Logger 

Up/Downstream
IR Sensors 

Test Rig
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Fig. 3 Block diagram of the piezo impact sensor and data logger
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Fig. 4 shows the experimental setup used in this study. The 
impact sensor is rigidly mounted in a vice to prevent 
movement. A guiding tube is centred above the impact sensor 
to guide the ball bearing onto the impact sensor. The guiding 
tube can be adjusted to different lengths (500 mm, 750 mm, 
1000 mm and 1250 mm), allowing the ball bearing under test 
to be dropped from different heights for different impact 
velocities. 

To independently measure the impact velocity of the ball 
bearing before impact at the end of the guiding tube (just 
before the impact sensor) optical sensors are set 25 mm apart 
as shown in Fig. 4. The optical sensors consist of an IR (infra-
red) emitter that creates an IR beam across the inside of the 
tube. This IR beam is detected by an IR receiver (IR 
photodiode). The two optical sensors are connected to the 
microcontroller as shown in Fig. 3. When the falling ball 
bearing breaks the upstream IR beam the microcontroller 
triggers the timer. When the falling ball bearing breaks the 
downstream IR beam the microcontroller reads the time taken 
for the ball bearing to travel from the upstream to the 
downstream sensor. The average velocity of the ball bearing is 
calculated from the spacing between the sensors and the 
measured time. 

 
Fig. 4 Test rig (A) impact sensor, (B) upstream/downstream optical sensors, 

(C) guiding tube, (D) ball bearing entering guiding tube 

After the downstream IR sensor has been triggered the 
microcontroller begins data logging from the ADC since an 
impact is imminent. All data from the impact sensor output is 
saved onto a SD memory card and an algorithm in the 

microcontroller determines the peak amplitude of the impact 
signal which is presented on the PC. 

V. RESULTS AND DISCUSSION 
The impact sensor was first tested without the bandpass 

filter in order to examine the frequency component of the ball 
bearing impact. A total of 200 impact reading were taken for 
each size of ball bearings.  Fig. 5 shows the peak amplitude of 
the impact signals. The magnitude of the unfiltered impact 
signals shows a high level of deviation, especially on 2.5 mm 
diameter ball bearing. The impact signals for the 3 mm ball 
bearing also show a large number of impact signals that are at 
the supply voltage (1.65V) indicating that the preamplifier has 
saturated for them impacts.  

Power spectral analysis of impacts of all three sizes of ball 
bearings is carried out for 2.2 m/s, 2.4 m/s and 2.6 m/s, as 
shown in Fig. 6, 7 and 8 respectively. 

The power spectra in Fig. 6 - 8 indicate that the smaller 
diameter ball bearings have higher frequency components. 
Also for larger diameter ball bearings at higher velocity there 
is a large DC component in the signal indicating the signal has 
saturated to the supply voltage.  

 
Fig. 5 Magnitude of dominant peak of ball bearing impact 

 
Fig. 6 Power spectra of the ball bearing impacts at 2.2 m/s 
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Fig. 7 Power spectra of the ball bearing impacts at 2.4 m/s 

 
Fig. 8 Power spectra of the ball bearing impacts at 2.6 m/s 

Fig. 9 - 11 shows the power spectra for the ball bearing 
with different impact velocities. They too show a high DC 
component for the higher impact velocities. For Fig. 6 – 11 
there is a common frequency range (approximately between 5 
kHz and 15 kHz) that is consistently proportional to the 
impact force due to a higher impact velocity or larger mass of 
the ball bearing. 

A second order bandpass filter with a low cut-off 
frequency of 5 kHz and an upper cut-off frequency of 15 kHz 
was placed between the impact sensor’s output and the ADC 
as shown in Fig. 3. This was done to remove the DC 
component caused by saturation and the high frequency 
components and only use the frequencies that were shown to 
be proportional to the impact force as seen in Fig. 6 – 11. 

 
Fig. 9 Power spectra of 2.5 mm ball bearing impact signal 

 

 
Fig. 10 Power spectra of 3 mm ball bearing impact signal 

 
Fig. 11 Power spectra of 3.5 mm ball bearing impact signal 
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Fig. 12 Magnitude of dominant peak of ball bearing impact (with bandpass 

filter) 

The same experiment was repeated again 200 times for all 
three ball bearing diameters using the bandpass filter. Fig. 12 
shows the peak amplitude of the filtered impact signals. Fig. 
12 also shows the calculated signal magnitude using the 
mechanical characteristics of the waveguide and the Delrin 
ball bearings and a range of impact velocities.  

The signal output from the impact sensor agrees well with 
the calculated values using (8). However, the results from the 
2.5 mm impacts show a higher deviation compared to the 
other two. This is believed to be due to the fact that, even 
though the guiding tube is centred above impact sensor 
waveguide, some of the 2.5mm ball bearings may not be 
impacting the centre of the waveguide. Also for higher impact 
forces the impact sensor output is greater than the calculated 
values (3.5 mm ball bearing impacts). This is possibly due to 
the higher impact force being able to overcome the adhesive 
effect between the rubber and the waveguide [14]. This 
indicates that for a spherical particle, if the particle velocity is 
known as well as the mechanical characteristic of the particle, 
particle size can be determined via impact analysis using the 
piezoelectric impact sensor.   

VI. CONCLUSIONS 
A new impact sensor using custom fabricated PVDF 

transducers has been designed, constructed and tested. 
Through analysis of the frequency component of the sensor 
output during impact it has been determined that selective 
filtering of frequency components of the impact signal has an 
effect on reducing the deviation of the peak magnitude of the 
impact signal. 

The comparison between the calculated output signal 
values and the sensor outputs obtained during the 
experimentation agree well. This outcome indicates that, for a 
spherical particle, the piezoelectric impact sensor is capable of 
determining the size of the particle through impact analysis, 
assuming that the mechanical properties of the particle and 
particle velocity are known. For utilization of this sensor on a 
bulk solid conveying system the particle velocity would have 
to be independently measured using another sensing method 
such as electrostatic sensors [7]. 

The impact sensor proposed has a very small active 
sensing area, making it ideal for online particle size 
measurement on a pneumatic conveying system since the 
small active sensing area reduces the chance of simultaneous 
impacts of multiple particles occurring. 
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Measurement of Velocity and Concentration Profiles
of Pneumatically Conveyed Particles Using

an Electrostatic Sensor Array
James Robert Coombes and Yong Yan, Fellow, IEEE

Abstract— The ability to monitor the velocity and
concentration profiles for the whole diameter of a pipe
would allow the complex flow dynamics associated with particles
in a pneumatic suspension to be measured. This paper presents
a method of online monitoring of the particle velocity and
particle concentration for the whole diameter of the pipe for
a pneumatic bulk solid conveying system. This is achieved
using an array structure of five electrostatic sensors across the
whole diameter of the pipe to measure the particle velocity and
concentration profiles. Experimental tests were carried out on a
laboratory-scale test rig over a range of particle velocities. The
results show that the electrostatic sensor array is capable of
measuring the multiple velocities and concentrations that occur
across the diameter of a pneumatic conveying pipe. Through the
analysis of velocity and correlation coefficient data, flow across
the diameter of the pipe including that along the pipe wall is
determined to have more turbulence than the flow at the center
of the pipe.

Index Terms— Concentration profile, electrostatic sensor, mass
flow rate, pulverized fuel, sensor array, velocity profile.

I. INTRODUCTION

D ILUTE gas–solid transport systems are used in a
variety of industries such as chemical, steel, and energy.

The concentration of solids in dilute gas–solid flow is less
than 0.1% by volume, which presents a well-known mea-
surement challenge [1]. Being able to monitor the velocity
profile and particle concentration for the whole diameter of
the pipe would allow the mass flow rate to be accurately
monitored and achieve an in-depth understanding of gas–solid
two-phase flows, allowing comparison and validation to be
made between practical experiments and computational fluid
dynamic simulations.

