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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 particl€orulis

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 Cofiolisneters. The
negative impact of the presence of solid particles on Coriolis flow metering is identified
through experimental work. A serampirical analytical model is proposed to compensate
the effect of solid particles on Coriolis flow metering. Amsitu condition monitoring

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

A laboratoryscale slurry flow test ridnas beerdesigned and constructed to provide the
experimental platform for this work. Experimentasts were conducted on the slurry flow
test rig with solid fractiorup t04% in volume. Experimental results illustrate that negative
measurement errors are produced from the Coriolis flowmeters with dilute slurry flow. A
basic analytical model is derivégbm 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 pBarmance. After correction, the errors in mass flowrate
measurement are reduced to mostly within #.2% and remaining errors in density
measurement are not beyond #.4%. The capability of Coriolis flowmeters can be

extended to slurry flow measurement witeeamiempirical analytical model incorporated.

Structural conditions of Coriolis flowmeters are monitored throughnendetermination

of tubestiffness. In order to give an early warning of tube erosion and reduce the chance of
false alarms, factors whic can affectstiffness determinatiorare investigated, both
theoretically and experimentallyThe influence of temperature effect ostiffness
determinationis evaluated and a compensation scheme is proposed to improve the
accuracy ostiffness determinatin. Erosive tests were performed on the slurry flow test rig

to evaluate the feasibility and sensitivity a@fie condition monitoring technique.
Experimental assessment suggests the capabilistro€tural condition monitoring for
reporting tube erosion at an early time when a relative change in SRDP (stiffness relatec

diagnostic parameter) reasi 1%.
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Chapter 1
Technical Requirements for Slurry Flow

Measurement

1.1 Introduction

1.1.1Slurry Flow Measurement

Slurry flow is the mixture of solid particlewith liquid medium typically used toconvey
solids by carrier liquid such asoalwater slurry paper pulpdrilling mud andclays[1].
Slurry flow transportation isvidely encountered in various industries, for instartbe
mining processthe manufacturing proces®.g.the production of cement, brick, mortar,
concreteor glas9, as well aghe petroleum industry which injectie pressurized fluid
(mainly containing water with silica sand and chemical additives) for extracting oil or
natural @s(t hi s process <called Ahydraulic fra
st i mu) [2],t[3]. b sadnecircumstanceshe presence of solid particlesunexpected

or unintentiongl such as the produoch of sand from sandstone reservodsring
hydrocarbon recover4]. In theseindustrial processes, accurate measuremersplid
liquid two-phase flow isimportantto realize flow quantification, operation monitoring,

process optimization and product quality control.

Moreover, depending oine characteristics of flow mixtusethe delivered slurry could be
abrasive and/or corrosivéds a result,the transportation of slurrynay causeerosive
damages tathe piping system (e.g. valves, pipelinep)ant equipment (e.g. pumps,
feeders), along wittmeasuringnstrumens (e.g. flowmeters)The complex nature of two
phase flow together with thabrasive property of slurry flow caud#ficulties in bothflow
metering andcondition monitoring.In order to seekhe solutions to the measurement
problems of slurry flow, His researctiocuses orthe accuracyissuesin solid-liquid two-
phaseflow measuremerdis well as the wear probleof the measuring instrumenitghen

applied insuchabrasivemedium
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In many manufacturing industrieghere slurry is commonly used to delivaalids asaw
materias whilst the liquid medimis served aa carrier accurate twephase flow metering

is highly desirableto ensuresmoothslurry transportatiorior process controlf solids are
delivered under inappropriate conditions (e.g. heavy solid content with improper flow
velocity), liquid medium may not be able ¢arry 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]. Amongslurry flow charactestics,flowrate (or flow velocity)and

solid concentratiomreof considerablénterestto materials balandé].

In the petroleum industryhydraulic fracturinghas beenwidely employedas a well
stimulation techniqusince the 19404t utilizes the highpressurdanjection of fracturing

fluid to assist in extracting oil or natural gas from the resery®@jr48]. Fracturing fluidis
majorly composed of waterrgughly 95 % by vol ume) , del i ber @
(commonlysilica sandwith volume fractionabout4%) together with amall amount of
treatment chemicalgypically less than % by volumg [9]. The functi on of
to hold the fractures openffering adequate pore space for petroleum fluids to flow to a
well [10]. In such applications, accurate measurement of flowrate as well as solid
concentrationis highly desirableto enhance hydrocarbon recoveny terms of the

production rates antheyields

Another typical example ithe petroleum industris the production of solidderived from
hydrocarbon recovery. @jte often oil and gas wells alsontainwater and solid materials
(primarily sand).In this case, @ad production is unintentional, which commonly appears
from the early stage of the well lifgleanup stage)most likely during the end of well life
(typically when water breaks through) aoccasionallythroughout the well lifg11]. The
poorly-consolidated reservoionstituter oughly 70% of the worl o
[12]. The existence of sand particles ceadto the instability of the production cavities

and sometimes the filling of the borel®lAdditionally, it can also result in severe erosive
damage to the facilities as well as sand deposition in the sepaifdtass.eliable slurry

flow measurement is highly advantageous to guarantee the hydrocarbon recovery proces

andbecoming more and me essentiatio the custody transfen the oil and gas industry.

The problers of measuring solidiquid flow mixtureshave been ofgreatinterestto a wide

variety of industrial processge associated with slurry transportation since the 1950s,

2



Chapter 1
Technical Requirementsr Slurry Flow Measurement

particularly in the manufacturinghemical,mining, oil and gas industrig¢43]i [15]. Over

the pastfew decades, significant efforts have been devoted to address the challenges o
solidliquid two-phase flow meteringBasically, flowrats (or flow velociies) and phase
fractiors arethe key parametergor slurry flow measurementvhich arecrucialto realize

flow quantification and process controfhe traditional approadts by separating or
sampling the mixed flow he obvious disadvantagesuch agaking uptoo muchspace,

low efficiency, difficulties in maintenanceand more importantlysignificant time delay
makingthemdifficult to achieve reatime monitoring and controDne typical solution to
solidliquid two-phase flow charactesation is combining different measurement
techniques together owing to the advantagdsnitations of eachtechniqueFor example,
phase fractios are oftenrmeasured byusing techniques such as electrical tomography
gamma ray, Xay, wave attenuationof microwave or ultrasonicor acousticmethods.
Individual phase densities are typically obtained from densitometers (e.g. using gamma ray
ultrasonic or microwave methods) whilst Coriolis flowmetersliwady able to determine
the mixture densityith proper compensatiofrlowrates or flow velocitieare commonly
determined byemploying differential pressure deviceglectromagnetic flowmetsr
Coriolis flowmeters,ultrasonic, acoustisensaos, or laser dopplemstruments[5], [16],

[17]. Although the strategy dhe combination oflifferent techniques could contribute to
characterizingslurry flow, these solutions could have the limitations of measurement
accuracy, the difficulties in calibration and maintenange,the problems of using
radioactive sources. It is still challenging to providabt#, continuous andccurate

measurement afolid-liquid mixtures so far
1.1.2Coriolis Flowmeters

Coriolis flowmeters are one of the most accurate sipgkese mass flowmeters, with the
benefit of offeringmultiple outputsincludingmass flowratedensity temperature and even
viscosityin some circumstancg$8]. Mass flow metering can be immune to th#iuence

of changes in process or operating conditions (e.g. temperature, pressure) encountered
volumetric flow metering. Nevertheless, the primary limitation is degradation of

measurement accuracy of Coriolis flowmeters when dealingptvage or mitiphase flow.

The potential extensionof Coriolis flow metering technology from singtdase flow to
two-phase or multiphase flowasreceived considerablattention over the past few years

Benefitting from the recent advancesfiow converters(or called flow transmittey as

3
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well as signal processirand soft computingechniques, Coriolis flowmeters are becoming

a promising tool for twgphase or multiphase flow meteridgxtensivetheoetical studies
have been undertaken to investig#te physical mechanisms leading to measurement
errorsof Coriolis flowmeters under multiphase flow conditiobsfferent approachelave
been proposed and implemented into Coriolis flowmetershémdling multiphase flow.
Here e&amples are givenwith the focus on the technical improvements in the
commercially available Coriolis flowmeters from several leading manufacturers.
Endress+Hauser hasffered MFT (Multi-Frequency Technology) to compensate the
compressibility effect on Coriolis flow metering due to gas entrained in lifLed
KROHNE hasintroducedEGM (Entrained Gas Management) technology as a solution of
gas entraiments for various industrial applicatiof0]. Micro Motion has proposed TBR
(Transient Bubble Remediation) and TMR (Transient Mist Remediation) strategies in order
to handle multiphase flowf21]. Moreover, with the rapid development of artificial
intelligence andmachine learning tools, soft computing techniquesvéahown the
potential to assist with Coriolis flowmeters for providing mass flow measuremigngas
present in liquid22], [23].

One benefit of using Coriolis flowmeters is to obtain mixture mass flowrate arsityden
simultaneously which can give a better insight intslurry flow characteristics By
introducing appropriate compensation methods (e.g. analytical modelling or soft
computing techniques) for reducing the influence of entrained solid particles, €8owli
metering technology ia promising candidate whiaghay achieve satisfactory accuraof

the measurement ofiass flowrate and density of tBelid-liquid mixtures In addition,in
some casefor instance thailute slurry being transported in homogenous suspension or
non-settling flow regimejndividual phase fractiosican also be estimated from the mixture
density,with the prior information of liquid density and solid density (egquiredby
sampling). It can be seen that onadvantage of applyingCoriolis flowmeters into
homogeneouand diluteslurry flow is its potentialcapabilityto provide measurement of
the mixedflow as well agheindividual componentswithout using a secondstrumentto

characterize solitiquid two-phase flow
1.2 Technical Challenges

The difficulties in slurry flow measurement mainly arise from the complex natutteeof
solid-liquid mixtures being meteed due to thesimultaneous presence tfo different
4
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phasedogether withthe potential wear problem of the measuring instruments due to the
successiveontacts with solids present in liquithe liquid phase is typicallg continuous
phase whilehe solid phase is ually a dispersed phasé&he solid-liquid interactionscan
generally affect thgerformance of the measuring instruments and such effectstare
dependent othe properties oflow mixturesas well aghe process or operating conditions
(e.g. tempature, pressujevarying fromdifferent applicationsBesides,because of the
abrasivenes®f slurry, erosive damageto the measuring instrumentgould inevitably
occur and therefore, carefaltention should be given onthe structural healtlof the
measuing instruments particularlyin the use ofntrusive sensing techniqués.g. turbine

flow metering)
1.2.1Challenges inFlow Measurement of SolidL iquid Mixtures

In generala desirabldlowmeter forslurry flow metering shoulthe able tooffer accurate,
stable, continuous and repeatable measurement. Additionally, considerationsasould
be given orreducing the sizecost, maintenance, arde use ofadioactive sourcege.g.
gamma ray) The main technical challenges to fulfil thequiremerg for slurry flow

measuremerttave been identifieds follows:
1 High accuracy

The required accuracy depends on the specific applisaimhlocal conditions. Igeneral,
higher accuracy(or lower uncertainty of flow measurement isften required for the
purpose of custody transfer ithe oil and gas industryFor the complex industrial
processes, a realistic and acceptable measurement uncestaintgybe allowed to a wider
range, such as £19®24]. In the case of singlphase flowCoriolis flowmetersare capable

of delivering highly accurate mass flowrate measurementaifpiachievinguncertainty

of within #.1%. Therefore, the challenge is to extend the ability of the Coriolis
flowmetess to maintain such high accuracy wheaolid-liquid two-phase flow occurs.

 Realtime measurement

Realtime measurement igsually requiredfor the purpose of process monitoring and
product quality controlFor the complex scenarios for example the multiphaseflow
containing oil,water, solid materialsand gasfrom the wellheads or during wedlrilling

where accurate measurement edch phase is practibal difficult to perform high
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sensitivity and fast responsén tracking changesof flowrate or phase fraction on a real
time basis can bleelpful for reservoir managemertience the challenge is temployon
line flow metering techniques to continuously monitor stiotv which are expected to be
sensitive andanrespond fast tthe changes irilow conditions

1 Wide applicability under ariableprocessonditions

The process or operating conditions colikaly differ from various applications (e.g.
cryogenic temperature, high pressurascous flow mediumn As a result, technical
difficulties exist in reducing thempactsof variations inprocess conditions (e.gmdient
temperature, pressuren flow metering Accordingly, it is challengingto deliver stable
and accurate flow measuremeninder reaworld process conditionsAppropriate
compensation should @ppliedto the measurement results in ordekéepthe accuracy

overa wide variety oprocess conditions
1 Smallfootprint costeffectivenesslow maintenance

In some cases (e.g. eshore platform, mobile unitferrieg, the installation space is a
critical factor which requires measuring devicéo be compactSeparabn or sampling
basedmethod are less preferable owing to thsadvantageof bulk sizeand mechanical
complexity Thereby it is achallengefor ameasuring devicto serve the application with
very limited installationspace Moreover,low cost, ease of uses well aséw maintenance

are practically beneficialAlthough multiphase flowmeterdeploying radioactivesource

own the advantage of high accuracy andyood adaptability, which is prevalentin the
commercialmarket of multiphase flowmetersit is expensive tqurchaseand operate
whilst it often requires frequent maintenance/calibration. Therefore, development of a

radiationfree andcosteffectivetechniqueo measurslurry flow is another challenge

1.2.2Challenges in Structural Condition Monitoring of the Measuring

Instrumentsin Abrasive Applications

Due to the abrasive solid particles present in liquid, wear prabieay occur on the
measuring instruments during slurry floneasurement. The erosive damage can adversely
affect the performance of the measuring device whilst excessive erosive can even caus
facility failure leading to safety issue$herefore, how to monitor the structural condition

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

identified below:
1 Satisfactory sensitivitgndreliability

The required sensitivity in reportingroson is dependent orthe specifictypes ofthe
measuring deviceas well asthe applications.Higher sensitivity can advisthe sign of
erosionat an earlier stageUnfortunately improperly high sensitivity coulihcrease the
occasions of falsalarnms which would confuse theperator Nevertheless,eeking afairly
reliable warningof the presence of erosiaould to some extent limits theensitivity.
Therefore, one major difficulty lies ithe selection ofan appropriat¢hreshold which can
reporterosionwith confidenceConsiderations should be given on providingaésfactory
sensitivity for the purpose okarly warningas well as agood reliability in diagnostic

resultswith low probabilityof false alarrs.
1 In-situ andon-line condition monitoring

Since erosive wearanhappenduring slurry flowmetering it is essential tgrovidereat
time and online conditionmonitoring ofthe measuring instrumesitduring the service life
Off-line inspection or recalibratiois lesspreferredbecausea shutdown or operational
disruption to the ongoing flow transportation coultegatively impact on the
manufacturing process (e.g. in terms oftime, cost) Thus, it is another challenge to
developan in-situ and oHdine condition monitoring technique to examine the structural

health ofameasuring devictor abrasive applications
1 Immunity tovariable process conditions

In consideration of the complexity oféalworld applicationsthe development of structural
condition monitoring of aneasuring instrumerghould take the influences wériations in
process or operating conditiomso account.One main challenge is that the condition
monitoring technique should be capable of indicating the structural changtee in
measuring instrumenmeanwhile,owning an adequate level of immunityith respectto

process effects situ.

1 Compactsize costeffectiveness
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Structural condition monitoring of measuring instrumerdan be regarded as a secondary
function to check the structural integrity whichn beused to assist in delivering accurate
measurement in slurry flow. Hence, it is desirable to utilize less supplementary sensors
which can beeasily installed or operatedr implementing condition monitoring into a
measuring devicen a pipelineln addition, he cost andize of the monitoring system to

be developed should be accepgabl
1.3 ResearchObijectives

This research programme aimsdevelop aa methodology forslurry flow measurement
using Coriolis flowmetergogether withan in-situ condition monitoringtechniquefor
ensuring the structural integrityf Coriolis flowmeters The objectives of the research

programme are defined as follows:

1 To defne thestateof-the-artin theresearclHield. Existing techniques foslurry flow
measuremenand associated technical issuesslurry flow metering usingCoriolis
flowmeters will be revieweavhilst gaps that require further research in fiesd will
be identified

1 To experimentallyevaluate thenfluences of entrained solid particles on Coriolis flow
metering.A slurry flow test rig will bedesigned and constructéd order to offeran
experimental platform for assessing therformance of Coriolis flowmeters under
solid-liquid two-phase conditions in terms of mass flowrate and density measurement
Experimental tests will be carried oah slurry flow test rigwith dilute sandwvater
flow. The measuremenincertaintyof Coriolis flowmeterswith slurry flow will be
examinedjuantitativdy.

