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Abstract
The transport of paniculate in a gas flow or pneumatic conveying system is 

widespread in many areas of industry, for example chemical, food processing, cement 

industries and transportation of pulverised coal in coal-fired power plants. However, a 

simple and reliable method for monitoring the flow parameters, particularly the mass 

flow rate, velocity and size of paniculate solids in the pipeline, has yet to be 

developed. This is mainly due to the fact that numerous problems, including 

insufficient signal generation, particle deposition in sensing vicinity, inhomogeneous 

particle and velocity profile, can be encountered by flow meters which may affect 

their readings. Being able to monitor the flow parameters, especially the particulate 

mass flow rate for example, allows accurate delivery of particulates and hence a better 

product quality in food processing industrials. In coal-fired power plants, being able 

to monitor and subsequently control the flow parameters will result in higher 

combustion efficiency and lower pollutants emission. Furthermore, optimum 

conveying conditions could also be set, which would result in reduced energy 

consumption and wear on equipment.

This thesis is concerned with the generation of the Acoustic Emission (AE) from 

particulate flow and an investigation of the potential of implementing AE for flow 

parameters, namely the solid feed rate, particle velocity and size monitoring. A series 

of experiments has been conducted to gather AE signals from a laboratory scale single 

flow-loop pneumatic conveying system. Initially, AE sensors were attached to two 

steel meshes, which were placed with a fixed axial distance in the pipeline to study 

the generation of the AE and subsequently the possibility of using those generated AE 

to determine particle velocity in the pipeline. Particle velocities measured from this 

approach were compared with theoretical predictions. The results indicated that more 

than 90% of the measured particle velocities fall within ±10% of the theoretical 

particle velocity predicted using the modified Hinkle correlation. Since time alone is 

measured, no calibration is required.

The generation of AE on five different sensor mounting locations was also studied. 

The results showed that sensors mounted on all those locations were able to respond 

to changes in the flow parameters. However, only two optimum sensor locations
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(mesh and outer bend) were chosen, based on the higher strength and repeatability, for 

further investigation. The final experimental results indicated that the AE features, 

namely Root-Mean-Square (RMS) and energy of the AE, are related to the changes in 

the flow parameters and good correlations were found. Good correlations between the 

RMS and energy of the AE with the momentum and kinetic energy of the particles, 

respectively, were also found. Ringdown count of the time domain signal and centroid 

frequency and energy ratio of the Power Spectral Density (PSD) are independent of 

variation in the solid feed rate and conveying air velocity. However, they varied 

significantly with changes in the mean particle size. This clearly marks the potential 

of the AE method to detect particle size variation inside pipes and hence the 

performance of the pulverising mill. Overall, all those features of AE have great 

potential in gas-solid two phase flow parameter monitoring.

11
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Chapter 1 

Introduction
The transportation of solids by means of a gas stream is called pneumatic conveying 

and is widespread in many areas of industry. The measurement of the gas-solid two- 

phase flow parameters, namely mass flow rate, velocity and size of the conveyed 

solids are crucial in order to achieve improved product quality and process efficiency 

[Yan and Stewart, 2001]. A particular example of this would be coal-fired power 

generation plant. The distribution of coal particles to each burner bank is normally 
split from larger pipelines into smaller network of pipes connected to each of the 

burners. Despite the use of matched outlet pipes, uneven distribution of the pulverised 
coal may still, inevitably, occur. Uneven coal distribution between smaller network of 

pipes caused by fuel roping leads to differences in the fuel to air ratio between 
burners. This results in localised rich and lean regions in the furnace which gives rise 
to reduced combustion efficiency and higher levels of pollutant emission, for example 
carbon dioxide (COi) emissions [Miller et al., 2000b].

According to Yan (1992) particle velocity also needs to be maintained around the 
minimum safe value to achieve high process efficiency. This is due to the fact that 

excessive high particle velocity will leads to high energy consumption and problems 
of high pipe wear [Yan, 1992; Zhang et al., 2001; Deng et al., 2005b]. On the other 

hand, pipeline blockage might occur if the velocity is too low. In addition, 

undergrinding of the coal by the local mill, which produces large particles, may result 

in incomplete carbon burnout [Whitehouse, 2003]. As a result, measuring and 

subsequent control of the mass flow rate, velocity and size of the particles in each 

network of pipes could ensure maximum combustion efficiency and minimum 

pollutant emission.

Improving the combustion efficiency whilst reducing the pollutant emission and 

energy consumption by the conveyor have long been recognized as challenging by 

engineers/researchers all around the world. A number of sensing techniques have been 

developed and proposed to meet some of these difficult challenges. Among them, the

1
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most promising methods and commercially available are electrostatic, microwave, and 

to a lesser degree, ultrasonic method [DTI, 200 Ib] (Refer to Chapter two for more 

details). However, relatively little work has been undertaken in this area with respect 

to the generation of Acoustic Emission (AE) from pneumatic conveying of 

particulates. As a result, the present project is concerned with the investigation of the 

generation of AE from particulate flow in pipe and subsequently correlates the 

variation in the AE to flow parameters, namely feed rate, velocity and size of the 

conveyed particulates. This would eventually lead to the ability to control the air fuel 

ratio to individual burners thereby improving the combustion efficiency and reducing 

the pollutant emission in PF power plant. In food industrials, the ability to monitor 

and subsequently control the flow parameters of the particulate can also improve the 

product quality.

It should be noted that, in this thesis, the terms AE and stress wave emission are 

interchangeable although strictly AE refers to the response at the detector or sensor 

while stress wave emission is the original source.

1.1 The Current Research Project

The European Working Group for Acoustic Emission (1985) defines AE as 'the 

transient elastic waves resulting from local internal micro displacement in a 

material'. The American National Standards Institute defines AE as 'the class of 

phenomena whereby transient elastic waves are generated by a rapid release of 

energy from a localised source(s) within a material, or the transient elastic waves so 

generated'. Therefore, in principle, any impulsive and energy release mechanism 

within a solid or on its surface, such as plastic deformation, impact and cracking, is 

capable of generating AE [Reuben, 1998]. Since the impact of solid particles on the 

metal pipe wall can be associated with the generation of AE, it follows that a flow 

meter based on AE method has the potential in pneumatic conveyor flow parameters 

monitoring.

In general, an AE measurement system consists of an AE sensor, amplifier and signal 

processing equipment. The use of AE detection techniques is appropriate in this 

project since the contact between the flowing particles and the inner wall of the
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conveying pipe will generate a stress wave. The stress wave is then propagated 

through the metal pipe and detected by the AE sensor. A typical AE sensor detects the 

stress wave with a piezoelectric element converting it to an electrical signal which can 

be analysed to provide information about the stress wave and hence information about 

the flow parameters in the pneumatic conveying pipeline. Consequently, the main 

objective of current project is to investigate the generation of the AE and 

characteristic of the generated AE from paniculate flow in pipe, in relation to the 

changes in the flow parameters. In particular, this thesis will explore the variation of 

AE with changes in the mass feed rate, velocity and size of the conveyed solid 

particles. In addition, this thesis will also explore more deeply the relationship 

between the AE signal and momentum and kinetic energy of the particles conveyed.

The raw AE waveforms are, generally, complex and hence characterising the source 

using raw AE can be difficult. As a result, it was decided to analyse the raw signals 

from the sensor in both the time and frequency domain. The average of these 

measurements over a short time period yielded features that were compared with the 

measured flow parameters.

However, the AE generation can be affected not only by the characteristics of the 

source but also the characteristics and location of the sensor on the pipe being 

investigated. For example, AE signals generated by the sensor mounted far away from 

the source would suffer from signal attenuation [Arrington, 198la]. On the other 

hand, particle roping which is commonly encountered at the pipe bend coupled with 

high particle inertia would cause the solid particles to impinge on to the pipe bend 

[Marcus et al, 1990; Akilli et al., 2001; Chu and Yu, 2008]. This phenomenon is 

beneficial to the AE-based flow meter by generating stress waves with high strength 

to be picked up by the AE sensor [Fokker et al, 2004]. As a result, the current 

research will also investigate the variation in the AE magnitude due to different sensor 

locations.

A growing number of studies have been undertaken into monitoring the particulate 

velocity in pipes [Yan and Reed, 1999; Ma and Yan, 2000; Millen et al., 2000; Shao 

et al, 2000; Cai et al, 2005]. Most of these were aimed at developing a system, 

based on cross-correlation method, to measure particle velocity in order to optimise

3
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energy consumption by the pneumatic conveying system and reduce pipe wear. 

However, the potential of the AE based flow meter for direct particle velocity 

measurement 1 has yet to be studied. Therefore, a further aim of the current research is 

to explore the potential of AE for direct particle velocity measurement.

One of the major advantages of using AE is that the frequency range of the AE is 

normally very high compared with that of environmental noise and hence less 

susceptible to the lower frequency ambient noise [Arrington, 198Ib; Martin and 

Dimopoulos, 2006]. Furthermore, the AE activity is generated by the impingement of 

the solid particles itself on to the pipe wall and no extra interrogation is therefore 

required. A successful flow meter based on the AE would have the additional benefits 

of being a passive method, non-intrusive and non-hazardous, small in size, relatively 

cheap and easy to install and work with [Matthews, 1983]. In addition, it requires no 

maintenance. Overall, it can result in substantial financial savings and make this 

technique more commercially attractive.

1.2 Research Objectives

The main aim of the research is to investigate the generation of the AE from the flow 

of paniculate solid in pipelines, with the following objectives:-

1. Explore the potential of AE for direct particle velocity measurement.

2. Investigate the effect of sensor location on the generation of AE.

3. Investigate the generation of AE on the optimum sensor locations under 

different flow conditions.

• Identify the relationships between the AE features, extracted from both 

time and frequency domain, and the flow parameters.

• Explore more deeply the relationship between the AE features and the 

momentum and kinetic energy of the particles conveyed.

1 Direct particle velocity measurement refer to the measurement of particle velocity directly without 

referring to others flow parameters.
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These will be, certainly, useful in the future design of a flow meter based on AE 

method.

1.3 Structure of the Thesis

The outline of the subsequent Chapters in this thesis is as follows:

Chapter 2 reviews the literature relating to paniculate flow metering. This is followed 

by the basic mechanics of AE and some of its application to paniculate flow 

measurement in pneumatic conveying pipes. Finally, appropriate signal processing 

techniques for the AE are also discussed.

Chapter 3 describes the experimental apparatus and research methodology. This 

includes the single-loop laboratory-scale pneumatic conveying test rig, AE sensor and 

data acquisition system. This is followed by a description of the complete set of 
experiments.

The experimental results are presented and discussed in Chapters 4, 5, 6 and 7. 
Chapter 4 explores the potential of the AE for direct particle velocity measurement. 
Chapter 5 concentrates on an investigation of the generation of AE on five different 

sensor locations and determining two optimum sensor locations for subsequent 
experimental investigations. Chapters 6 and 7 focus on investigating the response of 

AE signals with variations in the flow parameters, namely the solid feed rate, 

conveying air velocity and particle size.

Finally, Chapter 8 draws conclusions corresponding to the work conducted and is 

followed by recommendations for future work.
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Chapter 2 

Literature Review
This Chapter presents a brief introduction to the importance and challenges of flow 

monitoring in pneumatic conveying systems. Advances in modern instrumentation 

and computer processing power have led to a number of commercially available 

devices capable of detecting the flow parameters within the pipeline of pneumatic 

conveying systems. Hence, this chapter reviews previous research on the 

measurement of paniculate flow in pneumatic conveying systems along with their 

advantages and drawbacks. This is followed by an introduction to the field of AE. The 

basic mechanics of AE and its application to particulate flow measurements in 

pneumatic conveying pipe are discussed. Finally, signal processing techniques used to 

yield AE features are also discussed.

2.1 Pneumatic Conveying System

Transportation of solids, mostly powdered, by mean of a gas stream is called 

pneumatic conveying. Historically, vacuum conveying of grain in the late 19th century 

was the first large scale application of pneumatic conveying [Marcus et al., 1990]. By 

the mid 1920s, solid materials were commonly conveyed from one point to another by 

industrial scale pneumatic conveying systems based on both vacuum and pressurised 

methods in many industries.

Pneumatic conveying systems are applicable to an extensive range of solid materials 

with particle sizes varying widely from \\irn to 1cm [Marcus et al., 1990; Fan and 

Zhu, 1998; Fokeer et al., 2004]. Due to this flexibility, pneumatic conveying systems 

are employed by a wide range of process industries including food, pharmaceutical, 

cement production and power generation. In general, it offers dust-free transport 

which is essential in some industries e.g. PF in coal-fired power generation plants, and 

protects the product being conveyed from the environment in food production plants 

[Yang, 2003]. It also offers flexibility in direction (horizontally and vertically via 

bends) and multiple pick-up (vacuum method) and distribution points (pressurised 

method).
6
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Generally, the flow regime in pneumatic conveying systems can be divided into two 

categories:-

Dilute Phase. Dilute-phase pneumatic conveying systems, which are also 

known as suspension flow pneumatic conveying systems, operate on the 

principle that the solid particles are fully suspended in the pneumatic line air 

stream by the turbulent gas eddies as shown in Figure 2.1(a) [Fokeer et al., 

2004]. As a consequence, the air velocity needed is much higher compared to 

those generally found in dense phase pneumatic conveying systems. The 

typical conveying air velocity range is from approximately 15 to 30m/s [Mill, 

1990]. However, in the dilute phase flow, particles do not move forward in a 

straight line, parallel with the pipe wall. Thus, collisions between the particles 

and the pipe wall occur far more frequently compared to particle-particle 

collisions [Oesterle, 1989]. Due to the high velocity and particle trajectory, 

problems like wear and abrasion on equipment as a result of the impact of 
solid particles, especially on pipe bends, are severe. However, these particle- 

wall collisions are the main cause of AE in pneumatic conveying systems 

[Arrington, 198 Ib] which can subsequently be detected by AE sensors 

attached to the pipe surface. Many products are commonly conveyed in dilute 

phase pneumatic conveying systems including flour, flakes and Pulverised 

Fuel (PF). PF in electrical power generation is the key example demonstrating 

the importance of solid flow metering (refer to Section 2.2).

When increasing the solid feed rate whilst maintaining the conveying air 

velocity, the mass flow ratio, which is defined as the ratio of the mass of solid 

to the mass of conveying air, increases. As a result, the flow resistance inside 

the pipe would be increased and the solid particles would become concentrated 

in the lower half of the horizontal pipe. Due to increased particle-particle 

interaction in the lower half of the horizontal pipe, the particle velocity 

distribution would increase where particles suspended on top would travel at a 

higher velocity to those in the bottom of the horizontal pipe.
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Increase in Conveying Air Velocity

o 0

(a)

Q ,

(b)

Increase in Solid Flow Rate
(c)

Figure 2.1: Change in Flow Regime from (a) Dilute to (c) Dense Flow as Solid 

Feed Rate and Conveying Air Velocity are Varied

Dense Phase. By maintaining the conveying air velocity whilst further 

increasing the solid feed rate, the flow resistance inside the pipe would 

increase further and eventually the solid particles will drop out of suspension 

where a moving bed of solid particles will be formed and may plug the 

pipeline. This regime of flow is called dense flow as shown in Figure 2.1(c). 

Dense phase pneumatic conveying systems operate at a much lower conveying 

air velocity compared to those operated with dilute phase flow. In this system, 

the conveying air velocity is in the range of 1 to 5m/s [Fayed and Otten, 1997] 

which results in the conveyed particles being not fully suspended and hence 

particle-particle collisions dominate the motion of the particles. Consequently, 

the solid particles concentrate and move along the bottom of the pipeline. 

Common industrial applications for dense phase pneumatic conveying systems 

include products with heavy bulk-densities, abrasive products and in some 

instance products that do not require continuous conveying delivery to their 

end destination. Some of the advantages of dense phase flow are lower power 

consumption and wear on equipment compared to dilute phase flow.
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However, the boundary between dilute and dense phase flow is not well defined. 
According to Marcus et al. (1990) and Mills (1990), the simplest way to categorize 
dilute and dense phase flow is in terms of the mass flow ratio. For dilute phase flow, 
the mass flow ratio is generally smaller than 10. If the mass flow ratio is greater than 
10, the flow inside the pipeline can be pronounced as a dense phase flow. 
Furthermore, Chen et al. (1979) claimed that the flow inside the pipeline can also be 
pronounced as a dense phase flow if the solid loading ( ft ) inside the pipeline is high, 
typically greater than 40%.

Generation of AE on the pipe surface depends on particle-wall interaction. As 
mentioned previosly, particle-wall interactions dominate only in dilute phase flow. As 
a result, the present study focused on pneumatic conveying of solid particles in a 
dilute phase flow. All dilute flow pneumatic conveying systems exhibit technical 
similarities, where all the particles are suspended in the conveying air and particle- 
wall interaction domain, irrespective of the medium being conveyed. Figure 2.2 
shows a block diagram of a typical pneumatic conveying system used in a pulverised 
coal-fired power plant. Initially, coal is supplied from the bunker to the pulverising 
mill via a screw feeder which controls the feed rate of the PF. The PF is then 
conveyed pneumatically towards the furnace. The central conveying line is split into a 
number of feed pipes before being injected into the furnace. A furnace could have up 
to 30 such feed pipes to feed the furnace [Yan, 1992]. Typical solids loading of the 
feed pipes levels around 0.05% [DTI, 1999; Yan and Stewart, 2001]. The typical 
range of conveying air velocities is 10 to 40m/s [Yan, 1992]. The solid particle 
distribution inside the pipeline is inhomogeneous. The most common pipe 

orientations are vertical and horizontal connected with bend.

2 Solid loading represents the fraction of the pipe cross-section area occupied by the solid particles and 

can be calculated based on the following formula [Yan and Stewart, 2001] :-

fi = —-— (0%</?< 100%) (2.1)
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2.2 The Importance of Flow Parameters Monitoring

The challenges of clean coal technology today are very much focused on reduction of 

pollutant emissions to meet the Kyoto Protocol3 . This can be achieved by improving 

the efficiency of PF combustion [DTI, 2001]. The operation of a PF pneumatic 

conveyor is closely related to the combustion efficiency of the furnace. This is due to 

the following reasons:

• Optimising air/fuel ratio. Low combustion efficiency is partly due to 

imbalance in the distribution of PF between the central conveying pipelines to 

burners via feed pipes. Many power stations distribute the fuel from 6-8 mills 

to 30-50 burners [DTI, 2004]. The distribution of the PF flow to each burner 

may vary significantly, which can cause an incorrect air/fuel ratio and result in 

fuel-rich or fuel-lean conditions, with either resulting in inefficient combustion 

[DTI, 200 lc]. Operational problems such as accelerated wear on the PF 

equipment and erosion on pipe walls can also occur. Slagging could also form 

on the furnace wall, caused by incomplete combustion due to uneven 

distribution of the PF between burners [Yan, 1992]. Consequently, to increase 

the combustion efficiency and reduce the pollutant emissions, the PF flow rate 

to each burner must be monitored and a correct PF flow rate should be 

maintained to optimise the mixture of PF and air fed into the furnace.

• Optimising conveying air velocity. The requirement to obtain a reliable flow 

at a specified throughput in an energy efficient way and without blockages 

has long been recognised as challenging. One of the main challenges is the 

monitoring of the PF velocity. The pipeline will be blocked by the PF particles 

if the conveying velocity is too low. On the other hand, a too high conveying 

velocity will lead to high energy consumption and problems of high pipe wear 

especially at bends and limits the useful lifetime of important component

The Kyoto Protocol is an international agreement setting for 37 industrialized countries and the 
European community for reducing greenhouse gas (GHG) emissions. These amount to an average of 
5% against 1990 levels over the five-year period 2008-2012 [BBC News, 2005].

4 Energy efficiency way refers to minimum energy consumption as a result of optimised conveying air 

velocity.
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[Zhang et al., 2001; Deng et al., 2005b]. Consequently, optimisation of 

pneumatic conveying systems can be achieved by keeping the energy losses to 

a minimum. Ideally, the conveying air velocity should be high enough to avoid 

particle settlement, but low enough to minimise equipment wear. This can be 

achieved by monitoring the particle velocity and subsequently controlling and 

maintaining it at an optimum velocity.

• Optimising PF particle size. For the majority of industrial pneumatic 

conveying systems, the solid particles being conveyed will not consist of 

particles of a single size, but rather a mixture of sizes. Particle sizes that are 

too large will result in particles settling on the bottom of the conveying pipe. It 

can also cause wear to the inner pipe wall. Furthermore, the flame quality 

inside the furnace also depends on the size distribution of the PF. According to 

the DTI (2000), it is important to have less than 25% of particles with a critical 

diameter of more than 75fxm in order to achieve efficient combustion in coal- 

fired power plants. Failure to achieve this will result in reduced burning 

efficiency and increased pollutant emissions. Therefore, the particle size 

distribution has to be maintained within an acceptable range to ensure an 

optimal combustion process for maximum energy transfer. Detailed 

information on particle size and local distribution can also improve the 

understanding of the gas-solid two-phase flow [Cai et al., 2005].

In conclusion, measurement, optimisation, and control of the solid flow rate, velocity 

and size distribution can improve the combustion efficiency in PF-fired power plant 

[DTI, 1999] and can also improve the product quality in the food industries. Knowing 

the importance of flow parameters, measurement will bring researchers/engineers a 

step closer to the possibility of developing a flow measuring system for pneumatically 

conveyed gas-solid flows. Therefore, researchers/engineers also need to understand 

the challenges that they might face when measuring two-phase gas-solid flows.

12
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2.3 The Challenges of Flow Parameters Monitoring

In coal-fired power plants and other heavy processing industries, obtaining a reliable 

mass flow rate, velocity and size distribution of the solid particles conveyed to the 

furnace has long been recognised as technically challenging. Numerous problems can 

be encountered by flow meters which my affect their readings when metering such 

flow. This section presents some of the major challenges in metering two-phase gas- 

solid flows.

2.3.1 Non-restrictive Metering

The measurement of the flow characteristics of a mixture of air and particles is 

difficult. Any sensor inserted into the two-phase flow will disturb the fluid flow 

pattern that they are attempting to measure. Furthermore, any intrusive sensor would 

be subject to substantial abrasion, depending on the nature of the solid particles and 

the conveying velocity [DTI, 2004]. Nevertheless, extra modification work to the pipe 

may be needed. As a result, ideally, the measuring system should be the one which 

can be installed externally on the pipe surface hence non-intrusive to the two-phase 

flow inside the pipe.

2.3.2 Low Concentration

The PF flow in pneumatic conveying systems is normally very dilute, typically in the 

region of 0.05% of the pipe volume [Barratt et al., 1997; DTI 1999; Yan and Stewart, 

2001]. The low PF concentrations can represent a problem for the use of flow sensors 

[DTI, 2004]. At such dilutions, flow sensors may not be able to operate successfully 

due to the small signals being generated. Furthermore, background noise could also 

affect the measurement and hence a relative large measurement error could be 

expected [Yan and Stewart, 2001; Yan et al., 2002]. Consequently, the measuring 

system must be able to pick-up most or, ideally, all signals generated by the low 

concentration of particles whilst minimising the background noise.

13
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2.3.3 Inhomogeneous Particle Distribution

Solid distributions are generally inhomogeneous within conveying pipelines (Figure 

2.3) and between feed pipes. This is due to the effects of many aspects such as the 
particle size, pipeline orientation, measurement position and conveying air velocity 

[Barratt et al., 1997; Yan, 1992]. As a result, many flow regimes such as roping may 
occur. The most common location for ropes to occur is at a bend which connects a 
horizontal and vertical section of a pipe. High particle inertia causes the particles to 
move towards the outer wall of the bend, where they then continue as a dense 'rope' 
[DTI, 2001c]. Roping causes a number of major problems in many gas-solid 
pneumatic conveying systems e.g., in coal-fired power stations, roping causes non- 
uniform distribution of PF between feed pipes. Unfortunately, inhomogeneous solid 
distribution is unavoidable in pneumatic conveying [Yan, 1992]. This causes 
difficulty in the development of a high accuracy flow meter. Therefore, ideally, the 
accuracy of the measuring system should not be adversely affected by any 
inhomogeneous distribution of the solid particles in the pipe.

2.3.4 Inhomogeneous Particle Velocity Profile

Generally, the particle velocity profile within conveying pipelines is also 
inhomogeneous (Figure 2.3) due to inhomogeneous solid distribution. For 
horizontally conveying, particle velocity near the bottom of the pipe can be much 
lower than that at the top. This inconsistency in the velocity profile is often more 
severe when the mass flow ratio 5 becomes greater [Yan and Stewart, 2001]. 
Furthermore, smaller and lightweight particles can move much faster than the larger 
ones. As a result, an inhomogeneous particle velocity profile is often more 
pronounced in the cases where particulate material consists of particles with a wide 

range of sizes. In dilute flow, the solid velocity is normally between 70% and 99% of 
the conveying air velocity due to slip [Fayed and Otten, 1997; Agarwal, 2005]. 

However, it also depends predominantly on the size and density of the particles.

' Mass Flow Ratio is defined as the ratio of the solid particles to air mass flow.

14
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Figure 2.3: Typical Examples of Solid Particle Distribution and Velocity Profile

[Van and Stewart, 2001]
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2.3.5 Different Physical Properties of Particles

In the UK, two categories of coal particles are used in coal injection systems. They 

are pulverised and granular coal. According to Gathergood (1989), 80% of coal was 

ground to approximately <75fim, whilst 95% granular coal was milled to 

approximately <2mm. However, the pulverisation process depends on factors such as 

mill speed and could produce coal particles ranging between 10 and 1000 |^m in size 

as shown in Figure 2.4 [Kuan et al., 2007]. As a result, for a given coal injection 

system the category of the coal particle size is fixed, but variations in the size 

distribution may well occur depending upon the current operational performance of 

the mill [Yan, 1992]. Measurement techniques based on intrusive sampling are both 

inconvenient and expensive.

In addition, blends of coal might have different physical properties, such as density, 

size and shape. Firing of coal and biomass can be even more complex where two or 

more types of solid particles with different physical properties might be involved. 

Thus, the ideal measuring system should not be affected by the different physical 

properties of particles.

100

0 100 200 300 400 500 600 700 800 900

Figure 2.4: Typical Pulverised Coal Size Distribution at the Mill Outlet [Kuan et

al., 2007]
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2.3.6 Particle Deposition

As solid particles flow in a pipe, a certain amount of particles will stick onto the 

surface of the pipe wall. After initial deposition, the following solid particles will 

interact with those bonded to the pipe wall surface. This causes different interactions 

between the solid particles with the pipe wall alone [Klinzing, 1981]. Deposition of 

the solid particles on the pipe wall depends on many factors such as particle size, 

moisture content, pipe wall roughness, conveying air velocity and so on. According 

to Yan et al. (2001) particle deposition within a horizontal pipe is either annular or 

gravitational as shown in Figure 2.5 (a) and (b) respectively. It is generally 

unavoidable and difficult to estimate the amount of particle deposited on the pipe, as it 

is generally unstable. The particle deposited on the sensing volume can affect the 

normal operation of the metering device resulting in false readings. Consequently, the 

sensor should, ideally, only be sensitive to the moving particles.

Figure 2.5: Typical Examples of Solid Deposition on Horizontal Pipe: (a) 

Annular Deposition (b) Gravitational Deposition [Yan et al., 2001]

The variables addressed above often interact and variation in some, can affect others. 

Some of these parameters may be impossible to control or predict [Malmgren et al., 

2003]. Nevertheless, the cost of implementing flow parameters monitoring 

instruments in industrial pneumatic conveying systems is often a barrier for many 

companies. Consequently, the production cost of the flow meter must be relatively 

cheap and require little or, ideally, no maintenance.

17
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2.4 Particulate Flow Measurements in Pneumatically 

Conveying Pipe Systems

For the past decades, many measurement methods have been explored and developed 

to measure flow parameters, mainly the solid mass flow rate and velocity, within the 

pipeline of pneumatic conveying systems. In general, they can be classified into two 

main categories: active and passive.

Active based flow meters, generally, utilise two transducers; a transmitter and a 

receiver. The transmitter generates a set of well defined signals and launches into the 

section under study. Under the presence of particles in the flow field, the strength of 

the signal will be attenuated due to diffraction and absorption from the gas-solid two 

phase flow in the section under study. The receiver monitors the transmitted signal 

and any modifications in the signal. The modification in the signal can then be 

correlated to the flow parameters. In contrast, passive based flow meters utilise only a 

receiving transducer which monitors self-generated signals. Any variation in the 

signal can then be correlated to the flow parameters. Since passive based flow meter 

only utilise one transducer, it can result in substantial financial savings and make this 

technique more commercially attractive.

The solid flow meter can be further classified into two sub-categories: direct and 

inferential. A direct solid flow meter is an instrument which measures the mass flow 

rate of the solid phase at the sensing vicinity directly, without referring to other flow 

parameters such as particle velocity and size. On the other hand, an inferential solid 

flow meter is based on the principle that the solid flow rate ( m ) can be calculated 

from the concurrent measurement of the solid loading (ft) and particle velocity (vp) 

using Equation 2.2 [Yan and Stewart, 2001].

m = App v p ft (2.2) 

where A- pipe cross sectional area and pp= true density6 of solid particle.

6 True density is the density of the particles that make up a powder or paniculate solid and can he 

determined using Pycnometer [BSI, 2004]. In contrast, bulk density measures the average density of a 

large volume of the powder.
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Flow meters using a cross correlation algorithm to measure the particle velocity in 
gas-solid two-phase flows have become increasingly familiar to operators of 

pneumatic conveying systems. Cross correlation flow metering is based on the 

principle that a single particle or group of particles passing through two sensing 
volumes will be detected by the sensors. The resultant signals induced in each sensor 
are similar but are time spaced depending on the particle velocity and the sensor 

spacing. The transit time can be determined by cross correlating the two signals [Yan 
and Stewart, 2001]. Since time alone is measured, no calibration is required.

Many flow meters based on different methods have been developed and purposely 
manufactured for solid loading and particle velocity measurement which could 
eventually yield the solid flow rate. Among them, the most promising methods and 
commercially available are electrostatic, microwave, and to a lesser degree, active 
acoustic-based/ultrasonic method [DTI, 200 lb]. Flow meters based on optical and 
capacitive technique have also been developed. Some research has also been carried 
out to improve their capabilities in particle size measurement.