Nowhere is this more important than in the energy industry
where accurately monitoring the mass flow rate of the fuel
is important in improving burning efficiency and reducing
slagging and emissions. Now that many coal fired power plants
across the world are being converted to cofiring with a mixture
biomass or 100% biomass fueling to increase the amount of
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renewable energy generated, the particle flow dynamics inside
the pipe have become more complex due to the irregular shape
and generally wider size range biomass particles.

To this end, a diverse range of sensor paradigms have been
developed and proposed to monitor particle velocity and con-
centration in a bulk solid pneumatic conveying system; these
include capacitive [2]–[6], radiometric [7], optical [8]–[11],
acoustic/ultrasonic [12], microwave [13], and heat transfer
method [14]. All of these types of sensors have the advantage
of being nonintrusive and capable of monitoring both parti-
cle velocity and concentration. However, capacitive sensors
are susceptible to moisture, which can affect the dielectric
properties of the material being monitored [6]. Radiometric
sensors have the drawbacks that they contain a radioactive
material and their use is governed by administratively incon-
venient health and safety regulations. Optical sensors have the
shortcoming that they require a transparent window in the
pipe that is susceptible to contamination and abrasion by
the pulverized material. Nonetheless, this drawback can be
addressed using an air purging system to reduce contamina-
tion [10]. Acoustic/ultrasonic sensors are susceptible to false
signals that can result in error and the optimum frequency is
linked to particle size distribution [15]. Microwave sensors
have the disadvantage that they have a moderate accuracy
and a relatively high cost [13]. The heat transfer method
is mainly suited for dense-phase flow measurement [14].
However, electrostatic sensors due to their robustness and low
cost have the advantage over other sensors. There are three
main designs of electrodes used for electrostatic sensors: ring,
arc, and probe electrodes [11], [16]–[19].

Ring electrodes are constructed within the pipe wall, and
because of this, they have the advantage of being completely
noninvasive since they do not impede the particle flow in
the pipe. They do, however, have disadvantages in that they
are more sensitive to particles in close proximity to the pipe
wall [16]. Then again when ring electrodes are used to measure
the particle velocity in a multiphase flow using the cross-
correlation method, this will reduce the quality of the correla-
tion coefficient between the upstream and downstream because
different parts of the particle flow in the pipe cross section will
be traveling at different velocities [16]. Particle velocity has
also been determined using ring electrodes in a linear array
configuration. Xu et al. [17] used a linear electrostatic sensor
array to determine the particle velocity using the spatial filter-
ing method. It was determined through experimentation and
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finite-element modeling (FEM) that the optimum number of
electrodes should be between 4 and 10. It was also suggested
that the ratio between the electrode spacing compared with
the electrode width should be between 7 and 10, and the ratio
of the electrode width to the pipe radius should be in the
range 0.1–0.2.

Probe electrodes differ from ring and arc electrodes in
that they have the disadvantage that they are an invasive
sensor technology. However, in dilute phase flow, this does
not cause a significant problem due to the very low particle
concentration. Also the small cross-sectional area of the probe
electrodes means that they obstruct a small proportion of the
pipe cross section. Shao et al. [16] investigated this type
of electrostatic sensor through a combination of practical
online experimentation and offline FEM. One of the design
aspects of the probe electrodes was the optimum depth of
the probe. It was discovered that a probe depth of 0.3–0.5
of the pipe diameter would give a realistic approximation of
the average particle velocity. Shao et al. [16] also compared
the probe electrode with the ring electrode and found that
using the cross-correlation method to determine the particle
velocity, the probe electrode had a higher correlation coef-
ficient (around 0.55–0.75) compared with the ring electrode
(around 0.35–0.5).

The basic design of the electrostatic sensor array along with
the preliminary experimental results was reported in [20]. This
extended version of the paper presents in detail the design
considerations, construction, and systematic assessment of the
sensor array that were not covered in [20] and [21].

Electrostatic sensors have also been applied to measure the
volumetric concentrations of the particles inside the pipe, as
presented in [22]. The principle of using electrostatic sensors
to determine particle concentration is that as the particle con-
centration increases, so does the magnitude of the electrostatic
charge. Since the electrostatic sensors are designed to detect
moving particles, the level of the charge is determined by
measuring the magnitude of the change in the signal [22].
However, Yan [23] discusses that there are limitations to using
electrostatic sensors to determine particle concentration in that
the electrostatic signal is affected by particle variables such
as particle size, how long the conveyed particles have had
to precharge, and dielectric properties of the material being
conveyed. Moreover, the environment inside the pipe, such as
temperature and humidity, can be a factor. This paper presents
an in-depth design and implementation of an electrostatic
sensor array that is capable of measuring the particle flow
dynamics that occur in the pipe that previous electrostatic
sensors (probe [16], ring [16]–[18], and arc [18]) were unable
to achieve.

II. MEASUREMENT PRINCIPLE

An often unwanted phenomenon of pneumatic conveying
systems (for safety reasons) is that as solid particles are
conveyed down a pipe, they pick up electrostatic charge [24].
The level and distribution of this charge is random due to the
nature of how it is generated inside the pipe through interaction
and friction between air and other particles [24]. Using an

Fig. 1. Electrode configuration inside a pipe.

electrostatic sensor the charge carried by the particles can be
detected as the particles pass the sensor electrode. This is
because a small amount of charge is induced on the sensor
electrode [25].

The electrostatic sensor consists of an insulated electrode
and a signal conditioning circuit that takes the charge induced
on the electrode and converts it into a voltage signal that can
be digitized by an analog-to-digital converter (ADC).

There are two methods to determine particle velocity using
electrostatic sensors: the spatial filtering method [17] and
the cross-correlation method [23]. Since the spatial filtering
method uses a linear array of electrodes, it was unsuitable for
use with the electrostatic sensor array presented in this study
due to space constraints on the sensor blade. Using the cross-
correlation method to measure particle velocity of particles
traveling inside the pneumatic conveying pipe involves the
use of two electrodes arranged in a configuration as shown
in Fig. 1 [25].

Since the distance between the upstream and downstream
electrodes is known, particle velocity (Vc) can be
calculated from

Vc = L

τm
(1)

where L is the spacing between the upstream and downstream
electrodes and τm is the time difference between the upstream
and downstream signals. To determine τm , the upstream and
downstream signals have to be digitized using an ADC. It is
at this point that the resolution and sampling rate of the ADC
have to be taken into account; the resolution of the ADC has
to be sufficiently high enough to ensure minute changes in
the charge picked up by the electrodes can be detected: the
sampling rate of the ADC has to ensure that the resolution in
the time domain is higher than the possible delay τm between
the upstream and downstream signals. To determine τm , the
cross-correlation method is used. The delay between the
two signals is determined from the location of the dom-
inant peak in the cross-correlation function [23]. The
cross-correlation method in (2) is used since the cross cor-
relation is carried out on an embedded microcontroller and
computational resources are limited

Rxy[m] = 1

N

N∑

n=1

x[n]y[n + m] (2)

where x[n] and y[n] are the digitized signals from
the upstream and downstream electrodes, respectively,
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Fig. 2. Upstream and downstream signals from electrostatic sensors.

Fig. 3. Correlation function between the upstream and downstream sensor
signals.

shown in Fig. 2. The position of the dominant peak for
the resulting correlation function known as the correlation
coefficient indicates the delay between the upstream and
downstream signals, as shown in Fig. 3.

Since the resulting signal from the sensor is random [22],
the particle concentration is determined and represented
by the magnitude of the root-mean-square (rms) charge
level of the electrostatic signal detected by the electrostatic
sensor

Vrms =
√∑N

n=1 x[n]2

N
(3)

where x is the signal from the electrostatic sensor electrode,
n is the sample number, and N is the total number
of samples. Conversely, the exact particle concentration
cannot be determined via this method due to variables
such as particle size, type of particles, and particle
velocity [23].