1 To examinethe feasibility and effectiveness of analytical maidgl approachfor
compensatinghe effect of entrained solids on Coriolis flow meteriBgsed on the
existing theoretical studiggvealingthe underlying physics causitiige measurement
errors of Coriolis flowmetersunder twephase flow conditionsa basic analytical
modelwill be estblishedfor error predictionand correctionMoreover according to
the differences between the outcomes from model prediction and experimental work,
the basic analytical modeWwill be improved tooffer better predictionof actual
experimentakesults As a result, a sergmpirical analytical model will beroposed
for compensating the measurement errofsCoriolis flowmeters for slurry flow

metering.
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1 To performin-situ structural condition monitoring of Coriolis flowmeters through
line measuremendf Coriolis tube stiffnessStiffness related diagnostic data will be
used to traclandmonitorthe structural health of Coriolis flowmetdts reportingthe
potential erosive wear ogoriolis measuringubes. The factors which can affect
stiffness determinatio(e.g. damping level, twphase flow conditions) as well as the
influence ofchanges irtemperaturdincluding fluid temperatureand electromagnetic
coil temperature on stiffness determinationwill be identified and analysed
theoretically and experimentallyAccordingly, a compensation method will be
proposed against the effect of tempemtcinangesin order toachieve high accuracy
of stiffness determinatiorwhich equates to higlsensitivity in erosion warning
Furthermorethe performance of th structural health monitoringechniquewill be

assessethrougherosive teshg with dilute sandwater slurry
1.4 ThesisOutline

The contributions of this thesis to the stataheart in slurry flow meteringinclude (1)
experimentalnvestigations into the performance of Coriolis flowmeters usdéd-liquid
two-phase flow conditions, (2¢valuation of thefeasibility and effectiveness of using
analytical modefor predicting and correcting measurement eradr€oriolis flowmeters
for slurry flow metering, (3) use o& stiffness diagnosticsbased structural health
monitoring technique to track erosion on the Coriolis measuring,t¢dddentification of
factors affecting stiffness measurement awmpensationof temperature effecfor

yielding a high sensitivity irosion warning
This thesis is organised in six chapters as follows:

1 Chapter 1 introduces the importance of slurry flow saeament and covers the
technical challenges in accurate measurement of slurry flow along effghtive
monitoring of wear problemfor abrasive industriabpplications and outlines the
proposed objectives of the research programme.

1 Chapter 2 reviews th stateof-the-art techniques foslurry flow measuremenand
associated technical issuasslurry flow measuremenisingCoriolis flowmeters.

1 Chapter 3givesthe detailed descriptions of tlkesign and construction of a slurry
flow test rig for covering the experimentaktsas required in thig/ork.
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Chapter 4 presents the experimental tests and resulidéiotifying the impact of
entrained solid particles on Coriolis flow meteringoreower, a novel analytical
model is derived fromnthe existing theorywhich explairs the physical mechanisms
causingthe measurement errorsf Coriolis flowmetersand then adoptedfor error
predictionas well as correctiorA furtherimprovement on thebasic analytical model
is proposedn order toyield better predictioof actualexperimentatiata

Chapter 5 reportthe structural condition monitoring of Coriolis flowmeters through
stiffnessdiagnostics The factors which can affestiffness determinatioare analysed
through computational simulatiandinvestigatedhroughexperimental workwhich
can help understand the causes of false ald@ssidespne common and main factor,
temperature effect, is discussed am@ompensation scheme is propossd as to
reducethe temperature effect ostiffness determinationThe performance of &
structural condition monitoring technique is assessed by erostsevigsdilute slurry.

In addition, the behaviour of eroded Coriolis flowmster verified by using clean
water.

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

recommendations for future work.
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Reviewof 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 o
solidliquid mixtures make slurry flow measurement one of the most challenging
multiphase flow metering applications. The study of slurry flow measuremeatthased
considerable research attention over the past few decades. Significant efforts have bee
devoted to develop effective techniques or improve the performance of doneént
instruments for measuring slurry flow. However, there still exists some limitations to meet
all the requirementof slurry flow metering in realorld industrial processesThis
literature survey not only provides necessary background knowledge siboyt 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 dirdrteomeasurement

of slurry flow. This part of review mainly highlights the influence of entrainedd sol
particles on flow measurement accuracy along with the consideration of potential wear
problems in contact with solids. Lastly, the chapter focusdéserelevant previous studies

on Coriolis flow metering technology in order to identify the associtgeklnical issues

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

2.2 Slurry Flow Characteristics

11
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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
characteistics strongly depend on a range of factors, including the relevant properties of
solid phase (e.g. the size, shape, surface roughness, velocity, density, concentration ar
crosssectional distribution of solid particles), pipe diameter and orienta®mell as the
properties of liquid phase (e.g. velocity, density, temperature and viscosity of the liquid
carrier). Among them, some properties can be regardetheagrior information or
constants with compensations given according to the process oosdisiuch as liquid
density, solid density, pipe diameter and orientai&). The dominant variables are phase
fractions and phase flowrates (or phase velocities), which need to be continuously
monitored to achieve desirable slurry transportgsn

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 folld@5s], [26]: (1) Nonsettling,
wherein the solids stay fully suspended in the fluid medium; (2) unhindetdohg,
wherein the suspendaghrticles 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: dmogeneous suspension (or psebdmogeneous); heterogeneous
suspensi on; heterogeneous suspensi-bayét o
flow;, saltation flow with-laaysetrd@blifarhdasd] vy b

Typical slurry flow regimes are shown kigure2.1.

1) Homogeneous suspension (or psetdmogeneous), 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) Het erogeneous suspension fllaoyve rwi tfh oav, n
some portion of the particles has accumulated and formed a moving bed that slides
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4)

along the bottom of the pipe. The upper part of pipe is occupied by a heterogeneous

mixture.

Sdtation flow with a sta-tagpeaody fbed, [
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 heterogeneou:

mixture.
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Figure2.1. Slurry flow regime map in a horizonal pifi]

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

homog@ous and heterogenous suspension fl[@%]. Homogenous suspension is often

observedvhen extremely fine particles (typic

relatively low density are present in the liquyk]. Examples of homogenous suspension
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include coalwater slurry, drilling mud, claydine limestone as well as paper py#®].
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 heterf@fgnous

It is recommended to deliver slurry as a +sattling flow regime within an appropriate
range of liquid velocity and solid concentrati@olid settlement should be prevented as
they can lower transportation efficiency, cause unstable flow conditions and even plugged
pipeline. In realworld processes, slurry may also hold some gas bubbles or gas slugs.
Since gas entrainment is a differenpitowhich 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, beingetivered in homogenous suspension or -gettling 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 soliliquid 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 esession (g3. 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 measuredténms of the areaveraged

mean values which are of considerate importance to control materials balance. It should be
noted that the areaveraged 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 friiijces

well as mixture density (closely linked with mixed fluid composition) are usually used to
characterise twphase flow quantitatively30]. In terms of flowrate masurement, mass
flowrate is often favoured over volumetric flowrate due to the immunitywanable
process conditionsespecially in the highly demanding applications of custody transfer
such as oil and gas industry. Thus, the main focus of this resisattth 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 lo Here the particular emphasis is the impact of entrained
solid particles on the measurement accuracy as well as the potential wear problem resultin
from the abrasiveness of slurry flow. Lastly, the measured parameters, advantages togethe
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.
2.3.10verview

During the past few decades, a vast number of studies have been carried out to develo
suitable techniques for slurry flow measurement or improve the performance of
conventional instruments for extending the abilities to serve slurry applications. S far i
still challenging to characterise slurry flow due to the complex digjidd interactions

along with the abrasive nature. Traditional approaches usiFmeféeparation or aline
sampling systems cannot meet the requirements fotinealflow meaurement or control,

due to the evident drawbacks, such as significant time delay and low efficiency. Hence, the
primary interest here will be the dime and reatime measurement techniques for slurry
flow metering, without using separation or sampliygtems. As reported in the early
research [30], online twophase flow measurement techniques can be generally
categorised into two groups, direct and indirect approaches, which willdfly loiescribed
below.

2.3.1.1Direct Approach

Direct approach is able to offer direct measurement of the physical propertiespide®

flow. A typical example of direct approach for seliguid two-phase flow metering is
shown inFigure2.2. 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 €an be further determined. The relevant

calculations are given as follows,

a a a4 60 0w (2-1)
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noonop

(2-2)

where & denotes the mixed mass flowrabeis the crossectional area of the pipe,is

the phase void fractiorifXepresentsthe instantaneous velocity aridis the density.

Subscriptsi ¢ and ete refer to solid and liquid phases, respectively.

Two-phase flow [Phase ve10c1ty] [ Phase fraction ]
measurement measurement

[ Phase density ]

measurement

U, Uy x Ds, B,

Ps: P1

Volumetric flowrate
of each phase

Mass flowrate
of each phase

Figure2.2. Principle of the direct approach to-bme two-phase flow measuremeji24]

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

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

crosscorrelation techniques. Electrical tomography techniques, gamma energy absorption,

ultrasonic or acoustic amicrowave 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 fbwmeters are capable of offering satisfactory density measurement for

singlephase 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 limitation:

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

slurry twophase flow metering. Howevethe combination of multiple sensing systems

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

measuring instruments.

2.3.1.2Indirect 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 (predidhe physical parameters as required for flow characterisation,

as displayed inFigure 2.3. With the tremendous technological progress of artificial

intelligence and machine learning, soft computing techniques can be served as alternativi
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approaches to traditional statistical methods for extending the capabilities of empirical
models. An upo-date review of soft computing techniques for multiphase flow

measurement has been presented by Yan [804.

Two-phase flow [Sensarl ] [SensorZ] e | Sensor n I

Sensor signals

— | —
[ Empirical/Soft ]

computing models

r
Phase velocities, fractions, densities,
volumetric and mass flowrates, etc.

Figure2.3 Principle of thandirect approach to aline two-phase flow measuremeji3ti]

There are a number of studies employing the indirect approach into the measurement o
phase fractions or phase flowrates of-fisid and liquidliquid flow, whereas very
limited work has been published regarding slurry flow measurerf@6jt Only several
relevant investigations have been undertaken for predicting the pressuri&82famd
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 interactiors 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 meaurement techniques will be reviewed in the following-sebtions.
2.3.2Differential Pressure Devices

As conventional measurement techniques, differential pressure devices (e.g. orifice plate
pitot tubes and venturi tube) incorporating pressure transduperh@ most common
industrial flowmeters worldwide, from which flow velocity or flowrate can be typically
obtained based on the Bernoulli principle, being widely used for spigise flow (e.g.
liquids, gases) measuremdBb]. Shook et al[36] have presented apptimized 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 theall of themete. When the flow regime shifted from
homogenous to heterogeneous slurry, the discharge coefficient of venturi flowmeters
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decreased37]. 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 concentrati@3].

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 perfomnce 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 pipelins
The previous study[11] investigated th 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 forgssure 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.
2.3.3Electromagnetic Howmeters

Electromagnetic Flowmeters (EMF) have been employed to measure the volumetric
flowrate or velocity of singlgphase liquid in a wide range of industries. With the
advantage of the simple structural design without hindering components and no pressur:
drop, BMF 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 Faradayods Law of el ectromagnet
electrially conductive fluid medium. For example, when dealing with saatbr mixtures,

the reading of EMF is generated from the water phase, whereas the sand particles cann
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 measureg@@ntWhen

solid particles scratch the electrodes of EMF, the electrical double layers nearby electrode:
will be disturled and a sort of spiké&e noise will appear in the slurry flow sign@o],

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

techniques have been developed so as to reduce the noise interferences due to the prese
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of solids, such as the ddfequency excitation[42], wavelet processing method
incorporating with neural network to predict flowrd#3]. 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 measurementhaique (e.g. electrical resistance tomograpt#), [45]) is

required tadeliver phase fraction information, in combination with EMF.
2.3.4Electrical 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 monitored46]. Several researchers have applied ERT (electrical
resistance tomography34], [47] or EIT (electrical impedance tomographi#g], [49]
techniques to characterise the solid gt 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 Figure 2.4. The primary advantage of employing
tomography techniques is that tomography can vyield «esBonal distribution
information, such as local and detailed phase volume fraction. In addition, velocity profile
can also be determined through croeselation of reconstructed images derived from

adjacent electrode rings placed on the pipdiog.

Non-conducting object
within the sensing region

i
e
A

Dual-plane ERT sensor

15 mA current injected
< Data Image
’H Acquisition [ Reconstruction
System System
ﬁ%'ﬁ Voltage signal measured

Figure2.4. Schematic of a typical ERT syst¢aY]

Y

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

using ERT or EIT systems. Aregaveraged mean solid phase volume fraction, mean solid
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phase velocity and solid phagelumetric 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 ontinuous 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, [45]). Moreover,
attention should also be given on the potential erosion of electrodesusimgninvasive

and intrusive electrical transducers for process tomography. The main disadvantage o
electrical tomography methods is that the measured electrical properties are always
sensitive to the changes in fluid dielectric properties as well asréigimnes. Frequent en

line calibrations are required in order to offer accurate flow measurement results, which
would limit the application of electrical tomography techniques intoweald industrial

processes.
2.3.5Ultrasonic Sensors

As a weltdeveloped thw 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
norrinvasive utrasonic flowmeters can be inline @tampon devicesto 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 eithertime-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 sorpédse
cases such as dense bubbly or particulate flow, particulatytkatflow regime of clearly
separated phases, the presence and movement of the dense phase could lead to f
attenuation or even breakup of the ultrasonic waves. In the situation of some specific gases
such as Cg@ gas phase would significantly absorke thitrasound wave, making signal
processing difficult because of the extremely weak ultrasonic signal. As a result, in contact
with solids or bubbles, the interferencesitairltiple reflection} can affect the propagation

of sound and thereby the measuratraf time-of-flight would be less accurate
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Besides, the capability of ultrasonic techniques can be extended to determine solid phas
fraction of slurry flow, based on the dependency between the characteristics of sound
waves (e.g. acoustic impedanceeeap of sound, attenuation of ultrasound) and the
properties of slurry flow (e.g. solid concentratigb}]i [53]. Nevertheless, there are still
many problems in slurry flow measuremeningsultrasonic 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 fractionwal as flow velocity or flowrate.
Therefore, it is still challenging to accurately measure the phase velocity and phase fractior
simultaneously. The applicable range of using an ultrasonic technology for slurry flow
metering would be limited by the conteof 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 tempedature, f
regime, fluid viscosity, suggesting the sensitivity to ambient environment and requirement
of ontline calibration. Furthermore, in some circumstances, ultrasonic probes need to be
installed in direct contact with the flow being metered because thel sdtemuation can

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

damage.
2.3.6Passive Acoustic Sensors

I n recent years, Ob6 Keef e eihvaswwe sonahflansnetgrs o p
based on an array of passi@eoustic 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 [d6], 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, ta 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 th

disturbanes 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

Figure2.5.
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Figure2.5. Working principle of flow velocity measurement using
passive acoustic sens¢is]

In addition to flow velocity measurement, the potential use of this passive acoustic
technique for characterising some multiphase cases has also been repfrd[5].