The following sections review the basic operating principles of some of the flow 
meters along with their advantages and drawbacks. It should be noticed that, for 
inferential solid flow meters, the following section will only focus on the flow meters 
which are capable of providing both solid loading and particle velocity measurements. 
Their capability of performing particle size measurement will also be reviewed.

2.5 Active Solid Flow Meter

A number of solid flow meters based on active method are currently used for the 
measurement of the solid flow rate in pipelines which includes:

• Electrostatic

• Capacitance

• Microwave

• Optical

• Ultrasonic
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2.5.1 Electrostatic-Based Flow Meter (Direct)

Electrostatic-based flow meter is based on the principle that a solid particle carrying 

an electrostatic charge flowing through the electrostatic inductive sensor will induce 

an electric charge. Increases in the number of solid particles will increase the electric 

charge induced in the sensor. Active electrostatic measurement relies on pre-charging 

the particles by means of an electrostatic chamber, and induces the electrical charges 

onto the pipe wall when these particles flow through the sensing vicinity. Thus, this 

type of flow meter consists of two chambers; an electrostatic chamber and a 

measuring chamber as shown in Figure 2.6. The charges produce a current 

proportional to the rate of solid flow [Izakov et al., 1979]. According to the authors, 

the system has been tested in coal-fired power plants when the particle size did not 

exceed 600nm in diameter. The solid flow rate ranged from 0.1 to 5 kg/s and it was 

claimed that the basic error did not exceed ±1.5%. However, active electrostatic 

sensors are considered unsuitable for PF measurement due to the risk of ignition and 

explosion.

Insulator

Air + Solid
Electrostatic 

Charging 

Chamber

Measuring 

Chamber

High Voltage 

Source

Measuring 

Circuit

Figure 2.6: Block Diagram of a Typical Active Electrostatic System
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2.5.2 Capacitance-Based Flow Meter (Inferential)

Capacitance-based flow meters are based upon the principle that the presence of solid 

particles within the capacitance sensing volume will increase the measured 

capacitance due to increased relative permittivity when referenced to gas alone [Yan, 

1992]. The geometry of the sensing electrodes may be in the form of a ring or plates. 

They can be attached internally or externally to an insulated section of the pipeline. 

Much research has been conducted to investigate the applicability of this method for 

both solid loading and particle velocity measurements [Beck and Plaskiwski, 1987; 

Yan and Reed, 1999; Sen et al., 2000; Shao et al., 2000].

For instance, Beck et al. (1990) used a pair of capacitance sensors to measure solid 

flow rates of 4 mm PVC cubes in a pneumatic conveyor with low solid loadings 

between 0.05%-0.3% and velocities from 5.2 m/s to 18.9 m/s. The solid velocities 

were also measured using a cross-correlation algorithm as shown in Figure 2.7. The 

experimental results show that the solid loading was directly proportional to the meter 

output independent of solid velocity. But no test was carried out to investigate the 

performance of the system with different material and moisture content. The moisture 

content of the solid particles could have potentially altered the capacitance of the 

particle stream without necessarily increasing the coal flow rate and therefore lead to 

measurement inaccuracies [Yan and Reed, 1999]. Furthermore, capacitance-based 

flow metering is also material dependent so that calibration of the solid loading with a 

particular type of material is not necessarily applicable to other materials [Yan and 

Reed, 1999].

Shao et al., (2000) developed a pulverized coal mass flow measurement system which 

consisted of two pairs of capacitance sensors placed axially on a piece of pipe of 

aluminium with different orientations for solid loading measurement. Two more pairs 

of capacitance sensors were also employed for particle velocity measurement based 

on the cross-correlation method. Tests were carried out on an 80mm inner diameter 

pipe with the mass flow ratio between 7-50kg coal/kg air. The coal particle size was 

200 (am with less than 3% of moisture. According to the authors, the experimental 

results showed that the average output of the two pairs of sensors for solid loading 

measurement (sensitivity inhomogeneity error = 5.97%) was much better than the 

output of one sensor. The authors concluded that the velocity measurement based on
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capacitance cross-correlation method is simple, fast and reliable and the industrial 

evaluation showed that the whole measurement system has acceptable performance 

and is much more reliable for mass flow measurement of pulverised coal than a load 

cell. However, no further investigation on the effect of changes in the moisture 

content on the accuracy of the solid loading measurement was undertaken.
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Figure 2.7: Block Diagram of a Typical Capacitor-Based Flow Meter

2.5.3 Microwave-Based Flow Meter (Inferential)

A microwave-based flow meter is based upon the principle that microwave energy 

from a microwave source transmitted into the gas-solid two phase flow field will be 
absorbed by solid particles, thus increasing the attenuation between the microwave 

source and the detector. For a fixed microwave path length, increasing the amount of 

solid particles in the flow field will increase the energy attenuation. As a result, the 

solid loading could be inferred from the energy attenuation. Experiments have been 

carried out by Howard (1980) on a 356 mm diameter test rig. The results indicated 

that changes in coal type may vary the attenuation of the microwave. This was due to 

the fact that microwave flow sensors depend on the dielectric properties of the coal 

which makes their response sensitive to the chemical composition of the coal. 

Furthermore, microwave based flow systems are very sensitive to changes in moisture 

content of the particle. The accuracy of the readings can also be affected by particles 

contamination on the microwave entry/exit windows which will cause a dramatic

increase in the attenuation. Another problem with microwave based flow meters is
22



Author: N.C.HII_____________________University of Glamorgan 

that the electromagnetic field is generally not homogeneous over the whole cross 

section of the pipeline. Thus, to ensure a full coverage of the pipe cross-section, 

multiple flow meters are needed which impart higher cost. Care must also be taken 

when positioning the flow meter to avoid microwave energy absorption by material 

such as basalt lining which is commonly used to reduce wear at pipe bends [Miller et 

al, 2000a; DTI, 2004].

2.5.4 Optical-Based Flow Meter (Inferential)

The transmittance is a very important property of a material and defined as the 

percentage of the light intensity of an initial light beam remaining after passing 

through 10mm of the material [Fan and Zhu, 1998]. Some materials have higher 

optical transmission than metal. Optical-based flow meters employ either a laser or 

flash as a light source and a photomultiplier via an optical fiber as a light detector as 

shown in Figure 2.8. When a beam of light is transmitted through a 'window' on a 

pipe, it will be attenuated due to absorption and scattered by the flowing solid 

particles inside the sensing volume. The attenuated light beam is received via the 

optical fiber onto the photodetector which gives rise to a series of voltage signals. The 

solid loading can then be inferred from these signals.

Lu et al. (1988) carried out a test on an 80 mm vertical pipeline with the mean particle 

size and solid loading range between 247-832 [xm and 0.15-7.0% respectively. Results 

showed that this system is suitable for determining the average solid loading below 

7.0%. Recently, Cai et al, (2005) revealed a novel intrusive optical flow meter based 

on an optical method for on-line solid loading, size and velocity measurement of 

pneumatically conveyed solid particles. The system consists of a laser diode, optical 

fibers, photodetectors and preamplifier integrated into a rugged package at the 

intrusive probe tip. Two measuring beams are aligned closely to measure the time lag 

of the solid particle between the upstream and downstream measuring beam by using 

the cross correlation method. Both in situ tests and laboratory experiments have been 

carried out to validate the optical technique for on-line flow parameters monitoring. 

Despite some offset at high flow rates, the indication of the instrument was able to 

track the changes on feeder rate setting. The author also claimed that the instrument 

was able to measure the particle size. However, no direct comparison between the
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actual and measured particle size and velocity is presented. Furthermore, the intrusive 

probe tends to interfere with the flow being investigated. Regular maintenance on the 

probe is also required due to wear. This will increase the implementation cost.

Most of the optical-based flow meters for gas-solid two phase flows are not sensitive 

to variations in the chemical composition and moisture content. However, their 

application to gas-solid flow measurements suffers from the contamination of 
entry/exit windows of the light source. Light source may be blocked completely by 

the deposited solid particles. Works have been carried out to reduce particle 
deposition by applying an air jet on the entry/exit windows to keep the viewing 

surface free of solid deposition [Cai et al., 2005]. However, it changes the basic flow 
field so that the measurement of solid loading obtained is questionable. Nevertheless, 

this technique of measurement is also sensitive to particle size and inhomogeneous 

solids distribution over the pipe cross section [Miller et al., 2000a].
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Figure 2.8: Block Diagram of a Typical Optical-Based Flow Meter
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2.5.5 Ultrasonic Flow Meter (Inferential)

Active acoustic or more commonly termed as ultrasonic methods utilize two 

transducers; an acoustic transmitter and a receiver. The transmitter generates air-borne 

acoustic of different frequencies which are launched into the section under study. 

Under the presence of particles in the flow field, the strength of the signal will be 

attenuated due to diffraction and absorption from the gas-solid two phase flow in the 

section under study. The receiver monitors the transmitted signal and any 

modifications in the signal. This modification in the signal can then be correlated to 

the solid loading.

Ultrasonic monitoring has been applied as part of an inspection process for example, 

in the case of pipeline condition monitoring (mainly leakage) [Fuchs and Riehle, 

1991; Hunaidi and Chu, 1999; Gao et al., 2006]. Gao et al. (2006) used two AE 

sensors mounted on either side of the pipe location of a suspected leak. The time 

difference of arrivals of the AE to each sensor can then be determined using cross 

correlation method. This gives the time delay that corresponds to the difference in 

arrival times between the acoustic signals at each sensor. The location of the leak 

relative to one of the measurement points (di) can be calculated using the relationship 

between the time delays (Tpeak), the distance between the sensor (d), and the 

propagation wavespeed (c) on the pipe (Equation 2.3).

(2.3)

Recently, this method has been applied in flow parameters monitoring in pneumatic 

conveying systems [Sheen and Raptis, 1986; Fan and Zhu, 1998; Millen et al., 2000]. 

For instance, CSIRO Minerals has developed an ultrasonic PF flow measurement 

technique based on ultrasonic transmission through the PF and pipe [Millen et al., 

2000]. It consists of a pair of low-cost ultrasound transducers mounted in line at an 

angle of approximately 60° to the coal flow direction. Outputs from this system 

include coal loading and velocity (by mean of cross-correlation method) and hence 

coal flow rate. It was claimed to be unaffected by changes in coal type and moisture 

content. A prototype was tested on four outlet pipes at one mill at Macquarie 

Generation's Bayswater Power Station in Australia. The system was reported to
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measure coal loading and velocity to within 3.9% and 5.5% error respectively over a 

range of flow conditions. However, changes in particle size will affect the calibration 

accuracy. Another drawback with ultrasonic methods is that they do not provide a 

homogeneous coverage of the whole cross section of the pipeline and that their 

measurements are therefore falsified by inhomogeneous flow regime such as roping.

Ultrasonic cross-correlation particle velocity measurement was invented in the late 

nineteen century [Sheen and Raptis, 1986]. An AE signal was transmitted through the 

pipe wall via the acoustic transmitters mounted at two different locations along the 

horizontal pipe. The applied signals were then modulated by the solid particles in the 

flow field inside the pipe and picked up by their receivers as shown in Figure 2.9. An 

acoustic de-coupler was inserted between the sensors to isolate the applied fields from 

one another and eliminate cross-talk. The tests were performed with a solid/gas mass 

ratio range of between 6 to 20 and flow velocities of 20 to 30 m/s in a 2 inch pipe. The 

measured particle velocities were compared with those measured using a radioactive 

particle injection method. The result shows that the particle velocities measured with 

the ultrasonic method were lower then those measured with the radioactive method. 

This was claimed to be mainly due to inhomogeneity in the sensing field where the 

ultrasonic method measures the particle velocity near the pipe wall and hence lower 

particle velocity. The author concluded that further research and development were 

needed.
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Figure 2.9: Schematic of a Typical Ultrasonic Cross-Correlation Sensing
Arrangement.
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2.6 Passive Solid Flow Meter

Solid flow meters that are based on passive methods include:

• Impact flow meter and Isokinetic sampling

• Electrostatic

• Acoustic (Section 2.7)

2.6.1 Impact Flow Meter and Isokinetic Sampling (Direct)

An impact flow meter is a force sensor. It is commonly installed underneath the screw 

feeder and above the pulverising mill as shown in Figure 2.10. It measures the flow 

rate of the free flowing PF discharged from the feeder. The feeder directs the PF to 

impinge onto the sensing plate. The impact force is measured by a linear variable 

differential transformer (LVDT) which senses the horizontal deflection of the plate. 

The voltage output of the LVDT is directly proportional to the solid feed rate. This 

method is relatively simple and is not expensive. However, this impact flow meter is 

only suitable for measuring the flow rate of PF from a bunker and can not be directly 

installed in pipelines for online measurements due to possibility of PF blockage.

Coal

Screw Feeder

Sensing Plate

To Pulverising Mill

Figure 2.10: Schematic of a Typical Impact Flow Meter
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Isokinetic sampling is the traditional technique to measure the mass flux of solid 

particles and the particle size distributions in pneumatic conveying systems. Today, 

this technique is still applied in many PF power plants. An isokinetic sampling probe 

is inserted into the flow stream to extract a sample. The mass flux of the solid particle 

can then be calculated by dividing the amount of solid particles collected from the 

pneumatically conveyed particle stream and the open area of the sampling tube. The 

size distribution of the sample can be determined offline with laboratory 

instrumentation. This method does provide a reasonable indication of the flow in a 

given pipe at a given moment. However, the time taken to sample is relatively long. 

[ABB Ltd; Hancke and Malan, 1998]. As a result, it can only provide snapshot, non 

continuous and offline results. Furthermore, the sampling probe tends to interfere with 

the flow being investigated.

2.6.2 Electrostatic-Based Flow Meter (Inferential)

When particles flow through pipelines they can inherently become electrostatically 

charged due to frictional charging between the particles and the pipe wall; and 

particles and the air flow [Xu et al, 2007]. Electrostatic flow meters sense the 

electrostatic charge carried by the moving particles in pneumatic pipelines. The 

amount of charge induced depends on many factors including solid loading. The solid 

flow rate can then be inferred using the Equation 2.2 in Section 2.4.

Based on this principle, ABB Automation, in association with Teesside University, 

has developed a non-intrusive passive electrostatic charge detection meter. It consists 

of a ring shaped electrode embedded in the inside face of a short section of the pipe or 

spool piece which is inserted into the pneumatic conveyor pipeline as shown in Figure 

2.11 [DTI, 1999]. Demonstration trials result on a SOOMWe boiler shows that the 

average difference between the measured solid mass flow rate using Rotorprobe and 

passive electrostatic flow meter was within ±10% [Miller et al, 2000b]. However, 

installation of the passive electrostatic flow meter weighing approximately 400kg and 

1m in length on a large utility boiler was a major issue in term of plant down time and 

associated cost [Miller et al, 2000b; DTI, 2004]. Furthermore, a variety of factors, 

such as the physical and chemical properties, humidity and velocity of the two-phase
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flow, as well as material can influence the measurements. In addition, due to 

inhomogeneous sensitivity of the sensor, the amount of charge induced into the sensor 

from any particular particle of coal is highly dependent upon its position within the 

pipe [Xu et al., 2007]. Nevertheless, the charges present within a pipe are dependent 

not only on the quantity of the solid particles but also on particle size. Since the 

electrostatic charge is carried on the surface of solid particles, this method may be 

prone to error on solid loading measurement when the particle size distributions 

between pipelines become uneven during measurement. As these effects are 

significant, absolute measurement of PF quantity cannot be performed, but only the 

relative differences between pipes from a common source is possible [Klinzing, 1981; 

DTI,2001b;DTI, 2002].

Electrostatic flow meter combined with cross correlation technique has also been 

developed to determine mean particle velocity [Ma and Yan, 2000]. Two sensors were 

embedded axially and close together inside the face of the spool piece. The mean 

particle velocity can be determined by the cross-correlation algorithm with quoted 

accuracy error of ±20% based on the estimated air velocity. According to the author, 

this error is not due to the electrostatic flow meter but mainly due to the 

underestimation of the air velocity caused by deposition of solid particles on the pipe 

wall which reduces the inner cross sectional area of the pipe. The repeatability error of 

the measured particle velocity was within ±2%. However, this technique can only 

detect the velocity of the group of particles rather than individual particles passing 

through the sensing volume [Zhu et al., 2001].

The other type of electrostatic instrument for solid mass flow, velocity and size 

measurement uses intrusive electrostatic antennae or a wire mesh to detect 

electrostatic charge from solid particles. For instance, PCME (UK) manufactured the 

Stackflow II which consisted of electrostatic antennae was primarily designed for 

velocity and concentration measurement in stacks or flue ducts [Yan and Ma, 2000]. 

Holes need to be tapped on the pipes for the intrusive electrodes. However, 

concentration measurement on large diameter pipes is impractical due to roping. Thus, 

it is marketed for particle velocity only. Intrusive electrostatic antennae can also be 

used to determine the particle size distribution. Provided that sufficient calibration 

data through sampling are available, models can be configured to provide on-line
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measurement of the particle size distribution. Zhang and Yan (2003) used a wire mesh 

electrode to measure the mean particle size. The authors claimed that the measured 

mean particle sizes were within ±15% of the actual mean particle sizes independent of 

paniculate material. Despite the higher and more uniform sensitivity created by the 

sensing field, the measured mean particle size varied with the solid flow rate. 

Furthermore, consideration is needed regarding wear and replacement of the intrusive 

electrodes [Miller et al., 2000b].

Insulator Ring Shape Electrode

Gas + Solid

Figure 2.11: Schematic of Typical Electrostatic Flow Meter with Ring Shape
Electrode

2.6.3 Summary of Section 2.5 and 2.6

In coal-fired power plant, the solid loading is commonly levels around 0.05%. Such 

dilutions flow regime presents the most difficult problems in flow parameters 

monitoring. Section 2.4 has reviewed existing flow parameters monitoring 

instruments. It appears that the sensing techniques reviewed can be classified into 

active or passive and then direct or inferential (Table 2.1).

All intrusive methods such as impact flow meter, isokinetic sampling, intrusive 

electrostatic antennae and etc tend to interfere with the flow being investigated. High 

abrasiveness of the PF would cause wear on the equipment exposed to the flow field. 

However, this can be reduced by using materials with high resistance to wear. But, 

this increases the cost of the instrument and routine checks on the condition of the 

instrument are needed. Extra modification work to the pipe may also be required. 

Intrusive methods also present a risk of pipeline blockage.
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Table 2.1: Classification of Different Sensing Techniques

Category

Active

Passive

Sub-category

Direct

Inferential

Direct

Inferential

Sensing Technology

Electrostatic

Capacitance 

Microwave 

Optical

Ultrasonic

Intrusive (Impact flow 

meter and Isokinetic 

Sampling)

Electrostatic 

Acoustic

Inhomogeneous solid distribution causes further operational errors. Almost all the 

multi-flow meters such as an electrical capacitance sensor, electrostatic sensor, 

ultrasonic sensor and optical sensor suffer from the inhomogeneity problem of the 

sensing field. Some modification work had been carried out to achieve more uniform 

sensitivity, for example a wire mesh electrode [Zhang and Yan, 2003]. However, the 

wire mesh is an intrusive method which could be subject to severe wear.

Flow meters based on ultrasonic, optical, microwave and electrostatic methods are 

sensitive to particle size. As a result, calibration with a particular sized solid particle is 

not necessarily applicable to particles having a different size distribution without 

error. Microwave based flow meters for measurement of solid loading also depends 

on chemical properties and moisture content of the solid particle. Moisture content 

can also affect the accuracy of solid loading measurement from flow meters based on 

capacitance and electrostatic methods. For this reason, flow meters based on these 

methods must be calibrated using the specific solid particles to be used in plants.

Particle deposition in the sensing zone is also a serious problem for most sensing 

techniques. Flow meters based on attenuation methods such as optical and ultrasonic 

methods, may induce significant errors in the measurement when particles 

accumulated in the sensing zone. Research has been carried out to reduce the effect of 

particle deposition such as applying air jets directed to the entry/exit windows to keep
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the viewing surface free of solid deposition [Cai et al., 2005]. However, it changes the

basic flow field so that the measurement of solid loading obtained is questionable.

Although many different sensors and techniques for measuring the mass flow rate of 

pneumatically conveyed solids have been proposed by both research institutions and 

manufacturers, they are yet to receive wide acceptance from industry. Although some 

of them have come into commercial application, most of them do not provide enough 

information and are only suitable for internal balancing of the coal/air mixture 

between pipes or provide only the relative solid flow rate instead of absolute readings 

of solid flow rates. The main reason for this was the technical challenges of achieving 

an absolute mass flow measurement with changing solid properties such as the size 

distribution, moisture and density, which remains unsolved at the moment.

The majority of the flow meters developed so far are more suitable to be mounted on 

the vertical section of the pipe to reduce the effect of gravity on distribution of solid 

particles over the pipe cross section. However, at some plants, accessibility to vertical 

sections of the pipe may not be so convenient compared to horizontal sections and 

pipe bends. Furthermore, the bulky size of some of the flow meters, such as the 

electrostatic flow meter with ring-electrodes housed in a spool-piece with flanges, 

which is bulky and heavy, makes installation and maintenance difficult or impractical, 

particularly on large pipe sizes [Miller et al, 2000b; DTI, 2004; Cai et al., 2005]. This 

situation became worse when trying to gain access to the ideal location.

The cross-correlation method for particle velocity measurement has been applied to 

flow meters based on different sensing methods. Their performance is essentially 

independent of temperature, moisture content and chemical composition. However, 

they are only suitable to determine the mean particle velocity of a group of solid 

particles rather than individual particles. Individual particles at the centre of the 

pipeline tend to travel at higher velocity due to inhomogeneous conveying air 

velocity. As a result, the cross-correlation technique tends to overestimate actual 

particle velocity near to the pipe wall and underestimate particle velocity at the centre 

of the pipe.
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Many of the UK power stations are yet to be convinced of the benefits of the 

installation of PF flow measurement equipment due to the issues of the instrument 

cost, installation, measurement accuracy, reliability and maintenance of these devices. 

Therefore, it is always important to develop a low-cost, easy-to-install and operate 

and reliable flow meter.

Looking at the feasibility of all the available techniques, AE-based sensors are the 

more attractive option for following reasons: -

1) They are non-invasive to the flow being measured and no modification is 

required on the existing pipeline to be monitored

2) High signal-to-noise ratio. According to Collacott (1985) AE have fairly 

broadband frequency spectra which usually covering a range from 0.1 to 1 

MHz. Ambient and machinery noise levels are rarely troublesome at such 

frequencies

3) Unlike other methods, for example ultrasonic, that require external 

stimulation, the AE activity is generated by the impingement of the solid 

particles itself on to the pipe wall.

4) Small in size and can be applied in the hostile environments, for e.g. those 

encountered in PF-fired power generation plants.

5) Easy-to-use and non-hazardous. Just mount the sensor on the pipe wall to 

acquire AE signals.

6) They are relatively inexpensive compared to other methods and readily 

available.
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2.7 Acoustic Emission

This section reviews the operating principle of the AE sensor. The application of 

existing AE based flow meters (both intrusive and non-intrusive) for flow parameters 

monitoring in gas-solid two phase flow is discussed. Their application to solid particle 

related process monitoring will also be reviewed. Finally, the existing signal 

processing techniques for extracting AE features are also reviewed.

2.7.1 Acoustic Phenomena

Sound is a form of energy which is produced when surrounding medium such as air, 

water and solid molecules vibrate. The source of the sound causes periodic 

compression and expansion of the air molecules resulting in a continuous and periodic 

wave transmitted outward called sound wave. Humans recognise sound which 

commonly travels through air by the sense of hearing organs. The sound frequencies 

which are audible to human are roughly within the range of 20 Hz to 20 KHz. 

However, sound in the ultrasonic frequency range which can not be heard by humans 

became increasingly important for scientists. The scientific study of sound waves is 

called acoustics.

In processes involving the movement of solid particles in a pipeline, stress wave 

emissions are caused by impingement or sliding of the solid particles along the metal 

pipe surface (Figure 2.12) which propagate through the pipe wall. As the stress waves 

propagate, they are attenuated, reflected and distorted. At the surface of the pipe, the 

AE have fairly broadband frequency spectra which usually covering a range from 0.1 

to 1 MHz [Collacott, 1985]. Due to high frequency, AE is usually measured by AE 

sensors with a frequency range up to 1MHz. Consequently, it is able to reject most of 

the background noise which enhances its application in flow parameters monitoring 

[Reuben, 1998]. AE sensors are usually mounted on the pipe surface to detect the 

stress wave from the source.
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Metal Pipe 
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AE Sensor To PC
Solid Particles

Flow 

Direction

Figure 2.12: Impingement or Sliding of the Solid Particles along the Metal Pipe 

Surface Generate the AE Signal which Detected by the AE Sensor.

2.7.2 AE Sensor

Stress waves are detected by AE sensor which is typically constructed from 

piezoelectric material. [Fan and Zhu, 1998; Holroyd, 2000]. Piezoelectric is the term 

used to describe the effect whereby electrical charge is produced by the piezoelectric 

material when stress is applied. Typically, the sensing element of a piezoelectric AE 

sensor consists of two major parts (as shown in Figure 2.13):

• Piezoelectric material

• Seismic mass

Housing Case

Seismic Mass

Piezoelectric Element

Wear Plate

\
Acoustic Wave

Figure 2.13: Schematic of a Typical Piezoelectric Acoustic Sensor
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One side of the piezoelectric element is connected to the wear plate at the sensor base 

whilst seismic mass is attached to the other side. The piezoelectric material changes 

its polarization and produces electric impulses when force, e.g. stress wave generated 

by solid particles impinging on the metal pipe surface, is applied to the piezoelectric 

material.

2.7.3 Background Theory

The impingement of solid particles in motion onto a metal wall is the main driving 

force behind the AE activity in pneumatic conveying systems [Arrington, 1981b]. The 

propagated stress wave is a phenomenon associated primarily with the transfer of 

particle momentum and kinetic energy [Collacott, 1985; Fan and Zhu, 1998]. For 

example, the energy released upon an elastic impact of a bouncing ball under gravity 

against a stationary metal surface can be calculated as the loss of potential energy of 

the ball [Yan and Jones, 2000]. Similarly, when a pneumatically conveyed particle 

strikes horizontally on to the pipe surface, the force passed on by the impact over its 

duration is equal to the momentum loss of the particle [Coghill, 2007]. Figure 2.14 

illustrates a single particle hitting the inner pipe wall with a velocity (vp) and an angle 

(0). The impulse conveyed onto the pipe wall can be described as momentum loss of 

the particle [Folkestad and Mylvaganam, 1990]:

(2.4)

where Ip is the momentum loss of the particle due to the collision, m is the mass of the 

solid particle, K is the coefficient of restitution between the solid particle and pipe 

wall and 0 is the collision angle. The resulting acoustic signal can then be 

approximated by [Folkestad and Mylvaganam, 1990]:

= C0 mv/,(l-K)sin0 (2.5)

where Co is the transfer function for the impulse conveyed onto the pipe wall to the 

output of the AE sensor. However, in the flow which involves multiple solid particles 

e.g. pneumatic conveying systems, it is impossible to determine the 0 and K for each
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solid particle in the flow field. Assuming a constant Co, 6 and K, a constant proportion 

of the available particle momentum will be converted into AE due to impact.

AE a mvp (2.6)

This simple analysis highlights some of the important features of the various 

relationships between the AE activity and the particle momentum. However, Equation 

2.6 only holds for the flow of single particle or multiple particles with uniform size. 

In pneumatic conveying pipelines, the relationship between the AE signal and the 

momentum can be much more complicated where multiples solid particles with 

different sizes and velocities might impinge on the pipe simultaneously. Furthermore, 

at high feed rates, rebounding of the solid particles, especially on the pipe bends, 

would probably interact with the incoming particles [Arrington, 198lb]. In this case, 

their relationship is probably more complex and remains unknown. As a result, this is 

the aim of this research work is to evaluate more deeply the relationship between the 

AE signal generated on pneumatic conveying pipeline and particle momentum.

Solid Particle with 

O. mass, m

Inner wall of pipe

Outside of pipe wall AE Sensor .-----» To pc

Figure 2.14: Single Particle Striking at the Inner Wall of a Pipeline [Folkestad

and Mylvaganam, 1990]

Early in the 1980s, Arrington (1981b) and Reed (1985) suggested that when a solid 

particle is pneumatically conveyed, kinetic energy is stored in the solid particle. The 

magnitude of this energy stored depends on the physical condition of the solid particle 

as well as flow parameters such as particle mass and fluid velocity. Collision between
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the solid particle and the inner pipe surface causes kinetic energy loss in the form of 

frictional heat generation and particle deformation. But in the short term, a proportion 

of the kinetic energy will be dissipated in the form of AE which can be recorded by 

placing an AE sensor near the zone subject to the impacts [Hutchings, 1979; 

Arrington, 1981b]. By measuring these signals, it is possible to determine information 

of the flow parameters including particle size, feed rate and velocity. Arrington 

(1981b) suggested that the rate of energy loss for vertical impact of solid particles of 

uniform size is given by:

(2.7)

where np= number of particles with uniform size impinged on to the pipe surface. 

Assuming a constant K, the author suggested that a constant proportion of the 

available kinetic energy will be converted into AE energy due to impact.

AE energy a —n p mv p (2.8)

This simple analysis highlights some of the important features of the various 

relationships between the AE energy and the feed rate (npm) and velocity of 

monosized 7 particles. Consequently, the flow parameters inside the pneumatic 

conveying systems can be inferred by monitoring the AE signal. However, the author 

assumed that the solid particles are of uniform size. But, particles with wide range of 

sizes are normally conveyed in pipe, for example in coal-fired power plant where coal 

particles ranging between 10 and 1000 [xm in size are conveyed [Kuan et al., 2007]. 

As a result, the mass of each particle is different. Furthermore, it is difficult (if not 

impossible) to determine the actual number of particles impinging the pipe wall per 

second. Therefore, another aim of this research work is to explore more deeply the 

relationship between the AE and kinetic energy of the particles.