III. SENSOR DESIGN

Like the probe electrode design, the electrostatic sensor
array is an intrusive sensor that comes into contact with the
particle flow. However, unlike the probe sensor, the sensor
array spans the whole diameter of the pipe and is divided
into five pairs of identical electrodes, as shown in Fig. 4.
Due to the invasive nature of the sensor array design, all
attempts have been made to reduce the thickness of the sensor,
which is currently 2.5 mm thick. Each electrode has a width

of 1 mm and a length of 8 mm and the electrode pairs
(upstream/downstream) are set 10 mm apart. The sensor array
is a blade design and has only electrodes on one side. The
leading edge of the sensor array is a 45° knife edge intended
to increase the aerodynamics of the sensor array. In addition,
the 45° edge deflects most of the turbulence and velocity
change caused by the sensor array behind the electrodes, as
shown in Fig. 5. This design of the sensor array can be
easily adopted for larger size ducting (150 mm in diameter
and larger) as found in pulverized fuel-fired power stations.
The use on larger diameter ducting would also allow more
elements of the array to be added to increase the resolution of
the measured velocity and concentration profiles.

The electrodes are fabricated out of copper and are etched
onto the printed circuit board. The preamplifier for the elec-
trostatic sensors is constructed inside the sensor array blade
to reduce the connection distance between the electrode and
the preamplifier, subsequently reducing unwanted noise. The
outer casing of the sensor array blade is fabricated from a
metal that is earthed to shield the preamplifier from unwanted
noise. For practical versions of the electrostatic sensor array,
the blade and electrodes can be coated with a durable material
to improve abrasive resistance. The physical size of the
electronics for the preamplifiers was the determining factor of
the number of electrodes that could be constructed across the
diameter of the pipe. The signal from the preamplifier is then
passed through a variable secondary amplifier and an antialias-
ing low-pass filter with a cut off frequency of 15 kHz in order
to remove high-frequency noise. Care was taken during the
construction of the entire signal conditioning circuits to ensure
that each was matched to each other. An analog multiplexer
controlled from the microcontroller selects each element of
the array. The analog signal is digitized in an external 12-bit
ADC with a sampling rate of 150 kHz (10 times the highest
frequency component of the signal), which is mounted near
the signal conditioning circuit and is connected to the micro-
controller via a serial peripheral interface bus. All analog parts
of the signal conditioning circuit are shielded against external
noise. The cross-correlation processing software is embedded
into a 32-bit 100-MHz microcontroller, which outputs to a
PC as shown in Fig. 6. The microcontroller is capable of
calculating the velocity using the cross-correlation method
for a single pair of electrodes in approximately 100 ms.
Consequently, the system has a refresh rate for the measure-
ment of the velocity, concentration, and correlation coefficient
profiles of approximately 0.5 s.

IV. EXPERIMENTAL SETUP

The sensor array is mounted inside a custom 50-mm bore
spool piece that allows the sensor array to be rotated around
the cross-sectional axes shown in Fig. 4. Experiments were
carried out using flour in a dilute flow with a flow rate of
1.8 kg/h on a negative pressure bulk solid conveying test rig
(Figs. 7 and 8). All pipework on the test rig is constructed
from stainless steel for abrasive resistance and is grounded for
safety. The lack of established standards and traceability in
the field of particle flow measurement is one of the challenges
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Fig. 4. Electrostatic array mounted inside a pipe spool with diagram of pipe cross section.

Fig. 5. Wind tunnel simulation of the effect of the sensor array on air velocity.

Fig. 6. Block diagram of the electrostatic-array-sensor-based particle measurement system.

researchers have to face when developing techniques to resolve
the difficult industrial measurement problems [25]. In this
paper, air velocity profiles were determined as a reference
using a commercial hot-wire anemometer with readings taken

from a pipe at the same location of the sensor array. During
the experiments, ambient temperature (25.3 °C average) and
relative humidity (47.5% average) were monitored to ensure
that environmental test conditions were the same for each test.
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Fig. 7. Photo of the particle flow test rig. A: vibration feeder, B: variable vacuum unit, and C: sensor spool.

Fig. 8. Layout of particle flow test rig. A: vibration feeder, B: variable vacuum unit, and C: sensor spool.

Experiments were carried out with the sensor array mounted
on a horizontal pipe section with the array mounted in two
orientations 0° and 90°, as shown in Fig. 4. The electrostatic
sensor array is mounted 2.6 m (52 pipe diameters) from
the right angle pipe section on the feeder input to ensure
the measurement of the developed flow. Tests were carried
out with five different air velocities (reference air velocity
measurements taken from the center of the pipe). After each
experiment, the filter on the vacuum plant was cleaned to
ensure consistency. For each pair of electrodes, the cross
correlation used 1024 samples on both the upstream and
downstream electrodes. A total of 500 velocity, concentration,
and correlation coefficient readings were taken on each
element of the array for each air velocity. It has been

observed that the particle size and shape have an effect on
particle flow stability [21]. In this study, the particle size
and shape (Figs. 9–11) were measured using an in-house
particle imager [26]. The particle shape was quantified by
measuring the particle aspect ratio (shortest to the longest
diameters across the particle). The aspect ratio distribution
shown in Fig. 11 indicates that the majority of the flour
particles are spherical in shape.

V. RESULTS

The sensor array was able to determine the particle veloc-
ity and particle concentration for the diameter of the pipe.
Figs. 12 and 13 show the mean velocity profile for a range
of air velocities (20.3–24.3 m/s). The profiles clearly show
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Fig. 9. Scan image of flour particles (not to scale).

Fig. 10. Particle size distribution of flour particles.

Fig. 11. Aspect ratio distribution of flour particles.

that particles traveling at the center of the pipe are moving
at a higher velocity than those moving along the pipe wall
due to the frictional force acting on the conveying air and
particles caused by interaction with the pipe wall. The 0°
velocity profile in Fig. 12 shows that the velocity at the bottom
of the pipe (5 mm) is lower than the velocity at the top of the
pipe (45 mm); this is due to gravity’s effect on the particles
forcing them to come into contact with the pipe wall at the

Fig. 12. Mean velocity profile measured by the sensor array at 0° (data
points indicate the center of the electrode).

Fig. 13. Mean velocity profile measured by the sensor array at 90°.

Fig. 14. Air velocity profiles measured using a hot-wire anemometer for the
sensor array at 0°.

bottom of the pipe. On the other hand, Fig. 13 shows the
velocity profile for 90°, which is more symmetrical compared
with the velocity profile for 0° since gravity is having a
uniform effect over the whole diameter. Figs. 14 and 15 show
the air velocity profiles as measured using a commercial hot-
wire anemometer in both 0° and 90° orientations. Fig. 16
shows the particle velocity compared with the conveying air
velocity at the center of the pipe. As expected, Figs. 14–16
show that the particle velocity is lower than the conveying
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Fig. 15. Air velocity profiles measured using a hot-wire anemometer for the
sensor array at 90°.

Fig. 16. Air velocity compared with particle velocity at the center of the
pipe.

Fig. 17. Percentage difference between the air and particle velocity profiles
for the sensor array at 0°.

air velocity. A detailed comparison of the particle and air
velocity profiles, as shown in Figs. 17 and 18, shows that the
difference between the particle and air velocities decreases for
higher air velocities, indicating that higher air velocities are

Fig. 18. Percentage difference between the air and particle velocity profiles
for the sensor array at 90°.

Fig. 19. Normalized standard deviation profile of the velocities measured
by the electrostatic array sensor at 0°.

better at keeping the particles in a suspension. The reason
for the difference between the conveying air velocity and
particle velocity is because the process of conveying and
suspending the particles is one of the drag forces, and hence,
the particle velocity will be lower than the conveying air [24].
Typically in a horizontal pipe, the particle velocity is 80%
of the conveying air velocity. However, this value can vary
depending on the parameters such as particle size, shape, and
density [24]. Conversely, the effect of friction between the pipe
wall and particle flow can be observed in Figs. 17 and 18,
where the difference between the particle and air velocities
is higher at 5 and 45 mm (however, this observation only
holds true at higher air velocities, and at lower air velocities
20.3 and 21.4 m/s, it has a more uniform profile since the
particles may not be fully suspended). The effect of gravity
can be observed in Fig. 17 where the difference between the
measured air velocity and the particle velocity is higher the
closer to the bottom of the pipe (5 mm) the measurement is
taken.