Based on the analysis ofetlsignal component generated by acoustic waves propagating in
the fluid, the speed of sound travelling in the mixed flow can be obtained. Since the speec
of sound is a function of the physical properties of mixture fluid, the fluid composition
(phase fradgdon) can be further inferred. Several cases of the application into multiphase
flow can be sourced frofi6], [54], including solid concentration measurement with thick

slurry, gas fraction measurement with gas entrained intuallor slurry.
22



Chapter 2
Review of Techniques for Slurry Flow Measurement and Associated Technical Issues

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 C
corrosive applications, along with the nmwvasive featus. However, as the typical
shortcomings of acoustic methods, the external noises can negatively affect the
measurement performance, especially when the interested signal component becomes we:x
compared with environmental noises. For example, the strongesndrom external
environment when a large pump or other heavy vibration machine is operated around, ot
other acoustic signals produced from slurry flow transportation (e.g. solids collisions,
solids impingement on pipe wall), can cause several differehtasge 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, ofline calibration or some cormgon is also required for determining volumetric

flowrate or fluid composition in the case of multiphase flow.
2.3.7Coriolis Flowmeters

Coriolis flowmeters have been successfully applied into a wide variety of liquid and gas
applications for delivering highlgccurate singkphase 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 coradi, 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 simuttaous 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 wittndtvon
sensors arranged on the inlet and outlet side respectively, illustratégyurg 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 pha3éstvifeen the
signals collected from the two motion sensors, as showigure2.7. Coriolis flowmeters

are driven at a resonant frequency (commonly in its first #¥doranode) 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 temperaturenser typically attached to one

measuring tube, and even flow viscosity in some circumstances.
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Figure2.6 Several typical designs of Coriolis flow sensors (a) Single straidpet flow
sensor (b) Twin straigfttbe flow sensor (c) Twin bemtibe flow sensor with two
shallower fshaped (d) Twinbest ube f |l ow sensor whaped) t wo
tubes (e)Twin benttube flow sensor with two deepershaped tubeld 8]
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(a) Vibration of Coriolis tubes without flow (exaggerated)
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Mass Flow

(b) Vibration of Coriolis tubes with flow (exaggerated)

Figure2.7 Measurement principle of mass flowrate of Coriolis flowmefes$

Over the lasttwo 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 signa
processing andontrol techniques, making Coriolis flowmeters capable of delivering stable,
reliable and the most accurate measurement of spigiee flow, which can be immune to
changes influid temperature pressure as well as flow viscosity8], [56]. However,
Coriolis flowmeters in general struggle to maintain high measurement accuracy under
multiphase tbow conditions. There are a number of studies reporting the measurement
errors of Coriolis flowmeters with gas entrained into the liquid being metered. Féthp

and Bassdg58] have proposed the theoretical foundations of the physical mechanisms
resulting in measurement errors of Coriolis flowmeters due to the presence of a seconc
phase. Phase decouplingeet and compressibility effect have been recognized as two
leading error sources which cause the deviations in the measurement outcomes from th
true values. And gas entrainment has been clearly identified as a key factor which car
adversely affect the permance of Coriolis flowmeters, attributable to decoupling effect

as well as compressibility effe¢b9], [60]. More importantly, besides the theoretical
analysis, extensive experimental work has been undertaken to evaluate the typica
behaviour of Coriolis flowmeters under aeration condition, providing the experimental
support[22], [23], [31], [55], [59], [61][67]. In addition, experimental investigations are
helpful to explore the effects of other factors involved in-readld 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 someéheoretical analysis has been carried @8], [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 Corioliwnfleters for
slurry flow metering remains doubtful, which motivates this present wdik io the gaps.
The relevant studies on the application of Coriolis flowmeters into slurry will be reviewed

in detail in the following section (Secti@¥).
2.3.8Summary of Slurry Flow Measurement Techniques

Table2.1 summarizes the direct slurry flow measurement techniques reviewed above.
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Table2.1 Direct measurement techniques for slurry flow metering

Measirement

Measured

Techniques Parameters Advantages Limitations
1 Simple 1 Intrusive
. . 1 Low cost 1 Relatively easily
Differential i S|urry eroded
Pressure velocity 1 Discharge coefficient
Devices{36]] T Solid phase changes due to erosio
[38] fraction

1 Plugged pressure
tapping holes

Electromagnetic

1 Liquid phase

9 Suitable for
abrasive medium

1 Only sense electrically
conductive liquid

Flowmeters : 1 Applicable to 1 Measurement errors
[39]1[43] velocity highly concentrated due to entrained solidy
slurry
1 Visualize phase 1 Potential erosion of
T Solid phase distribution electrodes
ERT or EIT fraction T Local flow q Sensitive to mixture
[44]1[49] T Solid phase information properties and proces
velocity conditions
9 Nortinvasive 9 Ultrasonic wave
1 Suitable for attenuation or even
Ultrasonic q Slurry abrasive medium gﬁikup with thick
Sensorg51]i velocity Y .
53] 1 Solid phase 1 Solid concentration
fraction measurement affected
by mixture poperties
and process condition
1 Nonrinvasive 1 Susceptible to externs
. 1 Suitable for acoustic andibration
Passive T Slurry abrasive medium noises
Acoustic velocity 1 Applicable to thick | T Solid concentration
Sensorg16], T Solid phase slurry measurement affected
[54] fraction by mixture properties
and process condition
T Slurry mixed | T Capable of I Potential erosion of
Coriolis mass flowrate| Measuing mass measuring tubes
Flowmeters T Slurry flowrate and density § Measurement errors
(58], [63], [69] mixture I High accuracy due to entrained solidg
density
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2.4Technical Issues in Slurry Flow Measurement Using Coriolis

Flowmeters

With the drastic improvements in Coriolis flow metering technology, Coriolis flowmeters,
as the most accurate singlbase mass flowmeters, are considered to be a promising and
suitable candidate for slurry flow measurement. By introducing appropriatecosatpn
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 widfastory
accuracy. In addition, for dilute slurry typically being transported in homogenous
suspension or nesettling flow regime, phase volume fraction can also be estimated from

the mixture density, with known individual phase density (solid anddidensity).
2.4.1Influences of Solid Particles on Flow Measurement Accuracy

The behaviour of Coriolis flowmeters under sdiglid 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 influere 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 conddtedroviding a comparison
between the effestof entrained gas and solid particles on Coriolis flow met¢&8p [63],

[68], [69]. Basse[58] has theoretidyy examined the measurement errors of Coriolis
flowmeters using three typical examples, coveringwaiter, oilwater and sandater
mixtures. According to the theory of decoupling effect and compressibility effect,
compared with gas entrainment, the gtige 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 studiesoffer theoretical basis for conducting theoretical analysis of
measurement errors of Coriolis flowmeters and analytical modellingrfor prediction

However, quite few experimental studies have been undertaken for quantifying the actual

28



Chapter 2
Review of Techniques for Slurry Flow Measurement and Associateditathssues

influence of sad particles on Coriolis flow metering, especially for mass flowrate
measurement. Relevant experimental reports are only available from Weinsteif6&} al.
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 ramgof density ratio and inverse Stokes number, which can be
applied to analyse the decoupling effect on Coriolis flow metering.[@Bjuperformed a

group of static tests for evaluating the effect of solids on the density measurement in
Coriolis flowmeters. By usingwo chains of small beads (glass) and large beads (stone),
noticeable negative errors were observed from the density reading provided by a single
straighttube Coriolis flowmeter (Endress+Hauser PROMASS 831 DN25) vertically placed,
as shown inFigure 2.8. According to the experimental outcome®.12% andi 8.83%

errors in density occurred in the Coriolis flowmeter under test, corresponding to the cases
of small beads and large beads with salmume fractions of 10.40% and 17.58%,

respectively.

Figure2.8 Static tests for evaluating the influence of solid particles
on density measuremejto]
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2.4.2Potential Erosion on CoriolisMeasuring Tubes

Apart from the concerns of measurement accuracy affect by entrained solids, the weal
problem of meters is also quite important due to the consideration of the abrasive nature o
slurry flow. There is a potential to erode the vibrating tubke€oriolis 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 danwgeeven lead to meter failure. Wear proldem

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 (stppkese flow) Their experimental results
demonstrated the large measurement errors in both mass flowrate and density reading
from the eroded meterBigure2.9 displays the excess erosion observed from the outlet
side of Coriolis tubes ifil1].

Figure2.9 Excessive erosion in the outlet side of Coriolis tyhéa$

To reduce the chance of erosion encountered in abrasive or corrosive applications, sever:
suggestions have been provided by the manufactiirdis including the selection of
suitable tube material, flow profile conditioning, preventing sbtidid separation as well

as considerations on straigiabe over berntube. More importantly, how to monitor the
structural condition of a Coriolis flowmeter during service life becomes considerably
advantageous, in order to guarantee the structural integrity as well as maintaining excellen
performance (typically #.1% uncertainty of mass flowrate measurement). If an early
warning can be given to the operator whte 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 #situ structural conditions of Coriolis flowmeters, some patented
technologies ave been reported by three main manufacturers (Micro M@y,
Endress+Hausef73], KROHNE [74]) while very limited resealc work has been
published so far. Micro Motion has developed a diagnostic tool SMV (Smart Meter
Verification) with a claimed uncertainty of #9%, which means it can give a warning when
the structural change in Coriolis tubes exceeds #%). As explained in[76], four
additional offresonant frequencies are applied into the drive signal so as to characterize
the Coriolis oscillation behaviour, from which the effective mass, stiffness anpirdaof

the oscillation system can be estimated. But the detailed signal processing along with
calculation procedures are not given. Endress+Hauser has proposed a new featur
Heartbeat Technology for examining the structural integrity. As describedpatent[73],

the meter is excited with one additional frequency higher than the normal working
frequeng (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 man
remaining questions in this field which need significant research efforts. Theidal
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 acceleratedreq@®cess (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. Furthermibre,exact reasons triggering false
alarms have not been fully understood whilst the effect of variable process conditions (e.g.

fluid temperaturgpressure, the presence of a second phase) is still unclear.
2.5Summary

This chapter has briefly described slurry flow characteristics and the key parameters of
significant interest in slurry flow measurement. The existing diredinenslurry flow
measurement techniques have been reviewed, highlighting the influence wfeehsi@ids
on the measurement accuracy as well as the potential wear problem due to the abrasiv
nature of slurry flow. Moreover, with a focus on the relevant studies on Coriolis flow
metering technology, technical issues in slurry flow measurement uSoriplis
flowmeters haven been identified.
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Complex twephase 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 sed&mom the cited work (Sectio2.3), a variety of
measurement techniques have been proposed or improved to serve slurry applications
However, due to the limitationd these existing techniques (summarized able2.1), it

is still challenging to provide stable, continuous and accurate measurement of slurry flow.
The Coriolis flow netering technology is able to deliver superior performance of single
phase mass flow measurement. However, there are many technical issues that remai
challenging in applying Coriolis flowmeters into slurry flow, as can be seen from the cited
work (Sectior2.4).

In this review, gaps that require further research have been identified. Firstly, only
theoretical analysis has been conducted for exploring the impact idf paoticles 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 solitiquid two-phase flow conditions is dtiinclear, whichmotivates

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 @hapter 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 or
this topic so far. Based on the review of existing wbidy to improve the sensitivity for
warning tube erosion and how to avoid false alarms undefvadd process conditions

will be the key questions to answer and the relevant contents will be preseGteapier 5

The literature review has clearly demonstrated that there are certain gaps between th
existing techniques for slurry flow measurement and the requirements eivaedl
industrial applications. Coriolisldwmeters incorporating compensation technsgtm
reducing the influence of solid particles along with condition monitoring techsigue
examining the structural health of measuring tubes are believed to be a promising solutior

to slurry flow measurenm.
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3.1 Introduction

A laboratoryscale slurry flow test rig has been designed and constructed in order to
provide the experimental platforfar conducting the experimental tests in this wadrkis

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 rigidimgl 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 flowmetardling slurry
applications. Then, the chapter explains the full details of rig design and construction,
sharing thepractical considerations and the relevant experience from this work. Here the
primary focus of the rig design and construction is toroffecurate 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 sofliEndling equipment are out of the scope

of this work. Thirdly, the data acquisih 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 tstatethe focus of this research is the measurement of dilute
slurry flow. One typical example of dilute slurry flow is the savater slurry containing a

small portion of sand particles carried by water. In addition, dilute slurry flow is often
employed for oiland gas exploration, for instance, the fracturing fluid used in hydraulic
fracturing procesf9], [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 aging4], [12].

In this research, the experimental stuslyindertaken with dilute sandater mixed flow

(sand concentration by volume within 4%). One benefit of erosion tests With diurry

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 or
the Coriolis tubes which are typically difficult to notice prdippthe resulting tube
erosion would negatively impact Coriolis flow metering. The effect of tube erosion would
be superimposed on the influence of sdiliiid two-phase flow conditions, both of which

can degrade the measurement performance of Cofimisnieters. 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, freetud 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: stestop batching procedures in a gravimetric system,
flow sampling proceduresss well @& 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 prmance of the structural condition monitoring techniques.
3.2.1Start-Stop Batching Procedures

The measurement errors in mass flowrate as well as desfs@priolis flowmetersare
typically obtained with respect tihe reference (served as the tmadues). A start-stop
gravitational method can be utilized to recognize the measurement errors in mixture mas¢
flowrate of Coriolis flowmeters when solid particles are present in liquid carrier. To assist
in startstop batchingperatiors, an accurate welgng system is required, so as to provide

the reference obatchmass. The basic working principle of te&artstop gravitational
method is that the exact amount of fluid going through the Coriolis flowmeter will enter
the weighing tank. As a result, ma#swrate 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 Wwiaantypically delivermuchlower (at
least 3 times suggested by the manufactuneeasurement uncertainty than Coriolis
flowmeters, the gravitational method has the advantage of low uncertdtyhigh
accuracy. Thus, thstartstopgravitational methods commonly used for mass calibration
or verification. For example, Coriolis flowmeters are typically calibrated throughsstgrt

batching procedures performed in a gravimetric system ifatiery of themanufacturer.
3.2.2Flow Sampling Procedures

Since Coiolis 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 |
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 chafigesdanditions

(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 thregy valve beig 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 mixtur
density of slurry flow is obtained. Accordinglgiensity 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 hely
save the cost as well as the instadia 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 uts 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 reors is acceptable, becausthe accuracy requirement afensity

measurement is lestringentthan mas#lowrate measurement in Coriolis flowmeters.
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3.2.3Erosive Tests

Erosivetests need to be performed under saader erosion conditions for the purpose of
inspection of wear problesrof Coriolis flowmeters. The slurry flow test rig to be built
should be able to supplyterizontal closed loop for slurry flowirculation,to generate
continuous impingements of moving solid particles on Coriolis tubes for erosion purpose.
Recirculationof slurry flow is a coseffective way for erosion purpose. Nevertheléssy
recirculation would naturally cause the degradation of erodents)(slring 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 gradassiding the Coriolis tubes. Through
erosive tests, the wear problem of Coriolis flowmeters as well as the structural condition

monitoring technique for diagnosing teesivewear will be investigated experimentally.
3.3Rig Design and Implementation

3.3.1General 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 Se8tibrin 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 tfeed 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 sty 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 publicatidi8]i [82]. However, these existing studies focus

on the slurry erosion test rigs with the intention to investigate the erosion phenomenon
while the conerns of flow measuremeiatre 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. Thusn addition tothe considerations of potential wear desh

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 laboratoryscale slurry flow test rig has been designed and constructed
Instrumentation Lab at University of Kent. The schematic of the slflow test rig is
given inFigure3.1, alongwith its photos shown ifrigure3.2. This slurry test rig is a low
pressure rig operated below 3 bar and at ambient temperatu® (&b 30 C). It is
relatively simple costeffective and easy to operate for delivering dilute slfloyws. The
details of this test rig will be presented in the following six-sabtions: main circulation
loop, selection of valves, flow sampling point, weighing system, installation of k@
along with safety precautions.

gy Pinchvalve
ok Butterfly valve

Sand P1

injection 3 %

Coriolis flowmeter
belly up |

buffer tank Vvi0 V8 \V74 i g
| I |
%[00 |- %
Vo i Coriolis flowmeter ! V6(3way)
| belly down I
________________ I
Figure3.1 Schematic of the slurry flow test rig
--5 ~ ' ! \
r ==
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Niliimm

flowmeter
W|th belly up, CF1

» P/ | X ; W =N4 Flow direction
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Figure3.2 Photo of the slurry flow testgi
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3.3.2Main Circulation Loop

The main horizonal loop offers the functionality of flow circulation, which primarily

consists of a centrifugal pump, a slurry storage tank, an agitator, and a horizontal pipe looy

It is common to employ a centrifugal pump for tape flow circulation and occasionally a
positive displacement pump can be an alternative ciéje However, in this particular
casewhere running the pump dea@aded for a short duration is required for batching
operation as well as zeroing of Coriolis flownrete centrifugal pumgKSB Etabloc ETB
100-:080-200) is selected over a positive displacement pump as positive displacement
punp is not allowed to run dedtkaded. In consideration of the cost, a normal type but
durable centrifugal pump is used here to deliver dilute slurry flow, rather than a specialized
slurry pump. This lowpressure centrifugal pump allows a maximum flowratéGff n¥/h

and a maximum discharge pressure of 1.5 barg. Being controlled by a connected frequenc
inverter, this pump can deliver a wide range of mass flowrates for experimental tests.
Although the pump is not intentionally designed for slurry applicativresn handle solid
spheres up to 10 mm in diameter. Moreover, it has been tested that without significantly
reducing the performance, this pump can normally work on fluid that carries around 8%
solids by weight. Thus, this pump can fulfill the needd¢emms of the allowable sand

concentration, the permissible sand particle size as well as the achievable range of flowrat

To guarantee the soldjuid two-phase conditions for experimental investigation, it is
necessary to avoid the potential sourceggaé entrainment as much as possible. The
undesired presence of gas bubbles may arise from the slurry storage tank standing in th
open air, the joints of pipes as well as of pipe fittings. Due to these concerns, careful
consideration has to be given to gesome redundancy in the tank capacity. In the
meanwhile, the tank outlet pipe should be properly located so as to maintain a sufficient
liquid depth for preventing air from entering into the delivered slurry flow. The tank
capacity should exceed the tot@lume of circulation loop pipeline to allow the pipeline

full of liquid and additionally remaining a certain liquid depth from the liquid level in tank

to the location of tank outlet. Moreover, the pipes along with fittings need to be closely

connecteddgether during rig construction.

