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Abstract 

This thesis describes a novel methodology for slurry flow measurement using Coriolis 

flowmeters incorporating error compensation and structural condition monitoring 

techniques. This work investigates the influence of entrained solid particles on Coriolis 

flow metering along with the potential wear problem of Coriolis flowmeters handling such 

abrasive medium. A review of slurry flow measurement techniques is given, together with 

the associated technical issues in slurry flow metering using Coriolis flowmeters. The 

negative impact of the presence of solid particles on Coriolis flow metering is identified 

through experimental work. A semi-empirical analytical model is proposed to compensate 

the effect of solid particles on Coriolis flow metering. An in-situ condition monitoring 

technique is presented for examining the structural health of Coriolis measuring tubes. 

A laboratory-scale slurry flow test rig has been designed and constructed to provide the 

experimental platform for this work. Experimental tests were conducted on the slurry flow 

test rig with solid fraction up to 4% in volume. Experimental results illustrate that negative 

measurement errors are produced from the Coriolis flowmeters with dilute slurry flow. A 

basic analytical model is derived from the existing decoupling effect theory for predicting 

and correcting the measurement errors of Coriolis flowmeters. According to the actual 

experimental data, a correction term is introduced into the basic analytical model to 

improve the predictive performance. After correction, the errors in mass flowrate 

measurement are reduced to mostly within ±0.2% and remaining errors in density 

measurement are not beyond ±0.4%. The capability of Coriolis flowmeters can be 

extended to slurry flow measurement with a semi-empirical analytical model incorporated. 

Structural conditions of Coriolis flowmeters are monitored through on-line determination 

of tube stiffness. In order to give an early warning of tube erosion and reduce the chance of 

false alarms, factors which can affect stiffness determination are investigated, both 

theoretically and experimentally. The influence of temperature effect on stiffness 

determination is evaluated and a compensation scheme is proposed to improve the 

accuracy of stiffness determination. Erosive tests were performed on the slurry flow test rig 

to evaluate the feasibility and sensitivity of the condition monitoring technique. 

Experimental assessment suggests the capability of structural condition monitoring for 

reporting tube erosion at an early time when a relative change in SRDP (stiffness related 

diagnostic parameter) reaches ī1%.  
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Chapter 1  

Technical Requirements for Slurry Flow 

Measurement 

1.1 Introduction  

1.1.1 Slurry Flow  Measurement 

Slurry flow is the mixture of solid particles with liquid medium, typically used to convey 

solids by carrier liquid, such as coal-water slurry, paper pulp, drilling mud and clays [1]. 

Slurry flow transportation is widely encountered in various industries, for instance, the 

mining process, the manufacturing process (e.g. the production of cement, brick, mortar, 

concrete or glass), as well as the petroleum industry which injects the pressurized fluid 

(mainly containing water with silica sand and chemical additives) for extracting oil or 

natural gas (this process called ñhydraulic fracturingò, ñ pressure pumpingò, or ñwell 

stimulationò) [2], [3]. In some circumstances, the presence of solid particles is unexpected 

or unintentional, such as the production of sand from sandstone reservoirs during 

hydrocarbon recovery [4]. In these industrial processes, accurate measurement of solid-

liquid two-phase flow is important to realize flow quantification, operation monitoring, 

process optimization and product quality control.  

Moreover, depending on the characteristics of flow mixtures, the delivered slurry could be 

abrasive and/or corrosive. As a result, the transportation of slurry may cause erosive 

damages to the piping system (e.g. valves, pipelines), plant equipment (e.g. pumps, 

feeders), along with measuring instruments (e.g. flowmeters). The complex nature of two-

phase flow together with the abrasive property of slurry flow cause difficulties in both flow 

metering and condition monitoring. In order to seek the solutions to the measurement 

problems of slurry flow, this research focuses on the accuracy issues in solid-liquid two-

phase flow measurement as well as the wear problem of the measuring instruments when 

applied in such abrasive medium. 
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In many manufacturing industries where slurry is commonly used to deliver solids as raw 

materials whilst the liquid medium is served as a carrier, accurate two-phase flow metering 

is highly desirable to ensure smooth slurry transportation for process control. If solids are 

delivered under inappropriate conditions (e.g. heavy solid content with improper flow 

velocity), liquid medium may not be able to carry the solids to move together. Since solid 

phase is typically denser than liquid, solids would tend to accumulate and settle on the 

bottom of pipe which can eventually results in poor product quality, pipeline blockage and 

even facility failure [5]. Among slurry flow characteristics, flowrate (or flow velocity) and 

solid concentration are of considerable interest to materials balance [6].  

In the petroleum industry, hydraulic fracturing has been widely employed as a well 

stimulation technique since the 1940s. It utilizes the high-pressure injection of fracturing 

fluid to assist in extracting oil or natural gas from the reservoirs [7], [8]. Fracturing fluid is 

majorly composed of water (roughly 95% by volume), deliberately added ñproppantò 

(commonly silica sand with volume fraction about 4%) together with a small amount of 

treatment chemicals (typically less than 1% by volume) [9]. The function of ñproppantò is 

to hold the fractures open, offering adequate pore space for petroleum fluids to flow to a 

well [10]. In such applications, accurate measurement of flowrate as well as solid 

concentration is highly desirable to enhance hydrocarbon recovery in terms of the 

production rates and the yields. 

Another typical example in the petroleum industry is the production of solids derived from 

hydrocarbon recovery. Quite often oil and gas wells also contain water and solid materials 

(primarily sand). In this case, sand production is unintentional, which commonly appears 

from the early stage of the well life (clean-up stage), most likely during the end of well life 

(typically when water breaks through) and occasionally throughout the well life [11]. The 

poorly-consolidated reservoirs constitute roughly 70% of the worldôs oil and gas reservoirs 

[12]. The existence of sand particles can lead to the instability of the production cavities 

and sometimes the filling of the boreholes. Additionally, it can also result in severe erosive 

damage to the facilities as well as sand deposition in the separators. Thus, reliable slurry 

flow measurement is highly advantageous to guarantee the hydrocarbon recovery process 

and becoming more and more essential to the custody transfer in the oil and gas industry. 

The problems of measuring solid-liquid flow mixtures have been of great interest to a wide 

variety of industrial processes associated with slurry transportation since the 1950s, 
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particularly in the manufacturing, chemical, mining, oil and gas industries [13]ï[15]. Over 

the past few decades, significant efforts have been devoted to address the challenges of 

solid-liquid two-phase flow metering. Basically, flowrates (or flow velocities) and phase 

fractions are the key parameters for slurry flow measurement, which are crucial to realize 

flow quantification and process control. The traditional approaches by separating or 

sampling the mixed flow have obvious disadvantages, such as taking up too much space, 

low efficiency, difficulties in maintenance, and more importantly, significant time delay 

making them difficult to achieve real-time monitoring and control. One typical solution to 

solid-liquid two-phase flow characterisation is combining different measurement 

techniques together owing to the advantages or limitations of each technique. For example, 

phase fractions are often measured by using techniques such as electrical tomography, 

gamma ray, X-ray, wave attenuation of microwave or ultrasonic or acoustic methods. 

Individual phase densities are typically obtained from densitometers (e.g. using gamma ray, 

ultrasonic or microwave methods) whilst Coriolis flowmeters are likely able to determine 

the mixture density with proper compensation. Flowrates or flow velocities are commonly 

determined by employing differential pressure devices, electromagnetic flowmeters, 

Coriolis flowmeters, ultrasonic, acoustic sensors, or laser doppler instruments [5], [16], 

[17]. Although the strategy of the combination of different techniques could contribute to 

characterizing slurry flow, these solutions could have the limitations of measurement 

accuracy, the difficulties in calibration and maintenance, or the problems of using 

radioactive sources. It is still challenging to provide stable, continuous and accurate 

measurement of solid-liquid mixtures so far.  

1.1.2 Coriolis Flowmeters 

Coriolis flowmeters are one of the most accurate single-phase mass flowmeters, with the 

benefit of offering multiple outputs including mass flowrate, density, temperature and even 

viscosity in some circumstances [18]. Mass flow metering can be immune to the influence 

of changes in process or operating conditions (e.g. temperature, pressure) encountered in 

volumetric flow metering. Nevertheless, the primary limitation is the degradation of 

measurement accuracy of Coriolis flowmeters when dealing two-phase or multiphase flow.  

The potential extension of Coriolis flow metering technology from single-phase flow to 

two-phase or multiphase flow has received considerable attention over the past few years. 