The normalized velocity standard deviation profile shown
in Figs. 19 and 20 shows that the particle velocities measured
in the center of the pipe have a lower deviation compared with
those along the pipe wall, indicating a more stable particle flow
in the center of the pipe. These results are consistent with the
previous investigations carried out using pulverized biomass
in [21].
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Fig. 20. Normalized standard deviation profile of the velocities measured
by the electrostatic array sensor at 90°.

Fig. 21. Mean particle concentration profile using the normalized rms charge
value to measure particle concentration at 0°.

Fig. 22. Mean particle concentration profile using the normalized rms charge
value to measure particle concentration at 90°.

The particle concentration shown in Fig. 21 shows that the
concentration increases closer to the bottom of the pipe
due to the effect of gravity. However, at the very bottom
of the pipe (5 mm), the particle concentration is less than
that measured on the above sensor element (15 mm). Similar
experimentation carried out using different particle sizes of
pulverized biomass [21] does not encounter this phenomenon.
A possible reason for this is that the particle size of the flour

Fig. 23. Mean correlation coefficient profile for the pipe cross section at 0°.

used in this experiment is smaller than the willow biomass
particles [21], as shown in Figs. 9–11. The smaller flour parti-
cles would have a lower mass than the larger biomass particles
and would therefore be affected more by the turbulence caused
by the proximity of the sensor blade and the pipe wall. This
turbulence would mean that the smaller particles would be
unable to enter the smaller volume of space at the bottom
of the pipe between the sensor blade and pipe wall, thus
causing less particles to be detected by the sensor. However,
for larger pipe bores, this effect would be less dramatic
since the pipe radius would be increased. The phenomenon
of reduced particle concentration along the pipe wall can
be seen on the 90° particle concentration profile (Fig. 22),
which shows that the concentration in the center of the pipe
is higher than that along the pipe wall. Another possibility
is that smaller particles are affected more by the discharging
effect of coming into contact with the pipe wall due to the
steel pipe being earthed for safety reasons. Fig. 22 also shows
that for the higher air velocities (22.4–24.4 m/s), the rms
charge is increasing in the center of the pipe (with exception
to the rms measured at the center of the pipe for 24.4 m/s.
This is most likely due to a disruption of the particle input
on the vibration feeder since it does not appear under other
air velocity conditions). This is feasibly due to the fact that
at higher air velocities, more particles are being suspended.
Consequently, more particles are able to be detected by the
sensor array in the 90° orientation.

The magnitude of the correlation coefficient is an indication
of the stability of the particle flow [18] (the more closer
to 1 the correlation coefficient is, the more stable the flow).
Figs. 23 and 24 show the correlation coefficient profiles
(0° and 90°, respectively). For the pipe diameter, it is clear
that the correlation coefficient is higher in the center of the
pipe compared with that along the pipe wall, demonstrating
that the particle flow is more stable in the center of the pipe,
which is consistent over all five air velocities.

The normalized standard deviation of the correlation
coefficient with the sensor array in the 0° orientation shown
in Fig. 25 agrees well with the standard deviation of the
velocity in the same orientation (Fig. 19), with the correlation
coefficient deviating less in the center of the pipe compared
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Fig. 24. Mean correlation coefficient profile for the pipe cross section at 90°.

Fig. 25. Normalized standard deviation profile of the correlation coefficient
measured by the electrostatic array sensor at 0°.

Fig. 26. Normalized standard deviation profile of the correlation coefficient
measured by the electrostatic array sensor at 90°.

with that along the pipe wall. However, the normalized stan-
dard deviation of the correlation coefficient with the sensor
array in the 90° orientation (Fig. 26) does not agree with
the standard deviation of the velocity in the 90° orientation
(Fig. 20). The normalized standard deviation shows that the
correlation coefficient deviated more evenly over the pipe
diameter with only a small reduction in the deviation in the
center of the pipe. This effect is not fully understood. Refer-
ence [21] using fine pulverized biomass with the electrostatic

sensor array in the 90° orientation on a horizontal pipe showed
significantly less deviation in the center of the pipe. This
is possibly an indication that a combination of turbulence
(caused by the sensor array interacting with the particle flow),
a smaller particle size/mass and gravity (since gravity is having
a uniform effect), has a significant effect on the standard
deviation of the correlation coefficient on a horizontal pipe
at 90° orientation.

VI. CONCLUSION

An electrostatic sensor array has been designed, constructed,
and tested, which is capable of monitoring the particle velocity
and concentration profiles for the diameter of a pneumatic
conveying pipe. The sensor array comprises five independent
electrostatic sensing elements across the whole diameter of the
pipe. Through the analysis of the velocity profiles as well as
correlation coefficient profiles, it is clear that the performance
of the electrostatic sensor array is in line with particle flow
dynamics inside a pipe. It has been found that the particle
flow in the center of the pipe is more stable than the particle
flow along the pipe wall. A direct comparison between the air
velocity profile (measured using a hot-wire anemometer) and
the particle velocity profile (measured using the electrostatic
sensor array) has shown that the interaction with the pipe wall
results in velocity loss in the conveyed particles due to friction.
The effect of gravity has also been observed on a horizontal
pipe, since particles at the bottom of the pipe move slower
than those at the top of the pipe.
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Experimental investigations into the flow characteristics
of pneumatically conveyed biomass particles using an electrostatic
sensor array
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h i g h l i g h t s

� Electrostatic sensors are constructed as an array across the diameter of the pipe.
� The sensor array is distributed along an intrusive blade across the pipe diameter.
� Both velocity and concentration profiles of biomass particles are measured.
� Experiments were conducted on a 50 mm bore pipeline with willow as a test fuel.
� Effects of particle size and shape on the flow characteristics are studied.
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a b s t r a c t

As countries across the world are pushing towards the increased use of renewable sources of energy the
burning of biomass fuels makes up an important part of this strategy. Many coal fired power stations
have been converted to co-firing and in some cases are being completely biomass fuelled. However,
due to their variability in size, shape and the complex nature of gas–solids two-phase flow the monitoring
of biomass particles in a pneumatic conveying pipeline is difficult. This paper presents the results of
experimental investigations carried out using a novel electrostatic sensor array that is capable of measur-
ing the particle velocity and concentration profiles over the whole diameter of the pipe. Experimental
tests were carried out on horizontal and vertical pipe sections with different particle sizes of a common
biomass fuel – willow, over a range of flow conditions. Results from the experiments indicate that smaller
biomass particles have more stable flow characteristics across the whole diameter of the pipe.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The ability to accurately monitor the mass flow rate of pneu-
matically conveyed fuel is important in improving burning effi-
ciency and reducing slagging and emissions. Power plants across
the world have been converted to co-firing with a mixture of coal
and biomass as well as solely biomass fuelling in order to increase
the proportion of renewable energy generated.

There are several challenges in monitoring the complex flow
characteristics of pulverised biomass inside a pneumatic conveying
system. The first is that the pulverised fuel is conveyed in a dilute
phase with particle concentration being less than 0.1% of the
pipe volume [1], meaning that any sensor used to measure the
particle flow will have to be sensitive enough to detect such low

concentrations. Second is the shape of biomass particles which are
elongated due to their fibrous structure meaning that the particle
spin is more apparent compared to the spherical shape of pulverised
coal. The third is that the particle size of pulverised biomass distrib-
utes over a much wider range than coal thus making particle flow in
the pipe much more complex.