Furthermore, both Equation 2.6 and 2.8 also indicated that the particle velocity in the 

pipe have to be known in order to measure solid feed rate using AE method. However,

7 Monosized refer to multiple particles having the same size, shape and mass.
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the use AE for direct particle velocity monitoring in pipe is a new application. 

Consequently, another aim of this research work is to explore the potential of AE for 

particle velocity measurement.

2.7.4 Acoustic Emission Based Flow Meter

A Flow meter based on AE method uses an acoustic sensor attached to the structure 

directly to detect the stress wave. Almost all solid materials emit AE when they are 

stressed to the point where deformation occurs. Obert and Duvall (1942) employed 

ultrasonic technique to investigate the effect of changes in pillar stress on sonic 

velocity. The authors found that the receiver could still receive acoustic signals after 

removing the transmitter. This is when the acoustic technique was born. As reported 

by Scott (1991), high frequency sensors and electronic amplification were 

systematically applied to monitor the generation of AE signals from a range of 

engineering materials under controlled loading by Josef Kiaser in the late 1940s. The 

author reported that low amplitude sounds are generally produced by the materials 

tested when they are stressed. However, this non-destructive testing technique only 

started to gain momentum in the 1960s.

Today, AE is widely applied in industrial plants as a means of process monitoring. 

These broad categories include machining processes (tool wear and corrosion) 

[Reuben, 1998; Zhang et al, 2001; Li, 2002; Haber et a/., 2004] and fabrication 

processes (welding) [Rodges and Tilley, 1999]. Monitoring AE can also provide 

information regarding the location of the AE source. This is especially useful for leak 

detection in pipelines [Eckert et al., 1993; Kosel et al., 2000]. However, less effort 

has been spent on the gas-solid two phase flow parameters monitoring. This is mainly 

due to the lack of awareness of the potential of the AE method as flow parameters 

monitoring in the gas-solid two phase flow.

An AE solid flow meter can be either intrusive or non-intrusive. The former measures 

the AE signal generated by particles impinging onto a specially installed structure and 

the later measures the AE signal generated by the particles impinging onto the pipe 

inner surface. In other words, they both detect the movement of solid particles in the 

flow field.
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Intrusive Method. On-line particle size measurement using intrusive acoustic method 

has been carried out by Hancke and Malan (1998). The intrusive flow meter consists 

of six metal beams inserted into the conveying pipe. The impingement of the PF on 

these metal beams generates stress waves. These stress waves were picked-up by the 

AE sensor mounted on these beams. The preliminary experimental results showed that 

the particle size distribution information was contained in the resonant peak of the 

signal extracted from the Power Spectrum Density (PSD). This information was fed to 

a neural network to extract size distribution information. The measured values for 

different size fractions were within 10% of the true value.

Benes and Zehnula (2000) developed an AE method for measuring the flow of solid 

particles in a carrier air. The principle of the method consisted of the particle that hit 

the partitions (rod shape obstacle in the flow field) in which AE were generated. The 

results show that the RMS of the AE increased in non-linear fashion with the average 

solid feed rate having a constant air velocity. According to the authors, this 

nonlinearity relationship rose due to concentration of particles reflected by the surface 

of the partition.

Coghill (2001) fabricated an impact sensor system to measure the particle size in a 

pneumatic conveying system. The impact sensor system consisted of an AE 

transducer protected by a mask, which consisted of a metal cap with a 2mm diameter 

hole to guide solid particles to the sensor, and housed in an arm for insertion into the 

pneumatic transport pipe. At high loadings of solid particles, the mask reduces the 

active area of the sensor and hence reducing any pulse pile up. The impact of a 

particle on the sensor would generate an AE signal. This system was based upon the 

principle that for a given particle material and velocity, the particle size can be 

inferred from measurement of the peak AE amplitude generated from each impact. 

However, the peak amplitude is a non-linear function of particle diameter and is 

strongly affected by the angle of incidence and velocity of the impacting particle. 

Instead of peak amplitude, the author use impact duration to overcome those 

difficulties [Coghill, 2007]. This system was based upon the principle that the larger 

the solid particle, the longer the impact duration. However, this system can only 

provide point measurements. Since the particle size distribution across the pipe is not 

homogenous, a number of measurements across the pipe need to be carried out to
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determine the size distribution which is time consuming. Most importantly, any 

intrusive sensor system is subjected to wear which would affect the sensitivity of the 

system.

Non-Intrusive Method. Non-intrusive AE sensors are widely used for materials wear 

monitoring [Reuben, 1998; Zhang et al, 2001] and chemical processes monitoring 

[Belchamber et al, 1986; Cao et al., 1998; Boyd and Varley, 2001; Nordon et al., 

2004]. Most of the work involves detecting and analysing the discrete burst events. 

However, the use of AE for gas-solid flow parameters monitoring in pneumatic 

conveying systems, which generally involve continuous-type AE, is less reported. The 

following reviews the application of AE to gas-solid two phase flow parameters 

monitoring. Furthermore, other processes which involve the generation of AE from 

the impact of solid particles will also be reviewed.

The use of AE sensors to study the effects of changes in the coal flow rate and particle 

size distribution on the AE signal generation was reported by Pattinson and Miller 

(1997). The trials were conducted at Longannet Power Station, Scotland. The 

monitoring system comprised acoustic transducers located on the mill door, mill 

outlet and on a burner pipe. Recorded acoustic spectra appeared to respond to changes 

in the mill coal flow rate and the mill product particle size distribution. However, no 

data were provided to directly compare the measured and the actual coal particle size 

distributions and solid flow rate. It was concluded, however, that this work was 

encouraging and that further research was required. Block and Obst (1993) carried out 

an investigation on the response of the AE wave caused by impact of coarse particles 

(range of particle size tested = 5-17mm) on the pipe wall. The results indicated that 

the lower frequencies are more stimulated as the fraction of larger particles increased. 

The authors concluded that the particle size can be monitored without interfering with 

the production process by analysing the AE wave excited frequencies and their 

intensities. The individual peaks at any frequency are indicative of the number of 

particles oscillating at that frequency, whereas the frequency at which the pulses are 

observed is indicative of the size of the particles.

Distribution of the PF from central conveying pipe to feed pipes has been difficult to 

control. Imbalance in PF and air flow rate from one feed pipe to the next are common
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hence limiting the ability to optimise the combustion efficiency. Using AE techniques, 

ClampOn AS, a company based in Finland, has developed a system, called 'Clampon 

DSP Particle Monitor', to monitor pneumatically conveyed PF. The system was later 

improved and marketed as a product called the 'Pulverised Coal Flow Balancing 

System'. The system consists of multiple AE sensors that are fitted to the outer 

surface of pipes using straps, allowing the system to be fitted without affecting plant 

operation and are programmed for internal balancing of the coal/air mixture between 

feed pipes of similar geometry. All the sensors must be installed on equivalent 

locations on the pipelines. However, as the name suggested, this system is only able to 

balance the solid loading between feed pipes which are of the same diameter and 

hence no absolute mass flow measurement can be achieved from this system 

[Acoustica AS; D. Miller et al., 2000a]. Although PF power plant can substantially 

benefit from achieving balanced PF flow between pipes, absolute PF flow rate 

measurement to each burner will be even more beneficial.

Fluid flow disturbances can also be associated with the generated AE. AE sensors
o

have been used to detect incipient cavitation in centrifugal pumps [Neill et al., 1997]. 

Cavitation is accompanied by the formation and subsequent collapse of bubbles which 

produce stress waves. Therefore, AE sensor attached on the pipe and pump casing 

should be able to detect cavitation once those stress waves have been transmitted. 

According to the authors, AE signals, both in time and frequency domain, were able 

to distinguish when the pump was running in a normal and cavitation state. However, 

the sensor location on the pipe and pump casing was extremely important for optimal 

detection.

Hydrodynamic pressure fluctuations in liquid-solid two phase flow can also be a 

source of AE, which can be detected at the surface of the containment structure. Hou 

et al., (1998) illustrated the use of a single AE sensor (0-190 kHz) to diagnose 

changes in operating conditions of a laboratory-scale hydrocyclone. The sensor was 

mounted on the conical section of the hydrocyclone, which was used to separate fine 

silica flour from water. The investigation mainly focused on the effect of the

8 The pressure of the liquid in a centrifugal pump drops as it flows from suction flange through the 

suction nozzle and into the impeller. If the pressure at any point within the pump falls helow the vapour 

pressure of the liquid being pumped, vaporisation or cavitation will occur.
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turbulence flow intensity in the cyclone on the spectral characteristic of the generated 

AE signal. The results showed that the extracted AE features from the AE signals 

could be correlated with several operating parameters of the hydro-cyclone including 

the solids mass flow rate, particle size and solids concentration.

In many oil and gas producing industries, the presence of sand particles in the pipeline 

is a major obstacle to oil and gas production [Folkestad and Mylvaganam, 1990]. 

Risk of erosion damage to valves, process equipment and flow lines could be kept to a 

minimum if the presence of sand in the pipeline of the oil, gas and multiphase 

production system can be detected. Folkestad and Mylvaganam (1990) carried out 

experiments to detect sand in oil production pipeline using AE sensors. According to 

the authors, the AE signals follow the step changes in the amount of sand fed into the 

flow. Roxar Ltd, a company based in Norway, has also invented a sand monitoring 

system (RFM SAM 400 TC/CIU) based on non-intrusive AE method. The monitoring 

system is clamped onto the outside of pipe bends. The energy of the sand impacted on 

the pipe bend when the medium carrying the sand changes in its direction is detected 

by the monitoring system. Experimental results indicated that the sensor output 

depends not only on the amount of sand fed into the flow but also on the particle 

velocity.

Information storage devices have become a very important device in our modern live. 

One of the most important reliability issues in this device is the contamination 

problem where particle intruded into the slider/disk interface (SDI) can cause damage 

to the device. Chung et al. (2004) carried out research works to monitor the slider/disk 

interaction due to particles using AE method. During the particle injection test using 

soft and hard particles, both time and frequency domain of the AE signals were 

obtained. The results indicated that the contact between particles and slider/disk 

generate AE. The AE signal is very sensitive to the amount of particles intruded into 

the SDI. The author concluded that the present of particles at slider/disk interface can 

be monitored using AE sensor.

In chemical plants, vessels are designed to have a specific corrosion allowance. Wall 

thinning can occur when unexpected high corrosion rates are encountered which is 

usually caused by high particle concentration, size and velocity. The walls can burst
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when they became too thin causing plant damage and endangering workers. For this 

reason, many chemical plants employ AE sensors to monitor the particle 

concentration, velocity and size in the vessel. Much research work has also been 

carried out to monitor the particle concentration and size inside a stirred reactor vessel 

using AE method. For instance, Nordon et al. (2004) investigated the AE signal 

generated from the collision of itaconic acid particles into the glass wall. The 

generated AE signals were then transformed into frequency domain and compared 

with the particle concentration and size. Subsequent analysis showed that the signal 

area or energy was sensitive to the variations of the particle concentration and size. A 

series of experiments were also carried out by Gachagan et al. (2006) to monitor the 

particle size of glass beads inside a stirred reactor vessel using an AE sensor directly 

adhered to the side of the vessel. Three specific size ranges of glass beads were tested: 

<251[xm, 251-500[im and 500-853nni. The authors concluded that the experimental 

results indicated that the main spectral lobe of the AE signal shifts to a lower 

frequency as the particle size increased.

Many chemical reactions are also accompanied by the emission of acoustic. 

Belchamber et al. (1986) investigated the hydration of silica gel using a broad-band 

AE sensor. The results showed that the integrated AE signals could be quantitatively 

linked to the mass of silica gel reacting and the particle size. Figure 2.15 shows the 

relationship between the gel weight and AE integrated over 100 seconds. The non 

linear relationship is presumed to be attributed to the centre of acoustic activity 

moving away from the sensor and also the large attenuation of the AE signal in the 

increased thickness of silica gel. Once again, this indicated the sensor location is 

particularly important in monitoring the AE generation.
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Figure 2.15: Integrated Acoustic Emission as a Function of Sample Weight

(Belchamber et a/., 1986)

2.7.5 Summary of Section 2.7

In summary, Section 2.7 has reviewed the generation of the AE signal from gas-solid 

two-phase flow and existing flow meters based on AE for flow parameters 

monitoring. It appears that AE has proved to be an useful tool for flow parameters 

monitoring. However, there is still considerable scope for improvement of this 

technique particularly in measuring the solid mass flow rate and particle size. 

Although some of the flow meters based on AE method have come into commercial 

application, most of them do not provide enough information for example, some are 

only suitable for flow or no flow detection or internal balancing of the coal/air 

mixture between pipes of similar geometry. In addition, the potential of such devices 

for direct particle velocity monitoring is yet to be investigated.

Many of the fundamental issues, such as the as the optimum sensor mounting location 

on pneumatic pipelines in relation to the AE generation, as well as the relationships of 

the signal features to the flow parameters are still yet to be addressed. Uncertainties 

still remain before an AE-based solid flow rate measurement can be realised. 

Therefore this is the aim of this research work is to evaluate more deeply the role of 

AE-based sensors in this respect.
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2.8 Signal Processing

In general, once the AE signal has been generated by the AE sensor, it needs to be 

amplified, filtered and processed to yield signal features for subsequent analysis. The 

main objective of signal processing is to reveal the signal features which are of 

interest and establish the relationship between the signal features and the variation of 

the flow parameters inside the pneumatic pipeline being monitored.

Employment of a signal processing technique depends on the signal types which are 

being generated. In general, the AE signal can be classified into two categories - 

burst-type and continuous-type emission as shown in Figure 2.16(a) and (b) 

respectively. Burst-type emission consists of pulses detectable from ambient noise and 

with no overlap, for example the AE signal consists of a single burst emission from 

the impact of a particle. Continuous-type emission consists of many superimposed 

burst type signals that the resolution of individual pulses is not possible. In multi- 

impact mode, and particularly when the solid flow rate is high, the AE produced is 

continuous.

Raw AE signal is, generally, complex where future values cannot be predicted by 

previous voltage-time data. As a result, it is not appropriate to consider the raw signal 

when comparing differences in the signal behaviour at various flow conditions. One 

way to quantify these data is to represent them by a number of features generated 

from both time and frequency domain signal analysis techniques [Lynn, 1989; Khesin 

and Strohecker, 1997]. These techniques include the use of statistical analysis and 

Fast Fourier Transform (FFT). Figure 2.17 shows the different possibilities for time 

domain analysis of AE signals. In time domain, many quantifiable characteristics of 

AE such as ringdown counts, event counts, peak amplitude and root-mean-square 

(RMS) values have been extensively used to describe the process being monitored. On 

the other hand, a time domain signal can be transformed into the frequency domain 

representation of that signal by FFT.
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2.8.1 Time domain

Examination of AE signals in the time domain is the traditional way of observing the 

signal which consists of the records of behaviour of the system being monitored as 

time passes. Time domain signal analysis makes use of signal parameters like ring 

down counts, burst counts, amplitude, duration and RMS.

Ringdown count is one of the earliest methods of data reduction and analysis. This is 

the most common method, consisting of counting the number of times the amplified 

signal crosses the threshold level. Threshold level is used to reject the activities that 

fall below it. Ringdown count gives indication of the amplitude as well as the duration 

of the signal which exceeds the threshold level. Burst count is also a very valuable 

method in AE signal processing. It shows the number of bursts occurring in an event. 

Peak amplitude is the maximum AE signal excursion during an AE hit. Rise time is 

the duration of time between the first amplified signal crossing the threshold level and 

peak amplitude. All these analysis methods work reliably for discrete burst. However, 

the 'count' is critically dependent on the threshold setting, system gain and sensor 

response. Varying the threshold level will vary the 'count'. The 'count' with different 

threshold levels can not be re-interpreted. Furthermore, they work far less well on 

signals from continuous-type emission [Scruby, 1987] and some of them are even 

meaningless [Kosel and Grabec, 2002].

Root-Mean-Square (RMS) is a widely used technique to analyse AE signals and is 

defined as:-

1^-
(2.9)

where x = the signal amplitude and n = number of samples. RMS is a statistical 

measure of the magnitude of the AE signal which is expected to depend on the flow 

conditions [Ravindra et al., 1997]. For example, solid particles with either higher 

velocity or particle size will produce AE signals with higher magnitude due to larger 

impact force. According to Scott (1991), the value of RMS measurements lies in their 

ability to differentiate between large and small AE signal. This technique is simple to 

apply and does not depend on any type of threshold level. Furthermore, it is ideal for 

continuous emission of AE and is also useful for burst signal.
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2.8.2 Frequency domain

To understand the mechanism of AE generation, it is of interest to know the frequency 

content of the AE signal. An AE signal generated by particles impinging the pipe wall 

has a number of different frequencies due to the particle size distribution. These 

frequencies can be excited simultaneously and the resulting waveform in time domain 

will have a complex appearance [Turner and Pretlove, 1991]. In digital signal 

processing, a time domain signal can be transformed into frequency domain 

representation of that signal by Fourier transform. According to Borse (1997) Fast 

Fourier Transform (FFT) is a fast and accurate method to estimate the Power 

Spectrum Density (PSD). It breaks down a signal into constituent sinusoids of 

different frequencies and generates a description of the distribution of the energy in 

the signal as a function of frequency [Using Matlab, 2000; Albion et al., 2007].

The AE energy is a widely used AE signal processing technique. Since AE is 

attributed to the energy loss in the solid particles upon impinging onto the pipe wall, 

measurement of the energy content in the signal is believed to be an indication of this 

energy loss. Generally speaking, the AE energy is related directly to the source 

activity. According to Scott (1991) and Ferrer et al. (1999), AE energy can be 

determined by integrating the PSD of the AE signal since the area under the envelope 

of the PSD denotes the signal energy. The energy of the AE signal can also be related 

to the RMS of the signal [Matthews, 1983; Scott, 1991]. According to the authors, 

energy could be obtained from squaring the RMS of the signal.

The PSD is an advantageous signal representation, which also enables easy 

comparison of the signal frequency components from one signal to another [Huang et 

al., 2003]. A number of studies have indicated that the frequency of the AE signals 

may contain some valuable information on the generating source [Leach and Rubin, 

1978; Buttle and Scruby, 1990; Carolan et al., 1997; Ajbar et a/., 2008]. For example, 

a shift on the frequency could indicate a change on the particle size in the flow field 

inside a pipe [Scruby, 1987]. Ajbar et al. (2008) study the sound of air-water bubble 

columns using AE method. According to the author, the individual peaks at any 

frequency are indicative of the number of bubbles oscillating at that frequency, 

whereas the frequency at which the pulses are observed is indicative of the size of the 

bubbles.
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2.9 Summary of Chapter 2

From the literature, it appears that the operation of pneumatic conveyor which led to 

the combustion efficiency of the furnace still present major problems in PF fired 

power plants, particularly, with regard to the current research project, the flow rate, 

velocity and size of the particles which are directly related to the combustion 

efficiency of PF power plant. Variation in these flow parameters would lead to 

changes in the AE. Thus, variation in the AE signals can be correlated to the changes 

in the flow parameters. However, data from this sensor are generally complex and the 

relationship between the sensor signals and the flow parameters under investigation 

are not well understood. Therefore, the aim of this research work is to evaluate more 

deeply the role of AE-based sensors in this respect. The AE sensor, which is small in 

size, non-intrusive, relatively cheap and maintenance free, can result in substantial 

financial savings and make this technique more commercially attractive.
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Chapter 3 

Experimental Apparatus and Procedure
In order to achieve the objectives outlined in Chapter 1, a laboratory scale pneumatic 

conveying system was constructed at the University of Glamorgan. This chapter 

describes the test material, the laboratory scale pneumatic conveying system, the 

measuring instrumentation and the data acquisition system used. This is followed by a 

detailed description of all the experiments which were used to investigate the 

generation of AE due to the flow of solid particulate inside pipes.

3.1 Test Material

For health and safety reasons, concrete sand (instead of pulverised coal) was used as 

the test material. The concrete sand from Cardigan Sand & Gravel Co Ltd. was 

purchased and delivered in two 720kg bongo bags. The typical particle size 

distribution of the concrete sand which was provided by Cardigan Sand & Gravel Co 

Ltd. is shown in Figure 3.1. In general, the size of the sand particles is within the 

range of lO^im to lOOOOfim with a moisture content of approximately 10% by weight.

Drying was accomplished by baking the sand in an oven with a pre-set temperature of 

120 °C for approximately 24 hours. The purpose of the drying process was to 

minimise the effect of variation in the moisture content on the characteristics of the 

generated AE signals. Furthermore, the sand particles would be loose and not sticky 

after the drying process. This is very important when it comes to sieving the sand 

particles into different size distributions and also helped to achieve a more uniform 

distribution of sand particles when they were fed to the piping system. The dried sand 

was then left to cool down before being manually sieved into various size 

distributions according to the requirement of the experiments.
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Figure 3.1: Overall Particle Size Distribution of the Concrete Sand Provided by 

Cardigan Sand & Gravel Co Ltd. (www.cardigansand.co.uk)

Sieving is the most common and widely used technique for powder classification. 

Sieves are most commonly made from woven wire cloth with standardised sieve 

openings. The size of the sieve opening depends on the sieve number where the higher 

the number, the larger it will be. In this work, five different sizes of laboratory test 

sieves manufactured by Endecotts Ltd. were used. The sieve numbers were 212^m, 

SOO^m, 425[xm, SSO^im and 1405 [Am. Only those sand particles which were smaller 

than the sieve opening would pass through the sieve and were subsequently stored in 

separate air-tight containers to prevent further entrainment of moisture during storage 

for future experiments. This procedure was repeated until an adequate mount of the 

sand was processed.

A small sample from each particle size distribution was analysed to determine its size 

distribution using the "Mastersizer 2000" and "Scirocco 2000 dry powder feeder" 

from Malvern. By using laser diffraction technology, it can measure the dry solid 

particle sizes ranging from 0.02 [Am to 2000 [xm with ±1% error [Malvern 

Instruments, nd]. Figure 3.2 shows the particle size distribution of the five groups of 

sieved concrete sand. The mean particle sizes (dm), based on the 50% passing value, 

were 182[Am, 229fim, 267u.m, 537[im and 596um It clearly shows that the smallest 

particle size from each group was almost the same (between SO^im to 100[im). The
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only difference is the upper limit of the particle size. The larger the mean particle size, 

the larger the upper limit of the particle size and hence wider range of the particle size 

distribution. The true density of the sand particles was measured with a Pycnometer 

[BSI, 2004]. The average true density of the sand particles was approximately 

2300kg/m3 .

200 400 600 800 1000 1200 1400 1600 1800 2000 

Size of Sand Particle (pm)

Mean Particle Size: •182nm -229|im ——267nm -596nm

Figure 3.2: Particle Size Distribution for the Five Groups of Sieved Concrete

Sand

3.2 Experimental Set-up

A laboratory scale single flow-loop pneumatic conveying system was constructed to 

simulate the flow of particulates in the steel pipes. Figure 3.3 shows the schematic 

representation of the test rig which can be divided into two main sections, namely 

the:-

• particle feeding mechanism

• piping system and air conveying mechanism.
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3.2.1 Particle Feeding Mechanism

Figure 3.4 shows the particle feeding mechanism. A PVC pipe of 10cm diameter was 

glued on top of a funnel to form a small bunker located so that there was a gap of 

1.5cm above the vibration tray. A vibration feeder manufactured by Triton 

Engineering Co. Ltd. (model: TM2) was linked to a Variable-AC-Transformer 

('VAC-A' hereafter in this thesis) which controlled the sand feed rate from the 

vibration tray. A voltmeter was connected to VAC-A to monitor the voltage output 

from the VAC-A to the vibration feeder. This made the solid feed rate adjustment 

easier and more accurate. The vibration feeder was secured on a table which was 

separated from the work bench where the piping system was installed to eliminate the 

vibration to the piping system.

Prior to each experiment, the sieved sand particles stored in a plastic container were 

filled into the bunker which held approximately 3kg of sand particles. When the 

vibration feeder was initially started, the sand particles were quickly discharged from 

the bunker via the gap. Any irregularities in the sand-feed were smoothed out by the 

vibrating tray. The vibrating feeder conveyed the sand particles to its outlet where it 

was entrained into the stream of air sustained by a vacuum cleaner at the end of the 

piping system (refer to Section 3.2.2). During experiment, the bunker was manually 

re-filled with sand particles.

The consistency of the solid feed rate from the vibrating feeder is essential in 

characterising the AE response as the presence of short-term variations in the feed rate 

would affect the AE measurement. As a result, tests were carried out to investigate the 

consistency of the solid feed rates. An electronic scale was placed underneath the 

output of the vibrating feeder. A reading from the electronic scale was taken every 

second and plotted in Figure 3.5. It clearly demonstrated that the solid feed rate from 

the vibrating feeder is very consistent against time over the relatively short period of 

three minutes. During measurement, the fluctuation of the sand feed rate was within 

±5% from the target value. The actual mean solid feed rate at the end of each test 

were also found to be within ±5% from the target mean solid feed rate.
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Figure 3.4: Particle Feeding System
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56



Author: N.C.HII_____________________University of Glamorgan

3.2.2 Piping Set-up and Air Conveying Mechanism

The piping system as shown in Figure 3.3 was constructed by using standard steel 

pipe with 25.5mm nominal bore. A funnel was attached to the inlet of the pipe to 

facilitate the reception of the sand particles discharged from the vibration tray. The 

long horizontal pipes were divided into three shorter sections of approximately 3.5m 

0.15m and 1.4m respectively and were connected via flanges. A lockable hole of 

10mm in diameter was drilled on top of the horizontal pipe so as to measure the air 

velocity by inserting a averaging pitot tube (refer to Section 3.3.1) into the pipe. A 

transparent Perspex section of 0.15m long was incorporated for visual inspection 

purpose to ensure that the sand particles were suspended in the flow and did not settle 

out in the bottom of the pipe. At the end of the horizontal pipe, a 90° bend was 

installed to change the flow direction to the vertical. A vacuum cleaner manufactured 

by Dyson Ltd (model: DC07) was connected to the end of the piping system via a 

flexible hose to provide a vacuum pressure and filtration system.

A second Variable-AC-Transformer ('VAC-B' hereafter in this thesis) was connected 

to the vacuum cleaner to adjust the suction power. The air velocity (without particles) 

was measured using an averaging pitot tube prior to feeding the sand particles to the 

piping system during each experiment. At the end of each experiment when all sand 

particles had been conveyed through the pipeline, the air velocity (without particles) 

was measured again to determine signs of suction loss from the vacuum cleaner due to 

accumulation of sand particles in the collection bin and filter clogging. To prevent the 

filter clogging, the filter in the vacuum cleaner was cleaned by using another vacuum 

cleaner at the end of each experiment. In addition, at the end of the day, the filter was 

cleaned using tap water and left overnight on a radiator to dry.

The presence of solid particles in the flow field of the piping system would increase 

the flow resistance [Mills, 1990]. Since the increase in flow resistance could not be 

compensated for as the suction power of the vacuum system was constant, the air flow 

rate would reduce (Figure 3.6) and hence decrease in overall flow velocity. 

Consequently, an investigation of the possibility of monitoring the particle velocity 

using AE method forms the first part of the experimental programme (refer to Section 

3.4.1).
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Figure 3.6: Typical Fan Curve of a Vacuum Cleaner Showing the Effect of a 

Change in the System Characteristic on the Operating Point [Bleier, 1998]

3.3 Measuring Instrumentation and Data Acquisition 

System

This section focuses on other measuring instrumentation used in the experiments and 

the Data Acquisition system used to acquire raw AE signals from the AE sensors.

3.3.1 High Accuracy Pilot Tube

A high accuracy averaging pitot tube manufactured by OmegaEngineering Inc., model 

FPT-6000 was employed to measure the average air velocity (Appendix A). 

According to Omega [OmegaEngineering Inc., 1998], the FPT-6000 is a highly 

accurate averaging pitot tube which generates a pressure differential between its 

upstream (stagnation) ports and its downstream (static) ports, that is proportional to 

the air flow rate squared. The differential pressure developed by the pitot tube can be 

read using a manometer. The main advantages of the FPT-6000 are high accuracy and 

repeatability with up to 99% and 99.9% respectively.
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The pilot tube was connected lo a digilal manomeler manufactured by AirFlowUK, 

Ltd., model PVM100. This manometer could display pressure and velocity up to 

76m/s with an accuracy error better than ±1% at room temperature (20 °C). It also had 

an RS232 interface where the average air velocity at every 4 second interval could be 

displayed and saved in a PC.

3.3.2 AE Sensors and Data Acquisition System

Two AE sensors were employed to gather raw AE signals from the laboratory scale 

pneumatic conveying system when conveying the sand particles. Both AE sensors 

were broadband with a 75-1000 kHz response and were manufactured by the Physical 

Acoustic Corporation (Model: Micro-80s). According to the manufacturer, the sensor 

can withstand a wide range of temperature from -65 to 177 °C. One of the advantages 

of using a broadband AE sensor is that distortion and tuning could be reduced and 

hence allows slightly better frequency investigations of the original AE signals 

[Tonolini et al, 1987; Arrington, 1981; Ravenhall, 1981]. The outputs of the sensors 

were fed to external pre-amplifiers (Model: 1220A by Physical Acoustic 

Corporation), with 40db gain and a 100-1200 kHz band pass filter.

A COMPUSCOPE 1250, manufactured by Gage Applied Sciences Inc. was installed 

in a Pentium III 550MHz PC to acquire AE signals from the AE sensors. Technical 

specification of the board can be seen in Table 3.1. The Data Acquisition Board 

(DAQ) was programmed with the Lab View Virtual Instrument Software. Lab View 

uses a graphical programming language to create programs in block diagram form. 

The AE sensors were connected to both available input channels on the DAQ board. 