Benefitting from the recent advances in flow converters (or called flow transmitters) as 
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well as signal processing and soft computing techniques, Coriolis flowmeters are becoming 

a promising tool for two-phase or multiphase flow metering. Extensive theoretical studies 

have been undertaken to investigate the physical mechanisms leading to measurement 

errors of Coriolis flowmeters under multiphase flow conditions. Different approaches have 

been proposed and implemented into Coriolis flowmeters for handling multiphase flow. 

Here examples are given with the focus on the technical improvements in the 

commercially available Coriolis flowmeters from several leading manufacturers. 

Endress+Hauser has offered MFT (Multi -Frequency Technology) to compensate the 

compressibility effect on Coriolis flow metering due to gas entrained in liquid [19]. 

KROHNE has introduced EGM (Entrained Gas Management) technology as a solution of 

gas entrainments for various industrial applications [20]. Micro Motion has proposed TBR 

(Transient Bubble Remediation) and TMR (Transient Mist Remediation) strategies in order 

to handle multiphase flow [21]. Moreover, with the rapid development of artificial 

intelligence and machine learning tools, soft computing techniques have shown the 

potential to assist with Coriolis flowmeters for providing mass flow measurement with gas 

present in liquid [22], [23]. 

One benefit of using Coriolis flowmeters is to obtain mixture mass flowrate and density 

simultaneously, which can give a better insight into slurry flow characteristics. By 

introducing appropriate compensation methods (e.g. analytical modelling or soft 

computing techniques) for reducing the influence of entrained solid particles, Coriolis flow 

metering technology is a promising candidate which may achieve satisfactory accuracy of 

the measurement of mass flowrate and density of the solid-liquid mixtures. In addition, in 

some cases for instance the dilute slurry being transported in homogenous suspension or 

non-settling flow regime, individual phase fractions can also be estimated from the mixture 

density, with the prior information of liquid density and solid density (e.g. acquired by 

sampling). It can be seen that one advantage of applying Coriolis flowmeters into 

homogeneous and dilute slurry flow is its potential capability to provide measurement of 

the mixed flow as well as the individual components, without using a second instrument to 

characterize solid-liquid two-phase flow. 

1.2 Technical Challenges 

The difficulties in slurry flow measurement mainly arise from the complex nature of the 

solid-liquid mixtures being metered due to the simultaneous presence of two different 
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phases together with the potential wear problem of the measuring instruments due to the 

successive contacts with solids present in liquid. The liquid phase is typically a continuous 

phase while the solid phase is usually a dispersed phase. The solid-liquid interactions can 

generally affect the performance of the measuring instruments and such effects are often 

dependent on the properties of flow mixtures as well as the process or operating conditions 

(e.g. temperature, pressure) varying from different applications. Besides, because of the 

abrasiveness of slurry, erosive damages to the measuring instruments would inevitably 

occur and therefore, careful attention should be given on the structural health of the 

measuring instruments, particularly in the use of intrusive sensing techniques (e.g. turbine 

flow metering). 

1.2.1 Challenges in Flow Measurement of Solid-L iquid Mixtures  

In general, a desirable flowmeter for slurry flow metering should be able to offer accurate, 

stable, continuous and repeatable measurement. Additionally, considerations should also 

be given on reducing the size, cost, maintenance, and the use of radioactive sources (e.g. 

gamma ray). The main technical challenges to fulfil the requirements for slurry flow 

measurement have been identified as follows: 

¶ High accuracy  

The required accuracy depends on the specific applications and local conditions. In general, 

higher accuracy (or lower uncertainty) of flow measurement is often required for the 

purpose of custody transfer in the oil and gas industry. For the complex industrial 

processes, a realistic and acceptable measurement uncertainty would be allowed to a wider 

range, such as ±1% [24]. In the case of single-phase flow, Coriolis flowmeters are capable 

of delivering highly accurate mass flowrate measurement, typically achieving uncertainty 

of within ±0.1%. Therefore, the challenge is to extend the ability of the Coriolis 

flowmeters to maintain such high accuracy when solid-liquid two-phase flow occurs. 

¶ Real-time measurement 

Real-time measurement is usually required for the purpose of process monitoring and 

product quality control. For the complex scenarios, for example, the multiphase flow 

containing oil, water, solid materials and gas from the wellheads or during well drilling 

where accurate measurement of each phase is practically difficult  to perform, high 
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sensitivity and fast response in tracking changes of flowrate or phase fraction on a real-

time basis can be helpful for reservoir management. Hence, the challenge is to employ on-

line flow metering techniques to continuously monitor such flow which are expected to be 

sensitive and can respond fast to the changes in flow conditions. 

¶ Wide applicability under variable process conditions 

The process or operating conditions could likely differ from various applications (e.g. 

cryogenic temperature, high pressure, viscous flow medium). As a result, technical 

difficulties exist in reducing the impacts of variations in process conditions (e.g. ambient 

temperature, pressure) on flow metering. Accordingly, it is challenging to deliver stable 

and accurate flow measurement under real-world process conditions. Appropriate 

compensation should be applied to the measurement results in order to keep the accuracy 

over a wide variety of process conditions.  

¶ Small footprint, cost-effectiveness, low maintenance 

In some cases (e.g. off-shore platform, mobile unit, ferries), the installation space is a 

critical factor which requires a measuring device to be compact. Separation or sampling 

based methods are less preferable owing to the disadvantages of bulk size and mechanical 

complexity. Thereby, it is a challenge for a measuring device to serve the application with 

very limited installation space. Moreover, low cost, ease of use as well as low maintenance 

are practically beneficial. Although multiphase flowmeters deploying radioactive source 

own the advantages of high accuracy and good adaptability, which is prevalent in the 

commercial market of multiphase flowmeters, it is expensive to purchase and operate 

whilst it often requires frequent maintenance/calibration. Therefore, development of a 

radiation-free and cost-effective technique to measure slurry flow is another challenge. 

1.2.2 Challenges in Structural Condition Monitoring of the Measuring 

Instruments in Abrasive Applications 

Due to the abrasive solid particles present in liquid, wear problems may occur on the 

measuring instruments during slurry flow measurement. The erosive damage can adversely 

affect the performance of the measuring device whilst excessive erosive can even cause 

facility failure leading to safety issues. Therefore, how to monitor the structural condition 

of the measuring device is the second primary concern in this research, which is crucial to 
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guarantee accurate flow measurement for slurry. The main technical challenges have been 

identified below: 

¶ Satisfactory sensitivity and reliability 

The required sensitivity in reporting erosion is dependent on the specific types of the 

measuring devices as well as the applications. Higher sensitivity can advise the sign of 

erosion at an earlier stage. Unfortunately, improperly high sensitivity could increase the 

occasions of false alarms which would confuse the operator. Nevertheless, seeking a fairly 

reliable warning of the presence of erosion could to some extent limits the sensitivity. 

Therefore, one major difficulty lies in the selection of an appropriate threshold, which can 

report erosion with confidence. Considerations should be given on providing a satisfactory 

sensitivity for the purpose of early warning as well as a good reliability in diagnostic 

results with low probability of false alarms. 

¶ In-situ and on-line condition monitoring 

Since erosive wear can happen during slurry flow metering, it is essential to provide real-

time and on-line condition monitoring of the measuring instruments during the service life. 

Off-line inspection or recalibration is less preferred because a shutdown or operational 

disruption to the ongoing flow transportation could negatively impact on the 

manufacturing processes (e.g. in terms of time, cost). Thus, it is another challenge to 

develop an in-situ and on-line condition monitoring technique to examine the structural 

health of a measuring device for abrasive applications. 

¶ Immunity to variable process conditions 

In consideration of the complexity of real-world applications, the development of structural 

condition monitoring of a measuring instrument should take the influences of variations in 

process or operating conditions into account. One main challenge is that the condition 

monitoring technique should be capable of indicating the structural changes in the 

measuring instrument, meanwhile, owning an adequate level of immunity with respect to 

process effects in situ. 

¶ Compact size, cost-effectiveness 
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Structural condition monitoring of a measuring instrument can be regarded as a secondary 

function to check the structural integrity which can be used to assist in delivering accurate 

measurement in slurry flow. Hence, it is desirable to utilize less supplementary sensors 

which can be easily installed or operated for implementing condition monitoring into a 

measuring device on a pipeline. In addition, the cost and size of the monitoring system to 

be developed should be acceptable. 