Various methods have been developed to monitor particle veloc-
ity and concentration in a pneumatic conveying pipeline. These
include capacitive [2,3], radiometric [4], optical [5,6] and ultrasonic
[7] sensing techniques. All of these sensor paradigms have the
advantage of being nonintrusive and are capable of determining
both particle velocity and concentration. Capacitive sensors, how-
ever, have a disadvantage in that they are sensitive to moisture in
biomass, which can significantly change the dielectric properties
of the fuel being monitored, leading to substantial errors in the
concentration measurement. The radiometric method could
outperform, in principle, all other techniques, but suffers from the
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disadvantage of containing a radioactive material in the sensing sys-
tem and associated administrative inconvenience dealing with
stringent health and safety regulations. The drawback of using opti-
cal sensors lies in the requirement of a transparent window on the
pipe to access the flow and the incorporation of an air purging
mechanism to prevent the window from contamination due to fine
dust accumulation. Electrostatic sensors, due to their simplicity,
robustness and low cost, have the advantage over other sensors.
Previous types of electrostatic sensors include ring, arc and probe
electrodes [8–12], which are illustrated in Fig. 1. Electrostatic array
sensors based on multiple ring and arc shaped electrodes have been
used for the velocity measurement of pneumatically conveyed par-
ticles [10,11].

Ring electrodes are completely non-invasive since they lie flush
with the pipe wall and consequently do not impede the particle
flow in the pipe. They do, however, have disadvantages in that they
are sensitive to particles close to the pipe wall. Nevertheless, when
ring electrodes are used to measure the particle velocity through
cross-correlation, the correlation coefficient between the upstream
and downstream signals is limited because different parts of the
pipe cross section can have different velocities depending upon
the flow conditions [8]. Moreover, ring electrodes have a shortcom-
ing that they are constructed inside pipe spool pieces, meaning
that flanges are required to install the spool piece which is difficult
to retrofit onto some existing systems.

Arc electrodes are very similar in design to ring electrodes
except the latter are segmented individual sections of a ring which
only cover a small portion of the circumference of the pipe wall
[10,11]. Qian and Yan [10] used electrostatic sensor arrays with
arc electrodes to monitor the local particle velocity of a flour/bio-
mass mixture, making them much more able to accurately deter-
mine particle velocity. However, just like ring electrodes, arc
electrodes are also built into pipe spools making installation diffi-
cult and costly.

Unlike ring and arc electrodes, probe electrodes are invasive in
that they come into direct contact with the particle flow in the

pipe. Nevertheless, this does not cause a problem in a dilute flow
due to the low particle concentration (less than 0.1% by volume)
coupled with the fact that the electrodes take up a very small pro-
portion of the cross sectional area of the pipe. Shao et al. [8]
assessed the performance of probe electrodes through a combina-
tion of practical on-line experimentation and off-line finite ele-
ment modelling. It was found that a probe electrode with an
electrode depth of 0.3–0.5 of the pipe diameter would give a

Fig. 1. Different designs of electrostatic electrodes.

Fig. 2. Electrode configuration inside a pipe.
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reasonable estimate of the true mean velocity for regular velocity
profiles. In addition, it was found that the probe electrodes had a
higher correlation coefficient compared to the traditional ring elec-
trode design with the probe electrodes obtaining a correlation
coefficient of around 0.55–0.75 compared to 0.35–0.50 for the ring
electrodes under the conditions tested; this is due to the fact that
the sensitivity of the probe electrodes is much more localised [12].
Furthermore, probe electrodes have an advantage over ring and arc
electrodes in that they only require a tapped hole to be drilled in
existing pipe work for installation, meaning lower installation
and maintenance costs.

This paper presents a novel electrostatic sensor array that
allows particle velocity profiles and particle concentration profiles
to be measured for the whole diameter of the pipe. Experimental

work was carried out on a laboratory-scale pneumatic conveyor
system using willow, a common biomass fuel. It is expected that
the electrostatic sensor array is capable of measuring the velocity
and concentration profiles on a developed flow as well as detecting
specific flow regimes such as roping [1].

2. Measurement principle

As the particles are conveyed down the pipe they pick up an
electrostatic charge due to friction with the air and each other.
The level of electrostatic charge on the particles is random because
of the nature of how it is generated [13]. An electrostatic sensor
consists of an insulated electrode connected to a suitable signal

Fig. 5. Arrangement of the electrostatic sensor array.

Fig. 6. Layout of the particle flow test rig (not to scale).

(a) Coarse willow   (b) Fine willow

Fig. 7. Typical images of the willow particles (not to scale).
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conditioning circuit that amplifies the signal detected by the elec-
trode to a level that can be digitised with an analogue to digital
converter (ADC). As the charged particles travel past the electrode,
a small amount of charge is induced on the electrode and hence a
sensor signal generated. To measure the particle velocity through
cross-correlation two identical electrostatic sensors are required
in a configuration, as shown in Fig. 2.

As the particles travel past the electrode pair each electrode
detects the electrostatic charge of the passing particles. Since the
two electrodes are identical, the signal on the downstream elec-
trode should be the very similar to that in the upstream except
the time delay, as shown in Fig. 3. The time delay between the
two signals, sm, can be determined using cross correlation:

RxyðmÞ ¼ 1
N

X
xðnÞyðnþmÞ; ð1Þ

where x(n) and y(n) are the upstream and downstream signals,
respectively. The location of the dominant peak of the resulting cor-
relation function indicates the delay, as illustrated in Fig. 4 [14].

Since the distance between the electrodes, L, is known, the cor-
relation velocity (Vc) can be derived from:

Vc ¼
L
sm

: ð2Þ

It should be pointed out that the correlation velocity measured
from Eq. (2) is not necessarily the expected ‘‘mean particle veloc-
ity’’ in the pipe, depending up the sensitivity profile of the sensor,
particle velocity profile, particle distribution and algorithm of the
correlation computation [14,15]. Particle concentration in this
study is determined by measuring the rms (root-mean-square)
magnitude of the sensor signal [15]:

Vrms ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
n¼1xðnÞ2

N

s
ð3Þ

where x is the voltage signal from the sensor, n is the sample num-
ber and N is the total number of samples. However, this method
cannot be used to determine the exact particle concentration under
practical flow conditions due to variations in particle size distribu-
tion, moisture content, and how long the particles have had to
charge while being conveyed [16].

3. Electrostatic sensor array

The electrostatic sensor array developed in this study consists
of five elements (five identical pairs of electrodes) mounted on a
thin frame spanning the diameter of the pipe, as shown in Fig. 5.

The advantage of this sensor design compared to the previous
designs is that it will be capable of observing internal flow dynam-
ics under complex flow conditions (e.g. biomass/air and biomass/
coal/air multiphase flows) and achieve more accurate measure-
ments in the presence of complex flow profiles. Each electrode
has a width of 1 mm and a length of 8 mm with each pair of elec-
trodes being spaced 10 mm apart with a total of five pairs of elec-
trodes in the array. Since the sensor array spans the diameter of the
pipe (ID = 50 mm), all attempts have been made to ensure the sen-
sor is as thin as possible to reduce its blockage effect on the particle
flow. In the present study the sensor array is only 2.5 mm thick,
which obstructs 6.4% of the pipe cross sectional area. The array
can be made thinner in commercial versions.

The first stage of the signal conditioning circuit is a preampli-
fier, which is constructed inside the electrodes; this is to shorten
the physical distance between the electrode and preamplifier to
reduce unwanted noise entering the circuit. To amplify the signal
from the preamplifier to a usable level a post-amplifier is used.
The signal is then passed through an anti-aliasing filter with a

cut-off frequency of 15 kHz to remove high frequency noise. The
upstream and downstream signals are digitised using a 12-bit
ADC with a sampling rate of 150 kHz. The cross correlation soft-
ware is embedded into an ARM Cortex 32-bit microcontroller
which outputs to a PC.

4. Test rig and experimental procedure

Experiments were carried out on a laboratory-scale pneumatic
conveyor system with sensor mountings on horizontal (approxi-
mately 52 pipe diameters from input right-angle bend) and vertical
(approximately 8 pipe diameters from right-angle bend) pipes as
demonstrated in Fig. 6.