A low number of samples acquisition rate, as shown in Table 3.2, had to be set. This 

had the advantage where the memory space needed was reduced and hence 

monitoring of the generation of the AE signals for a longer period of time could be 

performed. According to Reuben (1998), it is much more common to accept some 

losses of information and to carry out averaging of the AE signals so that the signals 

can be acquired at a more conventional rate. Consequently, the number of samples 

acquired is not a particular concern since 180 signals from each experiment were 

acquired and a sufficient amount of AE signals were averaged to yield the AE features 

which will be discussed in Section 5.1.
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Table 3.1: Technical Information for the DAQ Board
DAQ Board

COMPUSCOPE
1250

Number of Input 
Channels

2

Maximum 
Sampling Rate

25, 10, 5MHz

ADC Resolution

12-Bits

Table 3.2: Acquisition of the AE Signal from the Sensor

AE

Sensor

Micro-

80s

Sensor

Type

Broadband

Sampling

Rate

5MHz

Number of

Samples

Acquired per

Second

32768

Duration

of each

Signal

6.55 ms

Duration of

each

Experiment

180s

The sensitivity of the AE sensor is strongly related to the mounting conditions such as 
pipe surface condition, couplant material between the AE and pipe surface and 
mounting pressure [Higo and Inaba, 1991]. Intimate contact between the pipe surface 
and the surface of the AE sensor was difficult to attain, unless both of them were flat. 
Consequently, to ensure adequate contact between the sensor and pipe surface, the 
pipe surface where the AE sensors were mounted was prepared. However, a thin air 
gap between them was difficult to avoid due to surface roughness. For maximum 
sensitivity, it is necessary to ascertain the highest possible degree of acoustic coupling 
between the surface of the AE sensor and the pipe surface. This is normally done by 
using a couplant grease for the situation where the temperature is not too high 
[Reuben, 1998]. As a result, the AE signal transmission lost could be reduced. Since 
all the experiments were carried out at room temperature, a small amount of grease 

was applied on the pipe surface where the AE sensors were attached. Furthermore, 
two purpose build 'sensor holders' were constructed out of solid aluminium to hold 

the AE sensors as shown in Figure 3.7. The spring mechanism was utilised in order to 

achieve a consistent mounting pressure and contact between the surface of the AE
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sensor and the pipe surface. Considerable care must also be exercised in the choice of 

mounting location of the sensor and this forms the second set of experiments (Section 

3.3.2).

Sensor Holder

Figure 3.7: AE Sensor's Holder

Spring

It is worth mentioning that one of the AE sensors was purchased for this project 

(AE2) and the other one was 'second-hand' from a previous project (AE1). 

Unfortunately, only the calibration certificate for AE2 is available (Figure 3.8) due to 

loss of the other one. According to Holroyd (2000), variations from one sensor to the 

next of up to 4 times have been classed by one manufacturer as being within 

specification. To investigate the similarity of both the sensors' characteristic, a test 

called the 'Nielsen Pencil Lead Technique' has been carried out. This technique is the 

simplest, yet most efficient which produces a remarkably reproducible simulated AE 

source [Matthews, 1983; Scott, 1991]. A standard jig has been used to ensure that a 

constant angle and length of lead is maintained as shown in Figure 3.9. A mechanical 

pencil with 0.5mm diameter and 2H Pentel pencil lead was used. The experiment 

started with mounting both AE sensors on a steel plate. The distance between the 

sensors and the breaking point of the pencil lead was 1.5cm. The pencil lead was 

repeatedly broken by pressing it on the same location on the steel plate 10 times and 

the AE signals generated were saved in the PC for off-line analysis. Figure 3.10 

illustrates the effect of the different sensors characteristics on the generation of the AE 

signal. In general, the trends of the RMS of the AE signals generated from the two 

sensors in response to the same source excitations are very similar. The signal

strength however differs, with the magnitude of AE1 being approximately 4 times
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stronger than that of AE2. In addition, AE1 had much higher sensitivity at certain 

frequencies than AE2 (as highlighted in Figure 3.11) which can be attributed to the 

individual characteristics of each sensor. This indicated that it was unlikely that the 

result obtained from AE1 could be used confidently to predict the flow parameters 

using the AE signals generated from AE2 or vice versa. Therefore, comparison of the 

AE features between sensors will not be made hereafter in this thesis.

PHYSICAL 
ACOUSTICS

i CORPORATION AE SENSOR CALIBRATION CERTIFICATE
A MISTHAS Holdings Compmny

Sensor Name: MICRO-808 
Sensor S/N: AA41 

Comment:

Test Date: 3/15/02 
Tested By: C.P

Max. Value (dB): -62.75 
Peak Freq.(kHz): 349.22

-100.0
0.00 0.10 0.20 0.30 0.40 , 0.50 0.60 0.70 0.80 0.90 1.00 

Sensitivity dB ref 1V/ubar MHZ ___ ____

PAC Certifies that this sensor meets all performance, environmental and physical standards established in applicable PAC specifications. 
Calibration methodology based on ASTM standard E976- 'Guide (or Determining the Reproducibility of Acoustic Emission Sensor Response.'

ToDAQ

Figure 3.8: Response Curve for AE2

Lead: 2H, Guide Ring 

0.5mm Dia. /

Mechanical Pencil

Steel Plate, 

Thickness: 5 mm

AE Sensors

Figure 3.9: Nielsen Pencil Lead Test
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Furthermore, the consistency of the sensors' coupling is also very important in the 

investigation of the AE generation resulting from the particulate flow [Yan et al., 

2002]. This is due to the fact that the characteristic of the sensor's output also depends 

on the consistency of the contact between the sensor and the pipe wall surface. To 

investigate the effect of the sensors' coupling on the AE signals generated, the same 

'Nielsen Pencil Lead Technique' was employed. But this time, AE1 was detached and 

reattached onto the same location on the steel plate using same sensor holder before 

acquiring the AE signal from the sensor. Again, this procedure was repeated 10 times. 

Figure 3.12 shows the effect of sensors' coupling on the resulting AE signal. It shows 

that, once again, the trends of the RMS of the AE signals generated from both the 

sensors in response to the same source excitations are very similar. However, further 

observation revealed that the fluctuation of the RMS of the AE1 signal (detached and 

reattached) in Figure 3.12 was much higher compared to RMS of AE from AE1 

(undisturbed) in Figure 3.10. One of the possible explanations was the effect of re- 

greasing where the thickness of the air gap between the AE sensor surface and wall 

surface changed. These indicated that, ideally, once the AE sensor is mounted on the 

pipe wall, the contact between the sensor surface and pipe surface has to stay 

unchanged for the rest of the experiments for that particular sensor's location. 

Therefore, based on the results showed, the AE sensors will remain undisturbed once 

they are mounted on the pipe wall or mesh throughout the experiments for that 

particular sensor location. It should also be noted that during any AE measurement, 

there was no movement of the AE sensor with respect to the pipe surface where it was 

mounted.
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Figure 3.12: Effect of Sensors Coupling on AE Signals

3.4 Experimental Procedure

This section describes the experiments conducted and the methodology adopted in 

each case. The experiments can be divided into three main sections, namely:

• Particle velocity monitoring

• Investigate the effect of different sensor location on AE generation

• Investigate the effect of changes in the flow parameters, namely solid feed 

rate, conveying air velocity and particle size on AE features and subsequently 

determine the relationship between the AE features and the flow parameters.
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3.4.1 Particle Velocity Monitoring

As discussed in Section 2.5.5, ultrasonic cross-correlation flow metering for particle 

velocity measurement of gas-solid two phase flows in a duct has been studied, but the 

suitability of the AE method to measure particle velocity in gas-solid two phase flow 

in a pipe has yet to be studied. The objective of this set of experiments was to 

investigate the generation of the AE signal on the mesh and explore the possibility of 

employing acoustic sensors for direct particle velocity measuring.

On-line cross-correlation of the raw AE signals for continuous particle velocity 

measurement is not suitable for the acoustic method. Two raw AE signals, for 

example, generated from sensors mounted on a horizontal pipe with a short axial 

distance apart would not be similar due to the fact that these signals were generated by 

different solid particles. A similar phenomenon for the sensors mounted on the mesh 

will occur as the mesh (Figure 3.13) only covers 26% of the cross-sectional area of 

the pipe. Those solid particles that impinged on the upstream mesh may not impinge 

on the downstream mesh. As a result, these signals would not be similar. 

Consequently, this method will not be considered in this thesis.

However, tagged AE signals, for example first stress wave propagated to the sensor 

and beginning of steady state flow has the potential to determine particle velocity in 

the pipeline. Experiments were carried out to investigate the possibility of using AE 

signals to determine particle velocity in the pipeline. A pipe of 5.4m was slotted into 

the test rig (Figure 3.3) as shown in Figure 3.14. Two AE sensors were attached on 

the racket shaped steel plates (one sensor on each plate) which held the mesh. The 

meshes were placed with an axial distance of 5.4m apart and were acoustically 

insulated from the steel pipe by the insertion of flat gaskets. The transit time for the 

particles moving from the upstream to the downstream sensor was determined by 

identifying the tagged AE signals.
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AE Sensor Mounting Location

1mm

90mm

Figure 3.13: Racket Shaped Steel Plate with which Held Steel Mesh
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Figure 3.14: Test Rig with a 5.4m Steel Pipe Slotted In.
67



Author: N.C.HII University of Glamorgan

Table 3.3 lists the detailed experimental conditions employed to investigate the 

possibility of using AE sensors for particle velocity monitoring. A total of 10 different 

solid feed rates ranging from 1 to 10 g/s with an interval of Ig/s and 3 different air 

velocities ranging from 17 to 25 m/s with an interval of 4 m/s were tested. The range 

of mass flow ratio and solid loading (calculated based on Equation 2.1) tested were 

less than 10 and 40% respectively which indicated that the flow regime inside the 

pipeline was dilute flow (refer to Section 2.1). According to DTI (2004) most difficult 

problems for the use of flow meter, for example insufficient signal generation, are 

normally encountered at low solid loadings. Consequently, low solid loadings of 
0.03% to 0.05% (0.05% is the typical level of solid loading found in PF-fired power 

generation plants [DTI, 1999; Yan and Stewart, 2001]) were chosen in order to 
demonstrated the ability of the AE-based flow meter to monitor the variation in the 

flow parameters even at such dilutions. These experimental conditions were carried 
out on all of the 5 different ranges of particle sizes as shown in Figure 3.2. Each 

experiment was repeated three times to check that they yielded compatible results.

Table 3.3: Experimental Conditions for Particle Velocity Monitoring
Mean Air

Velocity - 

without 

Particle

(m/s)

17

21

25

Mean Solid Feed 

Rate

(g/s)

1 to lOg/s with an 

interval of Ig/s

1 to lOg/s with an 

interval of Ig/s

1 to lOg/s with an 

interval of Ig/s

Range of Mass 

Flow Ratio

0.09-0.94

0.07-0.76

0.06-0.64

Range of Solid 

Loading (%)

0.005-0.05

0.004-0.04

0.003-0.03

Reynolds 

Number 

(Airflow)

2.85 x 104

3.52 x 104

4.19x 104

At the beginning of each experiment, the air velocity was adjusted and measured by 

the pitot tube before adding the sand particles to the piping system. When sand 

particles impacted the upstream mesh which was configured as the trigger (trigger 

voltage = 23.4mv which corresponding to the lowest trigger setting) for the DAQ
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system, the DAQ started to acquire an AE signal from both sensors. These AE signals 

were then saved in the PC for offline analysis. At the end of the experiment, the 

vibration feeder was switched off.

Furthermore, the mean air velocity (without particles) and conveying air velocity 

(with particles) were also monitored using the averaging pitot tube. According to BSI 

(1999), a pitot tube can be used to measure the air velocity with solid-phase in the 

pipe. However, the main concern when using the method to measure the two-phase 

(gas-solid) air velocity is that the solid particles may block the holes (static and 

stagnation ports) on the pitot tube. When any one of the holes is blocked, the velocity 

measurement will become unstable. However, the frequency of this happening is 

reduced if the two-phase flow is very dilute and the duration of the measuring process 

is very short. To measure the air velocity (with particles), the pitot tube was re 

inserted into the pipe. Without changing the suction power, 4 readings from the 

micro-manometer were taken. Without removing the averaging pitot tube from the 

pipe, the sand particles were once again fed to the piping system and 17 readings 

(measuring duration of approximately 68 sec) from the micro-manometer were taken. 

Finally, the sand feeding was stopped by switching off the vibrating feeder and 

another 4 readings of the air velocity (without particles) from the manometer were 

taken and saved in the PC for off-line analysis. In total, 25 readings were taken from 

each experimental condition. These procedures were repeated three times for each 

experimental condition and the results are presented in Chapter 4.
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3.4.2 Investigate the Effect of Different Sensor Location on 

AE Generation

The mounting location of the AE sensor is a very important factor on investigating the 

generation of the AE signal. The sensor mounting location should be sensitive and, 

ideally, respond linearly to the changes in the flow parameters to be monitored. 

However, it is unlikely that all the solid particles in a particular pipe cross section 

would impact on the pipe wall. As a result, the ideal sensor mounting location should 

have highest proportion of solid impingement in order to generate sufficient AE 

signals. The generated AE features should also be repeatable. Furthermore, the ideal 

sensor location should also be easily accessible in the real industrial conveying line. 

Therefore, the objective of this set of experiments was to investigate the response of 

the AE sensor on different sensor mounting locations. Two optimum sensor mounting 

locations would be chosen based on the strength, sensitivity, linearity and 

repeatability of the AE feature in response to changes in the solid feed rate and air 

velocity (without particle).

Five different locations were chosen to examine the effect of sensor location on the 

generated AE signal. They were (refer to Figure 3.3):-

• Top and bottom of the horizontal pipe

• Inside and outside of the pipe bend

Mesh

The reasons for the selection of the sensor locations are:-

• Horizontal pipes are the most common arrangement in pneumatic conveying 

systems. It is also the most convenient section of the pneumatic systems for 

access. At this location, due to turbulent flow, impinging of the sand particles 

on to the pipe wall would generate AE signals which could be picked up by 

the AE sensor. On horizontal pipes, some investigations on the pneumatic 

conveying systems have shown that the optimal sensor location is at the 

bottom of the straight pipeline section [Esbensen et al, 1998; Esbensen et al., 

1999; Huang et al., 2003]. However, no comparison was made between the

signal generated on the horizontal and other section of pipe e.g. pipe bend.
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According to Mills (1990), erosion rarely presents any real problems in 

straight pipe runs. The main problem is always associated on pipe bends which 

is a common feature of pneumatic conveying systems. This indicated that 

particle-wall interaction (and hence the generation of AE) is much higher at a 

pipe bend than for a horizontal pipe.

• One of the major problems with the AE method for flow parameters 

monitoring is that it does not provide a homogeneous coverage of the whole 

cross section of the pipeline. Only those particles impinging onto the pipe wall 

would contribute to the generation of the AE signal. As a result, the sensor 

needs to be mounted on a particular location of the pipeline where most, if not 

all, of the particles would concentrate and impinge onto it. Bends are 

unavoidable set-ups in many pneumatic conveying systems. Many research 

studies have been carried out to investigate the cross-sectional distribution of 

particle concentration at pipe bends [Marcus et al., 1990; Akilli et a/., 2001; 

Chu and Yu, 2008]. The results from the research works indicated that the 

distribution of the solid particles is strongly asymmetric at pipe bends where 

the entire solid flow can be concentrated in a narrow dense stream rope-like 

suspension. This dense phase structure would impinge on the outer wall of the 

bend as shown in Figure 3.15. As a result, the first area which normally wears 

out is that of a bend indicating that the highest proportion of the particles 

impacts on the pipe bend than any other parts of the pipeline [Marcus et al, 

1990]. This is due to the action of the particle inertia which causes the 

particles to resist changing direction from a straight line at the bend. 

Therefore, the AE sensor mounted on the pipe bend could benefit from roping 

and particle inertial to generate sufficient AE signals to be picked up by the 

AE sensor [Fokker et al., 2004]. In addition, a sensor mounted on the pipe 

bend should be able to detect the AE signals generated by a wider range of 

particle size due to roping. In conclusion, it is expected that an AE sensor 

mounted on a pipe bend is likely to be more sensitive to changes in the 

operating conditions due to the relatively high proportion of solid particle 

impingement.
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Flow

Direction

Figure 3.15: Suspension of Particles due to Rope [Marcus et a/., 1990]

• In a similar manner to the bend, solid particles impinge on the mesh due to the 

inertial effect. Although it is an intrusive method, the use of a flow mesh is 

believed to produce a more homogeneous coverage at a particular cross 

sectional area of the pipeline. Possible drawbacks are the obstruction of the 

mesh to the paniculate flow which can result in pressure drop and wear 

problems to the mesh.

To investigate the generation of AE signal, a wide range of air velocities (without 

particle) were considered. Table 3.4 shows the operating profile of the mean solid 

feed rate on 3 different mean air velocities (without particle) of 8m/s, 20m/s and 

28m/s. The maximum suction power of the vacuum cleaner corresponds to 28m/s 

while 27g/s is the maximum solid feed rate that the feeding system could handle. Sand 

particles with mean particle size of 267[xm were used during these experiments.Each 

experiment began with setting the suction power of the vacuum cleaner via the VAC- 

IS and averaging pitot tube. The pitot tube was then pulled-out and the hole on the 

horizontal pipe was covered to prevent entrance of air. This was followed by feeding 

the sand particles to the pipeline and the stop watch started. Once the flow stabilised, 

acoustic measurements were recorded. The time duration for each experiment was 3 

minutes which corresponded to 180 AE signals. The signals were then saved in the PC 

for offline analysis. At the end of each experiment, the vibrating feeder and stop 

watch were stopped simultaneously. The air flow was maintained and re-measured. 

The sand particles collected in the vacuum cleaner collection bin were weighed to 

calculate the solid feed rate. Again, each experimental condition was repeated three 

times to investigate the repeatability of the results.
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3.4.3 Investigation of the Relationship between AE 

Features and Changes in Solid Feed Rate, Particle 

Velocity, and Size

The objective of this set of experiments was to investigate the relationship of AE 

features to changes in solid feed rate, velocity and size. The AE sensors were mounted 

at the optimum sensor locations chosen based on the results from the second set of 

experiments. To achieve this objective, a set of experiments were designed and 

carried out on the test rig (Figure 3.3).

The experimental conditions shown in Table 3.5 were employed and experimental 

procedures detailed in Section 3.3.2 were applied. The experimental conditions were 

very similar to those found in Table 3.3. However, for this set of experiments, the 

mean conveying air velocities (with particles) were maintained instead of the single 

phase air velocity during the first set of experiments. To achieve this, the solid 

particles were fed to the flow field without pulling out the pilot tube from the 

horizontal pipe. The suction power of the vacuum cleaner was increased in order to 

raise the mean air velocity (with particles) back to the set point. The pitot tube was 

then pulled out and the hole on the horizontal pipe was covered. Finally, the DAQ 

system was switched on to acquire AE signals. This additional step was to make sure 

a consistent mean conveying air velocity (with particles) and hence particle velocity 

was maintained as the solid feed rate was varied.

Table 3.5: Experimental Conditions to Investigate the Relationship between the 
AE Features and Changes in the Flow Parameters

Mean Conveying Air 

Velocity with Particles 

(m/s)

17

21

25

Mean Solid Feed 

Rate

(g/s)

1 to lOg/s with an 

interval of Ig/s

1 to lOg/s with an 

interval of Ig/s

1 to lOg/s with an 

interval of 1 g/s

Range of Mass 

Flow Ratio

0.09-0.94

0.07-0.76

0.06-0.64

Range of Solid 

Loading (%)

0.005-0.05

0.004-0.04

0.003-0.03

Reynolds 

Number 

(AirFlow)

2.85 x 104

3.52 x 104

4.19 x 104
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3.5 Summary of Chapter 3

This chapter provides an overview of the test rig constructed at the University of 
Glamorgan together with the measuring instruments used in the experiments. It was 
found that different in sensor characteristics and coupling could affect the generation 
of the AE signals. Results from the 'Nielsen Pencil Lead Technique' tests show that 
the mean RMS of AE signals generated by two AE sensors (same manufacturer and 
model) detecting a stress wave from a similar AE source are not the same. Detaching 
and re-attaching the AE sensors could result in increased uncertainty of the AE 
feature. Ideally, once the AE sensor is mounted in the pipe wall or mesh, the contact 
between the sensor and pipe wall would have to be unchanged and undisturbed.

Three sets of experiments have been designed and the range of test conditions is 
presented. The purposes of these experiments are to study the applicability of AE 
sensors for two-phase particle velocity monitoring, the effect of sensor locations on 
the generation of the AE signal and finally, an investigation of the relationship 
between AE features and changes in the solid feed rate, velocity and size.
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Chapter 4 

Particle Velocity Monitoring
The solid particles in pneumatic conveying pipelines generally travel at a velocity 

which is below that of the gas velocity due to particle-particle and particle wall 

collision [Mills, 1990]. Consequently, slip between the particle and the transporting 

air velocity is an important factor in the design of pneumatic transport systems. This 

chapter presents and discusses the data gathered from the experiments listed in 

Section 3.3.1. This information can be classified into 3 different sections namely:-

• Monitoring the conveying air velocity (with particles) using the averaging 
pilot tube.

• Investigation of the generation of AE signals on the meshes and an 

exploration of the possibility of using them for direct particle velocity 
measurement. For validation, the measured particle velocities were 
compared to the theoretically predicted particle velocities.

• Finally, an investigation of the relationship between the measured 
conveying air velocity (with particles) using the pitot tube and particle 

velocity using the AE method.

4.1 Monitoring the Conveying Air Velocity Using 

Averaging Pitot Tube

The main concern when using a pitot tube to measure the two-phase (gas-solid) air 

velocity is that the solid particles may block the holes (static and stagnation ports) on 

the pitot tube. When any one of the holes is blocked, the velocity measurement will 

become inaccurate. However, the frequency of this happening is reduced if the two- 

phase flow is very dilute and the duration of the measuring process is very short [BSI, 

1999]. In other words, the two-phase air velocity can be measured using pitot tube 

before either one of the holes is blocked. This section presents and discusses the data 

gathered from the averaging pitot tube while measuring the conveying air velocity 

(with particles).
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4.1.1 Result and Discussion

Since the readings from the micro-manometer at different levels of air velocity and 

particle size behave similarly, only readings taken from the test rig configured with 

the mean air velocity (without particle) and a mean particle size of 17m/s and 182^im 

respectively are presented in Figure 4.1. It clearly shows that with only air in the flow 

field, the air velocity was almost constant with a maximum variation of ±0.2m/s from 

the set point.

When introducing the sand particles to the flow, the conveying air velocity (with 

particles) dropped dramatically until it reached and maintained its velocity. The drop 

in the conveying air velocity (with particles) was due to the fact that the flow 

resistance inside the pipe increased with the presence of sand particles. Since the 

increase in flow resistance could not be compensated by the constant suction power of 

the vacuum system, the air flow rate would be reduced and hence decrease overall 

flow velocity. This trend agreed with the fan curve shown in Figure 3.6. Once the 

conveying air velocity (with particles) reached its minimum value, it maintained its 

velocity. This observation provides strong evidence that there was not blockage on 

the pitot tube during the test which lasted for 60 seconds. Only a small amount of sand 

particles (approximately 0.02g) were found to contaminate the pitot tube at the end of 

the experiment (see Figure A2 in Appendix A).

Finally, the air velocity (without particle) bounced back to its set point when the 

vibrating feeder stopped feeding the solid particles to the flow. This observation, once 

again, provides strong evidence that there was not blockage on the pitot tube during 

the test which lasted for 60 seconds and clearly demonstrated the ability of the pitot 

tube to measure the conveying air velocity (with particles) in dilute flows for a short 

period of time. A close inspection reveals that the air velocity (without particle) at the 

end of the experiments fluctuated slightly (approximately ±0.3m/s) from the set point 

which was due to increased fluctuation of the vacuum cleaner suction power as a 

result of minor filter clogging.

Furthermore, the conveying air velocity (with particles) was found to decrease with 

increases in the solid feed rate. As mentioned previously, this was due to the fact that 

when increasing the solid feed rate, the flow resistance inside the pipe became more
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significant. This would, undoubtedly, result in increased lag between the average air 

velocity with and without the solid-phase. This result agreed with Kalman (2000) who 

implied that increases in solid feed rate and hence particle concentration would reduce 

the conveying air velocity and hence particle velocity.
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Figure 4.1: Measured Mean Air Velocity (with and without Particles in the Flow
Field) using Pitot Tube.
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4.2 Investigating the Generation of AE Signals from 

the Meshes for Particle Velocity Monitoring

This section presents and analyses the data gathered from the set of experiments 

which were listed in Section 3.31. The signal processing technique will be discussed 

first. The measured particle velocities with respect to different operation conditions 

(solid feed rate, velocity and size) are then compared to the theoretically predicted 

particle velocity.

4.2.1 Signal Processing

Figures 4.2(a) and (b) demonstrate typical raw AE signals acquired simultaneously by 

both AE sensors attached on the upstream and downstream meshes respectively. Sand 

particles with a mean particle size of 182nm were conveyed whilst the solid feed rate 

and mean air velocity (without solid phase) were configured at lOg/s and 25m/s 

respectively.

The AE signals, especially from the downstream sensor (Figure 4.2(b)), clearly show 

the arrival of the sand particles with a small burst of AE with low amplitude at 

approximately 0.16s. This was followed by gradual increases in the amplitude (due to 

unsteady flow9) until it reached and maintained its maximum amplitude. According to 

Fan and Zhu (1998) the conveying air as well as sand particles which travel in the 

centre of the pipe has a higher velocity compared to those closer to the pipe wall as 

shown in Figure 4.3. In addition, those sand particles that are smaller and hence 

lighter should have a higher velocity than those of larger size. Consequently, the AE 

with low amplitude is most likely to be generated by a sand particle with small size 

which travels in or near the centre of the pipe. This sand particle travelled at the 

highest velocity which could be referred as the maximum particle velocity and hit the 

mesh first among the size distribution. This is then followed by those larger sand 

particles impinging on the meshes which gradually increases the amplitude of the AE 

signal until a certain point when the AE amplitude reached and maintained its

9 Unsteady flow indicates the regime of flow where the mass flow rate of solid particles in a paniculate 

cross sectional area increases with time.
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maximum value. This point indicates the beginning of steady flow 10 inside the pipe. 

To identify the steady flow point, two lines (horizontal and inclined as shown by the 

bright green lines in Figure 4.2) need to be drawn manually. The intersecting point of 

these two lines is the steady flow point.

According to the AE signals, the maximum particle velocity can be measured by 

identifying the transit time of the first impingement of the sand particle on both of the 

meshes. Although the arrival time of the first impingement of the sand particle at the 

downstream sensor can be identified easily from the AE signal displayed in Figure 

4.2(b) as 0.16s (approximate), the AE signal generated by the upstream sensor (Figure 

4.2(a)) does not reveal the first impingement of the sand particle on the mesh. This 

was mainly due to the pre-set trigger level of 23.4mV. Those signals with low 

amplitudes (<23.4mV), which were generated by the impingement of smaller particle 

sizes before the trigger level were exceeded, were lost. Consequently, monitoring the 

maximum particle velocity was not possible with those AE signals.

Fortunately, all the AE signals do reveal the beginning of the steady flow point. 

Consequently, the particle velocity could be inferred by identifying the steady flow 

point as shown by the red dotted line in Figure 4.2(a) and (b). The known axis length 

between the sensors (L) was divided by the particle transit time from the upstream to 

downstream sensor (T) which yields the particle velocity.

10 Steady flow indicates the regime of flow where the mass flow rate of solid particles in a particular 

cross sectional area remains uniform as time goes by.
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81



Author: N.C.HII University of Glamorgan

AE Sensor Sand Particles

' o o o o o

Q.O

* o oo°
Q0-'

Mesh Two-phase Flow Velocity Profile 

Figure 4.3: Two-Phase Flow Velocity Profile

Absence of well defined instruments for solid velocity measurements results in 

difficulty in assessing the system accuracy. The only traceable reference in the 

experiments are the average conveying air velocity (with particles) measured by using 

the pitot tube and the theoretical predicted mean particle velocity. Consequently, a 

comparison between the measured particle velocities and calculated mean particle 

velocities was made to justify the capability and accuracy of the AE method to 

measure particle velocity. Table 4.1 lists the expression used to determine particle 

velocity. Expression 1 involves the calculation of the particle terminal velocity 1 ' (v() 

and subtract that from the conveying air velocity (vg) which yields the particle 

velocity. However, this expression is more suitable for vertical flow of fine particles 

(< 40\im) in the dilute phase regime [Klinzing, 1981; Marcus, 1990; Crowe, 2006]. 

This is due to the fact that with such fine particles conveyed vertically in the dilute 

phase, one can assume that the particles and the gas velocities are approaching one 

another. Hinkle (1953) developed an equation for the calculation of horizontally flow 

particle velocity which was modified by Institute of Gas Technology (IGT) (1978) 

and involves a number of system parameters. It has been found to work well when 

compared to some experimental results [Klinzing, 1981]. Furthermore, the particle 

velocity is only a function of the system parameters which makes this expression

•, where g is the gravitational force and V is the airParticle Terminal Velocity = -

kinematic viscosity [Fan and Zhu, 1998]. The terminal velocity is essentially the minimum transport 

velocity of a particle or the slip velocity between the fluid and particle in a pneumatic transport [Basu. 

2005].
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more convenient to use. Consequently, the Hinkle correlation (which has been 

modified by IGT) was used to determine particle velocity for comparison.

Table 4.1: Expression for Particle Velocity Determination.

Investigator

Expression 1

Hinkle (1953)

Modified Hinkle Correlation by IGT 

(1978)

Particle Velocity

v —v
g t

Vg ' P PP

Vg P PP P8

4.2.2 Result and Discussion

Figures 4.4(a) to (e) illustrate the measured particle velocities using the AE method. 

As each experiment condition was repeated three times, each point on the figures is 

the mean of three successive measurements. The results are plotted together with the 

theoretically predicted particle velocity based on the modified Hinkle correlation. In 

general, the results indicated that all the measured particle velocities fell between the 

minimum and maximum bounds of the theory. It is also evident that the 

experimentally measured particle velocities were closer to those theoretical particle 

velocities calculated with mean particle size. More than 90% of the measured particle 

velocities fall within ±10% of the theoretical particle velocities calculated with the 

mean particle size. This indicated that the particle velocity meter based on an AE 

method is capable of providing mean particle velocity measurement with reasonable 

accuracy. However, a systematic bias of the measured particle velocity below that of 

the theoritical value is also evident especially when conveying sand particles with a 

higher mean particle size. The uncertainty of the starting point of the steady state flow 

from the AE signals is one of the possible reasons which could cause a bias on the 

measured particle velocity. Perhaps, it could also be argued that the bias of the 

measured particle velocity may also be due to inaccuracy of the theoretically 

predicted mean particle velocity. As mentioned previously, Klinzing (1981) stated 

that the modified Hinkle correlation has been found to work well when compared to 

some (not all) experimental results.