1.3 Research Objectives 

This research programme aims to develop a a methodology for slurry flow measurement 

using Coriolis flowmeters together with an in-situ condition monitoring technique for 

ensuring the structural integrity of Coriolis flowmeters. The objectives of the research 

programme are defined as follows: 

¶ To define the state-of-the-art in the research field. Existing techniques for slurry flow 

measurement and associated technical issues in slurry flow metering using Coriolis 

flowmeters will be reviewed whilst gaps that require further research in this field will 

be identified. 

¶ To experimentally evaluate the influences of entrained solid particles on Coriolis flow 

metering. A slurry flow test rig will be designed and constructed in order to offer an 

experimental platform for assessing the performance of Coriolis flowmeters under 

solid-liquid two-phase conditions in terms of mass flowrate and density measurement. 

Experimental tests will be carried out on slurry flow test rig with dilute sand-water 

flow. The measurement uncertainty of Coriolis flowmeters with slurry flow will be 

examined quantitatively. 

¶ To examine the feasibility and effectiveness of analytical modelling approach for 

compensating the effect of entrained solids on Coriolis flow metering. Based on the 

existing theoretical studies revealing the underlying physics causing the measurement 

errors of Coriolis flowmeters under two-phase flow conditions, a basic analytical 

model will be established for error prediction and correction. Moreover, according to 

the differences between the outcomes from model prediction and experimental work, 

the basic analytical model will be improved to offer better prediction of actual 

experimental results. As a result, a semi-empirical analytical model will be proposed 

for compensating the measurement errors of Coriolis flowmeters for slurry flow 

metering.  
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¶ To perform in-situ structural condition monitoring of Coriolis flowmeters through on-

line measurement of Coriolis tube stiffness. Stiffness related diagnostic data will be 

used to track and monitor the structural health of Coriolis flowmeters for reporting the 

potential erosive wear on Coriolis measuring tubes. The factors which can affect 

stiffness determination (e.g. damping level, two-phase flow conditions) as well as the 

influence of changes in temperature (including fluid temperature and electromagnetic 

coil temperature) on stiffness determination will be identified and analysed, 

theoretically and experimentally. Accordingly, a compensation method will be 

proposed against the effect of temperature changes, in order to achieve high accuracy 

of stiffness determination which equates to high sensitivity in erosion warning. 

Furthermore, the performance of the structural health monitoring technique will be 

assessed through erosive testing with dilute sand-water slurry. 

1.4 Thesis Outline 

The contributions of this thesis to the state-of-the-art in slurry flow metering include (1) 

experimental investigations into the performance of Coriolis flowmeters under solid-liquid 

two-phase flow conditions, (2) evaluation of the feasibility and effectiveness of using 

analytical model for predicting and correcting measurement errors of Coriolis flowmeters 

for slurry flow metering, (3) use of a stiffness diagnostics based structural health 

monitoring technique to track erosion on the Coriolis measuring tubes, (4) identification of 

factors affecting stiffness measurement and compensation of temperature effect for 

yielding a high sensitivity in erosion warning. 

This thesis is organised in six chapters as follows: 

¶ Chapter 1 introduces the importance of slurry flow measurement, and covers the 

technical challenges in accurate measurement of slurry flow along with effective 

monitoring of wear problems for abrasive industrial applications, and outlines the 

proposed objectives of the research programme. 

¶ Chapter 2 reviews the state-of-the-art techniques for slurry flow measurement and 

associated technical issues in slurry flow measurement using Coriolis flowmeters. 

¶ Chapter 3 gives the detailed descriptions of the design and construction of a slurry 

flow test rig for covering the experimental tests as required in this work. 
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¶ Chapter 4 presents the experimental tests and results for identifying the impact of 

entrained solid particles on Coriolis flow metering. Moreover, a novel analytical 

model is derived from the existing theory which explains the physical mechanisms 

causing the measurement errors of Coriolis flowmeters and then adopted for error 

prediction as well as correction. A further improvement on the basic analytical model 

is proposed in order to yield better prediction of actual experimental data.  

¶ Chapter 5 reports the structural condition monitoring of Coriolis flowmeters through 

stiffness diagnostics. The factors which can affect stiffness determination are analysed 

through computational simulation and investigated through experimental work, which 

can help understand the causes of false alarms. Besides, one common and main factor, 

temperature effect, is discussed and a compensation scheme is proposed so as to 

reduce the temperature effect on stiffness determination. The performance of the 

structural condition monitoring technique is assessed by erosive tests with dilute slurry. 

In addition, the behaviour of eroded Coriolis flowmeters is verified by using clean 

water. 

¶ Chapter 6 concludes the work presented from this thesis and provides suggestions and 

recommendations for future work. 
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Chapter 2  

Review of Techniques for Slurry Flow 

Measurement and Associated Technical 

Issues 

2.1 Introduction  

The presence and movement of solid particles in liquid as well as the abrasive nature of 

solid-liquid mixtures make slurry flow measurement one of the most challenging 

multiphase flow metering applications. The study of slurry flow measurement has attracted 

considerable research attention over the past few decades. Significant efforts have been 

devoted to develop effective techniques or improve the performance of conventional 

instruments for measuring slurry flow. However, there still exists some limitations to meet 

all the requirements of slurry flow metering in real-world industrial processes. This 

literature survey not only provides necessary background knowledge about slurry flow 

measurement but also assists in demonstrating a clear contribution of this work to the state-

of-the-art solutions to slurry flow metering. 

This chapter is organised as follows. Firstly, the chapter begins with a brief description of 

slurry flow characteristics as well as the key parameters in slurry flow measurement. Then, 

this chapter reviews the existing techniques which can provide direct on-line measurement 

of slurry flow. This part of review mainly highlights the influence of entrained solid 

particles on flow measurement accuracy along with the consideration of potential wear 

problems in contact with solids. Lastly, the chapter focuses on the relevant previous studies 

on Coriolis flow metering technology in order to identify the associated technical issues 

and remaining technical challenges of slurry flow measurement using Coriolis flowmeters.  

2.2 Slurry Flow Characteristics  
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Slurry flow is encountered in many industries such as chemical, pharmaceutical, 

manufacturing, mining processes as well as petroleum industry. Slurry flow is typically 

used for the hydraulic transportation of solid materials, of which the physical 

characteristics strongly depend on a range of factors, including the relevant properties of 

solid phase (e.g. the size, shape, surface roughness, velocity, density, concentration and 

cross-sectional distribution of solid particles), pipe diameter and orientation, as well as the 

properties of liquid phase (e.g. velocity, density, temperature and viscosity of the liquid 

carrier). Among them, some properties can be regarded as the prior information or 

constants with compensations given according to the process conditions, such as liquid 

density, solid density, pipe diameter and orientation [25]. The dominant variables are phase 

fractions and phase flowrates (or phase velocities), which need to be continuously 

monitored to achieve desirable slurry transportation [6]. 

The focus of this research is the slurry transportation in horizontal pipelines. According to 

the behaviours of solid particles suspended in the carrier fluid, slurry flow regime in 

horizontal pipeline can be basically classified as follows [25], [26]: (1) Non-settling, 

wherein the solids stay fully suspended in the fluid medium; (2) unhindered-settling, 

wherein the suspended particles can settle freely under the gravity effect; (3) hindered-

settling, wherein the relatively upward motion of liquid phase impedes the downward 

motion of particles. Alternatively, four flow regimes for suspensions are commonly 

grouped as follows: homogeneous suspension (or pseudo-homogeneous); heterogeneous 

suspension; heterogeneous suspension flow with a moving bed, or sometimes ñtwo-layerò 

flow; saltation flow with a stationary bed, or sometimes ñthree-layerò flow [25], [27], [28]. 

Typical slurry flow regimes are shown in Figure 2.1. 

1) Homogeneous suspension (or pseudo-homogeneous), in which all solid particles are 

distributed (nearly) evenly and the concentration is constant across the pipe cross-

section; 

2) Heterogeneous suspension, in which a concentration gradient exists in the distribution 

of particles in suspension; 

3) Heterogeneous suspension flow with a moving bed, or ñtwo-layerò flow, in which 

some portion of the particles has accumulated and formed a moving bed that slides 
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along the bottom of the pipe. The upper part of pipe is occupied by a heterogeneous 

mixture. 

4) Saltation flow with a stationary bed, or sometimes ñthree-layerò flow, in which a 

stationary deposit is observed at the pipe bottom. On top of the deposit, particles are 

sliding as a separate moving bed and the upper layer of the flow is a heterogeneous 

mixture. 