Willow, a common biomass fuel supplied from a power station,
was used as a test fuel. The biomass sample was separated through
filtering into two different particle size ranges: ‘‘fine’’ and ‘‘coarse’’
in order to investigate the effect of particle size on flow character-
istics. Particle size was determined using an in-house particle ima-
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Table 1
Test condition matrix.

Particle
size

Sensor
mounting

Sensor
orientation
(plane)

Particle feed
rate (kg/h)

Air
velocities
(m/s)

Coarse Horizontal Z 2.08 20.3–24.4
Fine Horizontal Z 1.48 20.3–24.4
Coarse Horizontal Y 2.08 20.3–24.4
Fine Horizontal Y 1.48 20.3–24.4
Coarse Vertical X 2.08 18.5–22.5
Fine Vertical X 1.48 18.5–22.5
Coarse Vertical Y 2.08 18.5–22.5
Fine Vertical Y 1.48 18.5–22.5
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ger [17]. Fig. 7 shows parts of typical images of the willow particles
whereas Figs. 8 and 9 illustrate the corresponding particle size dis-
tribution and aspect ratio distribution.

Each set of tests was conducted on both horizontal and vertical
pipe sections. For both particle size ranges five different air veloc-
ities (horizontal 20.3–24.4 m/s and vertical 18.5–22.5 m/s) were
created. The air velocity was determined by using a hot wire

anemometer with readings taken from the centre of the pipe at
the same locations as the sensor array. The willow particles were
metered into the system using a vibration feeder at material flow
rates shown in Table 1.

The sensor array was mounted at different orientations across
the pipe diameter on the Y–Z plane on the horizontal pipe and
the X–Y plane on the vertical pipes, as shown in Fig. 10.

For each pair of electrodes on the sensor array the correlation
computation used 1024 samples (150 kHz sampling rate) from

Fig. 10. Electrostatic sensor array mounted inside a pipe spool with orientation and pipe cross sectional measurements (not to scale).
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both the upstream and downstream signals during each data pro-
cessing cycle. A total of 500 velocity readings were taken on each
element of the array for each air velocity (transitional readings
were removed). Similarly, particle concentration and correlation
coefficient data were also averaged over 500 readings, respectively.
Standard deviations were also calculated to quantify the fluctua-
tion of the measurements about the averages.

5. Results and discussion

5.1. Horizontal flow

The electrostatic sensor array was able to measure the velocity
across the whole diameter of the pipe. Figs. 11–14 show the velocity
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profiles for the sensor array mounted on the Z–Y plane on the hori-
zontal pipe (Fig. 10). The maximum air velocity profile shown in
Figs. 11 and 12 indicates that the particles that are suspended in
the air are travelling at a slower velocity then the conveying air
(for presentation clarity, other air velocity profiles are not plotted

in the figures). The particle velocity profiles indicate that the coarse
and fine willow particles at the centre of the pipe travel faster than
those near the pipe wall due to friction between the particles and
the wall. The shape of the velocity profiles for the fine willow
(Figs. 12 and 14) is much more homogeneous than the coarse willow
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profiles (Figs. 11 and 13), indicating that smaller particles exhibit
more stable flow characteristics.

The normalised standard deviation of the velocity profiles is an
indication of flow stability. The coarse willow on the Z–Y plane
shown in Figs. 15 and 17 illustrates that the velocity standard devi-
ation is uniform across the whole diameter of the pipe. The velocity
standard deviation profiles for the fine willow (Figs. 16 and 18)
indicate that the particle velocity in the centre of the pipe deviates

less than the particle flow along the pipe wall; this is an indication
that the fine willow produces a more stable flow compared to the
coarse willow. Moreover, the fine willow produces a standard devi-
ation profile that is in line with flow dynamics; the flow along the
pipe wall is more unstable than that at the centre of the pipe.

The use of the normalised rms magnitude to determine particle
concentration can be seen in Figs. 19–22. From analysis of the rms
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Fig. 31. Mean velocity profile on vertical pipe section for coarse willow on the X
axis.
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Fig. 32. Mean velocity profile on vertical pipe section for fine willow on the X axis.

0

10

20

30

40

50

Pi
pe

 D
ia

m
et

er
 (

m
m

)

Velocity (m/s)

18.5m/s

19.5m/s

20.5m/s

21.5m/s

22.5m/s

Air Velocity

10 15 20 25

Fig. 33. Mean velocity profile on vertical pipe section for coarse willow on the Y
axis.
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Fig. 34. Mean velocity profile on vertical pipe section for fine willow on the Y axis.
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Fig. 35. Normalised standard deviation profile of the velocities on vertical pipe
section for coarse willow on the X axis.
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Fig. 36. Normalised standard deviation profile of the velocities on vertical pipe
section for fine willow on the X axis.
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Fig. 37. Normalised standard deviation profile of the velocities on vertical pipe
section for coarse willow on the Y axis.
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profiles it is clear that the fine willow (Figs. 20 and 22) has a higher
rms charge magnitude than that of the coarse willow (Figs. 19 and
21). This result indicates that a high volume of smaller particles
carry a higher electrostatic charge compared to smaller concentra-
tions of larger particles (even though the coarse willow has a

higher mass flow rate than the fine willow). This is due to the fact
that many smaller particles have a larger surface area when com-
pared to the surface area created by fewer large particles.

The effect of gravity can be seen in the rms profile for the fine
willow particles (Fig. 20) where the rms charge magnitude is
higher at the bottom of the pipe (0 mm) compared to the top of
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Fig. 39. Mean particle concentration profile on vertical pipe section for coarse
willow on the X axis.
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Fig. 40. Mean particle concentration profile on vertical pipe section for fine willow
on the X axis.
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Fig. 41. Mean particle concentration profile on vertical pipe section for coarse
willow on the Y axis.
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Fig. 42. Mean particle concentration profile on vertical pipe section for fine willow
on the Y axis.
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Fig. 43. Mean correlation coefficient profile on vertical pipe section for coarse
willow on the X axis.
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Fig. 44. Mean correlation coefficient profile on vertical pipe section for fine willow
on the X axis.
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Fig. 45. Mean correlation coefficient profile on vertical pipe section for coarse
willow on the Y plane.
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the pipe (45 mm). The increased concentration shown in Fig. 22 on
the 0 mm side of the pipe could possibly be down to the vibration
feeder unevenly distributing particles in the input pipe.

The value of the correlation coefficient is also an indication of
flow stability [10], i.e. the closer to 1 the correlation coefficient,
the more stable the flow. The fine willow shown in Figs. 24 and
26 has a higher correlation coefficient compared to the coarse wil-
low shown in Figs. 23 and 25, indicating that the fine willow has a
more stable flow compared to the coarse willow; this is consistent
with the velocity standard deviation results. The correlation coeffi-
cient profiles for the fine willow in Figs. 24 and 26 also show that
the correlation coefficient is higher in the centre of the pipe than
that along the pipe wall, indicating that the particle flow along
the pipe wall is more unstable than those in the centre of the pipe.

Analysis of the standard deviation of the correlation coefficient
shows that the fine willow (Figs. 28 and 30) deviates less than the
coarse willow (Figs. 27 and 29). The shape of the profiles for the
fine willow (Figs. 28 and 30) likewise indicates that the correlation
coefficient deviates less in the centre of the pipe compared to along
the pipe wall, indicating that the flow along the pipe wall is more
unstable than that at the centre of the pipe.

5.2. Vertical flow

The velocity profile measured using the electrostatic sensor
array mounted on the X–Y plane on the vertical pipe (Fig. 10) is
not an atypical velocity profile (Figs. 31–34). This is because the
velocity profile has yet to develop from when it has left the
right-angle bend. However, the shape of the velocity profiles
(Figs. 31 and 32) indicates that the particle flow along the outer
radius (45 mm) travels faster than that along the inner radius as
the particles leave the right-angle bend.