In this rig, a large cylindrical tank with the capacity of 1500 litres (see the black tank in

Figure3.3) is connected to the inlet of centrifugal pump, severed as the slurry storage tank.
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Being covered by a hatipenable lid, this slurry tank is 1500 mm in height and 1200 mm
in diameter. Furthermore, the tank is made from polypropylene copolymer (PPC) with the

advantage of good durability as well as impact strength.

Slurry storage
| tank
B

Figure3.3 Large slurry storage tank

One agitatoiis utilized to uniformly distribute solids in the liquid medium. The motor of
the agitatoris seadd on the top of the slurry tank. The shaft is long enough to reach the
very bottom of the slurry tank and the propeller is attached at the bottom of the shaft. By
using a frequency inverter, the rotation speed along with rotation direction of the agitator
can be adjusted to supply samdter mixtures at different concentrations. Photo of the
motor control panel of the pump as well as the agitator is showigume 3.4. Therefore,

this slurry flow test rig can achieve good control over the delivered mass flowrate via the
frequency inverter of pump and the supplied sand concentration through the inverter of

agitator.
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Figure3.4 Motor control panel of centrifugal pump and agitator

In terms of loop pipeline, adequate pipe length should be retained for delivering fully
developed slurry flow which can reach stable flow conditions. In the meanwhile; wea
resistant pipe material needs to be chosen for reducing the chance of erosion. In this rig
the horizontal loop pipeline has been primarily constructed using transparent polyvinyl
chloride (PVC) pipe of 50 mm bore diameter which can give a clear olhseredtflow

regime in the test section. The total length of horizontal pipeline is roughly 10 m. PVC
pipe is chosen due to its durable and impastistant properties. The allowable working
pressure of the PVC pipe in use is rated up to 16 bar althougbiuhg flow rig is
supposed to be operated within 3 bar. The benefit of selecting high pressure pipe is tc

thicken the pipe wall against the potential erosive wear to ensure safety.

As a demonstration of the operation, first of all, the slurry tank wieltilled up with tap

water through hose and sand particles can be fed into the tank via a hopper to prepare san
water mixture. After that, the dilute slurry flow can be pumped from the slurry tank to the
50 mm bore horizonal test section and then traredfeback to the tank to finish the flow
circulation. By means of the motor control panel of the pump and the agitator, the
delivered mass flowrate and sand concentration can be adjusted for the target set in th
experiments. After all tests are finishediirry can be drained away from the tank outlet
located fairly low, though some samditer mixture would inevitably stay in the bottom of

the tank as well as the pipeline. The use of the agitator can help clear up the remaining
sand patrticles in the tankloreover, the piping system and tank can be flushed by using

clean water. After several repeats, the overwhelming majority of sand particles can be
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flushed away. Furthermore, the sand particles can also be recovered from the draine

slurry by means of sarfdters for a reuse of sand.
3.3.3Selection of Valves

Vales are required in a number of places to assist with experimental operations such a
zero calibration of Coriolis flowmeters, batching operation as well as flow sampling.
Valves should be chosen caréjuto offer satisfactory performance as permitting flow
transportation, cutting off, or regulating slurry flow. Poor performance or failure of valves
can negatively impact the experimental work. For instance, if erosion on valves occurs, the
slurry flow probably cannot be completely blocked by closing the valves, which would
lead to the potential of flow leakage. As a result, it would affect the zero calibration of the
meter thus give rise to a certain level of uncertainties in the flow measurement Fesults.
that reason, it is necessary to select suitable valves and arrange them properly on rig i

order to reduce the adverse influence of valves erosion.

Generally, several common factors should be taken into account in the selection of valves
for slurry aplications, which include the physical and chemical properties of the flow
media, the working temperature and pressure, the required type of seal, as well as the co
of the valves. Here the physical properties often refer to the solid composition, solid
content and solid grain size whilst the chemical characteristics would decide whether
specific requirement should be fulfilled for instance in the corrosive flows (e.g. acids).

There are a variety of valve types commercially available in the market. Aedetai
discussion on valves for slurry applications can be fourf@83h This section only lists a

few typical options which may suit the needs. Since the slurry flow in use is dilute sand
water mixture with fine sand particles, it would be less likely to cause severe erosive
damage on the valves in such dilute flow compared thittk slurry. Moreover, there are

no special requirements in terms of the working environment. Therefore, in this case, the
most important demand is the ability to provide a fairly tight seal or cl@tine relevant
pointsin assistance with experimehtgperations. Otherwise, argynallflow leakagefrom

the valvewould increase uncertainties in the experimental results.

All valves installed orthe slurry flow test rig are manual valves because of the low cost
and convenience. Among different types ofves, butterfly or ball valves are typically

two common and costffective optionsOwing to the narrow body, butterfly valves are
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often preferred in the applications with limited installation space. The advantage of ball
valves is the capability to meet various requirements of flow control by adjusting the
geometries correspondingly. However, there might be a risk to damage the disc or seat of :
butterfly or ball valve, resulting from the continuous interactions with solideptres

flow, although the erosion process is expected to be slow with such dilute slurry.
Compared with ball or butterfly valves, pinch valves are less susceptible to be eroded,
attributable to the abrasiaesistant characteristics of their elastic ruldleeve. Therefore,

pinch valves are usually beneficial for the cases where completely isolation or nearly 100%
tight shutoff of flow is needed. Knife gate valves are especially suitable for handling
heavy solid contents, viscous, abrasive as well asgioe fluids. They can perform well

in cutting through the concentrated slurry with heavy solids because of having the sharp
metal gates, whereas they are primarily designed for providingffoservices, not

recommended for regulating flow.

Based on thelmve discussions, butterfly and pinch vahaes used here for slurry flow

test rig construction. Several butterfly valvare utilized to save the spaces because of
their dimensional benefitAt the key pointsto ensure metecalibration and batching
opem@tion, a butterfly valve and a pinch valve were installed in series. The idea here is that
by taking advantage of employing two different typésalves, it is intended to provide
reliableshutoff as close to 100% as possible.

Two examples are given tllustrate the combination use of butterfly and pinch valves on
the test rig, given byrigure 3.5. In order to ensure the same amount of flow trangferre
from upstream Coriolis flowmeter (CF1) to downstream Coriolis flowmeter (CF2), no flow
should be allowed to pass through thepags pipe of CF1. As shown below, two valves
were installed on the byass line, referring to a pinch valve (V2) and a butesdive (V3)
Similarly, a pinch valve (V8) together with a butterfly valve (VED@ arranged at the
point where the flow needs to be fully ¢
well as batchingThe specifications of all valves on slufftgw test rig are summarized in

Appendix1.
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Figure3.5 Arrangment of a pinch valve along with a butterfly valve
3.3.4Flow Sampling Point

Appropriate flow sampling point needs to be retained for ff@mpling. The criteria for
the selection of sampling point is that the collected flow samples should be able to
represent the slurry passing through the Coriolis flowmeters under test whilst the sampling

operation should bring less disturbance to the dgeel flow conditions.

A 50 mm bor e-wéyhbal vagve (V6)is monted en the 50 mm test pipe to
build up the sampling point, as shownHFigure3.6. The bore diameter of sampling valve

is kept consistent with that of test pipe so as to lower the disruption to the average velocity
in test pipe due to the opening of thxeay valve. The working position of this thraeay

ball valve is normally sea s A90A divertingo for flow
changed to A180A straight througho for g:
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e _ﬂ - uv l;‘ 3
-way valve V6

Figure3.6 Flow sampling point with threway valve
3.3.5Weighing System

A reliable and higkaccurate weighing system plays an important role in assistance with

identification of mass flowrate errors. The weighing system should be carefully designed
and built so as to lower the uncertainty in flow measurement tests. Here the whole
weighing system is assembled by a weighing tank, a weighing scale, a set of batching pipe

a buffer tank along with a small water pump, displaydeigure3.7.

2

Figure3.7 Setup of whole weighing system
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In detail, a weighing scaléMettler Toledo KCC30p has been served as the reference
device for mass flow measuremehhe maximum capacity of this scale is 300 kg with the
resolution of 2 goffering the accuracy ag® X p 1t (better than 0.001%84]. Such

high accuracyf the scalas 100 times (twoorders ofmagnitude) lower than the claimed
measurement accurafy.1% for liquids in mass flowrat®f the Coriolis flowmeter under
test.Hence it isreasonable to regard the readingscéle as the reference (true values of
batch mass)Before any flow measuremetasts were carried out, this scale was calibrated
in-situ to ensure theeliable functionality. When selecting the scale, proper considerations
should be given on both capacity and resolution. The measurement uncertainty of weighing
scale should be at Istathree times lower than the flowmeters under test. Larger capacity of
scale can allow a longer duration of batching process, which is favourable to improve the
flow stability at a steady flow rate and reduce the batch errors. In the experiments of this
work, for example, the batching process can last roughly 40 s when high mass fiewrate

at 20000 kg/hFigure3.8 displays the weighing tank being seated on the scale.

\ “swan-neck”
" pipe
.

|

r[_ 1§ )t S Ee
STy Weighing tank

Figure3.8 Weighing tank seated on the scale

The inlet pipe otthe weighing system was designadth afi s wa @& c k 0 , wstththep e
benefit to keeghe constant liquid level in the inlet pipe for each batching operation. To
reduce the uncertainties in flow measurement results, the pipe has been primed befor

batching.
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With regard to the design of weighing system, two typical desigm be considered,
illustrated byFigure3.9. Design A employs a pump to drain the mixture fluid out of the
weighing tank, while design B uses the gravitydischarge the fluid. If the fluid is clean
water, both design A and B can work well. However, in the case of sandy water, design B
is more suitable. If the pumping method (stated in design A) is applied, the buoyancy of
the immersed suction pipe needs éodompensated before the accurate weight of the batch
can be obtained. However, this is difficult due to the unknown mixture density over
different test conditions. Thus, design B has been chosen in this work.

|
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(b) Design B, gravity method

Figure3.9 Two typical designs of weighing system
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Sand-water separation [ Buffer tank

Figure3.10 Sandwater separation ingé buffer tank

Furthermore, since this small pump can only deliver the water without heavy solid contents
a simple sandvater separation facilitys employed to assist with the transportation of fluid
from buffer tank back to big slurry storage taak iown inFigure3.10. The separation
facility is made of a bucket sbeingfiteddohtbe s a

bottom. After separation, that part of sasded back to the large slurry tank again.

To summarize, with the assistance of weighing system, theveatied mixture undergoing
batching can be carried into the weighing tank throaghwann e c k 0 pi pe,
drained to the buffer tank, and finally pumped back to the slurry tank, to complete the
whole batching process. Through the correct operations on relevant valves (V7 to V10),
the slurry flow can either be pumped directly back ®@® shurry tank for horizontal flow

circulation or into the weighing tank for batching.
3.3.6Installation of Flowmeters

To measure the saswdater mixture flow, two 50 mm bore Coriolis flowmeters have been
mounted horizontally in series but with different mountiogentation. The Coriolis
flowmeters under test (KROHNE OPTIMASS 6400 S50) @esignedwith a twin-bent

tube configuration of which nominal flowrate is 35000 kg/h. For singlease liquid
measurement, the measurement uncertainty of mass flowrate iis $itt?% covering the
turndown ratio in the range of 20:1, whilst the measurement uncertainty of density is less
than # kg/n? [85]. The upstream Coriolis flowmeter is mounted with its measuring tubes
(belly) up, named as CF1, while the belly of downstream floeméEF2) is placed
downwards, illustrated byigure 3.11. For entrained solids applications, itdgenerally
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recommended to install a betbe Coriolis flowmeter with its belly up in order to prevent
solids from settling in the Coriolis tubes. Howee, no prior research has been carried out
for the experimental investigatiomto the mounting effect on Coriolis flow metering in
slurry applications. Hence in this study, two different horizontal mounting orientation,
belly up and belly downare bothemployed to check whether the mounting of Coriolis
flowmeters would affect their behaviours in dilute and -settling slurry flow, which

means there is no sand deposition in the Coriolis tubes.

Additionally, a bypass line was installed which can protdwt upstream Coriolis
flowmeter (CF1) from erosion when necessary. Both CF1 and CF2 can be tested througt
batching operation for examining the mass flowrate errors, while flow sampling can only
be conducted against the density measurement in CF1. Sincis @Bfalled downstream

of sampling pointthe CF2 density reading is not comparable with flow sampling test

results.

(@) (b)

Figure3.11 Two Coriolis flowmeters under teg) Upstream Coriolis flowmeter with its
belly up, CF1 (b) Downstream Coriolis flowmeter with its belly down, CF2

To deliver the ideal performance, Coriolis flowmeters should be properly installed to meet
the requiremest as specified by the manufacturer. Sufficiently long pipe length needs to
be maintained to help samwhter mixture reaching equilibrium state before entering the
Coriolis flowmeter. In terms of upstream straight pipe, approximately @D referring to

pipe bore diameter, 50 mm) pipe lengétkept on test rig, whilst the length of downstream
pipeis retained over B, both exceeding the required lengths as stated in the user guidance
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[85]. Moreover, both meterare well fixed via the rigid frame being bolted onognd
against the vibrations from external environment. Although most modern types of Coriolis
flowmeters are claimed being capable of tolerating a certain level of external vibrations,
this work has found that rigid support is favourable to decreaseateatial negative
influence from external vibrations on Coriolis flow metering such asdeftan meters or

degradation of measurement accuracy.

In the loop where CF1 and CF#e mounted in series, the achievable maximum mass
flowrateis up to approximaly 28000 kg/h, covering 80% nominal flowrate of the Coriolis
flowmeters under test. The drop in the discharge rate of centrifugal pump can be

attributable to the pressulessinduced by the Coriolis flowmeters.
3.3.7Safety Precautions

Concerning the safety issues, several precautions have been prepared to manage ti
potential hazards and risks probably arising from equipment failure, improper or incorrect
manual operation, as well as emergendiggure 3.12 demonstrates the safety precautions

taken in place, including a pressure relief valve, an emergency stop, and an overflow pipe

along with a level switch.

A pressure relief valvean rapidly release pressure to avoid gwesssure beyond the
safety threshold. Here a pressure relief valve was installed downstream of the main pump
in case of pipe plugging, incorrect closure of valves, or equipment failure. Emergency stop
can immedialy cut off all electrical contacts once being activated so as to cease or lower
the potential or existing hazards to operators, equipment or any work in progress. A level
switch along with an overflow pipe are both measures to prevent overflow from the
weighing tank which may occur during batching operation. Overflow can be highly
dangerous since the water spills may cause electric shock and short circuit. The function o
a level switch is to detect the liquid level within the weighing tank. The levettsw#n be
regarded as a type of liquid level sensor, whghonnected with the centrifugal pump. If

the liquid level in the tank exceeds the mounting position of the level switch, the power
supply of pump will be shut down and batching will be suspengadhermore, a-4nch
overflow pipe was mounted to efficiently drain the excess liquid from weighing tank in
case that the level switch fails to function although extremely unlikely, served as a double

security.
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Figure3.12 Safety precautions
3.4 Data Acquisition

In this research, Coriolis flowmeters under targt operated under two different working
modes. One is the normal working mode, under which Coriolis flowmeters are driven at
the firstvibrating mode by one single drive frequency (resonant frequency). The other is
meter diagnostic mode, which offers the information of structural conditions of Coriolis
flowmeters with two additional frequencies added into the drive signal (apart from one
resonant frequency). Throughout the flow measurement t€&tapfer 4, Coriolis
flowmeters under testre set in the normal working mode and flow measurement related
data are logged for experimental evaluation of the measurement accuracy of the
flowmeters. Forcollecting the structural condition related data, the meters under test
worked in the diagnostic mode during erosive teStgapter 4. Normal flow measurement
provided by Coriolis flowmeters is not disturbed by the meter diagnosdtinder the
diagnostic mode, the structural condition related da¢aollected whilst the normal flow

measurement data are also available.