 

 

Figure 2.1. Slurry flow regime map in a horizonal pipe [27] 

Generally, non-settling or fully-suspended slurry can be subdivided into two flow regimes, 

homogenous and heterogenous suspension flow [27]. Homogenous suspension is often 

observed when extremely fine particles (typically in size between 40 ɛm to 70 ɛm) with 

relatively low density are present in the liquid [5]. Examples of homogenous suspension 
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include coal-water slurry, drilling mud, clays, fine limestone as well as paper pulp [29]. 

When liquid contains larger and heavier solids (e.g. coarse coal, sand or gravel), the 

particles can still be suspended but likely the suspension may become heterogenous [25]. 

It is recommended to deliver slurry as a non-settling flow regime within an appropriate 

range of liquid velocity and solid concentration. Solid settlement should be prevented as 

they can lower transportation efficiency, cause unstable flow conditions and even plugged 

pipeline. In real-world processes, slurry may also hold some gas bubbles or gas slugs. 

Since gas entrainment is a different topic which can adversely affect the performance of a 

variety of flow measurement techniques, entrained gas should be carefully avoided 

throughout the experimental tests in this research. The experimental work will focus on the 

case of dilute slurry, being delivered in homogenous suspension or non-settling flow 

regime. Dilute slurry containing a small portion of sand particles along with a large 

fraction of liquid is a typical example of sand slurry and also widely involved in the 

petroleum industry. 

Furthermore, as solid-liquid two-phase flow is essentially complex usually associated with 

a certain level of turbulence, the flow characteristics often fluctuates with respect to time 

and varies from the different locations over the pipe cross-section (e.g. the variations of 

local phase velocities and phase fractions from the location near the pipe wall to the pipe 

central line) [6]. Slurry properties are typically measured in terms of the area-averaged 

mean values which are of considerate importance to control materials balance. It should be 

noted that the area-averaged mean values are the interest to this research, rather than the 

local information of slurry flow.  

2.3 Slurry Flow  Measurement Techniques 

Individual phase flowrates or mixture flowrate (volumetric flowrates or mass flowrates), 

phase fractions (generally volume fractions are better indices than mass fractions [6]) as 

well as mixture density (closely linked with mixed fluid composition) are usually used to 

characterise two-phase flow quantitatively [30]. In terms of flowrate measurement, mass 

flowrate is often favoured over volumetric flowrate due to the immunity to variable 

process conditions, especially in the highly demanding applications of custody transfer 

such as oil and gas industry. Thus, the main focus of this research is the mass flowrate 

measurement of slurry flow.  
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This section will firstly give a brief overview of current slurry flow measurement 

techniques. Then, the section will review a number of existing techniques which can offer 

direct measurement of slurry flow. Here the particular emphasis is the impact of entrained 

solid particles on the measurement accuracy as well as the potential wear problem resulting 

from the abrasiveness of slurry flow. Lastly, the measured parameters, advantages together 

with limitations of the existing techniques for slurry flow metering will be summarized. 

This review is primarily concentrated on the measurement of individual phase flowrates 

(alternatively phase velocities), mixture flowrate along with phase fractions of slurry flow, 

while the research concerned with flow regime identification is beyond the scope of this 

research programme. 

2.3.1 Overview 

During the past few decades, a vast number of studies have been carried out to develop 

suitable techniques for slurry flow measurement or improve the performance of 

conventional instruments for extending the abilities to serve slurry applications. So far it is 

still challenging to characterise slurry flow due to the complex solid-liquid interactions 

along with the abrasive nature. Traditional approaches using off-line separation or on-line 

sampling systems cannot meet the requirements for real-time flow measurement or control, 

due to the evident drawbacks, such as significant time delay and low efficiency. Hence, the 

primary interest here will be the on-line and real-time measurement techniques for slurry 

flow metering, without using separation or sampling systems. As reported in the early 

research [30], on-line two-phase flow measurement techniques can be generally 

categorised into two groups, direct and indirect approaches, which will be briefly described 

below. 

2.3.1.1 Direct Approach 

Direct approach is able to offer direct measurement of the physical properties of two-phase 

flow. A typical example of direct approach for solid-liquid two-phase flow metering is 

shown in Figure 2.2. Derived from the measured properties of each individual phase (phase 

velocity, fraction and density), volumetric flowrate or mass flowrate of each phase can be 

acquired and the mixed (total) mass flowrate (ά) can be further determined. The relevant 

calculations are given as follows, 

  ά  ά  ά ὃ ɲ  Ὥ ” ᶮ Ὥ ”  (2-1) 
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 ᶮ ᶮ ρ (2-2) 

where  ά  denotes the mixed mass flowrate; ὃ is the cross-sectional area of the pipe, ɲ is 

the phase void fraction; Ὥ represents the instantaneous velocity and ” is the density. 

Subscripts ͼίͼ and ͼὰͼ refer to solid and liquid phases, respectively. 

 

Figure 2.2. Principle of the direct approach to on-line two-phase flow measurement [24] 

Flowrates or flow velocities are usually measured using differential pressure devices, 

electromagnetic flowmeters, Coriolis flowmeters, ultrasonic or acoustic sensors along with 

cross-correlation techniques. Electrical tomography techniques, gamma energy absorption, 

ultrasonic or acoustic or microwave attenuation techniques are often deployed to obtain 

phase fractions of slurry flow. Individual phase densities are typically obtained from 

densitometers (e.g. based on gamma ray, ultrasonic or microwave methods). For mixture 

density, Coriolis flowmeters are capable of offering satisfactory density measurement for 

single-phase flow and have the potential to be extended to determine the mixture density of 

slurry flow. In consideration of the measured parameters, advantages as well as limitations 

of each technique, several different measurement techniques can be combined together for 

slurry two-phase flow metering. However, the combination of multiple sensing systems 

would increase the size, cost, as well as difficulties in maintenance and calibration of the 

measuring instruments. 

2.3.1.2 Indirect Approach  

In contrast to the direct approach, an indirect approach is applying models (e.g. empirical 

models, soft computing models) which are typically established based on experimental 

data, so as to infer (predict) the physical parameters as required for flow characterisation, 

as displayed in Figure 2.3. With the tremendous technological progress of artificial 

intelligence and machine learning, soft computing techniques can be served as alternative 
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approaches to traditional statistical methods for extending the capabilities of empirical 

models. An up-to-date review of soft computing techniques for multiphase flow 

measurement has been presented by Yan et al. [30]. 

 

Figure 2.3 Principle of the indirect approach to on-line two-phase flow measurement [31] 

There are a number of studies employing the indirect approach into the measurement of 

phase fractions or phase flowrates of gas-liquid and liquid-liquid flow, whereas very 

limited work has been published regarding slurry flow measurement [30]. Only several 

relevant investigations have been undertaken for predicting the pressure drop [32] and 

critical velocity [33], [34] using the indirect approach, which are concerned with slurry 

transportation, rather than slurry flow metering. The reason here probably is that the solid-

liquid interactions in slurry flow could be less complex than the interactions with gas 

bubbles, making it possible to employ the direct approach to achieve satisfactory 

measurement accuracy with slurry flow. With a focus on the direct approach, the existing 

slurry flow measurement techniques will be reviewed in the following sub-sections.  

2.3.2 Differential Pressure Devices 

As conventional measurement techniques, differential pressure devices (e.g. orifice plate, 

pitot tubes and venturi tube) incorporating pressure transducers are the most common 

industrial flowmeters worldwide, from which flow velocity or flowrate can be typically 

obtained based on the Bernoulli principle, being widely used for single-phase flow (e.g. 

liquids, gases) measurement [35]. Shook et al. [36] have presented an optimized venturi 

meter for measuring mixture volumetric flowrate of slurry, suitable for homogeneous flow. 

It has been identified that the flow regime can affect the behaviour of venturi flowmeters 

due to the effect of frictions with the wall of the meter. When the flow regime shifted from 

homogenous to heterogeneous slurry, the discharge coefficient of venturi flowmeters 
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decreased [37]. In addition, as the discharge coefficient is a function of slurry mixture 

flowrate and solid volumetric concentration, differential pressure devices can also be 

utilized to measure solid concentration [38]. 