The normalised standard deviation velocity profiles in Figs. 35–
38 show that the fine willow (Figs. 36 and 38) deviates less than
the coarse willow (Figs. 35 and 37), suggesting that the fine willow
flow is more stable than the coarse willow when mounted on the
vertical pipe section.

The normalised rms profile measured by the sensor array
mounted on the vertical pipe section indicates that the smaller
particles of the fine willow (Figs. 40 and 42) carry more electro-
static charge than the coarse willow biomass (Figs. 39 and 41).
The shape of the profiles also indicates that the highest particle
concentration is along the pipe wall. This result shows that the par-
ticles are forced along the outer wall due to the centrifugal force
caused by the particles travelling along the right-angle bend.
Moreover, this demonstrates that the sensor array is capable of
detecting roping flow regime inside a pneumatic conveying
pipeline.

The correlation coefficient profile for the coarse willow shown
in Figs. 43 and 45 is consistent across the whole pipe diameter.
However, the correlation coefficient profile for the fine willow, as
shown in Figs. 44 and 46, increases towards the centre of the pipe.
This can especially be seen in Fig. 46 where the correlation coeffi-
cient is around 0.6 along the pipe wall and 0.7 at the centre of the
pipe, suggesting that the flow in the centre of the pipe is more sta-
ble than that along the pipe wall.

6. Conclusions

An electrostatic sensor array has been successfully used to mea-
sure the velocity and concentration profiles of biomass particles in
a pneumatic conveying pipeline. The velocity profiles have clearly
shown that the particles along the pipe wall travel at a slower
velocity than those in the centre of the pipe. The use of the electro-
static sensor array to measure the particle concentration profile

has been well demonstrated on the vertical pipe sections. This is
because the centrifugal force due to the particle flow exiting the
right angle bend forces the particles against the pipe wall, which
also demonstrates that the sensor array is capable of detecting rop-
ing flow regimes in a pipeline.

Through analysis of the normalised standard deviation of the
velocity profiles, as well as the correlation coefficient profiles, it
can be seen that the flow at the centre of the pipe is more stable
than that along the pipe wall on developed flow. The comparison
between the fine and coarse willow particles has shown that the
fine willow produces characteristics of more stable flow compared
to the coarse willow. Moreover, the rms profiles have demon-
strated that the fine willow generates a sensor signal of a higher
magnitude than that of the coarse willow, despite the lower feed
rate of the fine willow.
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Abstract – The ability to monitor the velocity and 
concentration profiles for the whole diameter of a pipe would 
allow the complex flow dynamics associated with particles in a 
pneumatic suspension to be measured. This paper presents a 
method of online monitoring of the particle velocity and particle 
concentration for the whole diameter of the pipe for a pneumatic 
bulk solid conveying system. This is achieved by using an array 
structure of five electrostatic sensors across the whole diameter 
of the pipe to measure the particle velocity and concentration 
profiles. Experimental tests were carried out on a laboratory-
scale test rig over a range of particle velocities and 
concentrations. Results show that the electrostatic sensor array is 
capable of measuring the multiple velocities and concentrations 
that occur across the diameter of a pneumatic conveying pipe. 
Through analysis of velocity and correlation coefficient data 
different parts of the pipe diameter are determined to have more 
turbulence then others. 

Keywords - pulverized fuel; velocity profile; concentration 
profile; mass flow rate; electrostatic sensor; sensor array 

I. INTRODUCTION 
Dilute gas-solid transport systems are used in a variety of 

industries such as chemical, steel and energy. Being able to 
monitor the velocity profile and particle concentration for the 
whole diameter of the pipe would allow the mass flow rate to 
be accurately monitored and achieve an in-depth 
understanding of gas/solid two phase flows. 

Nowhere is this more important than in the energy industry 
where accurately monitoring the mass flow rate of the fuel is 
important in improving burning efficiency and reducing 
slagging and emissions. Now that many coal fired power 
plants across the world are being converted to co-firing with a 
mixture biomass or 100% biomass fuelling to increase the 
amount of renewable energy generated, the particle flow 
dynamics inside the pipe have become more complex due to 
the irregular shape and generally wider size range biomass 
particles. 

Various methods have been developed to monitor particle 
velocity and concentration in a bulk solid pneumatic 
conveying system; these include capacitive [1,2], radiometric 

[3], optical [4-6], and ultrasonic [7]. All these types of sensors 
have the advantage of being nonintrusive and capable of 
monitoring both particle velocity and concentration. However 
capacitive sensors are susceptible to moisture which can affect 
the dielectric properties of the material being monitored. 
Radiometric sensors have the drawbacks that they contain a 
radioactive material and their use is governed by 
administratively inconvenient health and safety regulations. 
Optical sensors have the shortcoming that they require a 
transparent window in the pipe which is susceptible to 
contamination by the pulverised material. Nonetheless, this 
drawback can be addressed by using an air purging system to 
reduce contamination [6]. However electrostatic sensors due 
to their robustness and low cost have the advantage over other 
sensors. There are three main designs of electrodes used for 
electrostatic sensors: ring, arc and probe electrodes [8-10] 

Ring electrodes are completely non-invasive since they are 
flush with the pipe wall so they do not impede the particle 
flow in the pipe. They do, however, have disadvantages in that 
they are only sensitive to particles close to the pipe wall. Then 
again when ring electrodes are used to measure the particle 
velocity in a multi-phase flow using the cross-correlation 
method this will reduce the correlation coefficient between the 
upstream and downstream because different parts of the pipe 
cross section will be traveling at different velocities [8].  

Arc electrodes are very similar in design to ring electrodes 
except each arc electrode only covers a small section of the 
outer circumference of the pipe. Qian and Yan [9] used multi-
channel arc electrostatic sensors to monitor the local particle 
velocity of a flour/biomass mixture. 

Unlike the ring and arc electrodes, probe electrodes are 
invasive in that they come into direct contact with the particle 
flow in the pipe. Nevertheless, this does not cause a problem 
in a dilute flow due to the low particle concentration coupled 
with the fact that the electrodes take up very little of the cross 
sectional area of the pipe. Shao et al. [8] investigated this 
through a combination of practical online experimentation and 
offline finite element modelling. It was found that an electrode 
depth of 0.3-0.5 of the pipe diameter would give a reasonable 
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estimate of the true mean velocity. In addition, it was found 
that the probe electrodes had a higher correlation coefficient 
compared to the traditional ring electrode design with the 
probe electrodes obtaining a correlation coefficient of around 
0.55-0.75 compared to 0.35-0.5 for the ring electrodes [10]. 

Electrostatic sensors have also been applied to measure the 
volumetric concentrations of the particles inside the pipe as 
presented by Yan et al. [13]. The principle of using 
electrostatic sensors to determine particle concentration is that 
as the particle concentration increases so does the magnitude 
of the electrostatic charge. However, Yan [14] discusses that 
there are limitations to using electrostatic sensors to determine 
particle concentration in that the electrostatic signal is affected 
by particle variables such as: particle size; how long the 
conveyed particles have had to pre-charge; and dielectric 
properties of the material being conveyed. Moreover, the 
environment inside the pipe, such as temperature and 
humidity, can be a factor. 

This research aims to develop an electrostatic sensor array 
that is capable of measuring the particle flow dynamics in the 
pipe that previous electrostatic sensors were unable to achieve. 

II. MEASUREMENT PRINCIPLE 
As solid particles are conveyed down the pipe in a 

pneumatic conveying system they pick up electrostatic charge. 
The level of this charge is random due to the nature of how it 
is generated inside the pipe through friction between the air 
and other particles [11]. Using an electrostatic sensor the 
charge carried by the particles can be detected as the particles 
pass the sensor since a small amount of charge is induced on 
the electrode [12]. 

The electrostatic sensor consists of an insulated electrode 
and a signal conditioning circuit that takes the charge induced 
on the electrode and converts it into a voltage signal that can 
be digitised by an analogue to digital converter (ADC). 