The data acquisition from Coriolis flowmetessperformed through the tool developed by
the R&D department of KROHNE Ltd based on Modbus protocol (Sgare3.13). The

user i nterface of the fl ow measur ement d
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is shown inFigure 3.14. During data logging of flow measement data, the host PC
requess data from the Coriolis flowmeters every 10.24 ms and the rawislatored if
available from the Coriolis meters. Such data acquisition rate is high enough to meet the
needs for data analysis in consideration of varyighase flow conditions.

Figure3.13 Data acquistion tool

'@ 31hz_dtestdat - xFC Data Logger - a X

File Connection Logging Setup Help
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Time, secs

Figure3.14 User interface when logging flow measurement data

Table 3.1 lists the raw flow measurement data obtained from the Coriolis flowmeters,

including apparent mass flowrate, density, drive frequethaygl temperaturesensor A &
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B level, drive leveltogeher with2-phase signal. The raw data points are stored for further

analysis and the details of data ppsicessing will be presented$ection4.3.5

Table3.1 Raw flow measurement data obtained from the Coriolis flowmeters under test

Symbol (unit inti
Term y (unit) Description
Apparent . Mixture mass flowrate reading in
mass flowrate Coriolis flowmeters
Apparent . Mixture flow density reading ir
density Coriolis flowmeters
Drive ‘ It refers to the working frequency «
Q(Hz) Coriolis oscillation system, acquired |
frequency :
tracking the resonance freency.
Sensor level displays the voltal
lized amplitude of sensor signal, beit
Normalize YUY b normalized 'Fo percentage with respi
sensor level to the maximum voltage. When tt
flow direction is forward, the sens
located on outlet side gensor A.
Normalized It provides the current amplitude
. O b input signal allocated into driver, beir
drive level . .
normalized on maximum current.
It is measured by a PT500 temperat
sensor being attached to one of tt
Fluid 3 tubes. In most cases tube temperai
Y J# can be assumed equal fwocess ot
temperature

fluid temperature, which can be appli
for temperature compensation
Coriolis flow metering.

It is a dimensionless paramet
calculated from the phase varee
multiplied by damping indicator (th
ratio of drive current to senst
voltage,0 ). Phase variance usual
arises from density variation. It

helpful for reporting the presence of
second phase in flow being metered.

2-phase signal 0
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Through OPD Online Parameter Determination) function developed bthe R&D
department of KROHNE Ltd, Coriolis flowmetetsn work at a diagnostic mode and
structural condition related dataeac qui r ed. A 1l ogging softyv
Moni tor D a tisautiliZed fo galecting condition related data from Coriolis
flowmeters under test. Raw dasaie recorded at an interval of 60 s and the logging
durationis set as 10 s. Then the tirageraged value of a logging duration of 1@ stored

as the processed data forther analysis. When OPD function is performed, signal
processing in Coriolis flowmeters is more complex than normal signal processing of flow
measurement, which requires relatively longer time to supply data. Since the condition date
is used for indicatig the structural health of Coriolis tubes, the data update rate is not a
primary consideration, whereas the high accuracy and reliability of data are more
beneficial. The relevant contents of structural condition monitoring will be described in
detail inChapter 5

3.50perating Procedures

This section firstly describes the initial examination of the functionality of the slurry flow
test rig, before conducting the expeeimal work. Then the section demonstrates how to
perform batching operation as well as flow sampling in detail. The erosive tests can be
carried out through the horizontal circulation loop, which is quite simple and
straightforward, and hence the operai®not presented.

3.5.1Initial Examination of Coriolis Flowmeters and Test Rig

The purpose of an initial examination of the test rig is to inspect the joints of pipe sections
as well as pipe fittings for checking any potential liquid leakage and determine the
achievable test matrix. Furthermore, arsitu calibration of the Coriolis flowmeters under

test has been conducted, so as to verify the measurement uncertainty of the Coriolis

flowmeters with respect to the reference device.

At the very beginning, thdwery tank was filled up with clean tap water, without any sand
fed into the liquid. The purpose of the initial verification of the Coriolis flowmeters is to
recognize the measurement uncertainties of CF1 and CF2 under@iagke conditios
(clean water), before any tests conducted with slurry flow. Additionally, samples of tap
water being used in the experimemte collected and measured in laboratory, for the

purpose of determination of actual water density for reference. Then the vaotual
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water densityis given toCF1 and CF2 for ksitu density calibrationThe initial density
reading of wateiin CF1lis set equally to thah CF2, to ensure no difference in their

density readings between these two meters uhdesinglephase codition.

Through batching operation, the relative esror mass flowrate from CF1 (belly up) and
CF2 (belly down)are calculated with respect to the reference from weighing scale. The
initial verification is carried out at five flowrates, with three regeat each flowrate.
Figure3.15 below displays the initial verification results with clean water. Both meters met
t he manuf act ur e rdidgsmass floevrate meaasur@mentowithinrielgoa r

0.10 r
@ belly up

@belly down

0.05

X
0.00 |fremmsmmmmmmmme oo ‘ ------ -

8
-0.05 *

Relative error in mass flowrate (%)

_0. 1 0 1 1 1 1 J
0 5000 10000 15000 20000 25000

Mass flowrate (kg/h)

Figure3.15 Initial verification of mass flowrate measurement with clean water

After the initial run with clean water, sand particles were gradually injected into the slurry
tank for determination of the achievable test matrix in terms of mass flowrate and sand
concentration. In order to ensure homogenous slurry flow regime or ank@asettling

slurry flow, allowable range of sand concentrai@om identified against the delivered mass
flowrate. The test matrix will be given i8ection4.4.2 It should be noted that special
attention should be paid to the vertical part of inlet batching pipe to guarantee the
transportation of sand particles into the weighing tank by the carrier liquid, in

consideration of the counter gravity effect on the gaarticles in vertical flow.
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3.5.20perating Procedures of Flow Batching

Generally, the mass flowrais well-controlled via the variablepeed centrifugal pump

whilst the sand concentration can be changed by adjusting the agitator and sand dosing

Since all vales in use are manual valves, the experimardgsprimarily conducted by

manual operations. Automatic operations or control on the pump, valves as well as date

logging can be achieved by upgrading this test rig in the future. The detaibedting

procedurs of batchingaregiven,

1)

2)

3)

4)

5)

Preparing - Operate on the control panel to start the centrifugal pump (P1) as well as
the agitator (P2). Run the slurry flow at target mass flowrate in circulation lo@p for
while (e.g. three minutes), so aseixpel the potential bubbles and stabilize the process
conditions (e.g. flow profile, the distribution dfuid temperaturg Corresponding
operations on valves are as follows: open V1, V4, V5, V7, V8, V10 and V13, while all
other switch valves are closetl.T 6 p o-way valvé Y6everks as a 90°diverting
valve.

Resetting totalizer in Coriolis flowmeters and weighing scale Reduce the mass
flowrate to the low value (e.g. 5000 kg/h). Shut down V10 and V8, while leave the
centrifugal pump running for a skt while. Meanwhile, check whether the zero
calibration point of Coriolis flowmeters (CF1, CF2) drift, by comparing with the
historical val ue. | f no drift, reset
Coriolis flowmeters to zero. If the zemalibration point drifts (beyond the acceptable
range), return to step 1) and repeat the operation.

Starting data logging and batching- Start logging data from Coriolis flowmeters.
Increase the mass flowrate to target value, and then open V9.

Weighing batch and completing data logging- Observe the reading of batch from
the weighing scale. When the reading approaches 220 kg, shut down V9 firstly,
subsequently stop the centrifugal pump. Save the data of Coriolis flowmeters during
batching and record the refecenweight from the scale when the reading becomes
stable.

Emptying weighing tank - Finally, open the valve (V16) beneath the weighing tank,
to drain the sandy water out from the weighing tank into the buffer tank. When the
sandwater mixture enters the tier tank, the sand separation can be carried out with
the help of the sand s Wfesfitrationnthe g&heredsand i e
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on mesh should be injected back to slurry storage tank whilst water is pumped back to

the slurry storage tank thugh hose.

Experimental work has found that although the valves are in closed positions to assist with
metersodo zero calibration, the running ti
the delivered sand concentration. It is probably because héatlohger running time more

sand particles would be trapped into the pump chamber. Once the discharge valve is opel
these sand particles could be pumped into the fluid stream. Therefore, the pump running
time is suggested to be fixed for each test pamtpwer the uncertainty in experimental

tests.
3.5.30perating Procedures of Flow Sampling
The operation procedure of sampling is presented below:

1) Preparing - Circulate slurry flow at target mass flowrate for a while. The detailed
operation cate found inthestep 1) in flow batching operation as described above.

2) Starting data logging and flow sampling- Change the working position tfethree
way valve (déyveftomepepddI@o ght8@ hrougho,

slurry from the sampling pointt@ 40 | itres bucket. As sc

straight througho, start data | ogging f
3) Completing data logging and flow sampling- When the fluid level approaches the
set |ine on the bucket d2%elriti mg®) pocp e

circulation. Meanwhile, stop data logging from CF1.

4) Weighing collected sample Weigh the fluid sample on a small scale (maximum 50
kg, with resolution 1 g). The total weight of samdter mixture sample can be
recorded ast .

5) Separating sand particles and drying sand Subsequently sand particles can be
separated from the fluid sample on ex
openings, shown ifigure3.16. After separation, the sand particles can be dried by a
heating oven (seeigure3.17). Then the dried sanghrticles are weighed &s , .

6) Computing sandwater mixture density and sand volume fraction- The reference
sand weight fractiorj (; ) can be acquired by usidg , overd . With known sand

density along with water density, reference sand weight fraction)(can be further
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converted into sandiater mixture density as reference ), as well as reference

sand volume fraction ().

As stated in step 6), thelegant computations of reference values are expressed,

s —Lpmmb (3-1)
B R w— (32
|k i primtb (3-3)

where” denot es t he filact ualis water rdensityd &he srelevanto

calculation of’ and” in this study will be given ilChapter 4

Figure3.16 Separation of sand particles frahecolletced fluid sample
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Setting 130 =150 C

30 minutes warm up.

Remember to switch
off after use.

Figure3.17 Heating oven to dry wetand
3.6 Advantages and Limitations

In light of the practical experience in rig design, construction as well as operation, the

advantages of this slurry flow test agesummarized as follows,

1) Owverall, this slurry flow test rig is relatively simple to construct and easy to operate.
The mainbenefit is that the rig can cover two different functions for performing flow
measurement and erosive tests.

2) Transparent PVC pipe has been found as a satisfactory choice, attributable to the
advantages from its durable, impaesistant properties as wels the capability of
offering clear observation of flow regime.

3) The characteristics of slurry flow transportation should be taken into account when the
flowmeters are installed for slurry flow metering. For example, as illustrated in this
work, if a benttube Coriolis flowmeter is horizontally mounted on the pipe, it is
recommended to place its measuring tube (belly) upwards, preventing from the
settlement of heavier sand or even blockage in tube.

4) Valves need to be carefully selected in consideration efptitential erosion. This
work provides a good example to make use of two valves from differers ay e
key points where the fairly tight closure is required and the flow leakage arising from

valve erosion is not acceptable.
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5) In terms of design of welgng systemthe gravity method is more suitable th#me
pumping method to lower the uncertainty in experimental tests, as illustretegline
3.9.

6) Appropriate safety precautions are suggested to be held in place in cases of equipmer
failure, emergencies, improper or incorrect manual operation, as demonstrated in
Section3.3.7.

In the meantime, the limitations of this slurry flow testargpointed out,

1) The main shortcoming is the difficulty in controlling the delivered sand concentration.
There are two possible causes. The first reason igttigtifficult to fully mix the
sandwater mixtures in the large slurry tank. The second problem is the lack of an
appropriate sand dosing system by which the sand particles can be continuously
injected into the fluid stream at a desired flowrate.

The peformance of the current agitator in use may not function quite well for supplying
fairly uniform and welmixed slurry flow, probably attributable to the relatively small size
of stirrer propeller compared with the capacity of large tank, as well asritedilength

of the rotating shaft resulting in some distance to reach the very bottom layer of sand.

In the study of gatiquid flow metering, it is common to see the separate transportation of
pure gas and pure liquid flow before mixing together, anctiaally it allows to apply

the accurate reference system for the shpgiase flow metering as well as the control of

the portions of the two phaség¢everthelessthe separate transportation of solid and liquid
cannot be implemented in this case dughto fact that solid materials cannot flow like
liquid or gas. The transportation of solids is typically performed by a hydraulic or
pneumatic system. However, additional introduction of gas must be avoided since the
presence of gas is a leading error seurt Coriolis flow metering. The same problem
exists when a vibrating sand feeder is utilized. Therefore, the pneumatic conveying of
solids is not applicable for this case, which brings the challenge to source a proper sanc

dosing system.

2) The sand degradah has beerfound in the experiments, likely attributable to two
reasons. The dominant reason could be the centrifugal pump may grind the sand
particles into smaller segments or more spherical shape, whilst the flow recirculation
would also give rise toamd degradation.
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3.7 Summary

A costeffective and easily operable 50 mm bore slurry flow teshag beemesigned and
built for undertaking experimental investigation in this research. This chapter mainly
describes the design and construction of the sluow ftest rig, with the particular

emphasis on providing accurate references to the Coriolis flowmeters under test.

Detailed descriptions of the slurry flow test rig along with the operating procedures have
been presented. Practical considerations as well as experience in the rig design an
construction have been provided. The advantages and limitations of this lslwrtedt rig

have been briefly discussed, which can offer practically useful information to future

improvements in rig design and construction.

Flow measurement tests and erosive thaige beerconducted on the test rig with dilute
sandwater slurry flow. Through a series of flow measurement tests, the influence of
entrained solid particles on Coriolis flow meterirgyevaluated quantitatively and the
experimental resultare given in Chapter 4 Through erosive tests, the wear problem of
Coriolis flowmetersis investigated and the performance of the condition monitoring

technique for examining the structural health of Coriolis tubassessed i@hapter 5
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4.1 Introduction

This chapter mainly describes a novel methodology for slurry flow measurement using
Coriolis flowmeters incorporating a sesmpirical analytical mode concerning the
degradation of measurement accuracy of Coriolis flowmeters owing to the presence of

solid particles in the liquid.

Firstly, this chapter presents a theoretical analysis of the influence of the entrained solids
on Coriolis flow metering,in light of existing theory of decoupling effect and
compressibility effect. The theoretical analysis provides the fundamentaisaoflytical
modelling approach for predicting and further correcting the measurement errors of
Coriolis flowmeters under $#d-liquid two-phase flow conditions. Then, the chapter
describes the experimental work conducted on the slurry flow test rig for examining the
measurement errors of Coriolis flowmeters handling dilute-saatdr slurry flow. A series

of flow measurementests were carried out with five different mass flowrates and SVF
(solid volume fraction) ranging from 0 to 4% whilst two Coriolis flowmeters under test
were horizontally installed with two different orientations (belly up and belly down).
Thirdly, the chaper presents the experimental results, providing the original measurement
errors of the Coriolis flowmeters under test as well as the basic regression analysis of the
original errors. Lastly, a basic analytical model is derived from the existing decoupling
theory and then utilized for compensating the decoupling effect on Coriolis flow metering.
The outcomes from model prediction are compared with the actual experimental results sc
as to evaluate the performance of the model. Moreover, in order to loweiffdrences
between modelling outcomes and experimental results, a correction term is introduced intc
the basic analytical model for yielding better prediction. After correction, ae@pirical
analytical model is established which can extend the ajalic of Coriolis flow metering

technology from singkphase flow to slurry flow.
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4.2 Theoretical Analysis

In this section, the existing theory reporting the underlying physics causing measurement
errors of Coriolis flowmeters under twahase flow conditionss applied into the case of
solidliquid flow. Theoretical investigation into the impact of entrainetidsonot only
illustrates the physical mechanisms leading to measurement errors of Coriolis flowmeters
with slurry flow but also explains the theoretical basis of analytical modelling for error

prediction and compensation in Coriolis flowmeters.