However, when differential pressure devices are applied into slurry, erosion can occur on 

the devices and correspondingly the discharge coefficient will change. As a result, the 

measurement performance will be degraded owing to erosion. Moreover, since flow 

velocity dominates the erosion rate, the increased velocity in the constricted area (e.g. the 

throat of a venturi flowmeter) can accelerate the erosion faster than the damage on pipeline. 

The previous study [11] investigated the wear of a venturi flowmeter with erosive tests. 

According to the experimental results, the discharge coefficient drifted into a negative 

direction resulting from erosion. Through visual inspection, evident damage was noticed 

downstream of the holes for pressure tapping whilst ripple surface was also observed on 

the wall of the meter. Moreover, the solid particles could cause the blockage of pressure 

taps which also limits the use of differential pressure devices for slurry flow metering. 

2.3.3 Electromagnetic Flowmeters 

Electromagnetic Flowmeters (EMF) have been employed to measure the volumetric 

flowrate or velocity of single-phase liquid in a wide range of industries. With the 

advantage of the simple structural design without hindering components and no pressure 

drop, EMF is a popular choice for volumetric flowrate measurement especially for hostile 

environment (e.g. corrosive or abrasive fluids). However, due to the working principle 

based on Faradayôs Law of electromagnetic induction, EMF is only able to sense 

electrically conductive fluid medium. For example, when dealing with sand-water mixtures, 

the reading of EMF is generated from the water phase, whereas the sand particles cannot 

be sensed. Low conductivities of fluid containing nonconductive materials (e.g. sand, 

hydrocarbons or gases) would negatively impact on the measurement performance.  

Besides, the presence of solid particles would affect the signal derived from slurry flow 

and lead to the fluctuations in the outputs during slurry flow measurement [39]. When 

solid particles scratch the electrodes of EMF, the electrical double layers nearby electrodes 

will be disturbed and a sort of spike-like noise will appear in the slurry flow signal [40], 

[41]. To solve the problems arising from slurry flow metering, some strategies and 

techniques have been developed so as to reduce the noise interferences due to the presence 
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of solids, such as the dual-frequency excitation [42], wavelet processing method 

incorporating with neural network to predict flowrate [43]. The main drawbacks are that 

EMF is solely applicable to conductive fluid and only feasible for the measurement of 

phase flowrate or velocity. In order to fulfill the requirement of slurry flow characterisation, 

a second flow measurement technique (e.g. electrical resistance tomography [44], [45]) is 

required to deliver phase fraction information, in combination with EMF.  

2.3.4 Electrical Resistance Tomography Systems 

Electrical tomography techniques can be used to identify flow regime and visualise the 

phase distribution of slurry flow which are inferred from the electrical properties of the 

mixed flow being monitored [46]. Several researchers have applied ERT (electrical 

resistance tomography) [44], [47] or EIT (electrical impedance tomography) [48], [49] 

techniques to characterise the solid particles suspended in slurry flow. A typical ERT 

system consists of an ERT sensing unit, a data acquisition system along with an image 

reconstruction system, as shown in Figure 2.4. The primary advantage of employing 

tomography techniques is that tomography can yield cross-sectional distribution 

information, such as local and detailed phase volume fraction. In addition, velocity profile 

can also be determined through cross-correlation of reconstructed images derived from 

adjacent electrode rings placed on the pipeline [50]. 

 

Figure 2.4. Schematic of a typical ERT system [47] 

The profile of solid volume fraction as well as solid phase velocity can be acquired by 

using ERT or EIT systems. Area-averaged mean solid phase volume fraction, mean solid 
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phase velocity and solid phase volumetric flowrate can be further obtained. However, the 

major limitation of using ERT or EIT systems for slurry flow metering is that merely the 

flow information of dispersed phase (solid particles) can be determined while the velocity 

(or flowrate) of continuous phase (liquid carrier) cannot be measured. In order to determine 

the liquid phase velocity or flowrate which is fairly crucial to monitor slurry transportation, 

it is required to deploy a supplementary approach (e.g. EMF [44], [45]). Moreover, 

attention should also be given on the potential erosion of electrodes when using invasive 

and intrusive electrical transducers for process tomography. The main disadvantage of 

electrical tomography methods is that the measured electrical properties are always 

sensitive to the changes in fluid dielectric properties as well as flow regimes. Frequent on-

line calibrations are required in order to offer accurate flow measurement results, which 

would limit the application of electrical tomography techniques into real-world industrial 

processes.  

2.3.5 Ultrasonic Sensors 

As a well-developed flow measurement technology, ultrasonic flowmeters have been 

applied to determine volumetric flowrates by measuring the velocity of fluids flowing in 

pipe. Compared with traditional flowmeters, such as orifice, vortex or turbine metering, the 

non-invasive ultrasonic flowmeters can be inline or clamp-on devices to suit some 

challenging environments for instance corrosive or abrasive chemicals, having the benefit 

of long service life, no maintenance and no pressure loss. Ultrasonic flowmeters always 

use either time-of-flight or Doppler techniques to determine the fluid velocity, which 

classifies the main two types. 

One problem is that when an active ultrasonic system is employed into some two-phase 

cases such as dense bubbly or particulate flow, particularly with the flow regime of clearly-

separated phases, the presence and movement of the dense phase could lead to the 

attenuation or even breakup of the ultrasonic waves. In the situation of some specific gases, 

such as CO2, gas phase would significantly absorb the ultrasound wave, making signal 

processing difficult because of the extremely weak ultrasonic signal. As a result, in contact 

with solids or bubbles, the interferences (or multiple reflections) can affect the propagation 

of sound and thereby the measurement of time-of-flight would be less accurate.  
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Besides, the capability of ultrasonic techniques can be extended to determine solid phase 

fraction of slurry flow, based on the dependency between the characteristics of sound 

waves (e.g. acoustic impedance, speed of sound, attenuation of ultrasound) and the 

properties of slurry flow (e.g. solid concentration) [51]ï[53]. Nevertheless, there are still 

many problems in slurry flow measurement using ultrasonic methods. Although solid 

concentration can be potentially inferred from the attenuation of ultrasound waves, 

noticeable attenuation can adversely affect the sound propagation thus degrading the 

measurement accuracy of solid phase fraction, as well as flow velocity or flowrate. 

Therefore, it is still challenging to accurately measure the phase velocity and phase fraction 

simultaneously. The applicable range of using an ultrasonic technology for slurry flow 

metering would be limited by the content of suspended solids, so as to achieve satisfactory 

measurement results.  

In addition, a range of mechanisms including diffraction, reflection and attenuation of 

sound waves will alter the characteristics of an ultrasonic wave directed into a slurry 

mixture. In the meantime, propagation of sound can be impacted by temperature, flow 

regime, fluid viscosity, suggesting the sensitivity to ambient environment and requirement 

of on-line calibration. Furthermore, in some circumstances, ultrasonic probes need to be 

installed in direct contact with the flow being metered because the sound attenuation can 

be noticeable when pass through the pipe wall, which also increases the risk of probe 

damage.  

2.3.6 Passive Acoustic Sensors 

In recent years, OôKeefe et al. has proposed a new type of non-invasive sonar flowmeters 

based on an array of passive acoustic sensors being mounted to the outside wall of pipe 

[16], [54]. The collected acoustic signal conveys information of the disturbances associated 

with flow transportation. As explained in [16], these disturbances can be categorised into 

three groups: disturbances carried by the flow, acoustic waves propagating in the fluid, 

together with vibrations passing through the pipe wall. With regard to the disturbances 

carried by the flow, the overall mean velocity of these disturbances travelling along the 

axial direction of the pipe is equivalent to the mean flow velocity. Therefore, mean flow 

velocity can be acquired by separating and analysing the signal component induced by the 

disturbances which are carried by the flow. The basic working principle of this passive 
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acoustic method for flow velocity (or volumetric flowrate) measurement is illustrated by 

Figure 2.5. 

 

 

Figure 2.5. Working principle of flow velocity measurement using 

passive acoustic sensors [16] 

In addition to flow velocity measurement, the potential use of this passive acoustic 

technique for characterising some multiphase cases has also been reported in [16], [54]. 