83



Author: N.C.HII University of Glamorgan

The standard deviation of the measured particle velocity which indicate the degree of 

spread in the measured particle velocity between the repeated experiments under the 

same experimental conditions was also presented as an error bar in Figure 4.4. A large 

standard deviation indicated a large variation between the measured particle velocities 

between test. As mentioned previously, one of the possible drawbacks of the AE 

method for particle velocity measurement is the uncertainty of the starting point of the 

steady state flow from the AE signals. This caused a relatively large standard 

deviation on some of the measured particle velocities as shown in Figure 4.4.
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4.3 The Relationship between the Conveying Air 

Velocity and Measured Particle Velocity with 

Changes in the Particle Size and Solid Feed Rate

The ability of the averaging pilot tube to measure the conveying air velocity (with 

particles) and AE method to measure the particle velocity has been demonstrated in 
Section 4.1 and 4.2 respectively. This section focuses on investigating the relationship 
between the conveying air velocity (with particles) and particle velocity.

Figure 4.5 presents the typical trend of the conveying air velocity and particle velocity 
with changes in the solid feed rate. The average air velocity (without particle) was 
configured at 17m/s whilst conveying sand particles with a mean particle size of 

182nm. Compared to the air velocity (without particle), both the conveying air 
velocity (with particles) and particle velocity decreased as the solid feed rate 
increased. As mentioned previously, this is mainly due to increased flow resistance 
inside the pipeline. Furthermore, with increases in the solid feed rate, the particle-wall 
and particle-particle collision frequency will increase and hence lead to momentum 
loss [Kussin et al., 2001]. Reacceleration of the sand particle extracts momentum 
from the air which leads to a reduction in the conveying air velocity and slip in 
particle velocity. These trends confirm the conclusion of Matsen (1982) that slip 
velocity between the air velocity (without particle) and conveying air velocity (with 
particles) and hence particle velocity should increase with increases in solid 
concentration in order to explain the 'plug flow' 12 phenomenon.

For a given solid feed rate and air velocity (without particle), the particle velocities 
were consistently below the conveying air velocities (with particles) as shown in 

Figure 4.5. Interestingly, the lag between the conveying air velocities (with particles) 
and particle velocities is virtually constant with changes in the solid feed rate. This 

indicated that the slip between the conveying air velocity (with particles) and particle 

velocity is independent of solid feed rate for the ranges investigated. Consequently, by 

maintaining a consistent conveying air velocity (with particles), a consistent 'relative' 

particle velocity could be maintained despite variation in the solid feed rate.

12 Plug flow is a flow characteristic in dense phase flow where solid particles partly block the pipe 

because of particles not being fully suspended in the pneumatic line air stream.
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Figure 4.6 shows the lag between the conveying air velocity (with particles) and 
particle velocity with changes in mean particle size whilst Table 4.2 lists the 
proportionality constant between the particle velocity and conveying air velocity (with 
particles). The lag between the conveying air velocity (with particles) and particle 
velocity, generally, increased with the mean particle size. This is thought to be mainly 
due to increases in particle inertia. This indicated that the lag between the conveying 
air velocity and particle velocity is particle size dependent. These trends confirm the 
claim of Klinzing (1987) and Yan and Ma (2000) that larger particles result in a 
greater slip velocity than smaller particles.
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Table 4.2: Proportionality Constant between the Particle Velocity and Conveying 

Air Velocity as a Function of Mean Particle Sizes

Mean Particle Size 

(Hm)

182

229

267

537

596

Proportionality (
/ AVpAE

V
1 8s )

Constant

0.91

0.86

0.83

0.73

0.7

Linear Regression 

Coefficient
(R2)

0.98

0.97

0.97

0.97

0.98
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4.4 Summary of Chapter 4
An analysis on the first set of experimental data has been carried out to study the 

generation of AE signals on the mesh and subsequently measure the particle velocity 

using AE method. It was found that the particle transit time from the upstream to 

downstream mesh can be measured by pin-pointing the AE signal steady state points. 

The first interesting finding is that there is an obvious potential on AE method for 

mean particle velocity measurement. From the results, it was found that more than 

90% of the measured particle velocities fall within ±10% of the theoretical predicted 

particle velocities (based on the modified Hinkle Correlation) calculated with mean 

particle size. This indicated that the particle velocity meter based on AE method is 

capable of providing mean particle velocity measurement with reasonable accuracy. 

This clearly marks the successful implementation of AE method for direct particle 

velocity measurement in pipes.

A flow meter based on AE sensors directly measures the particle velocity in a pipe 

unlike conventional techniques employing a pilot tube or thermal anemometers which 

measure only the velocity of the gas stream [BSI, 1999]. This feature is considered 

particularly important as particles can travel at different velocities from the air stream 

depending upon the particle size as shown in above results. However, the major 

limitation of the present work was that the feeding of the solid particles to the pipeline 

had to be stopped and restarted every time a measurement was to be made. For the 

majority of industrial pneumatic conveyors, for instance in PF power plants, this 

measuring procedure is not possible. This technique, however, does have potential on 

pneumatic conveying systems, for instance those that are batch fed. Furthermore, this 

technique for particle velocity measurement is relatively inexpensive and easy to 

implement compared to other methods. Further investigations are needed to improve 

this technique for real-time particle velocity monitoring in full scale pneumatic 

conveying systems.

The suitability of the averaging pitot tube for monitoring the conveying air velocity 

(with particle) has also been investigated. Results show that the averaging pitot tube is 

able to respond to changes in the conveying air velocity even with the presence of 

sand particles in the flow provided that the two-phase flow is very dilute and the 

duration of the measuring process is very short.
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By comparing the conveying air velocities (with particles) and measured particle

velocities, the following conclusion can be made:-

1) Both conveying air velocity (with particles) and particle velocity decreased 

when more sand particles are feed to the flow field in the pipe.

2) For a given mean particle size (or particle size distribution), the lag between 

the conveying air velocity (with particles) and particle velocity is virtually 

constant with changes in the solid feed rate. However, the velocity lag 
increased with mean particle size.

3) From the result, it was found that in order to maintain a uniform particle 

velocity at different levels of solid feed rates, a uniform conveying air velocity 
(with particles) needs to be maintained. This can be achieved by increasing the 

suction power of the vacuum cleaner while conveying sand particles in the 
pipes. This method will be employed in the third set of experiment.
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Chapter 5

Effect of Different Sensor Mounting 
Locations on Signal Generation

This chapter presents and discusses the data gathered from the AE sensors mounted 
on five different locations. It is worth mentioning that during the experiments the air 
velocity (without particle) instead of the conveying air velocity (with particles) was 
configured to the set point. The absolute conveying velocity, and hence particle 
velocity, is not important since the aim of this chapter is to investigate the differences 
in AE signals generated at different sensor locations at a fixed flow condition. At the 
end of this chapter, two optimum sensor locations were chosen based on the strength 
of the AE feature and its sensitivity and linearity to changes in the flow parameters.

5.1 Signal Processing
Like many natural phenomena, the generation of AE from the impingement of solid 
particles onto a steel wall is a complex process. Future values of the AE cannot be 
predicted by previous voltage-time data. Furthermore, an AE signal contains many 
frequencies and cannot be portrayed by an explicit mathematical relationship [Kanji et 
al., 1972]. Due to the stochastic nature of the AE signal, it is not appropriate to 
consider the raw signal when comparing differences in the signal behaviour at 
different flow conditions. However, AE signals can be characterised by their 
statistical or average properties including RMS (refer to Equation 2.8) and time 
averaging. In this work, the RMS of the AE will be determined, as the RMS 
measurement is a static measure of the magnitude of the AE signal and hence has the 

ability to differentiate between large and small AE signals [Scott, 1991].

Although the experiments were conducted at nominally fixed conditions, fluctuation 

in the flow parameters and hence RMS of the AE can still occur within the 
measurement period. A typical example is shown in Figure 5.2(a). Therefore, it 

would be appropriate to determine the mean value of the RMS within a certain period 

of time. The amount of signals averaging has to be chosen carefully. Figure 5.1 shows
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typical plot of the RMS of the AE against the number of averaged signals. The AE 

signals were collected from the sensor attached on the mesh with the solid feed rate 

and air velocity (without particle) configured at 5g/s and 20m/s respectively. The 

results clearly show improved performance, in terms of repeatability, as the number of 

averaged signals increases from 10 to 60. The RMS of the AE asymptotically 

approach each other averaging out the inherent variability of the process. As further 

increasing the number of averaged AE signal, the repeatability error of the RMS 

remains within ±1% from the mean value. On the other hand, the time required to 

acquire the AE signals and for the PC to process the RMS of the AE becomes longer 

as the number of averaged signals increases. Therefore, an average of 60 signals will 

be used to calculate the RMS of the AE hereafter in this thesis except where otherwise 

stated.
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Figure 5.1: The Effect of Signal Averaging on the Repeatability of the Mean 

RMS of the AE (Sensor Location = Mesh; Averaged Solid Feed Rate = 5g/s; Air

Velocity without Particle = 20m/s)

The following section first provides a general insight into the behaviour of the RMS 

of the AE in response to fluctuation in the vacuum cleaner's suction power during 

measurement. This is followed by investigating the generation of the AE signal from 

sensor mounted at different sensor locations.
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5.2 The Response of the RMS of the AE to the 
Fluctuation in Suction Power

Figures 5.2 (a) to (g) demonstrate the response of the RMS of the AE to fluctuations 

in the vacuum cleaner's suction power during measurement. Those AE signals were 

generated on the mesh whilst the air velocity (without particle) was configured at 

8m/s. The range of solid feed rates tested was from 0.6g/s to 6g/s with an interval of 

0.9g/s. Each experiment lasted for 180 seconds and was repeated three times. It 

should be noted that the RMS of the AE shown in these figures does not have an 

average value of 60 AE signals, but an individual RMS value from each AE signal 

plotted against time.

It can be observed that the RMS of the AE gradually fell in a linear fashion within the 

period of measurement. It was more significant at higher solid feed rates (> 3.3g/s) as 

indicated by the increased gradient of the linear trendline (shown as black arrows). 

Observation of the air velocity (without particle) at the end of those experiments 

carried out with solid feed rate of 3.3g/s and higher found that the 'end velocities' 

were much lower compared to the air velocities (without particle) at the beginning of 

the experiments. This is shown in Table 5.1. This indicated that falls in the RMS of 

the AE were mainly due to reductions in the suction power of the vacuum cleaner 

within the period of measurement. The main reason for the reduction in the suction 

power of the vacuum cleaner is that the vacuum cleaner is not designed to operate at 

such a low suction power and high solid feed rate.

In conclusion, although the experiments were conducted at nominally fixed flow 

parameters an unexpected fluctuation in the flow parameters can still occur. This can 

result in irregular behaviour and uncertainty in the AE sensors' response. Falls in 

RMS of the AE were also found on sensors mounted on both the horizontal section 

and the bend of the piping system when the air velocity (without particle) and solid 

feed rate were configured to 8m/s and higher than 2.4g/s, respectively. Consequently, 

these AE signals will not be included in this thesis. On the other hand, drops in the 

RMS of the AE clearly indicated that the AE sensor could respond rapidly to changes 

in particle velocity.
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Figure 5.2: The Effect of Vacuum Cleaner's Suction Loss on the RMS of the AE
Generated on the Mesh. The Mean Air Velocity (Without Particle) was

Configured to 8m/s whilst the Mean Solid Feed Rate was Configured to (a)
0.6g/s, (b) 1.5g/s, (c) 2.4g/s, (d) 3.3g/s, (e) 4.2g/s, (f) 5.1g/s, & (g) 6g/s respectively.
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Table 5.1: Variation in the Mean Air Velocities (Without Particle) at the 'Start'

versus 'End' of Experiments

Mean Solid Feed 

Rate

(g/s)

0.6

1.5

2.4

3.3

4.2

5.1

6

Number of Repeated 

Test

1

2

3

1

2

3

1

2

3

1

2

3

1

2

3

1

2

3

1

2

3

Mean Air Velocity without Particle 

(m/s)

Start

8.1

8.1

8.2

8.2

8.1

8.1

8.1

8.1

8.1

8.1

8.1

8.2

8.1

8.1

8.2

8.1

8.2

8.2

8.2

8.2

8.2

End

7.9

8

8

8

8

8

7.9

8

8

7.7

7.7

7.8

7.3

7.6

7.1

6.64

6.4

6

5.9

5.0

5.4
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5.3 The Effect of Sensor Location on the AE 
Generation

The response of the AE sensor is believed to depend on sensor mounting location on 

the pipeline. This section focuses on an investigation into the response of the AE with 

changes in the solid feed rate and air velocity (without particle). It should be noted 

that AE1 was used to acquire signals from the inside of the pipe bend and top of the 

horizontal pipe whilst AE2 was used to acquire signals from the mesh, outside of the 

pipe bend and bottom of the horizontal pipe (refer to Figure 3.3).

5.3.1 Effect of the Sensor Mounting Location (Inside of the 
Pipe Bend and Top of the Horizontal Pipe) on the 
Response of the AE Sensor

Figures 5.3(a), (b) and (c) illustrate the response of the RMS of the AE to changes in 

the solid feed rate. These signals were acquired by AE1 mounted on the inside of the 

pipe bend and top of the horizontal pipe whilst the air velocity (without particle) was 

configured to 8m/s, 20m/s and 28m/s respectively. The repeatability of the RMS of 

the AE was also presented as an error bar to indicate the variation in the RMS of the 

AE between the repeated tests.

It can be observed that the AE signals generated on the inside of the pipe bend has 

higher strength than those generated on the top of the horizontal pipe, with the mean 

RMS of the AE generated on the inside of the pipe bend being approximately 1.7 

times stronger than those of the horizontal pipe. This clearly indicated that the 

strength of the AE depends on sensor mounting location. This can only be explained 

by the fact that more sand particles would hit the pipe bend than the horizontal section 

of pipe due to particle inertia and roping.

The RMS of the AE gradually increased with the solid feed rate until it reached and 

maintained its maximum value. This is likely to indicate that as the solid feed rate is 

increased, the proportion of sand particles impinging on the pipe wall is reduced as a 

result of increased barrier of interaction from rebounding particles. Perhaps, burst AE 

with smaller amplitudes could have been buried underneath those with larger
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amplitude and hence this results in reduced AE magnitude [Tuner and Pretlove, 

1991]. Detailed explanation can be found in Section 6.2.2.

For those AE generated on the inside pipe bend, the overall repeatability error of the 

RMS of the AE falls within ±3% of the mean value. These spreads in the RMS of the 

AE were probably due to the slight variation in the solid feed rate between repeated 

experiments. Slightly higher overall repeatability error of ±4% was observed for the 

sensor mounted on the top of the horizontal pipe. However, the difference which was 

±1%, is not significant where more than 90% of the repeatability error found with 

sensor mounted on the top of the horizontal pipe falls within ±3% of the mean value.
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Figure 5.3: Response of the Mean RMS of the AE from Sensor (AE1) Mounted

on the Inside Bend and Top of Horizontal Pipe to Changes in the Mean Solid

Feed Rate. (Mean Air Velocity without Particle was Configured to (a) 8m/s, (b)

20m/s and (c) 28m/s)
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5.3.2 Effect of Sensor Location (Mesh, Outside of the Pipe 
Bend and Bottom of the Horizontal Pipe) on the 
Response of the AE Sensor

Figures 5.4(a), (b) and (c) show the response of the RMS of the AE to changes in the 

solid feed rate. Those signals were acquired by AE2 mounted on the mesh, outside of 

the pipe bend and bottom of the horizontal pipe whilst the air velocity (without 

particle) was configured to 8m/s, 20m/s and 28m/s respectively.

Similar to AE1, the AE signals generated on the pipe bend have the highest strength 

compared to those generated on the horizontal pipe, with the magnitude of the RMS 

of the AE generated being approximately 3.3 times higher than those on the horizontal 

pipe. The AE signals generated on the mesh have the lowest strength, with the RMS 

of the AE generated being approximately 3.7 times weaker than those of the pipe 

bend. This is mainly due to the rapid attenuation of the stress waves while propagating 

from the mesh to the AE sensor. The path length that the stress waves have to travel 

before reaching the sensor on the racket shape sensor holder is approximately 60mm 

(refer to Figure 3.13). During propagation, stress waves, especially those with high 

frequency, are attenuated rapidly [Arrington, 1981 (a)]. On the other hand, there was 

less signal attenuation when the AE sensor was mounted directly on the horizontal 

pipe and pipe bend due to shorter stress wave propagation path length.

For those sensors mounted on the horizontal pipe and pipe bend, the RMS of the AE 

was once again gradually increased with the solid feed rate until it reached and 

maintained its maximum value. However, a quasi-linear relationship between the 

solid feed rate and RMS of the AE was observed from the sensor mounted on the 

mesh. This preliminary analysis clearly suggested that AE signals generated from the 

sensor mounted on the mesh could respond in a more linear manner with respect to 

the changes in the solid feed rate tested.

For those AE generated on the outside pipe bend, the repeatability error of the RMS 

of the AE once again fell within ±3% of the mean value. Again, these spreads were 

probably due to the slight variation in the solid feed rate between repeated 

experiments. A slightly higher repeatability error of ±4% was observed for the sensor

mounted on the mesh and bottom of the horizontal pipe. However, the difference,
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which was ±1%, is not significant where more than 90% of the repeatability error 

found with sensor mounted on the bottom of the horizontal pipe and mesh falls within 

±3% of the mean value.
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Figure 5.4: Response of the Mean RMS of the AE from Sensor (AE2) Mounted
on the Mesh, Outside Bend and Bottom of the Horizontal Pipe to Changes in the
Mean Solid Feed Rate. (Mean Air Velocity without Particle was Configured to

(a) 8m/s, (b) 20m/s and (c) 28m/s)

5.3.3 Normalised AE versus Solid Feed Rate
Figures 5.5(a), (b) and (c) illustrate the response of the normalised RMS of the AE to 

changes in the solid feed rate at five sensor mounting locations. The air velocity 

(without particle) was configured to 8m/s, 20m/s and 28m/s respectively. It is worth 

mentioning that the AE were normalised based on the following formula:-

Normalized AE = RAE ~ RAE- (5.1)

where RAE = RMS of the AE. In general, similar trends of the RMS of the AE were 

observed from both sensors mounted on top and bottom of the horizontal pipe. This 

observation suggested that the AE sensors mounted either on the top or bottom of the 

horizontal pipe were detecting stress waves generated from the same sources. This can
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be explained by the fact that since the pipe diameter was very small (25.5mm) and the 

sensors were not acoustically isolated from each other, the AE generated on either the 

top or bottom of the horizontal pipe could have been propagated to both sensors. 

Similar AE behaviour was also observed between sensors mounted on the inside and 

outside of the pipe bend. In conclusion, these results suggested that only one AE 

sensor, e.g. mounted either on the top or bottom of the horizontal pipe or the inside or 

outside of the pipe bend, would be sufficient to monitor the generation of the AE on a 

particular cross-sectional area of the pipeline, provided that the pipe diameter is small.
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Figure 5.5: Response of the Mean RMS of AE (Normalised) with Changes in the

Mean Solid Feed Rate at Five Sensor Mounting Locations. The Mean Air 

Velocity without Particle was configured to (a) 8m/s, (b) 20m/s and (c) 28m/s.
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5.3.4 Optimal Sensor Location
Two optimal AE sensor mounting locations from the five locations investigated were 

chosen for the experiments hereafter in this thesis based on:

1. The ability of the AE sensors to respond linearly to changes in the solid feed 
rate and air velocity.

2. The strength of the AE signal. The higher the signal strength, the higher the 

signal to noise ratio. According to Hou (2000), the most appropriate sensor 

mounting location is the one which gives the highest signal to noise ratio.

3. The repeatability of the AE feature under the same flow condition.

According to the experimental results shown in section 4.2.1 to 4.2.3, the following 

conclusions can be drawn.

1. Sensors mounted at the five locations were able to respond to changes in 
the solid feed rate and air velocity. However, for AE sensors mounted on 

both the bend and horizontal pipe, quasi linear relationships between the RMS 

of the AE and solid feed rate were observed merely at lower solid feed rates. 

Sensors mounted on the mesh, on the other hand, clearly showed a quasi linear 

relationship between the RMS of the AE and solid feed rate within the range 

of flow conditions tested. The linear correlation coefficients (R2), which 

indicates the strength of a linear relationship between variables, were higher 

than 0.99 which seems to suggest that the sensor mounted on the mesh could 

respond linearly to changes in a wider range of solid feed rates compared to 

both sensors mounted on the pipe bend or horizontal pipe.

2. The strength of the AE depends on sensor location. The strength of the AE 

was found to be strongest on the pipe bend. As mentioned in Section 3.3.2, the 

magnitude of AE1 was approximately 4 times stronger than that of AE2 due to 

different sensor characteristics. In order to compare the strength of the AE 

between different locations, the magnitude of the AE generated from AE2 

needs to be multiplied by 4 to eliminate the effect of difference in sensor
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characteristics as shown in Figure 5.6. It was found that the magnitude of the 

AE generated on the inside of the pipe bend was consistently lower than that 

generated on the outside of the pipe bend. This indicated that the strength of 

the AE was stronger on the outside of the pipe bend. On the other hand, the 

sensor mounted on the mesh produced the weakest signals due to the 

attenuation of the AE owing to the relative long AE propagation path length 

from the mesh to the sensor.
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Figure 5.6: Comparing the Strength of the AE Generated on Inside and Outside 

of the Pipe Bend (Mean Air Velocity without Particles = 20m/s)

3. Repeatability. Overall, the repeatability of the AE feature generated from the 

sensor mounted on pipe bend (±3% error) were slightly better that those on the 

mesh and horizontal pipe (±4% error). However, the difference, which was 

±1%, is not significant where more than 90% of the repeatability error found 

with sensor mounted on the horizontal pipe and mesh falls within ±3% of the 

mean value. Therefore, the repeatability of the RMS of the AE will not be 

considered when choosing the optimum sensor location.

4. Similar AE trends from the sensors mounted on both pipe bend and 

horizontal pipe. The RMS of the AE signal generated from the sensors
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mounted on the inside and outside of the pipe bend have similar trends. 

Similar trends between those generated on top and bottom of horizontal pipe 

were also observed. Consequently, only one sensor mounted on the pipe is 

sufficient to monitor the AE generated from that particular cross-section area 

provided that the pipe diameter is small.

According to the results shown above, the optimal sensor locations are the outside 

bend and mesh. This is due to the fact that the AE signal generated on the outside 

bend has the highest strength. On the other hand, AE signals generated on the mesh 

have been proven to be able to respond linearly to a wider range of solid feed rate.

5.4 Summary of Chapter 5
The second set of experiments was successfully carried out to study the responses of 

the AE sensors to changes in the solid feed rate and air velocities at five different 

sensor locations. Suitable signal processing of the AE signals is also presented. Result 

from time averaging show that an average of 60 AE signals can result in reduced 

inherent variability of the measurement.

The experimental results show that the generation of the AE, in term of the strength 

and sensitivity, is location dependent. Sensors mounted at all those five sensor 

locations were able to respond to changes in the solid feed rate and air velocity by 

increasing the RMS of the AE as either the solid feed rate or air velocity was 

increased. However, among the location tested, AE signals generated from the outside 

pipe bend have the highest strength and hence highest signal-to-noise ratio. Finally, 

RMS of the AE generated on the mesh seems to be able to respond linearly to a wider 

range of flow conditions. The results also revealed that AE generated from sensors 

mounted on a particular cross section of the pipe have similar trends. This indicated 

that only one sensor mounted on the pipe is sufficient to monitor the AE generated 

from that particular cross-section area provided that the pipe diameter is small.

From the results, the outside bend was chosen as one of the optimal sensor locations 

due to higher strength of the AE signals whilst the mesh was chosen due to the ability 

of the RMS of the AE to respond linearly to a wider range of flow conditions.
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Chapter 6

Generation of AE Signal from the Flow

of Solid Particles at Different Feed

Rates and Velocities
This chapter focuses on a detailed investigation of the generation and response of the 

AE signals generated on the pipe bend and mesh with changes in the solid feed rate 

and conveying air velocity (with particles). This information can be classified into two 

different sections. The first section investigates the responses of the AE features in the 

time domains with changes in the solid feed rate and conveying air velocity (with 

particles) while the second section investigates the responses of the AE features in the 

frequency domains with changes in the solid feed rate and conveying air velocity(with 

particles). All the data shown in this Chapter were generated while conveying sand 

particles with a mean particle size of 182[im except where otherwise mentioned.

6.1 Signal Processing
In time domain, two AE features were chosen to investigate the variation in the AE 

signals with changes in the flow parameters. They are RMS of the AE (refer to 

Equation 2.8) and ringdown count. As mentioned in Section 2.8.1, ringdown count on 

raw AE signal is one of the earliest methods of data reduction and analysis which 

consist of counting the number of times the amplified signal crosses the threshold 

level. The most crucial and determining factor for successful use of ringdown count is 

the threshold level. In order to determine the optimum threshold level, 8 different 

threshold levels were chosen and trials were performed on the AE signals. It was 

found that, after normalising the AE signals, changes in the threshold level would 

only cause variation in the magnitude of the ringdown count while the pattern of the 

variation in the ringdown count with changes in solid feed rate remain consistent 

(Figure 6.1). However, the standard deviation of the ringdown count seems to increase 

with increasing the threshold level. As a result, a constant threshold level of 0.02 for 

ringdown count was chosen hereafter in this thesis.
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Particles = 17m/s; Mean Particle Size = 182um)

In frequency domain, three AE features were chosen. They are the centroid frequency 

of the acoustic spectrum (spectral centre-of-gravity), AE energy and energy ratio 

between lower and higher half of the full frequency range. The centroid frequency is 

the frequency that equally divides the energy contained in a spectrum. One way to 

compute the centroid frequency is based on the first moment of the signal power. It is 

defined as the magnitude of the sum of the product of the power and the frequency 

over the whole spectrum PSD.

N

Centroid Frequency = N (6.1)

The energy ratio measures the variation of the energy contained between the lower 

and higher half of the full frequency range. So, they should give clear indication of the
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spectral distribution of the AE. Finally, the AE energy is the measurement of the 

overall energy contained in an acoustic spectrum. According to Scott (1991) and 

Ferrer et al. (1999), AE energy can be computed by integrating the PSD of the AE 

signal since the area under the envelope of the PSD denotes the signal energy.

It should be noted that each point plotted on the following graphs, apart from those 

raw AE signals plotted in time domain, is the average of 60 successive AE readings. 

The standard deviation indicates the spread of the feature within the corresponding 

period of measurement (60 seconds). The flow parameters shown are also the average 

value of the corresponding period of measurement.

6.2 Response of the AE Features in Time Domain with 
Changes in the Solid Feed Rate and Conveying Air 
Velocity

The envelop of the AE time domain waveform usually exhibits complicated amplitude 

variations as shown in Figures 6.2 (a) and (b). These figures were generated from 
sensors mounted on pipe bend and mesh respectively and represent the typical 

response of the raw AE signals to changes in the solid feed rate. The conveying air 

velocity (with particles) was set to 17m/s. Generally, those AE signals are continuous- 

type emission which consists of many superimposed burst type emissions. As a result, 

resolution of individual pulses is not possible. Multiple peak amplitudes can be 

observed as a result of impinging of particle with different sizes due to particle size 

distribution for a given mean particle size. Further observation revealed that the 

amplitude of the AE was sensitive to the perturbations of the solid feed rate where it 

increased significantly as the solid feed rate was increased. The maximum peak 

amplitude at least doubled as the solid feed rate was increased from Ig/s to lOg/s. 

This would cause significant variation in the AE magnitude.

However, for those AE generated on the mesh, their amplitudes were visibly smaller 

than those generated on the pipe bend which can be attributed to the individual sensor 

location.
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Figure 6.2: Typical Response of the Raw AE signals with Changes in the Mean

Solid Feed Rate. The AE Sensors were mounted on the (a) Pipe bend and (b)

Mesh. (Mean Conveying Air Velocity with Particles = 17m/s, Mean Particle Size

=182um).
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Figures 6.3 (a) and (b) demonstrate the effect of the variation in the conveying air 

velocity (with particles) on the raw AE signals. Similarly, these AE signals were 

collected from sensors mounted on the bend and mesh respectively. The solid feed 

rate was set to Ig/s. These figures also show that the amplitude of the AE signal was 

sensitive to changes in the conveying air velocity (with particles) and thus the particle 

velocity. The amplitude, especially those peak amplitudes, clearly increased as the 

conveying air velocity (with particles) was increased. This would cause significant 

variation in the AE magnitude. The amplitude of the AE signals generated on the 

mesh were once again visibly smaller than those generally found on pipe bend which 

is due to the individual characteristics of each sensor.

Further observation revealed that, for a given solid feed rate and conveying air 

velocity (with particles), signals generated on the mesh generally have less burst 

emissions than those generated on the pipe bend. This is mainly due to the fact that 

the mesh only covers approximately 26% of the pipe cross-sectional area at the 

sensing vicinity compared to the pipe bend where high proportion of the sand particles 

would have impinged on to it due to roping and high particle inertia hence more burst 

emissions. This would also cause significant variations in the ringdown count and 

magnitude of the AE generated on different sensor locations.

As a result, the use of RMS of the AE, which measure the magnitude of the AE, to 

identify the potential relationship between the AE magnitude and the solid feed rate 

and conveying air velocity (with particles) appears to be a logical approach. 

Furthermore, the relationship between the ringdown count and the solid feed rate and 

conveying air velocity (with particles) were also investigated and presented in the 

following sub-sections.