Prior resarch work has revealed the typical causes of measurement errors of Coriolis
flowmeters due to the interactions between two phi&Hs [57], [58], [63], [69], [86]

Two major error sources are phase decoupling error and compressibility5&8}oin

order to demonstrate decoupling error as well as compressibility error, two typical
examples of twegphase cases are used, representing-qlidl and gadiquid two-phase
conditions respectively. Although this work focuses on sluow fit is beneficial to put
these two cases together for a comparison, which can give a better understanding of th
underlying physics resulting in measurement errors of Coriolis flowmeters fephase

flow metering. Furthermore, other error sourceyrfanetry and imbalance error) which

may bring additional measurement errors, are also briefly discussed at a qualitative level.
4.2.1Phase Decoupling Error
4.2.1.10verview

As stated inSection2.3.7, a Coriolis flowmeter offers mass flow measurement based on
the resulting inertia force from the interactions between the moving fluid and its conveying
tube. Accurate Coriolis flow metering is based on a fundamental assumption, ghat th
centre of the vibrating mass in the Coriolis oscillation system is fixed on the axial direction
of the conveying tubg8]. However, when theresia second phase, the centre of mass is
likely disturbed by the relative motions between two different phases. As a result, errors

arise in mass flowrate along with density measurement.

The term, phase decoupling, describes the phenomenon when Corighiseters handle
two-phase flows, the second phase (e.g. solid particles or gas bubbles entrained in liquid
cannot exactly follow the Coriolis oscillation. For typbase mixed flow, the differences in

phase density result in different accelerations aloegQbriolis oscillation direction, and
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consequently the induced vibration amplitudes of two phases become different. As a result
the phase decoupling effect would cause some part of the mass or inertia not sensed by tt
Coriolis measuring tubes, and therelead to the undesstimation of mixture mass

flowrate as well as mixture density.

In the case of slurry flow, since the solid phase is typically heavier than the liquid, the
solids would experience less acceleration and movalistscean the Coriolis oscillation
direction. Accordingly, less part of solid particles can be sensed by Coriolis tubes, whereas
more | iquid portion can be Afelto. I n ot
an underreading of the dense phase (dgtihase here) but an owerading of the light
phase (liquid phase). Overall, Coriolis flowmeters would provide an tnedeing of the

mixture mass flowrate.
4.2.1.2Decoupling Effect in Inviscid Fluid

This theoretical analysis starts with the decoupling efifeéhviscid fluid and particles.

Assumptions are stated as follows to simplify the comput§@ieh

The fluid and entrained particles are both assumed to be incompressible. The entraine
solid particles or gas bubbles are spherical in shape and uniformly distrédotey the

tube. In addition, the tube is excited in a sinusoidal wave whilst it is sufficiently spacious
to accommodate the motions of the spheres, meaning the spheres can move freely withi
the tube. Moreover, the spheres are assumed to experientieea&ctmotion along the
Coriolis oscillation direction and no contacts with neither the adjacent spheres nor the tube

wall.

First of all, basic terms for analytical modelling are defined. The movements of the tube

(&) and entrained spheres | are epressed below
O YiQto (4-1)
® YiQo — (4-2)

where the subscrif ¢ denotes entrained spheres which can be solid particles or gas
bubbles, the subscriptc refers to the Coriolis tub&Yis the vibration amplitude, is
angular frequency of Coriolis oscillationis time and—is the phase shift of the entrained

spheres.
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To quantify phase decoupling effect, the ratio of the vibration amplitude of the entrained

sphere {Y) to that of tube™) is expressed below, called as decoupling r&fp (
0 — (4-3)

The velocities @) can be obtained from the derivative of displacement expressions,
6 1 YQEI o (4-4)
6 1 Ywéli o — (4-5)

Then, based on the above assumptions, force analysis can be applied to solve the motiol
of the tube as well as the entrained particles. In the scenario of inviscid fluid and particle,
there are two fice terms acted on the particles, including buoydikeyforce and added

mass forcg31], [69], [86].

0 "0 O (4-6)
0 a 4-7)
a = (4-8)

0 o— (4-9)
07— (4-10)

where"O means the total forc&) denotes the buoyandike force,”O is the added mass
force,a is the induced mass related @®; the subscripéi ¢ denotes the entrained sphere
again, the subscrigtc refers to the Coriolis tubé; is mass; is density0 refers to the

absolute velocities, and denotes the volume of an entrained sphere.

The buoyancylike force ('O) arises from the pressure difference induced by the
acceleration of the surrounding liquid. Driven by the Coriolis oscillation, when a solid
particle enters the tube, the solid particle would experience less acceleratiorethaqunidh
since solids are typically heavier. For example, if the tube is driven upwards, the solid
particles would move downwards with respect of the liquid, which is similar to the fall of
solid particles under the effect of gravity.
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When the entrained ggrt constantly pushes the surrounding liquid away, the added mass
force (O) is generated from the substituted liquid, which tends to impede the relative
motions. The induced mass () is dependent on the shape of the entrained object. In the
situatin of a spherical shape, the induced mass can be regarded as half of the mass of th

substituted liquid as illustrated in equati@r8).

By combining the force terms togethequation(4-6) becomes,

W— - — " 0 — (4-11)

Finally, the velocities of entrained spheres and Coriolis taleEsolved,

_ (4-12)
The decoupling ratic’Q can be written as,

0 — (4-13)
It is clear that wheri " (gasliquid two-phase flow), O p; while” " (solid

liquid two-phase flow),;O p. To visualize the phase decoupling effect, two examples are
given by using scenarios of solidquid and gadiquid mixtures. Solid phase is commonly
heavier than liquid phase while gas is lighter, which makes the ibpgostribution to the

relative motions between two phases.

In the case of solitlquid mixtures, water density is set 888 kg/n? whilst 2680 kg/m is

used as solid density which is the measured sand density obtained from the tests in thi
work (see Sectiod.3.2.9. According to equatiof¥-13), the decoupling ratic@ equals to

0.47. As shown inFigure4.1, the black dashed line is tracing the motion of a Coriolis tube
whilst the blue dashot line depicts the motion of a solid particle. As solid is denser than
liquid, the solid object experier®s less acceleraticgs shown in the blue dasthot line.

The decoupling phenomenon can be illustrated by the slightly lower amplitude of trace of
centreof-mass location (red solid line), compared with the trace of a Coriolis vibrating
tube (black dashednk). It can be observed that the centre of mass travels less, which

would result in undereading in mass flowrate and density of the mixed flow.
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— — —trace of tube
————— trace of sphere, F=0.47
trace of centre-of-mass

Vibration amplitude

Time

Figure4.1 Decoupling effect under sohéjuid two-phase onditions

— — —trace of tube
————— trace of sphere, F=1.60
trace of centre-of-mass

Vibration amplitude

Time

Figure4.2 Decoupling effect under gdisjuid two-phase conditions
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Figure 4.2 displays the decoupling effect in giaguid mixtures, wheréQOis 1.60. In
contrast to solidiquid flow, if the entrained object (e.g. gas bubbles) is lighter than liquid,
the gas bubbles namove farther than the surrounding liquid (see the blue-daishne).

As a result, a negative decoupling error can be produced, indicated by the lower amplitude
of trace of centr®f-mass (red solid line) compared with that of tube (black dashed line).

To conclude, due to phase decoupling effect, Coriolis flowmeters tend taeaethe
light phase but undeead the heavy phase. Overall, urdstimation of the mixture mass
flowrate along with mixture density can occur. Therefore, decoupling effeayallead to
negative measurement errors of Coriolis flowmeters, under bothlgplid and gadiquid

two-phase conditions.
4.2.1.3Decoupling Effect on Coriolis Flow Metering

Without decoupled motions betweeifferent phases, the actual (correct) mass flowing

through the Coriolis flowmeters should be,

d ” 6 p | ” 6 | (4_14)
Attributabl e t o decupling effect, t he
flowmeters can be expressed as,
a "0 p Q "0 "Q (4-15)

whered denotes the actual mass as refereacetefers to the apparent mass reading due
to decoupling effect; denotes the volume fraction of entrained sphéress the cross

sectional area of the Coriolis tube.

The decoupling error in mass flowrat@ § ) is calculated by,

Op —opnmnb (4-16)

By combining equation@-14) to (4-16) together, decoupling error can be written as,

Op pmmb (4-17)

By substituting'Ogiven by equatioi4-13) into (4-17), decoupling error becomes,
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Oy prtmp (4-18)

It can be seen that decoupling error is a function of SVF (solid volume fraction) as well as
solid density. Additionally, equatiof®-18) mathematically proves that dmeling error is

a negative error term. Moreover, the decoupling error in derBigy) (s supposed to equal
to the error in mass flowrat®(; ), not repeated again. These two error tef@g (, O )

are collectively called as decdung error in this study.
Orp ©Ojp (4-19

It is worth mentioning that the above analytical modelling on decoupling effect could
deviate from actual errors in the reebrld applications of Coriolis flowmeters, due to a
series of assumptions as stated.ia 1.2 Large deviations are expected with the increasing
concentration of entrained spheres because all interactions between spheres as well as
the tube wall are neglected in the assumptions. Thus, age@pn previous work, the
error estimation from decoupling model is very likely only accurate when the volume

fraction of entrained spheres is less than 158
4.2.1.4Comparison between SolieLiquid and Gas-Liquid Flows

This section provides a comparison between two typical cases-l{goidi and gadiquid

flows) regarding decoupling errdn consideration of the restrictions of decoupling model,
the range of volume fraction tie second phase is limited within 10% representing dilute
two-phase flows. As depicted irigure 4.3, it is obvious that decoupling error (absolute
value) grows with the fraction of the second phase. When the volume fraction of entrained
solids or gas reaches 10%, decoupling error with -gatdr mixtures approximely
approaches T 7. 6 %, whi |l e a g rliguadtmextureselt r or
suggests that decoupling error in slurry is roughly less than 1/3 of thatliggdsflow. It

can be deduced that measurement errors encountered in slurry flow veositdaller, as

the density difference between solid and liquid is less significant. Nevertheless, since gas
(e.g. air) density is extremely small compared with water density, such great density

difference can give rise to large decoupling error in the @bgasliquid mixed flow.
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Figure4.3 Comparion betwen decoupling error in saswdater and aiwater cases
(SVF from 0 to 10%)

4.2.1.5Decoupling Error Resulting from Different Sand Densities

Generally,andlbe i serambii®ad description whi
category of materials. Sand density is dependent on the composition, the source, even th
batch of production. In most cases, it is difficult to determine sand density very accurately,
herereferring to actual sand density }, rather than sand bulk densifince sand density

is always a measured or estimated value, different measurement methods may Yyielc
different results. The information of sand density is quite essential to perfohpticaia
modelling of decoupling effect. As illustrated by equatiphd3) and(4-18),” is directly

linked with decoupling ratio and thus decoupling error. Hence, the measureme
uncertainty of sand density can be regardednasnportanerror source which can impact

the results of analytical modelling.

This section evaluates the resulting decoupling errors from different sand demsities.
common range of sand demsivarying from 2000 kg/n? to 3000 kg/mis considered.
Figure 4.4 plots decoupling error against SVF ranging from 0 to 10% with six different
sand densities. The relationships between sand density and SVF and the decoupling errc

are illustrated byFigure 4.5. It can be observed that with the same SVF, higher sand
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density { ) results in smaller decoupling ratid)(moving farther with respect to unity
(without decoupling issues). Consequently, greater decouplimgy éabsolute value)
appears in larger sand density. In addition, it suggests when slurry flow becomes denser
the same level of measurement uncertainty in sand density could produce greater impact o

the analytical modelling results.

—6—2000 kg/m® F=0.60 S Sy
gl | 2200 kgim® F=0.55 s U
2400 kg/m® F=0.52 Y

—&—2600 kg/m*> F=0.48
—%— 2800 kg/m® F=0.45 -
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Relative error in mass flowrate (%)
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Figure4.4 Decoupling error resulting from different sand densities
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Figure4.5 Relationships between decoupling error and sand density and SVF
4.2.2Compressibility Error

Apart from decoupling error, compressibility error has been well identified as the other
leading error source. Earlier research has supplied the detailed explanation of
compressibility effect, or interpreted as moving resonance effect, which can lead to
positive measurement errors of Coriolis flowmeters in-lggsd two-phase flowg31],
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[57], [69]. In this section, the basic theory of compressibility error is briefly described and

then applied for theoreticalipvestigating compressibility effect in slurry flow.
4.2.2.10verview

Under the influence of the second phase, the physical properties-phage mixtures are
changed from those of each single ph@®. For instance, the presence of gas in liquid
not only simply affectsthe mixture density, but also impacts on the mixture
compressibility. Compressibility characterizes the ability of theo-phase mixtureso
deforminside the Coriolismeasuringubes[31]. When the mixture fluid (e.g. gdsjuid
mixture) passes through Coriolis tubes, it may generate an additional motion (e.g.
compression or expansion) besides fllde oscillation and consequently, it could yield

an extra force on the tubes. It can be rdgd as the existence of a second spring acting in
the Coriolis oscillation system, illustrated HWyigure 4.6. As a result, Coriolis drive
frequency wold deviate from the desired resonance frequency when the second spring
exists in the vibrating systefB1], [57]. Because of the drift in Coriolis drive frequency,
measurement errors could occur in appardensity and mass flowrate readings,
particularly in the situation wherein the resonance frequency of the secondrspsag
damper system approaches the original drive frequency of Coriolis flowmetergo the
presence of the second spring, a parfiud (two-phase mixtures) would vibraia the
opposite directionto tube oscillation (e.g. compression or expansiaf gaswater
mixtureg, resulting in higher reaction force sensed by the Coriolis tAlsea result,
compressibility effect would leaa toverestimation in density as well as mass flowrate,

contrary to the negative errors arising from phase decoupling effect as explained above.

_I:

Figure4.6 Secondorder masspringdamper model representing compressibility effect
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4.2.2.2Compressibility Effect on Coriolis Flow Metering

As presented above, the change in physical properties of mixture fluid is closely linked
with compressibility effect. Tguantify compressibility effect on Coriolis flow metering,

the calculation of mixture compressibility along with the speed of sound traveling in
mixture fluid is introducedThe mixture compressibility, (m?%N), can be defined and
calculated belovi69],

f (4-20)

The speed of sound traveling in mixture flugl J is solved,

® — (4-21)

wherd is the compressibilityodenotes the speed of soufids the density, and is the

volume fraction of entrained solid or gas

The compressibility error in mass flowral®{ ) and density Q) have been derived in

[57], which is dependent on the speed of sound inphase mixtures,

O - —i (4-22)

Op -0 - —i (4-23

wherg is the Coriolis drive frequency andis the inner radius of the Coriolis tube.

As revealed in equation@-22) and (4-23), the compressibility error is always positive,
which means Coriolis flowmeters ovestimate the mass flowrate and density of the

mixture flow due to compressibility effect.
4.2.2.3Comparison betweenSolid-Liquid and Gas-Liquid Flows

Here two situations are considered, wherein the liquid is mixed with air and sand particles,
respectively. The changes in the mixture compressibility and the speed of sound travelling
in the mixtures are computed from adjons(4-20) and(4-21). The sound speed of pure

air, water and sand are quotiedm the Table 2 in an earlier stufh8]. The parameters of
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Coriolis drive frequency as well as tube inner radius are set based on the data from the
Coriolis flowmeters (KROHNE OPTIMASS 6400 S50) used in experiments. To simplify
the calculation, the drive frequency is assumed as a fixed value, independent ofidime po

of entrained solid or gas. The relevant parameters used in the calculation are Tistiele in

4.1.