Based on the analysis of the signal component generated by acoustic waves propagating in 

the fluid, the speed of sound travelling in the mixed flow can be obtained. Since the speed 

of sound is a function of the physical properties of mixture fluid, the fluid composition 

(phase fraction) can be further inferred. Several cases of the application into multiphase 

flow can be sourced from [16], [54], including solid concentration measurement with thick 

slurry, gas fraction measurement with gas entrained into a liquid or slurry. 
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The major advantage of this proposed passive acoustic method is the capability of handling 

some harsh industrial environments such as ferromagnetic slurry, dense slurry, abrasive or 

corrosive applications, along with the non-invasive feature. However, as the typical 

shortcomings of acoustic methods, the external noises can negatively affect the 

measurement performance, especially when the interested signal component becomes weak 

compared with environmental noises. For example, the strong noises from external 

environment when a large pump or other heavy vibration machine is operated around, or 

other acoustic signals produced from slurry flow transportation (e.g. solids collisions, 

solids impingement on pipe wall), can cause several different and large noises being mixed 

with the interested disturbances conveyed by the flow. As a result, it will become difficult 

to classify and pick out the interested signal which is related to the flow characteristics. 

Besides, on-line calibration or some correction is also required for determining volumetric 

flowrate or fluid composition in the case of multiphase flow. 

2.3.7 Coriolis Flowmeters 

Coriolis flowmeters have been successfully applied into a wide variety of liquid and gas 

applications for delivering highly accurate single-phase mass flow measurement. Among 

these measuring instruments as mentioned above, Coriolis flowmeters are the only 

measuring device offering direct measurement of mass flowrate. Since volumetric flowrate 

can be sensitive to process conditions, mass flowrate measurement becomes more favoured, 

particularly in the highly demanding applications such as custody transfer in the oil and gas 

industry. Apart from mass flowrate, Coriolis flow metering is also able to supply an 

independent and simultaneous measurement of density, which is beneficial to characterise 

the flow being metered. 

With a symmetrical design, a typical Coriolis measuring system mainly consists of 

vibrating tube(s) excited by a driving unit located at the centre, together with two motion 

sensors arranged on the inlet and outlet side respectively, illustrated by Figure 2.6. The 

basic measuring principle is that the interaction between the moving fluid and its 

conveying tube(s) creates Coriolis force which is a function of mass flowrate of the fluid. 

Mass flowrate is obtained from the measurement of time delay (or phase shift) between the 

signals collected from the two motion sensors, as shown in Figure 2.7. Coriolis flowmeters 

are driven at a resonant frequency (commonly in its first vibration mode) so as to consume 

less energy for keeping constant oscillation. By tracking the resonant frequency, the 
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density of the fluid medium can be determined. Moreover, Coriolis flowmeters also output 

the process (fluid) temperature with a temperature sensor typically attached to one 

measuring tube, and even flow viscosity in some circumstances. 

 

 

Figure 2.6 Several typical designs of Coriolis flow sensors (a) Single straight-tube flow 

sensor (b) Twin straight-tube flow sensor (c) Twin bent-tube flow sensor with two 

shallower V-shaped (d) Twin bent-tube flow sensor with two triangular (or ɋ-shaped) 

tubes (e) Twin bent-tube flow sensor with two deeper V-shaped tubes [18] 

 

(a) Vibration of Coriolis tubes without flow (exaggerated) 
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(b) Vibration of Coriolis tubes with flow (exaggerated) 

Figure 2.7 Measurement principle of mass flowrate of Coriolis flowmeters [55] 

Over the last two decades, significant efforts have been devoted to improve the 

performance of Coriolis flow metering technology, for instance appropriate compensation 

on the effects of variable process conditions, optimized meter design, advanced signal 

processing and control techniques, making Coriolis flowmeters capable of delivering stable, 

reliable and the most accurate measurement of single-phase flow, which can be immune to 

changes in fluid temperature, pressure as well as flow viscosity [18], [56]. However, 

Coriolis flowmeters in general struggle to maintain high measurement accuracy under 

multiphase flow conditions. There are a number of studies reporting the measurement 

errors of Coriolis flowmeters with gas entrained into the liquid being metered. Hemp [57] 

and Basse [58] have proposed the theoretical foundations of the physical mechanisms 

resulting in measurement errors of Coriolis flowmeters due to the presence of a second 

phase. Phase decoupling effect and compressibility effect have been recognized as two 

leading error sources which cause the deviations in the measurement outcomes from the 

true values. And gas entrainment has been clearly identified as a key factor which can 

adversely affect the performance of Coriolis flowmeters, attributable to decoupling effect 

as well as compressibility effect [59], [60]. More importantly, besides the theoretical 

analysis, extensive experimental work has been undertaken to evaluate the typical 

behaviour of Coriolis flowmeters under aeration condition, providing the experimental 

support [22], [23], [31], [55], [59], [61]ï[67]. In addition, experimental investigations are 

helpful to explore the effects of other factors involved in real-world process conditions, for 

instance, flow regime, fluid viscosity, meter installation orientation, meter tube geometry 

as well as meter size.  

Nevertheless, the influence of the existence of solid particles on Coriolis flow metering is 

still unclear. Only some theoretical analysis has been carried out [58], [63], [68], [69], 

while very few experimental investigations and results are available. Without the 
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experimental evidence, the feasibility and efficiency of using Coriolis flowmeters for 

slurry flow metering remains doubtful, which motivates this present work to fill  in the gaps. 

The relevant studies on the application of Coriolis flowmeters into slurry will be reviewed 

in detail in the following section (Section 2.4). 

2.3.8 Summary of Slurry Flow Measurement Techniques  

Table 2.1 summarizes the direct slurry flow measurement techniques reviewed above. 
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Table 2.1 Direct measurement techniques for slurry flow metering

 Measurement 

Techniques 

Measured 

Parameters 
Advantages Limitations 

Differential 

Pressure 

Devices [36]ï

[38] 

¶ Slurry 

velocity 

¶ Solid phase 

fraction 

¶ Simple 

¶ Low cost 

¶ Intrusive 

¶ Relatively easily 

eroded 

¶ Discharge coefficient 

changes due to erosion 

¶ Plugged pressure 

tapping holes 

Electromagnetic 

Flowmeters 

[39]ï[43] 

¶ Liquid phase 

velocity 

¶ Suitable for 

abrasive medium 

¶ Applicable to 

highly concentrated 

slurry 

¶ Only sense electrically 

conductive liquid 

¶ Measurement errors 

due to entrained solids 

ERT or EIT 

[44]ï[49] 

¶ Solid phase 

fraction  

¶ Solid phase 

velocity 

¶ Visualize phase 

distribution 

¶ Local flow 

information 

¶ Potential erosion of 

electrodes 

¶ Sensitive to mixture 

properties and process 

conditions 

Ultrasonic 

Sensors [51]ï

[53] 

¶ Slurry 

velocity 

¶ Solid phase 

fraction 

¶ Non-invasive 

¶ Suitable for 

abrasive medium 

¶ Ultrasonic wave 

attenuation or even 

breakup with thick 

slurry 

¶ Solid concentration 

measurement affected 

by mixture properties 

and process conditions 

Passive 

Acoustic 

Sensors [16], 

[54] 

¶ Slurry 

velocity 

¶ Solid phase 

fraction  

¶ Non-invasive 

¶ Suitable for 

abrasive medium 

¶ Applicable to thick 

slurry 

¶ Susceptible to external 

acoustic and vibration 

noises 

¶ Solid concentration 

measurement affected 

by mixture properties 

and process conditions 

Coriolis 

Flowmeters 

[58], [63], [69] 

¶ Slurry mixed 

mass flowrate 

¶ Slurry 

mixture 

density  

¶ Capable of 

measuring mass 

flowrate and density 

¶ High accuracy 

¶ Potential erosion of 

measuring tubes 

¶ Measurement errors 

due to entrained solids 
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2.4 Technical Issues in Slurry Flow Measurement Using Coriolis 

Flowmeters 

With the drastic improvements in Coriolis flow metering technology, Coriolis flowmeters, 

as the most accurate single-phase mass flowmeters, are considered to be a promising and 

suitable candidate for slurry flow measurement. By introducing appropriate compensation 

methods (e.g. analytical modelling or soft computing techniques) for reducing the 

influence of entrained solid particles, Coriolis flow metering technology is highly likely 

able to measure mass flowrate and density of the mixed slurry flow with satisfactory 

accuracy. In addition, for dilute slurry typically being transported in homogenous 

suspension or non-settling flow regime, phase volume fraction can also be estimated from 

the mixture density, with known individual phase density (solid and liquid density).  