12



Author: N.C.HII University of Glamorgan

0.15

0.1

0.05-

>^

| °*~o_

I -0.05
LU

-0.1-

-0.15

i i ' ill

Mean Conveying Air Velocity (with Particles):
— 25m/s
— 17m/s

-0.2 -- 
0 3 4 

Time (ms)

(a)

0.04 r

0.03

-0.02

-0.03
Mean Conveying Air Velocity (with Particles):

— 25m/s
— 17m/s, 2 35e7

Time (ms) 

(b)
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6.2.1 Ringdown Count versus Solid Feed Rate and 
Conveying Air Velocity

Figure 6.4 shows typical responses of the ringdown count of the AE to the changes in 

the solid feed rate. Generally, it can be observed that the ringdown count increased 

slightly with changes in the solid feed rate. Despite this, the actual relationship 

between them is highly complex where there is no sign of consistent changes in the 

ringdown count with the solid feed rate. Relatively large standard deviations as a 

result of spreads in the ringdown count during measurement were observed. These 

spreads were most likely to be due to the inconsistency in the number and size of 

particles impinging on the pipe bend and mesh per unit time. Overlaps between 
standard deviations suggest that the sensor could have similar or identical responses 

when changing the solid feed rate. As a result, it can be concluded that the slight 

variation in the averaged ringdown count with changes in the solid feed rate was 
merely due to the spreads in the value of the ringdown count during the experiment 
and hence ringdown count is not a good indicator of the variation in the solid feed rate 

for the range of solid feed rate tested. Furthermore, the result also indicated that the 
ringdown counts from the sensor mounted on the mesh were consistently smaller 

compared to those generated from the sensor mounted on the pipe bend suggesting 

that more sand particles would have impinged on to the pipe bend than mesh.
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27000
45678 

Mean Solid Feed Rate (g/s)

AE Sensor Location : • Bend A Mesh

10 11

Figure 6.4: Typical Response of the Mean Ringdown Count of the AE Signals 
Generated at the Pipe Bend and Mesh with Changes in the Mean Solid Feed Rate
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Figures 6.5 shows typical responses of the ringdown count as a result of changing the 

conveying air velocity (with particles). The solid feed rate was set to Ig/s. Similarly, 

despite slight variation in the ringdown count with changes in the conveying air 

velocity (with particles), the observable relationship between them is highly complex 

where no sign of consistent changes in the ringdown count with the conveying air 

velocity (with particles). Overlaps between standard deviations are once again 

observed, suggesting that the sensor could have similar or identical responses when 

changing the conveying air velocity (with particles). As a result, it can also be 

concluded that the variation in the ringdown count with the conveying air velocity 

(with solid phase) was mainly due to the spread in the value of the ringdown count 

during the experiment and hence ringdown count is not a good indicator of the 

variation in the conveying air velocity (with particles) for the range of conveying air 

velocity (with particles) tested. Furthermore, the result also indicated that the 

ringdown counts from the sensor mounted on the mesh were consistently smaller 

compared to those generated from the sensor mounted on the pipe bend suggesting 

that, once again, more sand particles would have impinged on to the pipe bend than 

mesh.

31000

- 30000
3

C

•o 29000 at

§
5 28000

27000
15 17 19 21 23 25 27 

Mean Conveying Air Velocity with Particles (m/s)

[~ AE Sensor Location : • Bend A Mesh

Figure 6.5: Typical Response of the Mean Ringdown Count of the AE Signals 

Generated at the Pipe Bend and Mesh with Changes in the Mean Conveying Air

Velocity with Solid Phase
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6.2.2 RMS of the AE versus Solid Feed Rate and Conveying 
Air Velocity

Figures 6.6 (a) and (b) illustrate the responses of the RMS of the AE with changes in 

the solid feed rate and conveying air velocity (with particles). The AE sensors were 

attached to the pipe bend and mesh respectively. In general, it can be observed that the 

RMS of the AE increases with solid feed rate. This is due to the increases in the 

number of sand particles impinging on to the pipe wall or mesh which increases the 

overall magnitude of the signals. However, the relationship between the RMS of the 

AE and solid feed rate is, generally, nonlinear. Close observation reveals that the there 

is an obvious proportionality between the RMS of the AE and the solid feed rate to 
the power of n as shown in Figures 6.7 (a) and (b). This, perhaps, indicated that the 

proportion of solid particles impinging on to the pipe bend and mesh dropped as the 
solid feed rate was increased. This is mainly due to increased barrier of interaction 

between the sand particle and the pipe surface as a result of increased roping thickness 
and rebounding particles. As mentioned previously, a layer of sand particles would 

form due to roping and impinge along the pipe bend. At low solid feed rates, and thus 
low solid concentration, this layer of sand particles would have been very thin. As a 
result, a higher proportion of the sand particles would have impinged on to the pipe 

bend [Mills, 1990]. As the solid feed rate is gradually increased, this layer of sand 
particles would have become thicker until it develop into a barrier for those incoming 
sand particles from impinging on to the pipe bend. Furthermore, rebounding particles 

would also have interacted and prevented those incoming particles from impinging on 
to the pipe bend [Arrington, 1981]. Overall, these results in a smaller proportion of the 

solid particles impinging on to the pipe bend as the solid feed rate was increased. 

However, only those impinged would have contributed towards the generation of the 

AE signals. This phenomenon would undoubtedly result in lower AE magnitude.

Another possible reason for the non-linear relationship between the AE magnitude 

and solid feed rate is increased masking of burst emissions with different amplitudes 

[Turner and Pretlove, 1991; Ferrer et al., 1999]. Burst emissions generated by smaller 

sand particles, and thus with low amplitudes, might have been buried underneath 

those with higher amplitudes generated by bigger sand particles (Figure 6.8) and 

hence contribute only slightly or, perhaps, would not contribute at all to the generation
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)f the recorded AE signal. This phenomenon would undoubtedly result ii
mderestimating the AE magnitude.
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AAAAAAA

Figure 6.8: Small AE Signal Masked by Larger in Time Domain [Turner and

Pretlove, 1991]

Tables 6.1 and 6.2 list those exponents (ri) within the range of conveying air velocities 

(with particles) and sensor locations tested. Those n appear to be consistently higher 

on the mesh than the bend suggesting that they depend on sensor location. 

Furthermore, n was also found to increase with the conveying air velocity (with 

particles). This is due to the fact that for a given particle size distribution, the number 

of particles impinge on to the pipe bend and mesh increases with the increase in 

conveying air velocity [Wadke., et al. 2005]. As the conveying air velocity is 

increased, the resistance of the solid particles to change in their direction increased as 

a result of higher particles inertia. This would result in greater particle impaction 

efficiency [Kupka ef al., 2007] and hence more solid particles (especially those with 

smaller particle size) would have impinged on the pipe bend and mesh. Furthermore, 

the particle concentration in the air stream would have been reduced as the conveying 

air velocity was increased. When the particle concentration was low, a higher 

proportion of the sand particles would have interacted with the pipe wall [Mills, 1990] 

as a result of reduced barrier of interaction from roping and rebounding particles.
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Table 6.1: Exponent (n) of the Sand Particle Found for the Range of Mean 
Conveying Air Velocities (with Particles) and Mean Particle Sizes Tested.

(Sensor Location = Bend)
Mean Particle 

Size (urn)

Mean Conveying

Air Velocity

with Particles (m/s)

182 229 267 537 596

17 0.44 0.43 0.38 0.36 0.40

21 0.49 0.48 0.42 0.39 0.39

25 0.51 0.52 0.44 0.37 0.44

Table 6.2: Exponent (n) of the Sand Particle Found for the Range of Mean 
Conveying Air Velocities (with Particles) and Mean Particle Sizes Tested.

(Sensor Location = Mesh)
Mean Particle 

Size (urn)

Mean Conveying

Air Velocity

with Particles (m/s)

n
21

25

182

0.60

0.60

0.61

229

0.46

0.51

0.55

267

0.45

0.48

0.48

537

0.50

0.51

0.52

596

0.48

0.51

0.54
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Furthermore, the standard deviation of the RMS of the AE (presented as error bars in 

Figure 6.6 and 6.7) also increased with solid feed rate. According to Oltra et al. 
(1996) this was mainly caused by increased masking of consecutive impacts. This 
clearly agrees with previous argument that masking of consecutive impacts increased 

with solid feed rate. Increased fluctuation in the solid feed rate is another possible 

cause to the increased standard deviation. As mentioned in Section 3.2.1, the solid 

feed rate from the vibrating tray fluctuate approximately ±5% from the target value 
within the period of the AE measurement. For example, the solid feed rate fluctuates 
by approximately ±0.05g/s from the target value when feeding the sand particles at 

Ig/s. As the feed rate is increased, for example to lOg/s, the fluctuation in the feed 
rate would have increased to approximately ±0.5g/s from the target value which is 10 
times higher. This would undoubtedly causes higher fluctuation in the AE magnitude 
during experiment and hence higher standard deviation.

Nevertheless, the RMS of the AE was also found to be dependent on the conveying 
air velocity (with particles). This is illustrated in both Figures 6.6 and 6.7 where the 
RMS of the AE increased with increases in the conveying air velocity (with particles). 
This can be readily explained by the fact that increases in the conveying air velocity 
(with particles) causes the striking force of the solid particles to increase. As a result, 
the sand particles would have hit harder on to the pipe wall and mesh which would 

undoubtedly produce AE with higher magnitude.

Since the RMS of the AE could reflect the changes of both solid feed rate and 
conveying air velocity (with particles), it appears that there is a great potential for this 
AE feature to be able to respond to changes in the momentum of the solid particles. 

This is illustrated in the following sub-section.
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6.2.3 RMS of the AE versus Particles Momentum

Figures 6.9 (a) and (b) show the response of the RMS of the AE with changes in the 

momentum of the solid particles per second. Those AE were generated from sensors 

mounted on the pipe bend and mesh respectively. It should be noted that the 

momentum of the solid particles per second was calculated based on the following 

formula:-

Momentum of the particles per Second= mnv (6.2) 

(Unit: kgm/s)

where m=solid feed rate, n are shown in the Tables 6.1 and 6.2, m n = proportion of 

the solid particles impinged on to the pipe wall which contributed to the generation of 

the AE signal, and vp= mean particle velocity.

In general, the results demonstrated that the RMS of the AE generated at different 

conveying air velocities (with particles) merged with each other and formed a linear- 

response relationship between the RMS of the AE and the momentum of the solid 

particles per second. This linear relationship was found from sensors attached on both 

the pipe bend and mesh. This clearly marks the success in correlating the AE 

magnitude with the momentum of non-uniform sized particles, conveyed in pipes. 

This clearly demonstrated that AE coupled with relatively simple signal processing 

method have great potential in flow parameters monitoring, for example solid feed 

rate (provided that both particle velocity and size are known).

However, slightly higher coefficient of linearity was observed for the AE sensor 

mounted on the pipe bend compared to the mesh as a result of higher standard 

deviation of the RMS of the AE generated on the mesh. For the sensor mounted on the 

pipe bend, all the RMS of the AE were within ±5% of the linear trendline (as 

indicated by the red dotted line in Figure 6.9 (a)). This indicated that the predicted 

particle momentum based on the linear trendline can be expected to be within ±5% of 

the true value. Slightly higher accuracy error of ±8% (as indicated by the red dotted 

line in Figure 6.9 (b)) is observed for sensor mounted on the mesh.
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Momentum of the Solid Particles per Second. The AE Sensors were mounted on

the (a) Pipe Bend and (b) Mesh.
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6.3 Response of the AE Features in Frequency 

Domain with Changes in the Solid Feed Rate and 

Conveying Air Velocity
Typical responses of the PSD of the AE plotted against frequency are illustrated in 

Figures 6.10 (a) and (b) whilst the AE sensors were mounted on the pipe bend and 

mesh respectively. The conveying air velocity (with particles) was set to 17m/s. In 

general, the PSD appears to have multiple peaks at different frequencies over the full 

bandwidth of the sensors as a result of the sensor characteristics and impingement of 

sand particles with different sizes on to the pipe bend and mesh. Comparing the PSD 

of the AE generated with different solid feed rates, these multiple peaks actually 

appear at the same frequencies. The PSD, however, seems to increase steadily with 

increases in the solid feed rate. Therefore, these figures seem to suggest that the 

outline of the PSD of the AE was independent of the solid feed rate, but that the 

energy of the AE signal (area under the curve) varied with the solid feed rate.

Figures 6.11 (a) and (b) illustrate the effects of varying the conveying air velocity 

(with particles) on the spectral characteristic of the AE generated on the pipe bend and 

mesh respectively. The solid feed rate was set to Ig/s. Similarly, the parttern of the 

PSD remains the same but the energy of the signal increased as the conveying air 

velocity (with particles) is increased. This suggested that the AE energy varied with 

changes in both solid feed rate and velocity.

Further observation on the PSD of the AE generated on the mesh (Figures 6.10(b) and 

6.11(b)) revealed that the signals energy were concentrated on the lower half 

frequencies. This is mainly due to the rapid attenuation of signals with high 

frequencies [Arrington, 198la]. The racket shaped steel plates which held the mesh 

serve as a wave guide, which guide the stress waves generated by the impinging of 

sand particles to the AE sensor. During propagation, signals with high frequencies are 

attenuated more rapidly compared to those with lower frequencies. As a result, only 

those low frequency signals survived. Another possible reason for the concentration 

of the AE energy on the lower half frequencies is that only those sand particles with 

larger size impinged on to the mesh as a result of higher particle inertia. Those smaller 

sand particles, hence low inertia, would have followed the air stream around the steel
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mesh without impinging onto the mesh, whereas particles of bigger size, and hence 
higher particle inertia, could not follow the air stream and therefore run into the mesh. 
According to Block and Obst (1993) and Williams et al. (1996), the lower frequencies 
are more stimulated as the fraction of larger particles increased. The bigger the 
particle size, the lower the signal frequency would be. As a result, the AE energy 
concentrated on the lower frequencies. On the other hand, no sign of signal 
attenuation was observed on signals generated on pipe bend because the AE sensor 
was mounted directly to the pipe bend where the sand particles would have impinged.

Overall, from these figures it can be concluded that the area under the PSD curve has 
significant sensitivity toward variations in the solid feed rate and velocity. As a result, 
measurement of the area under the PSD curve to identify the potential relationship 
between the AE energy and the solid feed rate and velocity appears to be a logical 
approach. The pattern of the PSD, however, was relatively independent of the solid 
feed rate and conveying air velocity or particles impact velocity. As a result, both 
centroid frequency and energy ratio are believed to be insensitive to the variation in 
both the solid feed rate and velocity.
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Figure 6.10: Typical Response of the Power Spectrum of the AE Generated on

the (a) Pipe Bend and (b) Mesh with Changes in the Mean Solid Feed Rate. 

(Mean Conveying Air Velocity with Particles = 17m/s; Mean Particle Size =
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6.3.1 Centroid Frequency versus Solid Feed Rate and 
Conveying Air Velocity

Figures 6.12 (a) and (b) display the responses of the centroid frequency of the PSD to 

changes in the solid feed rate. In general, the centroid frequency varied slightly 

(<0.015MHz, compared with the full bandwidth of the sensor) with changes in the 

solid feed rate. However, their relationships were highly complex with no sign of 

consistent changes in the centroid frequency with the solid feed rate. Relatively large 

standard deviation, presented as error bars, as a result of spreads in the centroid 

frequency during measurement were most likely to be due to the inconsistency in the 

particle size impinging the pipe bend and mesh per second. Overlaps between 

standard deviations suggest that the sensor could have similar or identical responses 

when changing the solid feed rate. As a result, it can be concluded that the slight 

variation in the centroid frequency with changes in the solid feed rate was merely due 

to the spread in the centroid frequency during the experiment and hence the centroid 

frequency is not a good indicator of the variation in the solid feed rate for the range of 

solid feed rate tested.

The responses of the centroid frequencies to changes in conveying air velocity (with 

particles) are shown in Figures 6.13 (a) and (b). They clearly show that the centroid 

frequency of the AE shifted steadily towards higher frequencies when the conveying 

air velocity (with particles) was increased. This is mainly due to the fact that with low 

conveying air velocity, only those sand particles with larger size would have impinged 

on the pipe bend and mesh as a result of higher particle inertia compared to those with 

smaller size. Those sand particles with smaller size would have followed the air 

stream without impinging the pipe bend and mesh. However, as the conveying air is 

increased, a higher proportion of the solid particles with a smaller size would have 

impinged on the pipe bend and mesh as a result of increased particle inertia. 

According to Block and Obst (1993) the higher frequencies are more stimulated as the 

fraction of smaller particles increased. As a result, the centroid frequency shifted to 

higher frequencies. However, the shift in the centroid frequency was relatively small 

(<0.01MHz for the range of conveying air velocity (with particles) tested) compared 

to the full bandwidth of the sensor. Furthermore, overlaps between standard 

deviations suggest that the sensor could have similar or identical responses when 

changing the conveying air velocity (with particles). As a result, it can be concluded
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that slight variation in the centroid frequency was mainly due to the increased 

proportion of sand particle of smaller size impinging the pipe bend and mesh.
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Generated on the (a) Pipe Bend and (b) Mesh with Changes in the Mean Solid

Feed Rate. (Mean Conveying Air Velocity with Particles = 17m/s; Mean Particle

Size = 182um)
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6.3.2 AE Energy versus Solid Feed Rate and Conveying Air 
Velocity

The responses of the AE energy with changes in the solid feed rates are shown in 

Figures 6.14 (a) and (b). In general, the energy of the AE appears to increase linearly 

with the solid feed rate. High correlation coefficients of >0.98 (Table 6.3) were 

observed which are high enough to ensure confidence in using these linear lines to 

predict the solid feed rate using AE.

However, the linear relationship obtained from one conveying air velocity (with 

particles) can not be used to detect the solid feed rate of another different conveying 

air velocity (with particles). This is due to the fact that the energy of the AE also 

increases with the conveying air velocity (with particles) as shown in Figures 6.14 (a) 

and (b). The constant increases of the gradient (Table 6.3) further indicates that, for a 

given solid feed rate, the AE energy also increased steadily and linearly with the 

conveying air velocity. This can be readily explained by the fact that as the conveying 

air velocity (with particles) is increased, the kinetic energy of the sand particles also 

increased. Thus, the magnitude of the striking force exerted by the flow increased. 

This causes the amplitude of the AE signals to increase and therefore the energy 

contained in the signals.

Finally, the standard deviation of the AE energy increased with solid feed rate. As 

mentioned previously, this is due to the increased fluctuation in the solid feed rate at 

higher solid feed rates.

Due to the ability in the energy of the AE signal to reflect the changes in both solid 

feed rate and conveying air velocity (with particles), it appears that there is a great 

potential for this AE feature to be able to respond to changes in the kinetic energy of 

the solid particles.
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Table 6.3: The Resultant Linear Line Equations and Correlation Coefficient for

Results Shown in Figure 6.14
Mean 

Conveying Air 

Velocity with 

Particles (m/s)

17

21

25

Bend

Linear Line 

Equation

y=0.0002x

y=0.0004x

y=0.0006x

Correlation 

Coefficient

0.99

0.98

0.99

Mesh

Linear Line 

Equation

y=0.00002x

y=0.00003x

y=0.00004x

Correlation 

Coefficient

0.98

0.98

0.98

6.3.3 AE Energy versus Kinetic Energy of the Particles

Figures 6.15(a) and (b) show the response of the AE energy to changes in the kinetic 

energy of the particles per second. These AE were generated from sensors mounted 

on the pipe bend and mesh respectively. It should be noted that the kinetic energy of 

the particles was calculated based on the following formula:

Kinetic energy of the particles per second = — mv

(Unit: J/s)

(6.3)

In general, a linear relationship between the energy of the AE and particles kinetic 

energy was observed, but with poorer resolution at high kinetic energies. This was 

mainly due to the steady increases in the standard deviation (plotted as error bars) 

when the kinetic energy of the particles was increased. A slightly higher coefficient of 

linearity was, once again, observed for the AE sensor mounted on the pipe bend 

compared to the mesh. For the sensor mounted on the pipe bend, the predicted particle 

kinetic energy based on the linear trendline is expected to be within ±5% of the true 

value (as indicated by the red dotted line in Figure 6.15 (a)). Slightly higher accuracy 

error of ±8% (as indicated by the red dotted line in Figure 6.15 (b)) is found for sensor 

mounted on the mesh. Once again, this clearly shows that AE signals coupled with 

relatively simple signal processing method have great potential in flow parameters 

monitoring.
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6.3.4 Ratio of the AE Energy versus Solid Feed Rate and 
Conveying Air Velocity

Figures 6.16 (a) and (b) present the corresponding standardised PSD of the AE shown 

in Figures 6.10 (a) and (b) respectively. It is worth mentioning that the standardized 

PSD were calculated based on the following formula:-

_ pen
Standardized PSD = ——— mm" (6 4)

STD

where STD is the standard deviation of the PSD. Apparently, the outline of the PSD 

varied slightly with changes in the solid feed rate. However, the ratio of the energy 

enclosed in the frequency range of 0.1-0.55MHz and 0.55-lMHz varied slightly and 

randomly, without any sign of constant variation, with changes in the solid feed rate 

(Figure 6.17). Furthermore, as indicated by the standard deviation, the AE ratio 

fluctuated significantly during measurement as a result of inconsistency in the particle 

size impinging the pipe bend and mesh per second. As a result, it can be concluded 

that the slight variation in the AE ratio was merely due to the fluctuation in the size of 

particles impinging the pipe bend and mesh within the period of measurement.

For those AE generated on the pipe bend, the ratio of the energy were consistently 

lower than one (<1) indicated that the AE energy was concentrated in higher half 

frequencies. This is due to the fact that the pipe was conveying sand particles with 

smallest mean particle size and hence those higher frequencies are more stimulated. 

On the other hand, the AE energy generated from the sensor mounted on the mesh 

was concentrated in lower half frequencies as indicated by the AE energy ratio of 

consistently higher that one (>1). As mentioned before, this is due to the rapid 

attenuation of the AE with high frequency while propagating from the mesh to the 

sensor. Another possible explanation is that only those particles with larger size would 

have impinged on the mesh while those with smaller size followed the air streamline 

around the steel mesh without impinging the mesh. Overall, this indicated that no 

significant shift (from lower to higher half frequencies or vice versa) in the AE energy 

concentration occurred as the solid feed rate varied.
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Figures 6.18 (a) and (b) present the corresponding standardised PSD of the signals 

shown in Figures 6.11 (a) and (b) respectively. Apparently, the pattern of the PSD 

generated with different conveying air velocity (with particles) was very similar. 

However, the energy ratio between the frequency range of 0.1-0.55MHz and 0.55- 

1MHz varied slightly as the conveying air velocity (with particles) varied (Figure 

6.19). However, it also fluctuated significantly during measurement as indicated by 

the standard deviation. Overlaps between standard deviations suggest that the sensor 

could have similar or identical responses when changing the conveying air velocity 

(with particles). Furthermore, the energy ratio of the AE generated on the pipe bend 

and mesh were consistently lower than one (<1) and higher than one (>l) respectively 

indicating that no significant shift in AE energy from higher to lower half frequencies 

or vice versa as the conveying air velocity (with particles) varied. As a result, it can 

also be concluded that the slight variation in the AE ratio was merely due to the 

fluctuation in the size of particles impinging the pipe bend and mesh within the period 

of measurement. The AE energy concentration did not shift from higher to lower half 

frequencies or vice versa as the conveying air velocity (with particles) varied.
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Figure 6.16: Typical Response of the Standardised Power Spectrum of the AE

Generated on the (a) Pipe Bend and (b) Mesh with Changes in the Mean Solid

Feed Rate. (Mean Conveying Air Velocity with Particles = 17m/s; Mean Particle

Size = 182um)
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Figure 6.18: Typical Response of the Standardised Power Spectrum of the AE
Generated on the (a) Pipe Bend and (b) Mesh with Changes in the Mean

Conveying Air Velocity (with Particles)
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Figure 6.19: Typical Response of the Mean Ratio of the AE energy to the changes

in the Mean Conveying Air Velocity (with Particles). The AE Sensors were

mounted on the (a) Pipe Bend and (b) Mesh. (Mean Conveying Air Velocity with

Particles = 17m/s; Mean Particle Size = 182um)
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6.4 Summary of Chapter 6
An analysis on the experimental data has been carried out to study the response of the 

AE sensors to different solid feed rates and conveying air velocities (with particles). It 

was found that the AE sensor mounted on both the pipe bend and mesh were very 

sensitive to changes in the solid feed rates and conveying air velocities (with 

particles). The experimental results revealed that

• Changes in the solid feed rate and conveying air velocity (with particles) can 

be easily identified by changes in the AE magnitude. However, the RMS of 

the AE did not increase linearly with the solid feed rate but solid feed rate to 

the power of n as a result of increased barrier of interaction from rebounding 

particles and masking of burst emissions. This exponent n was found to be 

varied depending on sensor location and conveying air velocity (with 

particles). For the range of operation conditions tested, the exponent n was 

found to be approximately 0.5, with ±0.2 for sensor mounted on bend and ±0.1 

for sensor mounted on mesh. The experimental results also revealed that the 

RMS of the AE increased linearly with the conveying air velocity (with 

particles). Finally, the RMS of the AE was found to increase linearly with the 

momentum of the particles ( rh n v p ).

RMS of the AE a m"vp (6.5)

The energy of the AE increased linearly with the solid feed rate and conveying 

air velocity (with particles). Consequently, the energy of the AE was found to

increase linearly with the kinetic energy of the solid particles (-mv 2p ).

Energy of the AE a -rhv 2p (6.6)
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According to Scott (1991) the relationship between the RMS and energy of the AE 
is:-

RMS of the AE a (Energy of the AE)° 5 (6.7) 

Substituting equation 6.6 into equation 6.7 results in:-

RMSoftheAE a m° 5 vp (6.8)

Equation 6.8 seems to suggest that, for the range of operation conditions tested, a 

constant exponent n of 0.5 could be used where any variations of the n with changes 

in sensor location and conveying air velocity (with particles) could be ignored (Figure 

6. 20). This would certainly simplify the relationship between the RMS of the AE and 

momentum of the particles while maintaining the high correlation coefficient (R2) 

value and low accuracy error.

Overall, the results clearly mark the success of correlating the AE magnitude and 

energy with the momentum and kinetic energy of non-monosized particles 

respectively. In addition, variation in the ringdown count, centroid frequency and 

energy ratio of the AE were found to be not a good indicator of the variation in the 

solid feed rate and conveying air velocity (with particles) for the range of flow 

condition tested.

Finally, comparison of the experimental results from this thesis with those from others 

is not possible due to relatively little work having been undertaken previously on AE 

for gas-solid (multiple non-uniform-sized solid particles) two phase flow parameter 

monitoring.
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The AE Sensors were mounted on the (a) Pipe Bend and (b) Mesh.
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Chapter 7

Response of the AE Features with 
Changes in Particle Size

This chapter focuses on a detailed investigation of the generation of the AE with 

changes in the mean particle size. This information can be classified into two different 

sections. The first section investigates the responses of the AE features in the time 

domain while the second section investigates the responses of the AE features in the 

frequency domain with changes in the mean particle size. It should be noted that each 

point plotted on the following graphs, apart from those raw AE signals plotted in time 

domain, is the average of 60 successive AE readings. The flow parameters shown are 

the average value of the corresponding period of measurement.

7.1 Response of the AE Features in Time Domain with 
Changes in the Particle Size

Typical responses of the raw AE amplitude to changes in the mean particle size are 

shown in Figures 7.1 (a) and (b). The conveying air velocity (with particles) and solid 

feed rate were configured to 17m/s and Ig/s respectively. It has to be noted that for a 

given conveying air velocity (with particle), the particle velocity for the bigger mean 

particle size was slightly lower compared to those generally found with a smaller 

mean particle size due to slip as shown previously in Figure 4.6. Yet, these AE signals 

demonstrated that the AE amplitude varied depending on the mean particle size. For 

the sensor mounted on the pipe bend (Figure 7.1 (a)), the AE amplitude, especially the 

peaks, increased significantly as the mean particle size was increased. Similar 

behaviour was observed on the sensor mounted on the mesh. Variation in the signal's 

amplitude revealed that the AE sensor attached at either sensor location was sensitive 

to changes in the mean particle size. However, the amplitude of the AE signals 

generated on the mesh were visibly smaller than those generated on pipe bend which 

can be attributed to the individual sensor location. Since the signal's amplitude 

appears to be sensitive to the changes in mean particle size, it is therefore reasonable
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to expect that the RMS of the AE would be closely related to the mean particle size in

the pipeline.

For a given solid feed rate, increases in particle size would reduce the number of solid 

particles in the flow field. This phenomenon is observed in Figures 7.1 (a) and (b). At 

smallest mean particle size of 182(xm (indicated by the blue line in Figures 7.1 (a) and 

(b)), multiple bursts of AE which overlapped each other were observed as a result of 

the high number of particles impinging on the pipe bend and mesh. As the mean 

particle size was increased to 596|xm (indicated by the red line in Figures 7.1 (a) and 
(b)), the number of AE bursts reduced dramatically indicating that the number of solid 

particles in the flow field has been reduced. Since the number of bursts in the AE 
signal appears to be sensitive to the changes in mean particle size, it is therefore 

reasonable to expect that the ringdown count would be closely related to the mean 
particle size in the pipeline.

Finally, masking between burst emissions causes a quasi gradual rise in some peaks 

and a sharp rise in others as shown in Figures 7.1.
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Figure 7.1: Response of the AE Signals to Changes in the Mean Particle Size. The

AE Sensors were mounted on the (a) Pipe Bend and (b) Mesh 

(Mean Solid Feed Rate = Ig/s, Mean Conveying Air Velocity with Particles =

17m/s)
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7.1.1 Ringdown Count versus Particle Size
Figure 7.2 shows typical responses of the ringdown count of the AE to the changes in 

the mean particle size. Generally, it can be observed that the ringdown count 

decreased as the mean particle size was increased. As mentioned previously, this can 

be explained by the fact that by increasing the mean particle size while maintaining 

the solid feed rate, the number of solid particles in the flow field would be reduced. 

Therefore, the number of particles impinging on to the pipe wall and mesh was 

reduced and hence results in reduced number of time the AE amplitude crossed the 

threshold level as with the ringdown count.