Table4.1 Source of parameters used for analysis of compressibility error

Ambient temperature

Atmospheric pressure ar water sand

" (kg/mP) 1.2 998 2680
a(m/s) 343 1481 59068
Coriolis flowmeter KROHNE OPTIMASS 6400 S50
Drive frequency (Hz) 240

Coriolis tube inner radius (mm) 11.05

Figure 4.7 displays the variations in mixture compressibility with the growth of volume
fraction of solid or gas from O up to 100%. It can be clearly seen that the absolute change
in compressibility of san@vater mixtures is much smaller than that ofwaéter mixtues.
Similarly, the speed of sound travelling in samater flow increases fairly slowly while a
small amount of gas entrained into water can lead to a dramatic drop in the speed of soun

in air-water flow, as shown iRigure4.8.
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Figure4.7 Compressibility of sangvater and amwater flow

104 T T T T

—6— sand-water, sand density=2680 kg/m®
—+— air-water, air density=1.2 kg/m®

b ", ol

-
o
w

Speed of sound (m/s)
=)

101 | | | |
0 20 40 60 80 100

Volume fraction of entrained solid or gas (%)
Figure4.8 Speeddf sound in sanavater and atwater flow

In consideration of the complexity of flow conditions aassumptions for modellinghe
compressible model is suggested only applicable to diluteptvage flows (e.g. volume
fraction of gas less than 15931]. Here the compressibility error in awater and sand
water flow are plotted against volume fraction ranging from 0 to 15%, givé&igloye4.9.
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It suggests that compressibility error encountered in dilute slurry is negligibly small. The
underlying physical reason is that both solid and liquid phases are relatively
incompressible. Through the comparison withveater flow, it can be evidently coluded

that compressibility effect leads to considerably small impact on Coriolis flow metering in
slurry flow, whereas a small amount of gas can cause noticeable compressibility error

owing to the significanincrease in the mixture compressibility.
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Figure4.9 Comparion between compressibility error in savater and awwater flow
(SVF from 0 to 15%)

As a conclusion of the theoretical analysis above, in the case of dilute slurry flow, the
decoupling error would dominate the measurement errors whilst the compressibility error
is negligibly small. It suggests that the errors arising in Coriolis flowméterslurry flow
metering are primarily attributable to the decoupled motions between solid and liquid
phases, while the compressibility effect can be reasonably neglected. Therefore, the
existing decoupling theory will be implemented into analytical riode for error
predictionand compensation in Sectidn5.1 Besides, theoretical analysis illustratkat

the entrained solids could cause less problems thaaireedrgas, which is favourable to

apply Coriolis flowmeters for slurry flow metering.
4.2.3Asymmetry and ImbalanceError

Besides the two leading error sources (decoupling error and compressibility error), there
are a few other errors sources which may degtheeneasurement accuracy of Coriolis

flowmeters, as reported if87]i[89]. Asymmetry and imbalaecerror are the primary
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interest in consideration of the uneven distribution of solid phase along Coriolis tubes,
while slip ratio error resulting from slipping movement along the axial direction of Coriolis

tube is often involved in gdguid flow, not dscussed here.

A Coriolis flowmeter is a delicately designed vibrating system. The excellent symmetry
and perfect balance are vital to delivering accurate flow measurement by a Coriolis
flowmeter. However, under twphase conditions, the second phase @alid particles or

gas bubbles) typically appears as a-nontinuous phase, which is usually dispersed or not
uniformly distributed in the fluid, giving rise to the asymmetries along the Coriolis tube.
Concerning a Coriolis flowmeter with twin or quadés, the mixture flow may not be
equally split into each measuring tube, resulting in imbalance. Once flowmeters are not
well symmetric and balanced, the sensor signal is likely to be distorted by the external
influences such as pump vibration, and accwlyi Coriolis flow measurement errors can
occur. Particularly, when the flow velocity becomes low, the shift in flow regime and the
gravity effect on particles distribution would bring the extra asymmetry as well as

imbalance errors of Coriolis flow metag.

These two terms, asymmetry and imbalance, are some sort of errors related to the geomet
of Coriolis tubes. For that reason, asymmetry and imbalance errors would vary from the
different products or different types from different manufacturers. Althaugs difficult

to quantify such errors, a basic qualitative analysis is performed here for developing an
understanding of the underlying physics.

For a bentube Coriolis flowmeter being horizontally installed on the pipe, asymmetry
errors would posslip drift to negative or positive directions, which depends on its
installation orientation and whether the entrained spheres are heavier or lighter than the
carrier liquid. For example, in the case of-¢jgsaid flow, gas bubbles always tend to pile

up onthe side of tube where the mixture flow begins to move downward, arising from the
buoyancy effect on gas. Accordingly, if the measuring tube (belly) is placed down, the
inlet would hold more gas bubbles and hence, positive asymmetry error is produced from
the added damping on inlet sif&6], while negative asymmetry errappears if the belly

is up. On the contrary, asymmetry would have an opposite impact on Coriolis flow
metering under solitiquid flow due to the gravity effect on solid. Since solid phase is
heavier than liquid carrier, it can be inferred that solidiglas can be accumulated when

the mixture flow starts to go upward. That suggests if the meter belly is mounted down,
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more solid particles would be gathered in the outlet. As a result, the damping of outlet side
gets increased and negative asymmetryrasr@xpected, whereas extra oveading can

happen if the belly is up.

Furthermore, it is worth clarifying that the gravity effect and flow regime are not the direct
causes which can degrade the measurement accuracy of Coriolis flowmeter as explained i
[86]. However, the additional error w@es, for instance the asymmetry error associated
with the gravity effect, the slip ratio error associated with the flow regime, would adversely
impact Coriolis flow metering. Therefore, it can be observed that the factors including
mass flowrate, the fle regime, pipe orientation, the installation of flowmeters as well as
the geometry of the Coriolis tube could affect the behaviour of Coriolis flowmeters under

two-phase conditions.
4.3 Experimental Tests with Dilute Slurry Flow

Experimental tests were condedtwith dilute sandvater flow (SVF within 4%), aiming
to experimentally investigate the influence of seiguiid two-phase conditions on Coriolis
flow metering. This section firstly describes the definitions of key terms. Then the section
presents propges of sand used in the experiments. In addition, the experimental

conditions as well as data processing are given.
4.3.1Definitions of Key Terms

1 Relative mass flowrate error, relative density error

First of all, it is worth noting that the measurement ergisgussed here refer to the
measurement of sarwater mixture (slurry) flow, instead of individual phase (liquid phase,
solid phase), due to the fact that Coriolis flow metering otfegsneasurement of mixture
flow. With respect to the reference, theatale errorin mixture mass flowrate and mixture

densityarecalculated as follows,

0O ——pmnnb (4-24)

0O " pnmnp (4-25)
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whereO and'O are the relativeerror in mass flowratemeasurementand density

measurementespectivelyd is massg denotes mass flowraté,is density;the subscript
e nagenotes the apparent (observed) readings in Coriolis flowmeters, and the subscrips

cYcrepresents the reference
1 Apparent mass flowrate, apparent density

Apparent mass flowrate refers to the mass flowrate readings observed from Coriolis
flowmeters, dened asd . Similarly, apparent density is the density readings from

Coriolis flowmeters, denoted &s

1 Solid volume fraction (SVF), solid weight fraction (SWF)

Solid volume fraction|( ) , abbreviated as S ¥cHon of salice pr e
phase in slurry flow, which is defined as the ratio of the solid volumetric flowrate to the
solid-liquid mixture volumetric flowrate, expressed in percentage. Similarly, solid weight
fracton{ ), abbrevi at ed as tidgh8H\adlidphasd thesolithliquidw e i ¢

mixtures.

Since both solid and liquid phasean be assumed as incompressible, the density of sand

water mixture{ ) can be derived from SVF or SWF,

" "oop | " (4-26)

— (4-27)

wherg is volume fractiori, is weight fraction; the subscriptc denotes sand particles
(solid phase), the subscripi ¢ represents water (liquid phase), the subsectitdenotes

two-phase mixtures.

Accordingly, the conversion between SVF and S¥/btained,
T — (4-28)

1 Apparent SVF
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Apparent solid volume fraction (; ) , abbrevi at ed isdaivedifopp ar

apparent density reading from Coriolis flowmeters, similar to equéti@s),

"R P | oh "k (4-29)

By rearranging the equatian,; is written as,
s ————pmmb (4-30)

There is a si mi(bbaerveddensityrdrop @ fi)awhiphas cermronly

used in previous work reportirttpe problems ofCoriolis flow metering with gaiquid

flow [22], [23], [61] To distinguish these two terr
density drop (¥ ) is calculated from apparent¢adings of mixture density’ (5 )

with respect tothat of pure water”( ) from Coriolis flowmeters, employed as an

indicator of gas volume fraction (GVF),

()

Y —iz—i—pnnb (4-31)

In the situation of gablquid flow, gas density can be neglected compared with that of
liquid,soes senti ally the fiobserved density dro
sand density cannot be ignored in the cassuwfy flow. Therefore, apparent SVF is more
suitable than the term of fAobserved dens

slurry flow.
1 Reference SVF, reference SWF, reference slurry density

Reference solid volume fraction (SVF), referesoéid weight fraction (SWF) as well as
reference slurry density are acquired or calculated from the flow sampling tests. The
detailed computation has been demonstrated in Section 3.5.3 according to e@st)ons

to (3-3).

1 Water density, sand density

The reference density of pure water is computed according to a common industrad meth
(IAPWS R797 [90]) which can offer the estimation of pure water density at current

process pressure and temperature. The reference density of tap water being employed |
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the experiments can be further corrected by adding a constant offset term into the
calculated pure watedensity from IAPWS R-B7 method. This density offset is pset
according to the measurement of actual density of tap water sample using a densimeter i
the laboratory.

The value of actual sand density is determined based on the water displacement metho
which will be stated in Sectiof.3.2.2 using a constant of 26gg/n? in this study. The
influences of process pressure as well as temperature on sand density are both neglected.

4.3.2Properties of Solid Particles
4.3.2.1Selection of Sand

The physical properties of entrained solids (e.g. size, shape, solid density) are considere
to be factors which can most likely affect the performance of Coriolis flowmeters in slurry
flow, inferred from the relevant existing reseaf8M], [69], [86] Thus, when selecting the
solid particles utilized in the experiments, considerations should be given on the grain size
shape, sotl density together with the hardness for erosion purpose. Although the ideal
experimental material is expected to own uniform size and spherical shape for correlating
experimental outcomes with theoretical analysis, natural silica sand is chosen aeel artif

or manufactured sand in this work, for the purpose of simulating the slurry transportation

as it often occurm reatworld slurry applications.

To represent the solids typically involved in the petroleum industry, for example sand
coming from prodution wells of oil and gas, a kind of beach dune sand part{@8&s
1881-131:1998 Fractonpi n si ze ranging from 150 &m 1
salt)is chosen. The sand used here is a type of natural, uncrushed, but washed, dried ar
graded silica sand. It is clean and dust free, with bulk density in range from 13F0tdg/m
1510 kg/ni (provided by the sand supplier). The shape of sand particles is rounded to sub

rounded, in pale silver to light brown colour.
4.3.2.2Determination of Sand Dengy

Among sand properties, sand density is one of the most important parameters to this
researchQuite often sand suppliers provide a coarse estimation of sand density for their
products, for instance loose or compacted sand bulk density. However, instealk

density, the fdactual sand densityo is th
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ofsandwat er mi xXture density.” Herean hlee iarcd
sort of sand density asand particles are mixed with liquil.dimensionless number, often
known as relative density or specific gr
densityo. A's  q4R38),welative aensigy @ u Jaig defined as the ratio of
density of a substance (sand) to density of water under its densest conditidd é&aid4

under atmospheric pressure, nearly 1000 Rg/m

- (4-32)

According to the datasheet provided by the sand supplier, the value & claimed as
2.65. To verify if this value is accurate, a simple test based on water displacement methoc
was carried out, with the intentioio measuring the fAactual S

water, illustrated byrigure4.10.

Figure4.10 Sand density measurement based on water displacement method
The detailed procedures are described as follows

1) Firstly, prepare a certain weight of samd { ) whilst fill up a beaker using tap water.

The beakeneeddso be fixed at a certain angle to ensure a constant liquid level within
the beaker.

2) Then the sand particles are slowly poured into the beaker. In the meantime, use one
container to pick up the displaced water from the beaker until all sand particles fully
sink into the water.

3) Finally, the weight of the displaced water can be determined by a very accurate small

scale (maximum 8 kg, with resolution 0.01 g), recorded as .
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The weight of the displaced water () can be directly converted intbe volume of the
displaced waterd ; ) based on water density (), and” is calculated as described in
Section4.3.1 w  is assumed to equal to thelwmme of entrained sand particle®).
Finally, oy can be estimated and heénoe ctalme bgad

accordingly.

LWp ®f (4-33

After six repeated tests, the averaged value eforks out aR.713 g/cm, which is found

close to the given specific gravity (2.65) in the sand datasheet. According to the given
specific gravity (2.65) and measursdnd density (2.713 g/&n the mean value (@80

gen?) is finally det er mi n%)throaghoutthisaesdamic Tha a |

consideration here is that although the test on basis of water displaced method can provid
moreaccurate measurement of sand density but may be less representative for covering a

sandbags coming from different batches.
4.3.3Experimental Conditions

In the experimental work, a series of flow measurement tests were carried out with
flowrate varying from 820 kg/h to 20000 kg/h and SVF between 0 and 4%. Flow
measurement tests comprise two parts, batching procetiuguantify relative error in
mass flowrate, as well as flow sampling $st identify relative error in density. During
batching, two Coriolilowmeters (CF1 and CF2) are both under test, while density error is
only examined on the upstream Coriolis flowmeter (CF1) since CF2 is not usable for flow

sampling.
4.3.3.1Batching for Assessment of Mass Flowrate Error

After initial verification using clean water as describedSiection3.5.1, sand patrticles
were gradually fed into the large slurry tank to create slurry flow. Téweréwo common
factors which canypically affectthe performance o€oriolis flow metering under two
phase conditions, identified in previous resedf3]j, [55], [63] One factor is the portion
of the second phase (SVF in this case), and the other is mass flowrate. By adjusting the

rotation speed of the centrifugal pump, the desired mass flevaateachieved. The
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mixture mass flowrates measureé by CF1 quantitatively, named as apparent mixture mass
flowrate @ y ). Five flowratesaretested, roughly 8200, 12000, 14300, 17000, 20000
kg/h from low to high, covering nearly 20% to 60% nominal flowrate of Coriolis
flowmeters under test. dditionally, SVFis derived from the mixture density readings

from CF1, named as apparent SMF { , demonstrated by equati¢f30).

In terms of SVF, there is one misunderstanding that SVF of slurry can be simply calculated
from the amount of sand added into the tank. However, the fact is that the sand
concentration is dependent on a range of factors, for instance, the position afkhe t
outlet, pipe dimension of test section, mass flowrate, and sand properties. Therefore, the
amount of injected sand can only be employed for a very rough estimation of sand
concentration, instead of quantificatidn. the slurry flow test rig, the sarmmbncentration

can be changed by regulating the weight of sand dosing as well as the rotation of the
agitator. However, itis found practically difficult to control the delivered sand
concentration to reach the target, attributable to the limitations sfuby flow test rig, as
described irBection3.6.

In the experiments, sand concentratisrcreated from low to high and exactly the same
weight of sands injectel for each sand dosing. After each sand dosing, five floweaites
testedfrom high to low, with three repeats under each test condition (the identical sand
dosing and mass flowrate). In total, five flowrates and seven different levels of sand
concentratioshave beerested, resulting in 105 test points as showrigure4.11.
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Figure4.11 Test matrix of mass batching against apparent SVF
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Figure4.11 reveals two problems regarding rig stability contFatstly, the test points are

not uniformly distributed throughout the designed range of SVF, although the same
increment of sands injected into tanko raise SVF. It verifies that SVF cannot be simply
estimated by the weight of sand dosing as presented .abloegepeatabilitycondition of

test points is difficult to implement or control well. Ideally, with the identical settings of
the repeated test points, the delivered SVF is expected to be distributed very close to eac
other. However, even for some repeated test points, they arersdads shown ikigure

4.11. The reason here is that the sand transportation can be affected by many relate
process conditions. In batching operatidihe variables which can be managed on the
slurry flow test rig have been well controlled, including the speed of centrifugal pump,
sand dosing, the ration of agitator as well as the opening of valves, but still several factors
are out of the regulatiorsecondly, mass flowrates also affect SVF, resulting in different
range of SVF with different mass flowrates, as revealddgare4.11. Generally, withthe

rise of mass flowrate, SVF would go up and the range of SVF could be extended. It can be
interpreted that higher velocity tends to carry more sand particles moving with water.
Nevertheless, for example, the case of the highest mass flowrate (200()0iskgh
exception. The reason here probably is that under high flowrate, the agitator could not mee
the demand of creating the higbncentrated slurrflow, and consequently the centrifugal

pump has to deliver more water into test section in ordelatthrine target mass flowrate.