2.4.1 Influences of Solid Particles on Flow Measurement Accuracy 

The behaviour of Coriolis flowmeters under solid-liquid two-phase conditions has not been 

fully understood so far. As stated above, very limited research has evaluated the influence 

of entrained solid particles. Moreover, it is worth noting that there are several previous 

studies [44], [70] which assessed the performance of their proposed measurement 

techniques against Coriolis flowmeters with slurry flow, without considering the possible 

measurement errors of Coriolis flowmeters. Due to a lack of experimental investigations 

into the influence of solid particles, relevant research in which Coriolis flowmeters are 

served as the reference devices for slurry metering could become less convincing. 

Several basic theoretical analyses have been conducted for providing a comparison 

between the effects of entrained gas and solid particles on Coriolis flow metering [58], [63], 

[68], [69]. Basse [58] has theoretically examined the measurement errors of Coriolis 

flowmeters using three typical examples, covering air-water, oil-water and sand-water 

mixtures. According to the theory of decoupling effect and compressibility effect, 

compared with gas entrainment, the existence of solids is expected to cause less problems 

in Coriolis flow metering which is favourable to the application of Coriolis flowmeters into 

slurry, since both liquid phase and solid phase are relatively incompressible. The existing 

theoretical studies offer theoretical basis for conducting theoretical analysis of 

measurement errors of Coriolis flowmeters and analytical modelling for error prediction. 

However, quite few experimental studies have been undertaken for quantifying the actual 
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influence of solid particles on Coriolis flow metering, especially for mass flowrate 

measurement. Relevant experimental reports are only available from Weinstein et al. [63] 

and Zhu [69]. 

Weinstein et al. [63] utilized a high speed video camera to track the motion of a solid 

sphere in an oscillating system. Their results validated the decoupled motion of a solid 

particle over a wide range of density ratio and inverse Stokes number, which can be 

applied to analyse the decoupling effect on Coriolis flow metering. Zhu [69] performed a 

group of static tests for evaluating the effect of solids on the density measurement in 

Coriolis flowmeters. By using two chains of small beads (glass) and large beads (stone), 

noticeable negative errors were observed from the density reading provided by a single 

straight-tube Coriolis flowmeter (Endress+Hauser PROMASS 83I DN25) vertically placed, 

as shown in Figure 2.8. According to the experimental outcomes, ī5.12% and ī8.83% 

errors in density occurred in the Coriolis flowmeter under test, corresponding to the cases 

of small beads and large beads with solid volume fractions of 10.40% and 17.58%, 

respectively.  

               

Figure 2.8 Static tests for evaluating the influence of solid particles  

on density measurement [69] 
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2.4.2 Potential Erosion on Coriolis Measuring Tubes 

Apart from the concerns of measurement accuracy affect by entrained solids, the wear 

problem of meters is also quite important due to the consideration of the abrasive nature of 

slurry flow. There is a potential to erode the vibrating tubes of Coriolis flowmeters in 

contact with solids. If a Coriolis tube is eroded, the thickness of tube wall will decrease and 

the structural property (tube stiffness) will change. Consequently, Coriolis flowmeters can 

become less accurate whilst serve damage can even lead to meter failure. Wear problems 

of Coriolis flowmeters is receiving a growing attention in the last decade. Boussouara et al. 

[11] conducted erosive tests to wear Coriolis flowmeters intentionally and assessed the 

performance of eroded meters using water (single-phase flow). Their experimental results 

demonstrated the large measurement errors in both mass flowrate and density readings 

from the eroded meters. Figure 2.9 displays the excessive erosion observed from the outlet 

side of Coriolis tubes in [11]. 

 

Figure 2.9 Excessive erosion in the outlet side of Coriolis tubes [11] 

To reduce the chance of erosion encountered in abrasive or corrosive applications, several 

suggestions have been provided by the manufacturers [71], including the selection of 

suitable tube material, flow profile conditioning, preventing solid-liquid separation as well 

as considerations on straight-tube over bent-tube. More importantly, how to monitor the 

structural condition of a Coriolis flowmeter during its service life becomes considerably 

advantageous, in order to guarantee the structural integrity as well as maintaining excellent 

performance (typically ±0.1% uncertainty of mass flowrate measurement). If an early 

warning can be given to the operator when the structural property starts drifting, the 

Coriolis flowmeters in use can be cleaned or recalibrated or replaced promptly (depending 

on the specific cases).  
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Regarding the in-situ structural conditions of Coriolis flowmeters, some patented 

technologies have been reported by three main manufacturers (Micro Motion [72], 

Endress+Hauser [73], KROHNE [74]) while very limited research work has been 

published so far. Micro Motion has developed a diagnostic tool SMV (Smart Meter 

Verification) with a claimed uncertainty of ±4%, which means it can give a warning when 

the structural change in Coriolis tubes exceeds ±4% [75]. As explained in [76], four 

additional off-resonant frequencies are applied into the drive signal so as to characterize 

the Coriolis oscillation behaviour, from which the effective mass, stiffness and damping of 

the oscillation system can be estimated. But the detailed signal processing along with 

calculation procedures are not given. Endress+Hauser has proposed a new feature 

Heartbeat Technology for examining the structural integrity. As described in its patent [73], 

the meter is excited with one additional frequency higher than the normal working 

frequency (resonant frequency) in order to identify the changes in the thickness of tube 

wall.  

Besides these recent advances contributed from the manufacturers, there are still many 

remaining questions in this field which need significant research efforts. The technical 

details of the methods for monitoring the structural health of a Coriolis flowmeter have not 

been fully published so far. Moreover, to validate the feasibility of the proposed 

monitoring techniques, the existing studies utilized an accelerated erosion process (e.g. 

with high velocity or heavy solid contents or acids) which makes it hard to identify the 

sensitivity. Instead of using a high erosion rate, a slow erosive test can help give more 

details about the sensitivity or uncertainty. Furthermore, the exact reasons triggering false 

alarms have not been fully understood whilst the effect of variable process conditions (e.g. 

fluid temperature, pressure, the presence of a second phase) is still unclear.  

2.5 Summary 

This chapter has briefly described slurry flow characteristics and the key parameters of 

significant interest in slurry flow measurement. The existing direct on-line slurry flow 

measurement techniques have been reviewed, highlighting the influence of entrained solids 

on the measurement accuracy as well as the potential wear problem due to the abrasive 

nature of slurry flow. Moreover, with a focus on the relevant studies on Coriolis flow 

metering technology, technical issues in slurry flow measurement using Coriolis 

flowmeters haven been identified.  
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Complex two-phase flow conditions as well as the hostile working environment cause the 

technical difficulties in offering a desirable solution to slurry flow measurement in real-

world applications. As can be seen from the cited work (Section 2.3), a variety of 

measurement techniques have been proposed or improved to serve slurry applications. 

However, due to the limitations of these existing techniques (summarized in Table 2.1), it 

is still challenging to provide stable, continuous and accurate measurement of slurry flow. 

The Coriolis flow metering technology is able to deliver superior performance of single-

phase mass flow measurement. However, there are many technical issues that remain 

challenging in applying Coriolis flowmeters into slurry flow, as can be seen from the cited 

work (Section 2.4). 

In this review, gaps that require further research have been identified. Firstly, only 

theoretical analysis has been conducted for exploring the impact of solid particles on 

Coriolis flow metering, whereas very few experimental studies have been undertaken. Due 

to the lack of experimental investigations with slurry flow, the performance of Coriolis 

flowmeters under solid-liquid two-phase flow conditions is still unclear, which motivates 

this research programme. Experimental investigations will be carried out in this research to 

provide experimental evidence of the negative impact of entrained solid particles on 

Coriolis flow metering, which will be presented in Chapter 4. Secondly, regarding the 

potential wear problem of Coriolis flowmeters, only few relevant technical reports have 

been provided by the manufacturers whilst very limited research has been conducted on 

this topic so far. Based on the review of existing work, how to improve the sensitivity for 

warning tube erosion and how to avoid false alarms under real-world process conditions 

will be the key questions to answer and the relevant contents will be presented in Chapter 5. 

The literature review has clearly demonstrated that there are certain gaps between the 

existing techniques for slurry flow measurement and the requirements of real-world 

industrial applications. Coriolis flowmeters incorporating compensation techniques for 

reducing the influence of solid particles along with condition monitoring techniques for 

examining the structural health of measuring tubes are believed to be a promising solution 

to slurry flow measurement. 
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Chapter 3  

Design and Construction of the Slurry 

Flow Test Rig 

3.1 Introduction  

A laboratory-scale slurry flow test rig has been designed and constructed in order to 

provide the experimental platform for conducting the experimental tests in this work. This 

chapter primarily presents the design and construction of the slurry flow test rig.  