Using electrostatic sensors to measure particle velocity of 
particles traveling inside the pneumatic conveying pipe 
involves the use of two electrodes arranged in a configuration 
as shown in Fig. 1 [12]. 

 
Fig. 1. Electrode configuration inside a pipe 

As the particles travel past the electrodes their charge is 
detected by the electrodes. If both electrodes and signal 
conditioning circuits are identical the signal from the upstream 
electrode will be the same as the signal on the downstream 
electrode except the signal on the downstream will be time 
delayed. Since the distance between the upstream and 
downstream electrodes is known, particle velocity (Vc) can be 
calculated from. 

௖ܸ ൌ  ௅ఛ೘    (1) 

Where L is the spacing between the upstream and 
downstream electrodes and τm is the time difference between 
the upstream and downstream signals. To determine τm the 
upstream and downstream signals have to be digitised using an 
ADC. It is at this point that resolution and sampling rate of the 
ADC has to be taken into account; the resolution has to be 
sufficiently high enough to ensure minute changes in the 
charge picked up from the electrodes can be detected. To 
determine τm the cross-correlation method is used. The delay 
between the two signals is determined from the location of the 
dominant peak in the cross correlation function [12]. 

Particle concentration is determined and represented by the 
magnitude of the r.m.s. (root-mean-square) charge level of the 
electrostatic signal detected by the electrostatic sensor. 
Conversely the exact particle concentration cannot be 
determined via this method due to variables such as particle 
size, type of particles and particle velocity [14]. 

III. SENSOR ARRAY DESIGN 
Like the probe electrode design the electrostatic sensor 

array is an intrusive sensor that comes into contact with the 
particle flow. However, unlike the probe sensor, the sensor 
array covers the whole diameter of the pipe and is divided into 
five pairs of identical electrodes as shown in Fig. 2. Due to the 
invasive nature of the sensor array design all attempts have 
been made to reduce the thickness of the sensor which is 
currently 2.5 mm thick. Each electrode has a width of 1mm 
and a length of 8 mm and these are set 10 mm apart. The 
sensor array is a blade design and only has electrodes on one 
side. The leading edge of the sensor array is a 45° knife edge 
intended to increase the aerodynamics of the sensor array. In 
addition, the 45° degree edge deflects most of the turbulence 
and velocity change caused by the sensor array behind the 
electrodes as illustrated in Fig. 3. 

The preamplifier for the electrostatic sensors is constructed 
inside the sensor array blade to reduce the connection distance 
between the electrode and the preamplifier, subsequently 
reducing unwanted noise. The outer casing of the sensor array 
blade is fabricated from metal which is earthed to shield the 
preamplifier from unwanted noise. The physical size of the 
electronics for the preamplifiers was the determining factor of 
the number of electrodes that could be constructed across the 
diameter of the pipe. The signal from the preamplifier is then 
passed through a variable secondary amplifier and an anti-
aliasing low pass filter to remove high frequency noise. Care 
was taken during the construction of the entire signal 
conditioning circuits to ensure each was matched to each 
other. An analogue multiplexer controlled from the 
microcontroller selects each element of the array. The 
analogue signal is digitised in an external 12-bit ADC with a 
sampling rate of 150 kHz. All analogue parts of the signal 
conditioning circuit are shielded against external noise. The 
cross correlation processing software is embedded into a 32 bit 
microcontroller which outputs to a PC as shown in Fig. 4. 
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IV. EXPERIMENTAL SETU
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Fig. 4. Block diagram of the electrostatic array sensor based particle measurement system

 
Fig. 5. Photo of the particle flow test rig, (A) vibration feeder, (B) vacuum plant, (C) array sensor spool on horizon

V. RESULTS AND DISCUSSION 
The sensor array was able to determine the particle 

velocity and particle concentration for the diameter of the 
pipe. Fig. 6 and Fig. 7 show the mean velocity profile for a 
range of air velocities (20.3-24.3 m/s). The profiles clearly 
show that particles traveling at the centre of the pipe are 
moving at a faster velocity then those moving along the pipe 
wall due to the friction of the particle interacting with the pipe 
wall. The 0° velocity profile in Fig. 6 shows that the velocity 
at the bottom of the pipe (5 mm) is slower than the velocity at 
the top of the pipe (45 mm); this is due to gravity’s effect on 
the particles forcing them to come into contact with the pipe 
wall at the bottom of the pipe. Whereas Fig. 7 shows the 
velocity profile for 90° which is more symmetrical compared 
to 0° since gravity is having a uniform effect over the whole 
diameter. Fig. 8 illustrates particle velocity compared to the 
conveying air velocity at the centre of the pipe. As expected, 
the particle velocity is slower than the conveying air due to the 
drag force. Conversely, at lower air velocities the difference 
between the conveying air velocity and particle velocity is 
larger; this could be because the particles are not fully 
suspended in the conveying air at lower air velocities. The 

normalised velocity standard deviation profile shown in Fig. 9 
and Fig. 10 shows that the particle velocities measured in the 
centre of the pipe have a lower deviation compared to those 
along the pipe wall indicating a more stable particle flow in 
the centre of the pipe. 

 
Fig. 6. Mean velocity profile measured by the electrostatic sensor array at 0° 

(data points indicate centre of the electrode) 
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Fig. 7. Mean velocity profile measured by the electrostatic sensor array at 90° 

 

Fig. 8. Air velocity compared to particle velocity at the centre of the pipe 

 
Fig. 9. Normalised standard deviation profile of the velocities measured by the 

electrostatic array sensor at 0° 

 
Fig. 10. Normalised standard deviation profile of the velocities measured by 

the electrostatic array sensor at 90°  

The particle concentration shown in Fig. 11 shows that the 
concentration increases the closer to the bottom of the pipe 
due to the effect of gravity. However at the very bottom of the 
pipe (5 mm) the particle concentration is less; this is possibly 
due to the proximity of the electrode to the pipe wall caused 
by the pipe radius which would reduce the volume of space in 
the sensing area of the electrodes.  

 
Fig. 11. Mean particle concentration profile using normalised r.m.s. charge 

value to measure particle concentration at 0°  

The effect of reduced sensing area can be seen on the 90° 
particle concentration profile shown in Fig. 12, which shows 
that the concentration in the centre of the pipe is higher than 
along the pipe wall. Another possibility is that the particles 
that are coming into contact with the pipe wall are discharging 
due to the steel pipe being earthed. Fig. 12 also shows that for 
the higher air velocities (22.4-24.4m/s) the r.m.s charge is 
increasing in the centre of the pipe. This is feasibly due to the 
fact that at higher air velocities more particles are being 
suspended. Consequently more particles are able to be 
detected by the sensor array in the 90° orientation. 
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Fig. 12. Mean particle concentration profile using normalised r.m.s. charge 

value to measure particle concentration at 90°  

The magnitude of the correlation coefficient is an 
indication of the stability of the particle flow [9] (the closer to 
1 the correlation coefficient is, the more stable the flow). Fig. 
13 and Fig. 14 show the correlation coefficient profiles (0° and 
90° respectively). 

 
Fig. 13. Mean correlation coefficient profile for the pipe cross section at 0°  

 
Fig. 14. Mean correlation coefficient profile for the pipe cross section at 90°  

For the pipe cross section it is clear that the correlation 
coefficient is higher in the centre of the pipe compared to that 
along the pipe wall, demonstrating that the particle flow is 
more stable in the centre of the pipe which is consistent over 
all five air velocities. 

VI. CONCLUSIONS 
A new electrostatic sensor array has been designed, 

constructed and tested that is capable of monitoring the 
particle velocity and concentration profiles for the diameter of 
a pneumatic conveying pipe. The sensor array comprises of 
five independent electrostatic sensing elements across the 
whole diameter of the pipe.   

Through analysis of the velocity profiles as well as 
correlation coefficients the performance of the electrostatic 
sensor array is in line with particle flow dynamics inside a 
pipe. With the particle flow in the centre of the pipe being 
more stable than the particle flow along the pipe wall 
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