The standard deviation of the ringdown count also increased with increasing mean 

particle size. Overlaps between standard deviation suggested that the sensor could 

have similar or identical responses when changing the mean particle size. These 

spreads were mainly due to the increased particle size distribution as mean particle 

size is increased. This causes increased inconsistency in the number and size of 

particles impinging on to the pipe bend and mesh per unit time. Figures 7.3(a) and (b) 

show two AE signals acquired on the same experiment but at different time. They 

clearly show that the AE signal in Figure 7.3(a) have more AE burst than AE signal in 

Figure 7.3(b) indicated that the number of sand particles impinged on to the mesh per 

unit time was inconsistent. As a result, the ringdown count of the AE shown in Figure 

7.3(a) was approximately doubled the one in Figure 7.3(b). This would certainly cause 

increases in the standard deviation.

Overall, it can be concluded that despite spread in the ringdown count, the averaged 

value of the ringdown count decreased significantly with increasing the mean particle 

size. This clearly indicated that ringdown count of the AE signal can be used to 

monitor the variation in the mean size of those particles conveyed in pipes.

Furthermore, the result also indicated that the ringdown counts from the sensor 

mounted on the mesh were consistently smaller compared to those generated from the 

sensor mounted on the pipe bend suggesting, once again, that more sand particles 

would have impinged on to the pipe bend than mesh.
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7.1.2 RMS of the AE versus Particle Size

Figures 7.4 (a) and (b) demonstrate the response of the RMS of the AE to changes in 

the solid feed rate to the power of 0.5 at different levels of mean particle sizes. The 

sensors were mounted on the bend and mesh respectively, hi general, the results 

indicated that the RMS of the AE increases with mean particle size. This indicated 

that an AE signal with lower magnitude was generated when a smaller sand particle 

impinged on the steel pipe. On the other hand, when a bigger sand particle impinged 

on the same steel pipe, the magnitude of the generated AE signals was bigger. This is, 

once again, caused by the increases in the particle momentum as the particle size 

increased. As a result, the sand particles would hit harder on to the pipe wall or mesh 

which undoubtedly produces AE signals with higher amplitude and thus increases in 

the RMS of the signals.

However, some irregularities were observed from the RMS of the AE generated 

especially from the biggest mean particle sizes of 596\im where those RMS of the AE 

were consistently lower than those generated from mean particle sizes of 537^m. This 

is believed to be mainly due to the signal frequency being out of range. As the mean 

particle size is increased especially from below 300fim to above SOOfim, the main 

spectral lobe shifted significantly from high to low frequencies (refer to Figure 7.7). 

As a result, a small portion of the AE signal with frequency less than 0.1 MHz was 

lost. This would certainly cause underestimating in the AE magnitude.

Observation on the standard deviation (indicated as error bar in Figure 7.4) found that 

the RMS of the AE signals generated while conveying sand particles with larger mean 

particle sizes (537|j,m and 596\im) fluctuated more and overlapped each other. Again, 

this is most likely due to the increased size distribution of sand particles in the flow 

field. Due to short samples acquisition time for each signal (6.55ms), two AE signals 

recorded on the same experiment but at different time might have different magnitude 

due to inconsistency in the number and size of particles impinging on the pipe. 

Referring to Figures 7.3(a) and (b), they clearly show that the peak amplitude of AE 

in Figure 7.3(b) was approximately three times higher than that in Figure 7.3(a). This 

indicated that the size of sand particles impinged on to the mesh per unit time was 

different. In addition, AE signal in Figure 7.3(a) clearly shows more AE burst than 

AE signal in Figure 7.3(b) indicated that the number of sand particles impinged the

mesh per unit time was inconsistent. As a result, the RMS of the AE shown in Figure
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7.3(a) was approximately doubled the one in Figure 7.3(b). This would certainly 

increase the standard deviation. Signal out of range which causes increased 

uncertainly in the RMS of the AE is another possible reason for the increased standard 

deviation.
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7.1.3 RMS of the AE versus Particles Momentum
Figures 7.5 (a) and (b) illustrate the response of the RMS of the AE to changes in the 

momentum of the sand particles per second at different levels of mean particle sizes. 

The AE sensors were attached to the pipe bend and mesh respectively. In general, for 

a given momentum of the sand particles, the RMS of the AE increases with mean 

particle size. As a result, a quasi linear relationship between the RMS of the AE and 

particle momentum was found for each mean particle size. High correlation 

coefficients (>0.96) and low accuracy error (<±9%) were observed (Table 7.1) which 

are good enough to ensure confidence in using these linear lines to predict the solid 

feed rate using AE signals (provided that both particle velocity and size are known).

Interestingly, when multiplying the momentum of the sand particles per second with 

the mean particle size, those linear trendlines found with different mean particle size 

generally merged with each other as shown in Figures 7.6 (a) and (b). A new linear 

trendline with high correlation coefficients of 0.96 was found for each sensor 

mounting location. This indicated that linear trendline obtained from one range of 

particle size can be used to predict the solid feed rate of another range of particle 

sizes. This would certainly reduce the time to calibrate the AE sensor with different 

particle size and results in substantial financial savings. However, the predicted 

particles momentum based on the new linear trendline can be expected to have 

slightly higher accuracy error of within ±15% of the true value (as indicated by the 

red dotted line in Figure 7.6 (a) and (b)) compared to those generally found with 

linear trendline generated with a single mean particle size as shown in table 7.1.

In conclusion, it has been demonstrated that for a given particle momentum, the AE 

magnitude increases with mean particle size. This indicated that the linear trendline 

generated with a particular mean particle size is restricted to predicte flow parameters 

when conveying particles with that particular mean particle size. Experimental results 

also show that the RMS of the AE generated with different mean particle size merged 

with each other and formed a linear trendline when plotted against the momentum of 

the solid particles per second multiplied by the mean particle size. This linear 

trendline offer more flexibility that it is not restricted to a particular mean particle 

size. However, the predicted flow parameter can be expected to have slightly higher 

accuracy error.
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Table 7.1: The Corresponding R2 Value for the AE Signals Shown in Figure 7.5

Sensor

Location

Bend

Mesh

Mean

Particle

Size

(Urn)

182

229

267

537

596

182

229

267

537

596

Linear Trendline

Equation

y = 0.00 Ix + 0.00006

y = 0.00 13x- 0.0001

y = O.OOlSx + 0.0055

y = 0.0028x + 0.0161

y = 0.0029x +0.0084

y = 0.0003x- 0.001

y = 0.0003x - 0.0003

y = 0.0004x +0.0008

y = 0.0007x + 0.0003

y = 0.0007x - 0.0002

Linear

Trendline

Correlation

Coefficient (R2)

0.99

0.98

0.96

0.97

0.96

0.98

0.98

0.99

0.98

0.99

Error (± %)

5

7

9

8

9

8

6

5

7

5
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Mean Momentum of the Particles per Second Multiplied with Mean Particle

Size. AE Sensors were mounted on (a) Pipe Bend and (b) Mesh
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7.2 Response of the AE Features in Frequency 

Domain with Changes in the Particle Size
The response of the spectral characteristics of the AE generated from the pipe bend 

with changes in mean particle size is shown in Figure 7.7. The conveying air velocity 

(with particles) and solid feed rate were configured at 17m/s and Ig/s respectively. In 

general, variation in the mean particle size has a strong influence on the spectral 

characteristic of the signals. Peaks are once again seen over the full bandwidth of the 

sensor due to sensor characteristics. However, it is noted that the pattern of the spectra 

obtained were largely different from those obtained with smaller mean particle sizes. 

As the mean particle size is increased from 182[Am to 596\im, the maximum peak 

shifted from above 0.7 MHz to lower frequency of below 0.35 MHz. The main lobe of 

the PSD also shifted to a lower frequency as the particle size is increased. Although 

the signature of the data is dominated by the sensors' characteristics, significant shift 

of the main lobe of the PSD was not previously observed in AE generated with same 

mean particle size (Section 6.3). This figure agreed with experimental observation of 

Gachagan et al. (2006) and Carson et al. (2008) that the main lobe of the PSD shifts to 

a lower frequency as the particle size is increased. Overall, this indicated that both 

centroid frequency and energy ratio of the PSD have the potential to monitor the mean 

particle size in pneumatic conveying pipelines.

However, the structure of the PSD appears to be slightly different between those 

generated from pipe bend and mesh. The energy concentration of the PSD generated 

on the mesh (Figure 7.8) does not show any sign of a frequency shift with changes in 

the mean particle size. The energy of the signals appears to concentrate consistently 

on the lower half of the full frequency range disregarding the variation in mean 

particle size. As mentioned previously in Section 6.3, this was mainly due to the rapid 

attenuation of signals with high frequency and only those particles with larger size, 

hence bigger particle inertia, would have impinged on the mesh.

Nevertheless, the variation in the mean particle size also has a strong influence on the 

energy contained at a particular frequency. In general, the energy contained at lower 

frequencies was higher as the fraction of larger particles increased. For both sensor 

locations, the spectral peak value at frequencies between 0.1-0.2MHz, for example,

increases steadily as the mean particle size increases.
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In conclusion, these figures seem to suggest that the mean particle size has a strong 

influence on the spectral characteristics of the AE signals. The energy of the AE 

signal or the area under the curve appears to be sensitive to changes in the mean 

particle size and hence it is therefore reasonable to expect that the energy of the AE 

signals is closely related to changes in the mean particle size. Nevertheless, the energy 

concentration seems to shift from high to low frequency as the mean particle size is 

increased. So, the centroid frequency and energy ratio should be able to show positive 

responses to changes in the mean particle size.

156



A
ut

ho
r:

 N
.C

.H
II

U
ni

ve
rs

ity
 o

f G
la

m
or

ga
n

-1
15

 0.
1

0.
2

0.
3

0.
4

.I
 

. 
. _

 .
...

...
1.

..
0.

5 
0.

6 
Fr

eq
ue

nc
y 

(M
Hz

)
0.

7

M
ea

n 
Pa

rti
cl

e 
Si

ze
: 

18
2u

m
 

—
 

59
6|a

m

0.
8

0.
9

1.0

Fi
gu

re
 7

.7
: R

es
po

ns
e 

of
 th

e 
PS

D
 o

f t
he

 A
E 

Si
gn

al
s w

ith
 C

ha
ng

es
 in

 th
e 

M
ea

n 
Pa

rt
ic

le
 S

iz
e. 

(S
en

so
r 

Lo
ca

tio
n 

= 
Pi

pe
 B

en
d)

15
7



A
ut

ho
r:

 N
.C

.H
H

U
ni

ve
rs

ity
 o

f 
G

la
m

or
ga

n 
r—

-9
0

M
ea

n 
P

ar
tic

le
 S

iz
e

18
2u

m
59

6u
m

.1 
0.

2 
0.

3 
0.

4 
0.

5 
0.

6 
0.

7 
0.

8 
0.

9 
1.

0
Fr

eq
ue

nc
y 

(M
hz

)

Fi
gu

re
 7

.8
: R

es
po

ns
e o

f t
he

 P
SD

 o
f t

he
 A

E 
Si

gn
al

s w
ith

 C
ha

ng
es

 in
 th

e M
ea

n 
Pa

rt
icl

e 
Si

ze
. (

Se
ns

or
 L

oc
at

io
n 

= 
M

es
h)

15
8



Author: N.C.HII_____________________University of Glamorgan

7.2.1 Centroid Frequency versus Particle Size
Figures 7.9(a) and (b) show the response of the centroid frequency of the PSD at 
different levels of mean particle sizes. Generally, the centroid frequency varied while 
the pipe was conveying sand particles with different mean particle sizes. However, for 
the range of mean particle size tested, the variation was inconsistent when the mean 
particle size was increased. For example when the AE sensor was mounted on the 
pipe bend (Figure 7.9(a)) while conveying sand particles with mean particles less than 
or equal to 243[>im, the centroid frequency increased from approximately 0.56 to 
0.62MHz with mean particle size. However, it dropped dramatically when conveying 
sand particles with mean particle size of 537\im and 596^m. Similar pattern of 
variation in the centroid frequency was observed for sensor mounted on the mesh 
(Figure 7.9(b)) apart from when it started to drop at a smaller mean particle size of 
243pim. The reason for the inconsistent variation was unexplainable. This lack of 
explanation was largely due to inadequacy in the physical understanding of the 
impingement of sand particles on the pipe wall inside the pipe. However, the results 
clearly show that the centroid of the PSD generally shifted to lower frequency as the 
mean particle size is increased.
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Figure 7.9: Response of the Mean Centroid Frequency of the AE with Changes in

the Mean Particle Size. The Mean Solid Feed Rate and Conveying Air Velocity

(with Particles) were set to Ig/s and 17m/s respectively. AE Sensors were

mounted on (a) Pipe Bend and (b) Mesh
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7.2.2 AE Energy versus Particle Size
Figures 7.10 (a) and (b) show the response of the AE energy generated from the pipe 

bend and mesh respectively with changes in mean particle size. In general, the energy 

of the AE signals increased with mean particle size. This indicated that AE with 

higher energy was generated when a larger sand particle impinged on the steel pipe as 

a result of larger impinging force. Once again, this indicated that those linear 

relationships obtained from one range of particle size cannot be used to detect the 

solid feed rate of another range of particle sizes.

Apparently, these signals behaved similarly to those shown in Figure 7.3 where some 

irregularities were observed from the AE energy generated from the biggest mean 

particle size of 596\im. The energy of those AE were consistently lower than that 

generated from mean particle size of 537nm. As mentioned before, this was mainly 

due to signal out of range and results in underestimating in the AE energy. The 

standard deviations of the AE magnitude generated with larger mean particle sizes 

(537[xm and 596\nm) were once again higher than those generated with smaller mean 

particle sizes. Once again, this is mainly due to inconsistency in the number and size 

of sand particle impinged on to the steel pipe and mesh per unit time.
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Mesh with Changes in the Mean Solid Feed Rate and Mean Particle Size
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7.2.3 AE Energy versus Kinetic Energy of the Particles

The responses of the AE energy to the changes in the kinetic energy of the sand 

particles are presented in Figures 7.11 (a) and (b). The AE sensors were attached to 

the pipe bend and mesh. In general, for a given kinetic energy of the sand particles, 

the energy of the AE varied with different mean particle size. At both sensor 

locations, the AE energy generally increased with increasing the mean particle size. 

As a result, a quasi linear relationship between the AE energy and particle kinetic 

energy was found for each mean particle size. High correlation coefficients (>0.96) 

and low accuracy error (<±9%) (Table 7.2) were observed which are good enough to 

ensure confidence in using these linear lines to predict the solid feed rate using AE 

signals (provided that both particle velocity and size are known).

Interestingly, it was found that the AE energy generated with different mean particle 

sizes merged with each other and formed a linear trendline when plotted against the 

particle kinetic energy multiplied by the square of the mean particle size. This is 

displayed in Figures 7.12 (a) to (b) where AE sensors were mounted on the pipe bend 

and mesh respectively. The correlation coefficient (R2) values were found to be higher 

than 0.95. This indicated that linear trendline obtained from one range of particle size 

can be used to predict the solid feed rate of another range of particle sizes. This would 

certainly reduce the time to calibrate the AE sensor with different particle size and 

results in substantial financial savings. However, the predicted particle kinetic energy 

based on the linear trendline can be expected to have higher accuracy error of within 

±25% of the true value (as indicated by the red dotted line in Figure 7.12 (a) and (b)) 

compared to those generally found with linear trendline generated with a single mean 

particle size as shown in table 7.2.

In conclusion, it has been demonstrated that for a given particle kinetic energy, the 

AE energies increased with mean particle size. This indicated that the linear trendline 

generated with a particular mean particle size is restricted to predicte flow parameters 

when conveying particles with that particular mean particle size. Experimental results 

also show that the AE energy generated with different mean particle size merged with 

each other and formed a linear trendline when plotted against the kinetic energy of the 

solid particles per second multiplied by the square of the mean particle size. This 

linear trendline offers more flexibility that it is not restricted to a particular mean
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particle size. However, the predicted particle kinetic energy can be expected to have 

higher accuracy error of up to ± 25% of the true value.
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Figure 7.11: Response of the Mean AE Energy with Changes in the Mean Kinetic

Energy of the Particles per Second and Mean Particle Size. AE Sensors were

mounted on (a) Pipe Bend and (b) Mesh
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Table 7.2: The Corresponding R2 Value for the AE Signals Shown in Figure 7.11

Sensor 

Location

Bend

Mesh

Mean 

Particle 

Size 

(|im)

182

229

267

537

596

182

229

267

537

596

Linear Trendline 

Equation

y = 0.0022x -0.00004

y = 0.0034x - 0.00006

y = 0.0047x + 0.0003

y = 0.0 192x + 0.0009

y = 0.0 182x + 0.0004

y = 0.0002x - 0.000007

y = 0.0002x - 0.00002

y = 0.0003x + 0.00002

y = 0.001 lx + 0.00002

y = 0.00 Ix + 0.000006

Linear Line 

Correlation 

Coefficient
(R2)

0.99

0.98

0.96

0.97

0.96

0.98

0.98

0.99

0.98

0.99

Error (± %)

5

7

9

8

9

8

6

5

7

5
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Figure 7.12: Response of the Mean AE Energy with Changes in the Mean Kinetic

Energy of the Particles per Second multiplied with Mean Particle Size Squared.

AE Sensors were mounted on (a) Pipe Bend and (b) Mesh

166



Author: N.C.HII_____________________University of Glamorgan r-?

7.2.4 Ratio of the AE Energy versus Particle Size
Figures 7.13 and 7.14 present the corresponding standardized PSD of the signals 

shown in Figures 7.7 and 7.8 respectively. Apparently, changes in the mean particle 

size have totally different effects on the spectral behaviour from the lower and higher 

half of the full frequency range. From signals generated on the pipe bend (Figure 

7.13), it is clear that the AE energy enclosed in the frequency range 0.1-0.5MHz 

increased with the mean particle size. At the same time, the AE energy enclosed in the 

higher half frequencies decreased. Similar spectral behaviour was also observed from 

the AE generated from the mesh as shown in Figure 7.14. hi short both the frequency 

ranges have different responses to the changes in mean particle size.
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Figure 7.15(a) illustrates the response of the ratio of the AE energy between the 

frequency range of 0.1-0.5 MHz and 0.5-1 MHz to the changes in the mean particle 

size. The sensor was mounted on the pipe bend. Unlike those generally found with 

different solid feed rates and conveying air velocities (with particles), the ratio of the 

AE energy varied significantly with the mean particle size especially when conveying 

larger mean particle sizes of 531\im and 596\im. While conveying smaller particle 

sizes of less than or equal to 243(im, the AE energy was concentrated in the higher 

half of the frequency range. As a result, relatively small variations in the energy ratio 

were observed. However, the energy concentration shifted to the lower half of the 

frequency range as the mean particle size was greater than 537|am. Consequently, a 

sharp rise in the energy ratio was observed. This clearly agreed with experimental 

results of Gachagan et al. (2006) and Carson et al. (2008) that the main spectral lobe 

of the AE signal shifts to a lower frequency as the particle size increased.

Similar pattern of variation was also found with sensor mounted on the mesh (Figure 

7.15(b)). However, the AE energy was consistently concentrated in the lower half 

frequency (as indicated by the energy ratio of less than 1) while conveying all of the 

five different mean particle sizes as a result of rapid attenuation of the AE with high 

frequency.

These results clearly demonstrated the ability of the energy ratio of the AE to monitor 

the variation in the mean size of those particles conveyed in pipes. However, the 

fluctuation of the energy ratio increased with mean particle size. This was likely to be 

due to the increased inconsistency in the amount and size of particles impinging on 

the pipe bend and mesh per second as the mean particle size increased.
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Figure 7.15: Typical Response of the Mean Ratio of the AE energy to the changes

in the Mean Particle Size. The AE Sensors were mounted on the (a) Pipe Bend 

and (b) Mesh. (Mean Conveying Air Velocity with Particles = 17m/s; Mean Solid

Feed Rate = Ig/s)
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7.3 Summary of Chapter 7
It was found that the AE features generated from both sensor locations were generally 

sensitive to changes in the particle size. Analysis of the experimental results revealed 

that:

• For a given particle momentum, the RMS of the AE generally increases with 

mean particle size. However, when multiplying the particle momentum with 

mean particle size, the RMS of the AE generated with different mean particle 

size merged each other and formed a linear relationship.

RMS of the AE a m 05 vdm (7.1)p m

• The ringdown count decreased as the mean particle size is increased as a result 

of reduced number of sand particles impinged on the pipe bend and mesh. This 

clearly demonstrated that the use of AE combined with simple signal 

processing technique is a promising means for particle size variation 

monitoring.

• For a given particle kinetic energy, the AE energy generally increases with 

mean particle size. However, when multiplying the particle kinetic energy 

with the square of the mean particle size, the AE energy generated with 

different mean particle size merged each other and formed linear relationship.

AE Energy a -mvp 2 d m 2 (7.2)

Both centroid frequency and energy ratio varied with changes in the particle 

size. The centroid of the PSD shifted to lower frequency as the particle size is 

increased. The energy ratio increased as the particle size increased indicated 

that the main lobe of the PSD shifted to lower frequency as the particle size is 

increased. As a result, both centroid frequency and energy ratio can also be 

used to monitor the changes in mean particle size (for the range of mean 

particle size tested) and hence the performance of the pulverising mill.
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Chapter 8

Conclusions and Further 
Recommendations

8.1 Conclusions
The research work presented in this thesis described the successful implementation of 

AE sensors to investigate the generation of AE from paniculate flows in a single loop 

laboratory scale pneumatic conveying pipeline, and subsequently correlated the signal 

features with the flow parameters namely solid feed rate, particle velocity and particle 

size.

A description of the working principles of the acoustic monitoring system has been 

presented. Applications of AE techniques in various industries have also been 

reviewed. It was concluded that although a large amount of research work has been 

carried out on acoustic monitoring, there are only a few practical industrial 

applications, and use of AE measurements for flow parameters monitoring in two- 

phase (gas-solid) pneumatic conveying systems is uncommon.

Experiments were carried out on a laboratory scale pneumatic conveying system. The 

large amount of sampled AE data was reduced by calculating a set of features from 

both the time and frequency domain. The results indicated that these AE features are 

sensitive indicators of variations in the flow parameters. Some of the key observation 

from this investigation can be concluded as follows:-

1) The use of AE sensors attached on meshes for measuring particle velocity was 

investigated. Two AE sensors attached on meshes were inserted into the flow field 

in the pipe with an axial distance of 5.4m apart from each other. The transit time 

taken by the particles moving from the upstream to downstream mesh was 

measured by pin-pointing the 'steady state point' from the two AE signals. Since 

time alone was measured, no calibration is required. Measured particle velocities
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were compared with theoretically predicted particle velocities. The results show 

that more than 90% of the measured particle velocities fall within ±10% of the 

theoretical particle velocities calculated with the mean particle size. It was shown 

for the first time that raw AE can be used to measure mean particle velocity 

directly with reasonable accuracy.

2) The applicability of the averaging pitot tube for conveying air velocity (with 

particles) measurement was also investigated. The result clearly demonstrated that 

the pitot tube is able to measure the conveying air velocity (with particles) in the 

pipe line provided that the two-phase flow is very dilute and the duration of the 

measuring process is very short. Comparing the measured particle velocity and 

conveying air velocity (with particles), it clearly shows that slip between 

conveying air velocity and particle velocity exist in dilute flow regime and 

increases with particle size. For the range of flow condition tested, the particle 

velocity was within 70% to 91% of the conveying air velocity due to slip. This 

experimental result clearly agreed with Fayed and Otten, 1997, and Agarwal, 2005 

whose suggested that the particle velocity is normally between 70% and 99% of 

the conveying air velocity due to slip.

3) Generation of AE signals on different sensor locations namely, top and bottom of 

the horizontal pipe, inside and outside of the pipe bend and finally, mesh were 

investigated. The experimental results revealed that AE sensors attached on all 

five sensor locations were highly sensitive to changes in the flow parameters. 

However, the strength of the AE depends on sensor location. Furthermore, similar 

trends of the AE magnitude were found from sensors mounted on a particular 

cross-section of the pipeline, for example inside and outside of the pipe bend, 

indicated that one AE sensor would be sufficient to monitor the AE generated on a 

particular cross-section of the pipeline (provided that the diameter of the pipe is 

small). This results in substantial financial savings. The results also indicated that 

the optimum sensor locations are on the pipe bend and mesh. However, for a pipe 

with large diameter, multiple sensors are needed due to increased signal 

propagation path length and hence signal attenuation.
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4) The final experimental results have marked the success in correlating the AE

features to the flow parameters. For a given particle size, the RMS of the AE was

found to increase linearly with the momentum of the particles (m° 5 v ). However,

as the particle size is increased, the slope of the linear line relationship increased 

indicating that the linear line obtained from one range of particle size can not be 

used confidently to predict the solid feed rate using the AE generated by another 

range of particle size. But, when multiplying the momentum of the particles with 

mean particle size, the RMS of the AE generated by different mean particle sizes 

seems to merge each other and form a linear line relationship.

RMS of the AE a m°'5 vp dm (8.1)

This phenomenon was observed on signals generated on both the pipe bend and 

mesh.

5) Good correlations between the AE energy and particle kinetic energy were also 

found. For a given particle size, the AE energy was found to increase linearly with 

particle kinetic energy. This verified that the acoustic energy due to the impact of 

solid particles on to the pipe wall is proportional to the kinetic energy of the solid 

particle. However, as the particle size is increased, the slope of the linear line 

relationship increased indicating that the linear line obtained from one range of 

particle size can not be used confidently to predict the solid feed rate using the AE 

generated by another range of particle size. Nevertheless, these linear line 

relationships (generated with different particle size) approached each other when 

the particle kinetic energy was multiplied by the square of the mean particle size.

AE Energy a -mvp 2 dm 2 (8.2)

This phenomenon was observed on signals generated on both the pipe bend and 

mesh.
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6) Ringdown count of the AE in time domain was found to be not a good indicator of 
the variation in the solid feed rate and particle velocity for the range of flow 
conditions tested. But, it was found to vary significantly with changes in the mean 
particle size (Figure 8.1). This indicated that the variation in the ringdown count 
can be effectively used as indicator of mean particle size variation in pipes and 
also the performance of the pulverising mill.

7) Both the centroid frequency and energy ratio of the PSD were also found to be not 
a good indicator of the variation in the solid feed rate and particle velocity for the 
range of flow conditions tested. But, it was found to vary with changes in the 
mean particle size (Figures 8.2 and 8.3). This is due to the fact that the main lobe 
of the PSD shifted to lower frequency as the mean particle size increased. The 
results indicated that variation in both AE features could reflect the variation of 
the mean particle size in pipes and also the performance of the pulverising mill.

8) The results also showed that the relationships between the velocity, flow rate and 
size of the particles are:

• The slip between single phase air velocity (without particles) and two-phase 
conveying air velocity (and hence particle velocity) increased with increased 

particle mass feed rate.

• The slip between two-phase conveying air velocity and particle velocity 

increased with increased mean particle size.

• For a given particle mass flow rate, the number of particles conveyed in the 
pipe reduced as the mean particle size was increased.

9) Overall the results indicated that the use of signals from a relatively cheap AE 
sensor combined with standard signal processing appear to be a promising means 
of solid feed rate, particle velocity and particle size monitoring in pipes. This AE 
method for flow parameter monitoring in pipes can be applied on the majority of 
the industrial scale pneumatic conveying pipes which convey solid particles in 

dilute regime. This includes those generally found in coal-fired power plants and
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food processing industries. The major drawback of the flow meters based on AE 
methods is that they must be calibrated on the pipeline where they are to be used. 
In other words, the empirical formula has to be determined for each individual 
installation. However, no calibration is needed for direct particle velocity 
measurement based on AE method.

Nevertheless, although at this stage the experimental work was geared towards 
detecting a limited range of paniculate flow conditions confined to one system 
(laboratory scale pneumatic conveying system), the technique, except for direct 
particle velocity monitoring, should be applicable for flow parameters monitoring in 
most pneumatic conveying pipelines including those in food processing and coal-fired 
power generation industries.
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8.2 Limitations and Recommendations for Further 
Work

Needless to say, the investigation performed in this thesis has only covered a selected 

number of flow parameters. In the future, more flow parameters should be considered, 

for example the effect of particle deposition on the pipe wall. Although AE technique 

only detects the movement of solid particles in the flow field, deposition of solid 

particles on pipe surface may cause different interactions between the moving solid 

particles and the pipe wall alone [Klinzing, 1981]. The effect of others parameters, 

such as moisture contained in the solid particles and different materials, on the 

generation of AE signal should also be considered. For example, Harrenstein and 

Brusewitz (1986) used AE to monitor flowing wheat. According to the authors, the 

AE decreases by approximately 0.5 dB for each 1% increase in moisture content for 

wheat, in the 8-16% moisture content range, and hence could potentially be used to 

sense the moisture content of continuous flowing grain. Therefore, calibration might 

be required on each pipeline which conveys material of different density and moisture 

contain. This is particularly important in food processing industries.

Although the AE sensor employed in the current investigation works well, it may not 

be an optimal choice. As already mentioned in Chapter 7, the main spectral lobe 

shifted as the mean particle size varied. As a result, the choice of optimum sensor to 

be used depends on the frequency range of the AE signal emitted from the process to 

be monitored [Hou, 2000]. Consequently, if coarse particles are to be conveyed in a 

pipeline, use of a low frequency sensor should be considered and vice versa. If 

conveying particles with a wide range of sizes, use of a sensor with a wider range of 

frequencies should be considered in future experiments. On the other hand, if 

conveying particles with a narrow range of sizes, a resonant transducer should be 

considered. The spectrum analyser can be used to determine at what frequency most 

of the energy is contained during a particular test application. Then, a resonant 

transducer can be chosen and used to maximise the signal-to-noise ratio.