This chapter, firstly, describes the essential functions of the slurry flow test rig. Two main 

experimental tasks are required to be performed on the test rig, including flow 

measurement tests for identifying the measurement errors of Coriolis flowmeter under 

solid-liquid two-phase flow conditions along with erosive tests for creating erosive flow 

conditions to assess the potential wear problem of Coriolis flowmeters handling slurry 

applications. Then, the chapter explains the full details of rig design and construction, 

sharing the practical considerations and the relevant experience from this work. Here the 

primary focus of the rig design and construction is to offer accurate references to the 

Coriolis flowmeters under test. It should be noted that a full discussion of various designs 

of erosive slurry flow test rig or specialized solids-handling equipment are out of the scope 

of this work. Thirdly, the data acquisition system as well as the operating procedures are 

presented. Lastly, the advantages and limitations of this slurry flow test rig are briefly 

discussed. 

3.2 Essential Functions of the Test Rig 

First of all, it is necessary to state the focus of this research is the measurement of dilute 

slurry flow. One typical example of dilute slurry flow is the sand-water slurry containing a 

small portion of sand particles carried by water. In addition, dilute slurry flow is often 

employed for oil and gas exploration, for instance, the fracturing fluid used in hydraulic 

fracturing process [9], [77]. Besides, during hydrocarbon recovery, some particulate solids, 
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(mostly sand particles) would come from the production wells of oil and are transported 

with the liquid, due to well aging [4], [12].  

In this research, the experimental study is undertaken with dilute sand-water mixed flow 

(sand concentration by volume within 4%). One benefit of erosion tests with dilute slurry 

flow is that low sand concentration would gradually erode Coriolis flowmeters in a slow 

and controllable manner. Otherwise, if erosion scars or even tiny erosion ripples appear on 

the Coriolis tubes which are typically difficult to notice promptly, the resulting tube 

erosion would negatively impact Coriolis flow metering. The effect of tube erosion would 

be superimposed on the influence of solid-liquid two-phase flow conditions, both of which 

can degrade the measurement performance of Coriolis flowmeters. With dilute slurry flow, 

tube erosion would be less likely to occur during the flow measurement tests, so that 

measurement errors of Coriolis flowmeters can be clearly identified and further correlated 

with the presence of solids solely, free of the influence of tube erosion. 

In order to fulfill the experimental requirements in this study, the essential functions of the 

slurry flow test rig should include: start-stop batching procedures in a gravimetric system, 

flow sampling procedures, as well as slurry erosive tests. Flow batching and sampling 

procedures are employed to examine the measurement errors of Coriolis flowmeters with 

slurry flow. Erosive tests are conducted so as to investigate the wear problem of Coriolis 

flowmeters along with the performance of the structural condition monitoring techniques.  

3.2.1 Start-Stop Batching Procedures 

The measurement errors in mass flowrate as well as density of Coriolis flowmeters are 

typically obtained with respect to the reference (served as the true values). A start-stop 

gravitational method can be utilized to recognize the measurement errors in mixture mass 

flowrate of Coriolis flowmeters when solid particles are present in liquid carrier. To assist 

in start-stop batching operations, an accurate weighing system is required, so as to provide 

the reference of batch mass. The basic working principle of the start-stop gravitational 

method is that the exact amount of fluid going through the Coriolis flowmeter will enter 

the weighing tank. As a result, mass flowrate errors can be evaluated by comparing the 

reading of total mass flowing through the Coriolis flowmeter under test with the reference 

value provided by a weighing scale over the period of batching.  
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By means of a highly accurate weighing scale which can typically deliver much lower (at 

least 3 times suggested by the manufacturer) measurement uncertainty than Coriolis 

flowmeters, the gravitational method has the advantage of low uncertainty and high 

accuracy. Thus, the start-stop gravitational method is commonly used for mass calibration 

or verification. For example, Coriolis flowmeters are typically calibrated through start-stop 

batching procedures performed in a gravimetric system in the factory of the manufacturer. 

3.2.2 Flow Sampling Procedures 

Since Coriolis flowmeters offer independent measurement of mass flowrate and density, it 

is not essential to know the actual flow density during mass batching operation. That 

means it is reasonable to examine measurement errors in density separately from errors in 

mass flowrate. A dynamic flow sampling method is chosen for the assessment of density 

errors. Since sand particles tend to settle in the bottom of pipe under the effect of gravity, 

the delivered sand concentration can be easily impacted by any changes in flow conditions 

(e.g. flowrate). Hence, a rapid flow sampling test is utilized and consideration should be 

given on avoiding disturbances to the current flow conditions during the flow sampling 

operation. 

Through a quick operation of a three-way valve being mounted on a sampling point, a 

certain amount sample of slurry flow is collected. By separating sand particles from the 

sample, the actual sand concentration is determined, and thereby the reference mixture 

density of slurry flow is obtained. Accordingly, density errors are computed with respect to 

the apparent density reading from Coriolis flowmeters. The benefit of employing flow 

sampling tests is the easy operation and no need of supplementary apparatus which helps 

save the cost as well as the installation space. If an additional density meter (e.g. gamma 

ray densitometer) is utilized for determining sand concentration for reference, the cost 

would be higher. Nevertheless, the main drawback of using flow sampling method is 

probably the less accurate results from sampling. Since only limited sample is gathered and 

the sampling time is short, it may be difficult to reach a steady flow condition during the 

short sampling period. However, slight compromise on the accuracy of experimental 

results of density errors is acceptable, because the accuracy requirement of density 

measurement is less stringent than mass flowrate measurement in Coriolis flowmeters. 
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3.2.3 Erosive Tests 

Erosive tests need to be performed under sand-water erosion conditions for the purpose of 

inspection of wear problems of Coriolis flowmeters. The slurry flow test rig to be built 

should be able to supply a horizontal closed loop for slurry flow circulation, to generate 

continuous impingements of moving solid particles on Coriolis tubes for erosion purpose. 

Recirculation of slurry flow is a cost-effective way for erosion purpose. Nevertheless, flow 

recirculation would naturally cause the degradation of erodents (sand) during the erosion 

process. Thus, the erosion rate could probably decrease with erosion time. However, the 

observation of erosion phenomenon is not the interest of this work. The purpose of erosive 

tests is to create a slow erosion process for gradually eroding the Coriolis tubes. Through 

erosive tests, the wear problem of Coriolis flowmeters as well as the structural condition 

monitoring technique for diagnosing the erosive wear will be investigated experimentally. 

3.3 Rig Design and Implementation 

3.3.1 General Requirements 

Generally, this slurry flow test rig should be able to supply the suitable pipe routes along 

with the facilities to perform the essential tasks as clarified in Section 3.2. In addition, the 

rig should be capable of achieving control over mass flowrate and sand concentration for 

creating various flow conditions for experimental tests. The design needs to solve the 

following problems about 1) how to feed or inject sand particles; 2) how to mix sand 

particles with liquid; 3) how to change the delivered mass flowrate along with sand 

concertation; 4) how to filter sand particles occasionally; 4) how to drain the slurry flow if 

needed. 

The design of a slurry flow test rig is challenging which needs rich knowledge and 

extensive engineering work experience. Some relevant experience and helpful information 

have been found in the prior publications [78]ï[82]. However, these existing studies focus 

on the slurry erosion test rigs with the intention to investigate the erosion phenomenon 

while the concerns of flow measurement are rarely involved. In this research, the slurry 

flow test rig is purposely built to cover both flow measurement tests as well as erosive tests 

on Coriolis flowmeters. Thus, in addition to the considerations of potential wear problem 

as well as the rig service life, more attention needs to be paid for lowering uncertainty in 

experimental tests and offering an appropriate use of Coriolis flowmeters.  
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A laboratory-scale slurry flow test rig has been designed and constructed in 

Instrumentation Lab at University of Kent. The schematic of the slurry flow test rig is 

given in Figure 3.1, along with its photos shown in Figure 3.2. This slurry test rig is a low-

pressure rig operated below 3 bar and at ambient temperature (15 °C  to 30 °C). It is 

relatively simple, cost-effective and easy to operate for delivering dilute slurry flows. The 

details of this test rig will be presented in the following six sub-sections: main circulation 

loop, selection of valves, flow sampling point, weighing system, installation of flowmeters 

along with safety precautions. 
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Figure 3.1 Schematic of the slurry flow test rig 

 

Figure 3.2 Photo of the slurry flow test rig 




























































































































































































































































































