Besides theoretically predicted particle velocities, measured particle velocities with 

the AE method should be compared with other sensing methods, such as the 

electrostatic sensor, which have been proven to be able to measure particle velocity

with high accuracy. According to Ma and Yan (2000) the mean particle velocity can
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be determined by the electrostatic cross-correlation method with quoted accuracy and 

repeatability error of less than ±20% and ±2% respectively. However, it is not feasible 

at this stage of study due to cost. Furthermore, measurement of the maximum particle 

velocity was not possible at this stage because the impingement of the first sand 

particle on to the upstream mesh could not be identified (Section 4.2.1). This can be 

solved by configuring the DAQ system to acquire pre-trigger data. Consequently, it 

should be possible to identify the arrival time of the first sand particle impingement 

on both meshes which will eventually result in maximum particle velocity.

Although the number of samples acquired per second used in the current investigation 

works well, it might not be the optimum choice. A total of 60 successive AE (which is 

equivalent to one minute signal acquisition time) have to be averaged to achieve high 

repeatability in the AE features. As a result, online monitoring of the flow parameters 

is not possible. This can be improved by increasing the number of samples acquired 

per second to the maximum. This would eventually result in shorter signal acquisition 

time and make online monitoring possible.

Due to their small physical size, AE sensors can be mounted on industrial scale 

pneumatic conveying pipes of any size. This includes those generally found in coal- 

fired power plant and food processing industries. However, the majority of the 

instruments available have their own limitations. The following are the possible 

limitation of AE based flow meters when applied to industrial scale pneumatic 

conveying systems.

• Signal attenuation increases with the distance between AE sensor and source 

location. For example, on a pipe with large diameter (pipe diameter of up to 

1000mm are used to convey pulverised coal in coal-fired power plant [Yan, 

1992]), the sensor mounted on the top will not be able to detect the AE 

generated from the impingement of a solid particle on to the bottom of the 

pipe due to signal attenuation during propagation. As a result, the response of 

the AE generated on top and bottom of the horizontal pipe will not be the 

same. Therefore, future work is needed to determine the largest pipe diameter 

the AE system with a single sensor could be applied to. Perhaps, multiple 

sensors could be used on pipes with large diameter to reduce the effect of

signal attenuation while propagating from the source to the sensor.
182



Author: N.C HIT_____________________University of Glamorgan
• The investigation performed in this thesis has only covered a small range of 

flow conditions and the response of the AE features discussed is rig specific 
and might only be valid on the range of flow condition tested. Therefore, an 
AE sensor needs to be pre-calibrated on the pipe where it is going to be used 
before it can be used to measure the solid mass flow rate in industrial 
pneumatic conveying pipe. On each pipe, an AE sensor needs to be mounted 
on to the pipe surface where it is going to be used. Then, the AE can be 
calibrated with the flow meter based on others method for example, isokinetic 
sampling (which can be used to calibrate AE against both the solid mass flow 
rate and size) and electrostatic (which can be used to calibrate AE against the 
particle velocity). After calibration, the AE sensor can be used to infer the 
solid mass flow rate in the pipe provided that others flow parameters including 
particle velocity and size are known.

• Continuous measurement of the particle velocity using an AE method is not 
possible in the majority of the industrial continuous flow pneumatic conveying 
pipelines. Hence, the particle velocity measurement using an AE method is 
limited to be used on batch fed pneumatic conveying pipelines. Since time 
alone was measured, no calibration is required.

• The size of the particles used in the experiments was relatively large compared 
to that generally found in pulverised fuel where 80% was ground to 
approximately <75um Therefore, in industrial scale pneumatic conveying 
systems, AE generated while conveying pulverised fuel might have low 
amplitudes and hence low signal-to-noise ratio. Perhaps, a resonance AE 
sensor could be used to increase the signal-to-noise ratio.

Use of acoustic sensors in combination with a neural networks for flow parameter 
prediction should also be considered. Figure 8.4 illustrates a simple three-layer (input, 
hidden and output layers) network structural.
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Hidden Layer
Input Layer 

XI————„
Output Layer

Yl

Y2

-> Y3

-> Y4

-* Y5

Figure 8.4: A Simple Three-Layer Network Structural

The AE features and flow parameters can be used as inputs to train the neural network 

which could subsequently be used for online prediction of the flow parameters in 

pipelines. For example, Hancke and Malan (1998) measure the size of the particles 

conveyed inside pipes using intrusive acoustic methods. The authors fed the AE 

features yielded from the AE signals to a neural network to extract size distribution 

information. The measured values for different size fractions were within 10% of the 

true value. This will be a promising route for future development to build up an 

intelligent sensing system for on-line monitoring of particulate flow.

Further work is necessary to investigate and demonstrate the AE response on a full 

scale two-phase (gas-solid) pneumatic conveying system.
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Appendix A 
High Accuracy Averaging Pitot Tube

Downstream 

Sensing Port

Pipe

Upstream •*-——— Air Flow 

Sensing Port < ____._. Direction

Figure Al: High Accuracy Averaging Pitot Tube (www.omega.com)

Figure Al shows the high accuracy averaging pitot tube manufactured by Omega®. The 
sensing tube has two separate chambers, a high pressure chamber facing upstream, 
toward the direction of the air flow, and a low pressure chamber, facing downstream 
from the direction of the air flow. Sensing ports are located in both the high and low 
pressure chambers. Depending on the diameter of the pipe, the sensing tube could have 
several pairs of sensing ports across the cross-section of the pipe to obtain the average 
value of the fluid velocity profile, from which the fluid flow rate can be computed. This 
is necessary in order to take into account a varying velocity profile due to greater 
frictional losses near the pipe wall. Due to the size of the pipe used to build the test rig 
used in this thesis, the averaging pitot tube with two pairs of sensing ports was used.

As the air impacts the probe, an average impact pressure is produced in the high 
pressure chamber. As the fluid passes around the sensing tube, an average suction, or 
low pressure, is produced in the low pressure chamber. This generates a pressure 
differential between the chambers that is proportional to the air flow rate squared. The 
high and low pressure chamber extends the length of the sensing tube to the valve head, 
where the air enters a manometer which gives a reading proportional to the air velocity 
inside the pipe. According to the user manual of the averaging pitot tube, the air
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velocity can be calculated by multiplying the reading from the manometer with the flow 

coefficient k = 0.521 (k varied depends on the diameter of the sensing tube and pipe) 

[OmegaEngineering Inc., 1998].

Sand Particles Contaminated the Pilot

Tube at the End jof Experiment. 

Mass of the sand particles = 0.02g

Figure A2: High Accuracy Averaging Pitot Tube and the Amount of Sand 
Particles Contaminated the Pitot Tube
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Appendix B 
AE Sensors

Two piezoelectric acoustic sensors manufacture by Physical Acoustic Corporation as 
shown in Figure Bl were used to detect AE generated on the metal pipe due to the 
impact of solid particles. The function of the typical piezoelectric acoustic sensor is 
similar in function to a mechanical system shown in Figure B2 [Turner and Pretlove 
199 l;Hou, 2000].

Figure Bl: AE Sensors

Seismic Mass

Oil-filled Dashpot
dt

x Spring

Figure B2: The Mechanical Analogue of the Piezoelectric AE Sensor [Turner and
Pretlove 1991; Hou, 2000].
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With the spring constant k representing the elasticity, and the damping constant of the 

oil-filled dashpot c representing the stiffness of the piezoelectric element, the 

displacement x whose changing rate with time is proportional to the voltage magnitude 

of the sensor output, is found to hold following relationship with the seismic mass m 

and applied input force [Turner and Pretlove 1991; Hou, 2000]:

d 2 y d 2 x dx , m —r- = m—- + c— + kx 
dt 2 dt 2 dt

(Bl)

Apparently, the output frequency of the sensor in response to a step input depends on k 

and m. The stiffness of the piezoelectric element (c) affects the decay of the sensor 

output but has relatively weak influence on the frequency of the output [Turner and 

Pretlove 1991].

For the majority of the AE sensors, the response to a step input will have a less than 

critical damped oscillating transition before settling down to the equilibrium level, as 

illustrated in Figure B3. In addition, the AE sensor will not produce any electric charge 

under a constant force. Finally, the output of the sensor is far from being a match to the 
input to the sensor. Therefore, the output of the sensor need to be processed with proper 

signal processing procedures to yield a set of AE features before correlating it to the 

flow parameter inside the pipe.

ex
>—H 

d,

Time

Time

Figure B3: Typical Acoustic Sensor Response to a Step Input

202



Author: N.C.HTT University of Glamorgan

Appendix C 
Error Analysis

Each of the monitoring devices used can be considered as a potential source of error. 

This Appendix examines the quantification of theses potential errors to assess their 

effect on the results obtained.

Cl Introduction - Estimation of Experimental Uncertainties
The authors Kline and McClintock (1953) state that 'the uncertainties associated with 

each independent variable affecting the outcome of the experiment can be combined to 

produce the uncertainty of the dependant variable'. If a variable Z depends on two or 

more variables (for example A and B) which have independent errors (AA and AB) then 

the rules for calculating the error in Z are listed in Table Cl [Taylor, 1982; Bork el al., 

1993].

Table Cl: Rules of Error Analysis which Involved on Two or More Variables

which have Independent Errors

Equation

Cl

C2

C3

C4

C5

Relation between 

Z and (A, B)

Z = A + BorZ = A-B

Z = AB or Z=A/B

Z = An

Z = InA

Z = eA

Relation between Errors 

AZ and (AA, AB)

(AZ)2 = (AA)2 + (AB)2

( AZ } 2 -( M}\(*B } 2
(z) -(A) + (B)

AZ A4—— = n —— 
Z A

A7 MAZ = —
A

^ M— Z_V"1

Z
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C2 Monitoring System's Potential for Error

Whilst every care was taken during the experimental work outlined in this thesis, 

nevertheless, there are always systematic errors that need to be accounted for. A total of 

five devices (vibration tray, electronic scale, stop watch, AE sensors for particle 

velocity and Malvern particle size analyser) were used to control and monitor the flow 

condition inside the pipe. In each of these devices exists a potential source of error.

C2.1 Errors Associated with Solid Mass Flow Rate
The equation used to determine the solid mass flow rate throughout the study is:

• m <r-f.\m = — (Co)
t

where,

m is the solid mass flow rate.

m is the total mass of the solid particles conveyed during each experiment. 

t is the duration of time used by the vibration tray to feed the solid particles to 

the piping system.

In order to calculate the solid mass flow rate, both vibration tray and stop watch need to 

be switched on and off manually and simultaneously. During the experiment, the 

maximum time lapse was found to the ±ls. Since time lapse occurred while switching 

on and off the stop watch, the combined error can be taken as ±2s. On the other hand, 

the electronic scale used to measure the solid mass flow rate displayed a maximum 

fluctuation of ±0.02g.

Considering the feeder feeding at the lowest feed rate of Ig/s for 180s and substituting 

the values and the corresponding uncertainties of the independent variables into 

equation C2, the solid feed rate error was:

m m t
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•«Y = (MY + r_Ly

—— = 0.02%

As mentioned in Section 3.2.1, the actual solid mass flow rate during each experiment 

fluctuated ±5% from the set point without considering the error from the electronic 

scale and stop watch timing. Therefore, the combined error can be taken as:

—— = 0.02% + 5% 
rh

^=5.02%. 
m

C2.2 Errors Associated with Measurement of Particle Velocity
As mentioned in Section 4.2.2, more than 90% of the measure particle velocities were 

within ±10% of the theoretical mean particle velocity.

Av

C2.3 Errors Associated with Measurement of Particle Size
As mentioned in Section 3.1, the particle size analyser can measure the dry solid particle 

sizes ranging from 0.02 pirn to 2000 urn with ±1% error.

205



Author: N.C.HII_____________________University of Glamorgan 

C3 Estimation of Experimental Error

The results discussed in Chapters 6 and 7 of this thesis often involved the two 

parameters momentum and kinetic energy of the particles per second. Thus, two 
computations follow which estimate the error associated with calculations of the 

momentum and kinetic energy of the particles per second.

C3.1 Particle Momentum per Second
The equation used to determine the particle momentum per second throughout the study 
is:

Particle Momentum per Second = m 05 x v (C7)

Let A/equal to the uncertainty in the particle momentum per second. Combining 

equations (C2) and (C3) gives:

— = n —— +

— ] =(0.5x5.02)2 + (10)2

..

The results discussed in Chapters 7 of this thesis also involved the product of 
momentum of the particles per second and mean particle size. Thus, the error associated 

with calculations of the product of the particle momentum per second and mean particle 

size was:

— ] =(0.5x5.02)2 + (10)2

.-.— = 10.36%
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C3.2 Particle kinetic Energy per Second

The equation used to determine the particle kinetic energy per second throughout the 

study is:

Particle kinetic energy per Second = —mv 2p (C8)

Let AE equal to the uncertainty in the particle kinetic energy per second. Combining 

equations (C2) and (C3) gives:

m J \ vp

= (5.02)2 + (2 x 10)2

—— =20.62%

The results discussed in Chapters 7 of this thesis also involved the product of kinetic 

energy of the particles per second and mean particle size squared. Thus, the error 

associated with calculations of the product of the particle kinetic energy per second and 

mean particle size squared was:

E } \ m ) I v p } 1 d.

' A T"1 \A A* 1 o on
—— =(5.02)2 + (2x 10)2 +(2x I)2

.-. —— =20.72% 
E

207



Author: N.C.HII__________________ University of Glamorgan

Publication

1. Hii, N.C., Wilcox, S.J., Tan, C.K., Chong, A.Z.S. and Ward, J (2005). The 

Application of Acoustic Emission to Monitor Pulverised Fuel Flows. 

Proceedings of 1MECE2005: 2005 ASME International Mechanical 

Engineering Congress and Exposition, November 5-11, 2005, Orlando, 

Florida USA.

208



Proceedings of IMECE2005
2005 ASME International Mechanical Engineering Congress and Exposition

November 5-11, 2005, Orlando, Florida USA

IMECE2005- 80912

THE APPLICATION OF ACOUSTIC EMISSION TO MONITOR PULVERISED FUEL FLOWS

Hii, N.C.
Intelligent Systems Research Centre

School of Technology,
University of Glamorgan,

Pontypridd, Wales, U.K. CF37 1DL
Tel: +44 1443 483372
Fax: +44 1443 483382
Email: nchii@glam.ac.uk

SJ.Wilcox
Intelligent Systems Research Centre

School of Technology,
University of Glamorgan,

Pontypridd, Wales, U.K. CF37 1DL
Tel: +44 1443 482810
Fax: +44 1443 483578

Email: sjwilcox@glam.ac.uk

A.Z.S. Chong
Intelligent Systems Research

Centre
School of Technology,

University of Glamorgan,
Pontypridd, Wales, U.K. CF37 1DL

Tel: +44 1443 482371
Fax: +44 1443 483382

Email: azschong@glam.ac.uk

J.Ward
Intelligent Systems Research

Centre
School of Technology,

University of Glamorgan,
Pontypridd, Wales, U.K. CF37 1DL

Tel: +44 1443 482200
Fax: +44 1443 483382

Email: jward@glam.ac.uk

Tan C.K.
Intelligent Systems Research

Centre
School of Technology,

University of Glamorgan,
Pontypridd, Wales, U.K. CF37 1DL

Tel: +44 1443 482371
Fax: +44 1443 483382
Email: ctan@glam.ac.uk

ABSTRACT
There are a large number of industrial processes 

involving the transport of pneumatically conveyed 
solid including mineral processing, electrical power 
generation, steel and cement production. For coal- 
fired power plant, in particular, pulverised fuel (pf) is 
fed by pneumatic means where coal particles are 
transported by the primary air from each mill 
directly into furnace. The distribution of coal 
particles to each burner bank is normally split 
mechanically from larger pipelines into a smaller 
network of pipes connected to each of the burners. 
Despite the use of matched outlet pipes and riffle 
devices within the splitters, uneven distribution of 
the pulverised coal inevitably occurs. Incomplete 
combustion due to the non- uniform distribution of 
the pulverised coal between the burner\u2019s feed 
pipes leads to a reduction in boiler efficiency. This 
also directly leads to an increase in slagging and 
fouling in the burner and increased NOx emission

from the burner. Measuring can solve this problem 
and subsequently controlling the mass flow in each 
burner feed pipe and then adjusting the excess air to 
operate near the minimum.

Over the past ten years or so, there has been 
increased interest in applying acoustic emission (AE) 
detection methods for process condition monitoring. 
The European Working Group for Acoustic Emission 
(EWGAE), 1985, defines AE as 'the transient elastic 
waves resulting from local internal micro 
displacements in a material'. The American National 
Standards Institute defines AE as 'the class of 
phenomena whereby transient elastic waves are 
generated by a rapid release of energy from a 
localised source or sources within a material, or the 
transient elastic waves so generated'. Therefore, in 
principle, any impulsive and energy release 
mechanism within a solid or on its surface, such as 
plastic deformation, impact, cracking, turbulence,
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combustion, and fluid disturbances, is capable of 
generating. Since these mechanisms can be 
associated with the degradation occurring within a 
particular process, it follows that AE has great 
potential in condition monitoring, for example, 
monitoring of tool wear, corrosion and process 
monitoring of the pneumatically conveyed solid.

Unlike most of the other techniques, AE sensors 
are non- invasive so that their interruption with the 
flow within the pipe can be totally avoided. 
Furthermore, the frequency responses of AE sensors 
are normally very high (in the order of a Mega Hertz) 
so that they are immune to low- frequency 
environmental noises. The use of AE detection 
techniques is appropriate in this project since the 
frictional contacts between the flowing particles and 
the inner wall of the conveying pipe can effectively 
generate 'elastic waves' which propagate through the 
inner pipe wall and be detected by an AE sensor 
attached to the outer pipe wall. Consequently, the 
current research work aims to demonstrate the use 
of an AE to monitor the flow of particles in a 
conveying pipe. Preliminary results indicate that AE 
is generated and is highly repeatable for both 
variations in velocity for a fixed particle size and also 
for variations in mass flow rate at a fixed velocity.

Coal Bunker

Figure 1: Pneumatic Conveying System on a 
Pulverised Fuel Fired Boiler.

INTRODUCTION
Pneumatic conveying of solid paniculate matter 

is employed in a wide range of industries including 
mineral and food processing, electrical power 
generation, and steel and cement production. In 
particular, in pulverised coal- fired power stations 
the coal particles are usually transported from each 
pulverising mill by the primary combustion air to a 
bank of burners and typically a large utility boiler 
may have 6- 8 mills and a total of 30- 50 burners. The 
flow to each burner bank is normally sub- divided 
through a network of smaller pipes connected to

each of the burners (Figure 1). Despite attempts to 
match the flow paths and the use of baffles uneven 
distribution of the pulverised coal commonly occurs. 
The resultant maldistribution in burner air/fuel 
ratios can then lead to a reduction in boiler 
efficiency, an increase in boiler slagging and fouling 
and increased emissions of NOx and other pollutants. 
Consequently there has been considerable interest in 
recent years in the application of a range of methods 
for on- line measurement of pulverised fuel (pf) flow 
rates including electrostatic, capacitance, radiometric 
and optical based sensors, see for example [1-4]. It is 
difficult to achieve absolute measurements of the 
mass flow rate because of the low particle 
concentrations, as well as the variations of coal 
properties, particle size and moisture content, found 
in practical systems. Consequently in general all 
these techniques have been limited to "balancing" the 
flows to different burners.

Acoustic sensors have also been employed since 
they are non- intrusive, relatively cheap and 
reproducible. For example, Millen et al. [5] used a pair 
of transducers to measure the attenuation of an 
ultrasonic signal directed across the pulverised coal 
flow. The system appeared to be affected by changes 
in coal properties and moisture content and the 
accuracy depends upon the particle size distribution 
so that again the main application seems to be 
measurement of the relative flows in branched pipe 
work. Alternative methods include the measurement 
of the sound generated by the particulate flow or the 
use of so-called acoustic emission (AE) techniques.

The European Working Group for Acoustic 
Emission, [6] has defined AE as 'the transient elastic 
waves resulting from local internal micro 
displacements in a material'. The American National 
Standards Institute, [7], defines AE as 'the class of 
phenomena whereby transient elastic waves are 
generated by a rapid release of energy from a 
localised source or sources within a material'. In 
principle, any energy release mechanism within a 
solid or on its surface is capable of generating these 
waves so that the impact of particulate matter on the 
walls of a pipe will produce AE, which can be 
detected by acoustic transducers mounted on the 
outer surface of the pipe. The frequency responses of 
AE sensors are normally very high (of the order of a 
MHz.) so that they are unaffected by low- frequency 
ambient noise unlike other acoustic measurements. 
As a result a semi- commercial system known as 
"Pulverised Coal Flow Balancing System" has been 
developed in Finland and uses four AE sensors 
mounted around the pipe. The system cannot be 
used for absolute mass flow measurements and can 
only balance the flows in pipes of similar geometry, 
[8]. Hou et al. have used AE techniques to monitor
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the flow of slurries in pipelines [9] and to investigate 
the flow behaviour of a hydro- cyclone for separating 
silica flour from water, [10]. They investigated a 
range of operating conditions and concluded that AE 
can be a promising tool for condition monitoring of 
the equipment. There appears, however, to be a lack 
of systematic and basic information on the use of AE 
for particulate flow measurement. Consequently, the 
current paper aims to help fill this gap by reporting 
the initial results of an experimental investigation 
into the use of AE to monitor the flow of particulate 
materials in a pipe.

EXPERIMENTAL DETAILS
For convenience and safety reasons the tests 

were carried out using sand instead of pulverised 
coal. The nominal particle size distribution of this 
sand is shown in Figure 2, which presents the 
maximum, minimum and mean distributions in 
accordance with BS882. A sieve with 355 urn in mesh 
size was used to reduce the variation in particle size 
so that only sand with grain sizes < 355 um was 
used in most of the experiments. However some tests 
were also conducted with the un- sieved material to 
investigate the effect of changes in particle size.

O.I I 

Size of Material (mm)

Figure 2: Typical Particle Size Distribution of the 
Sand in Accordance to BS882

The overall test rig is illustrated in Figure 3 and 
consisted essentially of a 50 mm bore pipeline. A 
transparent Perspex section was incorporated for 
visual inspection purposes to ensure that the sand 
particles were suspended in the flow and did not 
settle out in the bottom of the pipe. A known mass of 
sand was fed from a small bunker or holding vessel 
onto a vibratory feeder. Adjusting the frequency of 
vibration of the feeder varied the mass flow and 
initial calibration tests established that the flow was 
essentially uniform except for short periods at the 
start and end of a test. These periods were 
discounted in the analysis of the data. Air was drawn 
through the rig by means of a powerful Dyson type 
vacuum cleaner, which also collected the particulate 
matter. The material collected in this fashion was

weighed at the end of the test as a check on the 
overall mass flow. Tests were undertaken over a 
range of mean air velocities from 9 to 17 m/s and the 
mass flow rates were varied from 0.2 to 1.2 g/s. Hou 
et al. [9] found that positioning the sensor at a bend 
provided AE signals of a suitable strength since 
particles readily impact on the wall of the pipe in this 
position. Consequently an AE sensor with a 
frequency response of 100- 1200 kHz was installed at 
a bend as shown in Figure 3. A steel elbow was used 
for this part of the pipeline since plastic materials 
will "damp out" the elastic waves and hence the 
acoustic emission. The signals from the sensor were 
pre- amplified before the data was acquired and 
subsequently stored in a computer. The data 
acquisition and processing system consisted of a 12- 
bit analogue to digital conversion card (COMPUSCOPE 
1250) with a sampling rate of 5MHz. The analogue 
signal from the pre- amplifier unit was first 
channeled to an analogue- digital- converter and 
digitized at a sampling rate of 5 MHz. A 'sample' of 
AE signal was saved in the computer every two 
seconds and each sample was composed of 64kB.

SIGNAL PROCESSING
The particles impinging on the inner wall of the 

bend, dissipate energy in the form of heat, 
mechanical noise and more importantly generate 
"stress waves" which can be detected by the AE 
sensor. The characteristics of these "stress waves" 
are multi- scale and non- stationary since particles of 
different size and shape can give rise signals with 
different frequencies and amplitudes. Consequently, 
the signals were decomposed using a wavelet 
analysis into different frequency bands to reveal 
their detailed characteristics. This initially splits the 
signals into two bands whose bandwidth depends 
upon the detailed response of the sensor and are 
selected by the analysis software. For many signals, 
the so- called low- frequency "approximation" of the 
decomposition, gives the signal its identity whereas 
the so- called high- frequency "detail" of the 
decomposition is associated with flavour or 
background noise. In each subsequent decomposition 
the frequency bands are again sub- divided In this 
present work, the raw AE signal was decomposed to 
the third level (see Figure 4) so that it was split into 8 
frequency components of varying bandwidth and the 
spectrum of the signal is no longer necessarily 
continuous. Each of these decomposed signals i.e. the 
so- called "wavelet coefficients" are then uniquely 
related to a particular frequency band. The Root- 
Mean- Square (RMS) of each wavelet coefficient was 
then calculated and represents the mean energy of 
the signal in the corresponding frequency band.. In 
order to obtain a statistically stable and meaningful 
result, each of the RMS values was averaged over 60
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consecutive AE samples, i.e. over a test period of 2 
minutes.

RESULTS AND DISCUSSION
Initially each of the eight RMS values of the 

wavelet coefficients was correlated with the particle 
mass flow rates. The closest relationships were 
obtained using the AAA3 wavelet coefficient (see 
Figure 4), which corresponds to the energy of the 
signal in the lowest frequency band. This wavelet 
coefficient was then employed to analyse the data 
from all the tests.

Vibratory Feeder
unker

4/t «r^ >t
I \ Perspex pipe PVC pipe

Steel elbow Vacuum cleaner

Pre-amplifier PC/ Data Acquisition

Figure 3: Schematic Representation of the Test Rig

AAA DAA ADA DBA AAD DAD ADD ODD

Figure 4: Schematic Representation of the Wavelet 
Analysis

The RMS of the wavelet coefficient (i.e. the AE 
signal) varies in an approximately linear fashion with 
the mass flow rate of the finer sand at a particular air 
velocity, see Figure 5.which presents data for three 
mean velocities of 9, 13 and 17 m/s. The tests were 
repeated five times at each test condition to assess 
the repeatability of the results and the standard 
deviation of the wavelet coefficients are shown as 
error bars in the plot at a mean airflow velocity of 17 
m/s. The deviations at the lower air velocities were 
substantially smaller and are omitted because of the 
scale of Figure 5. This greater scatter in the AE

signals at the higher air velocity, may possibly be 
explained by the increased turbulence fluctuations in 
the flow at the bend so that the sand particles impact 
on the inner pipe wall in a more unpredictable way 
and hence increase the fluctuations in the energy 
levels in the signal. Also shown in Figure 5 are the 
"best fit" straight lines at each air velocity. These 
lines indicate the close linear correlation between the 
AE signals and the particulate mass flow rate since 
the correlation coefficients, R2 , are better than 0.95 in 
all cases.

0.4 0.6 0.8

Mean mass flow rate (g/s)

1.2 1.4

17re-1 i 13TO-1 9rr6-1__Linear (17ms-1)__Linear (13ms-1)__ Linear (9rr6-1) |

Figure 5. Variation of the AE Signal with the Mass
Flow Rate of the Finer Sand at Three Different

Mean Air Velocities

Figure 6 presents the variation in wavelet 
coefficient with mean air velocity at three different 
particulate mass flow rates, namely 0.2, 0.6 and 1.0 
g/s. Again it can be observed that the AE signal 
exhibited greater fluctuations at the higher air 
velocities as indicated by the error bands. The "best 
fit" straight lines also indicate that there is a close 
linear correlation between the energy in the low 
frequency band of the signal and the air velocity with 
correlation coefficients, R2 , greater than 0.9 in all 
cases.
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Figure 6. Variation of the AE Signal with the Mean
Air Velocity at Three Different Mass Flow Rates of

the Finer Sand

The approximately linear variation with mean air 
velocity suggests that a more general relationship 
between AE signal and particulate mass flow can be 
obtained by normalizing the RMS value of the wavelet 
coefficient by dividing by the velocity. This is 
confirmed in Figure 7, which illustrates the close 
correlation between the normalized, AE signal energy 
and the mass flow rate of the fine sand.

0.014

_ 0.012

•0 0.01

§ 0.008

I 0.006

* 0.004'o
w 0.002

0

** • '
¥l f

• f* ' "•
» ****

*

0 0.2 0.4 0.6 0.8 1 1.2 1.4

Mean mass flow rate (g/s)

«17ms-1 . 13ms-1 9ms-1

Figure 7. Variation of the Normalised AE Signal 
with the Mass Flow Rates of the Fine Sand

The particle velocities may generally be assumed 
to be approximately equal to the air velocities except 
at high solid concentrations so that the linear 
variations illustrated in Figures 5 and 6 indicate that 
the wavelet coefficients are linearly related to the 
momentum flow rate of the particles (i.e. the product 
of the mass flow rate and the velocity). This is in 
accordance with a simplistic analysis of the physics 
of the system, which indicates that the force exerted 
on the pipe wall, and hence the energy of the elastic

waves, which are generated, will be proportional to 
the momentum of the particles at impact.

The smaller particles will be carried around the 
bend by the flow of air whereas the inertia of the 
larger particles will be more likely to cause them to 
deviate less from their original paths. Consequently 
it is possible that larger particles are somewhat more 
likely to generate AE in the walls of the pipe bend. 
Tests were therefore also undertaken with coarser 
"un- sieved sand to assess the effects of particle size 
on the AE signals. The results, which are presented in 
Figure 8, indicate that for the size ranges, which have 
been tested that there appears to be little effect 
except perhaps at the higher mass, flow rates. Even 
at these flows the effects may be due to scatter in the 
data.

M*u Flow R*t* (gte) 

I • Sieved E Mh "Sarid ~ B Earth Sand I

Figure 8 The Effect of Particle Size Distribution on 
the RMS of the Wavelet Coefficient.

CONCLUSIONS
The experimental results indicate that 

measurement of the energy of the acoustic emission 
generated by impact of particles on the walls of a 
pipe is a potentially promising technique for 
determining the mass flow rate of particulate flows. 
The RMS of the energy in the low frequency region of 
the AE (the wavelet coefficient) is approximately 
proportional to both the mass flow rate and the air, 
and hence, particle velocity. There thus appears to be 
a close correlation between components of the AE 
signal and the momentum of the particles impacting 
on the inner wall of a pipe bend.
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