Furthermore, due to the consideration that the flow regime @sidchffect Coriolis flow
metering with two-phaseflows as suggested in the prior reseaféb], [62], [86],
homogenous slurry flow or at least nsettling flow is maintained throughout the flow
measurement tests. The benefit of keeping homogenous slurry flow is to avoid uneven san
distribution, sliding sand dunes, or even sand sediment, which could adwadfsetythe
behaviours of Coriolis flowmeters. For that reason, the range of iSVifited by the

achievable maximum flow rate.
4.3.3.2Flow Sampling for Assessment of Density Error

Flow sampling testwere conducted to evaluate measurement error of mixture geoisit
Coriolis flowmeters.Similar to batching, a set of sampling testere/carried outat
different mass flowrates and SVF. An ideal scenario is to create the identical test matrix as
that in batching, for the purpose of comparing mass flowrate errodeargity error under

the identical test conditions. However, it is practically difficult to reproduce exactly the
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same test conditions, because of the difference in pipe routes as well as the practice
difficulty in rig stability control. Again, five masddwratesare tested, while the medium

high (17000 kg/h in batching) as well as high flowrates (20000kg/h in batchiag)
adjusted to slightly lower values (16000 kg/h and 18000 kg/h in sampling), respectively. It
is due to the limitation of the maximumIlume of fluid sample. By reducing the flowrates
slightly, the sampling duration can last over 5 s at high flowrate, which can help improve
the flow stability in sampling tests. Otherwise, if flowrate is too high, the high flow
velocity would cause sandy vem splashing out of the bucket, giving rise to the

measurement uncertainty.

As shown inFigure 4.12, the test matrix consists of 90 test points in tdtale different
flowrates are tested whilst 18 sampling tes@we arranged with different sand
concentrations at each flowrate. In addition, since reference SVF became available from
the flow sampling results, instead of using apparent SVF from CF1, the test imalsr
plotted against reference SVF, givenmigure4.13. It can be noticed that apparent SVF is
obviously lower than reference SVF, and this difference is owing to the negative

decoupling errorsf Coriolis flowmetersvhenapplied into twephase flow metering.
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Figure4.12 Test matrix of flow sampling against apparent SVF
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Figure4.13 Test matrix of flow samling against reference SVF
4.3.4Meter Reverification with Clean Water

After the completion of flow measurement tests with dilute slurry, the measurement
uncertainties of CF1 and CFae reverified by using clean water. The purpose is to
examine the structural integrity of the Coriolis flowmeters under test, judging whether CF1
or CF2 has been eroded during the flow measurement tests. Repeating the same test mati
as that in initial vefication (see Sectio.5.1), the performance of Coriolis flowmeters
after flow measurement tests is depicte#igure4.14. It can be seen that the relative error

in mass flowrate from two meters is within its claimed specification (#.1%), which means
both meters are still in good status and free of erosive weathe tubes. This
reverification test validates the reliability and confidence of the experimental data acquired

from the above flow measurement tests.
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Figure4.14 Reverification of mass flowrate measurerneith clean water
4.3.5Data Acquisition and Processing

In the flow measurement tests, the flow measurement related data (as listdaeiB.1)

are logged from Coriolis flowmeters under test at a requisition rate of 10.24 ms per data
point. Typically,themass flowrate easily bemessteady while density fluctuatevith the
variatiors or sudden changes in flow velocity, especially at the time of opening or shutting
off valves. To lower the effect of fluctuations, the data logging from very beginning or
final stage of batching is not used for further analysis. Instead of coveringhtble w
batching process, the batching duration is defined and trimmed tkenass flowrate
stabilisesat the set target. The readings of mass flowrate and densigveraged within

the batching duration for the further analysiable 4.2 illustrates the processing of
internal parameters obtained from Coriolis flowmeters in this study. Flow sampling data

areprocessed in a similar way, not repeated.
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Table4.2 Processing of internal parameters from Coriolis flowmeters

Symbol _ .
(unit) Description Processing
a q Apparent mass flowrate Time-averaged
"Ik Apparent density Time-averaged
YI# Fluid temperature Time-averaged
Calculated from
| (P) Apparent SVF equation(4-30)
based ori [ j;
Y,°Y b Sensor A & B level Time-averaged
D p Drive level Time-averaged
2-phase signal is furthe
normalized to
0 b 2-phase signal level percentage with respec
to the maximum value
(1000)
Normalized asymmetry
It characterizes the asymmetry 0 Y@ v
Y between inlet and outlet of the .
0 YW tube. Normalization is performed g ~y ¢ L
by subtracting the initialalue Y
acqu?r.ed under singlphase 5 Y 6 YOS YL
condition (clean water).
Normalized damping indicator ‘O
v VR VI
Damping indicator is the ratio of Y YIgq
o drive current to sensor voltage. I O
can_b_e_normalized by s_ubtracgin v N Y jc
the initial value under single o
phase condition. v v U

An example of batching at 12000 kg/h is given Fagure 4.15 and Figure 4.16 which
display the typical curves of several key parameters logged fréth &hd CF2,
respectively, including the mass flowrafkiid temperaturedensity, drive level, -phase

level. From the curve of mass flowrate, the batching duration can be explicitly recognized
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corresponding to the stabilization period at the target. i@nhand, several similaritiese
discovered from the two figures. Firstly, it can be seen that at the beginning of batching,
when the valves are suddenly open, an obvious local peak arises in density, indicating :
relatively large amount of sand particleming picked up and carried with water, illustrated

in Figure4.15 (a) andFigure4.16 (a). Then a similar trent found in the curve ofiuid
temperaturelong with the presence of sand, showkigure4.15 (b) andFigure4.16 (b).

The small peak in temperature is believed to be induced fronp heating u@s well as

the intense and successive collisions between the solids and the Coriolis tube. In the
meanwhile, drive frequency responds to the fluctuations in density accordingly. It is clear
that drive frequency drops owing to the rise in dgngiven byFigures4.15(c) and4.16

(c). In terms of drive level, it is a dimensionless parameter, being expressed in percentage
When solid particles or gas bubbles are entrained into the liquid, quite often more energy is
required to maintain the Gotis oscillation, which implies more current would be
allocated into the drive, and consequently a higher drive level can be noticed than that
under singlgphase condition. Moreover;pghase level is closely linked with the typbase

or multiphase condiins of the flow being measured, which can help report the presence of
asecond phase. Thus, the similar trends of drive level as welphasz level are observed
from (d) and (e) in Figure4.15 and 4.16which can be interpreted from the variations in

density.

On the other hand, it is interesting to see the different mounting orientations can yield
some differences in the curves. The primary distinction comes from the density reading,
shown in Figureg.15(a) and4.16(a). When the Coriolis flowmeter isstalled with belly

down (CF2), the sand could be trapped within the tube in the moments before and aftel
batching. Before batching operation, when the flowmeteeschecked for the zero
calibration point and reset for mass totalizer, a certain amdwana would be delivered

into the flowmeters since the centrifugal pumspstill running at low flowrate while the
downstream valve of CF& closed. As a result, some sand particles would settle in the
tube of CF2, leading to the higher density reading, while the density from CF1 is much
| ower , close to density of Acl eano water
When batchng is completed, the valveare suddenly shut off and the pung stopped.

The density reading in CF1 (belly wup) S |
density, whereas a dramatic density fis@oted in CF2 (belly down), which indicates a

relaively heavy sand load within its tubes. In addition, the sand deposition in tubes would
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consume more energy, and thereldyigher drive levels observe in CR2 after batching,
through comparison betwedfigures4.15 (e) and4.16 (e). However, the constargand
sediment would not induce noticeablplzase level as long as the required drive current is
still within the permissible limitation and the flowmeters can work normally, shown in
Figure 4.16 (d). Thereason is that the constant sand staying in tubes cannot produce

density or phase fluctuations which dominate the computatiorpbfi8e level.
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4.4 Analysis of Original Errors

This section firstly presents the typical original error trend€afiolis flowmeters with
dilute slurry as the experimental results and then describes the basic regression analysis

the error trends.
4.4 1Error Trends of Mass Flowrate

According to the experimental results from batching, the original mass flowrate etter of
Coriolis flowmeters under test with dilute slurry are presented. Adre mass flowrate
errors O ) of CF1 and CF2 are plotted against apparent SVF which is calculated from
apparent density reading, as demonstrateBigure 4.17 and Figure 4.18, respectively.
Firstly, it illustrates that error trends of mass flowrate go into a negative direction, which
agree with the theoretical analysis of the negative errors arising from decoefiéog

With more solids present in the liquid, the resulting errors become more noticeable.
Secondly, the error trends show good linearity with the low and narrow range of SVF
(within 4%). Thirdly, it can be identified that the mass flowsastightly affect the
behaviour of Coriolis flowmetensith slurry flow.

Generally, higher mass flowrate would produce less errors, which is consistent with the
previous studies conducted on-aiater twephase flowg31]. Figure 4.18 (belly down)
illustrates such influence of mass flowrate on measurement errors very well, whereas there
is one exception to this rule Figure4.17 (belly up), in thesituation of the lowest mass
flowrate at 8200 kg/h. This exception would be attributable to the effect of other factors,
such as the asymmetry errors associated wneven sand distribution along the Coriolis
tubes or the slight shift in flow regime when the flowrate becomes low, which can typically
affect Coriolis flow metering under twghase conditions.
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Figure4.18 Original errosin mass flowrate against apparent SVF (with belly down, CF2)

The meastement performances of CF1 (belly up) and CF2 (belly down) are plotted
together as shown iRigure 4.19, for a comparison of the installation effect.cin be

found the errors with belly up are smaller than that with belly down, which suggests the
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installation of belly up outperforms the belly down with dilute slurry flow. It is probably
due to the resulting asymmetries from the uneven distributionnof garticles along the
measuring tubes, which depends on the mounting orientation. The detailed explanation is
as follows: if a Coriolis flowmeter is installed horizontally with its belly up, more sand
tends to settle in the inlet due to the gravity effedtich would add extra damping on the
inlet side, and consequently it causes additional positive errors in mass fl{@@jatmn
contrast, the installation of belly down would create the accumulation of sand in the outlet,
resulting in more damping imposed on the outlet as well as eggative errors. As a
result, when the belly is up, the additional positive errors due to asymmetry can cancel out
a part of negative errors from decoupling effect, while placing belly down would lead to
extra asymmetry negative errors. Therefore, theyhail installation would produce
smaller errors, compared with belipwn installation. Furthermore, in most cases such
asymmetry errors would become more noticeable by lowering the mass flowrate wherein

the slurry flow is less homogeneous.
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Figure4.19 Original errosin mass flowrate against apparent SVF,

belly up versus belly down
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4.4.2Error Trends of Density

Based on flow sampling results, the original density ei@} ¢f CF1 with dilute slurry
flow is plotted against apparent SVIF { ), as shown irFigure4.20. If using reference
SVF acquired from flow sampling over apparent SVF, the relationsiip @ihd|  Is

displayed inFigure4.21.

Firstly, negative error trends are clearly depictedrigure 4.20 and Figure 4.21, from

which it can be observed that the errors (absolute value) grow larger when more sanc
particlesget entrained into the liquid. It can be concluded that it is the entrained solid
particles that leads to the measurement errors in Coriolis flowmeters, and the errors are

always negative under dilute slurry flow, attributable to decoupling effect.

Secondly,through comparison betwedtigure 4.17 and Figure 4.20, both of which are
conducted on the same flowmeter (CF1), the density error trend is found close to the mas
flowrate error trend. The experimental results agree with the theoretical analysis of phase

decoupling effect suggesting that density ersaquivalent to mass flowrate error.
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Figure4.20 Original errosin density against apparent SVF (with belly up, CF1)
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4.4.3Regression Analysis of Original Errors

In light of the original errors presented above, error trends of both mass flowrate and
density demonstrate good linearity. For that reason, ifpadssible to correctthe
measurement errors of Coriolis meters occurred in dilute slurry flow using regression
model. Linear least squares approach is applied to fit the experimental data. The lineal
relationshipis written in a "slopeintercept" form withslope ( ) together with vertical
intercept O ), expressed in equatio®-34). Commonly'Y is used to evaluate the

goodnesf-fit.
W 0O U (4-34)

Table 4.3 summarizes the relevant regression analysis results. Regarding mass flowrate
errors, the regression lines drift slightly negatively from the initial zero point (0, 0),
indicated by the smallagative values a . Through comparison between the slopest
different mass flowrates, it can be recognized that in most cases the curves usually becom
steeper by reducing mass flowrate, which means lower floswatelld tend to produce
greater ewrs. In terms of density errsy 0 drifts farther from zero point whilsy

decreaseslightly compared witlthe outcomes frormass flowrate error, which suggests
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fitting resultsin density are a bit worse thdhat inmass flowrate. It is believed thtte
limited volume of sandvater sample adversely affects the accuracy of flow sampling
method. Over 200 kg slurry flow is batched for evaluation of mass flowrate errors while
only 25 litres sample is collected for identification of density errors. Fdrrdason, data
fitting of mass flowrate errors is superior to that of density, and a small difference exists in

the corresponding regression analysis results.
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Table4.3 Regression analysis results derived from mass flowrate and density errors

Meter Mass flowrate . . : :
under test (kg/h) © v v Y
CF1 8200 O | & 10.5693 10.0644 0.9614
CF1 12000 O | h 10.6681 10.0425 0.9502
CF1 14300 O | h 10.5973 10.0537 0.9826
CF1 17000 O | h 10.5660 10.0516 0.9702
CF1 20000 O | h 10.5024 10.0704 0.9577
CF2 8200 O | § 11.1360 10.0463 0.9893
CF2 12000 O | & 11.0263 10.0393 0.9825
CF2 14300 O | & 10.8751 10.0587 0.9891
CF2 17000 O | & 10.7853 10.0535 0.9821
CF2 20000 O | & 10.7239 10.0630 0.9703
CF1 8200 O | & 10.6168 10.2454 0.9490
CF1 12000 O | & 10.6739 10.2072 0.9689
CF1 14300 0O | A 10.6138 10.1804 0.9314
CF1 16000 O | & 10.6059 10.3248 0.9751
CF1 18000 0O | A 10.5333 10.2701 0.9157
CF1 8200 O | A 10.4624 10.1532 0.9742
CF1 12000 O | 10.4852 10.1415 0.9844
CF1 14300 O | 10.4446 10.1327 0.9672
CF1 16000 O | A 10.4414 10.2385 0.9867
CF1 18000 0O | & 10.4037 10.1963 0.9660

According tothe results given byable4.3, regression modes established to predict and
correct the original errors of Coriolis flowmeters. The predicted results from regression

model are compared with the actual experimental data for evaluating the performance of
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regression model. After the corrections on theipaberrors (presented iRigures4.17,

4.18, 4.20 and 4.21the differences between original errors and corrected outcomes are
displayed inFigure 4.22 to Figure 4.25, respectively. In terms of mass flowrate, 98%
corrections on mass flowrate errors fall within #0.1% error (difference) range as shown in
Figures4.22 and 4.23which can meet the claimed measurement accuracy of the Coriolis
flowmeters under test again. The compensation on density errors bshglvidy worse. If
using reference SVF, 96% corrected data drop within the range of #.1%u&satled in
Figure 4.25), while only 82% data can be compensated down to #.1% on the basis of
apparent SVF (se€igure 4.24). It can be interpreted that two terms involved in the
corrections inFigure4.24, including apparent density and apparent SVF, are both suffered
from decoupling effect as well as uncertainty in flow sampling tests, which yields the

worst performance among all error corrections.
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Figure4.22 Differences in mass flowrate errors based on apparent SVF
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Figure4.23 Differences in mass flowrate errors based on apparent SVF

from regression model (with belly down, CF2)
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from regression model (with belly up, CF1)

To conclude, the results have illustrated that the typical errors trends of Coriolis flow
metering can be well fitted by the regression analysis witkfaatory R value. It suggests
the excellent potential of modelling to predict and compensate the decouplingoeffect

Coriolis flow meteing with dilute slurry flow.
4.5 Error Compensation by Analytical Modelling

4.5.1 Compensationof Decoupling Effect

Section 4.4.3 illustrates the good potential to compensate decoupling effect by using
established regression model. However, it is impractical to carry out expesiotemaring

all test conditions in terms of different mass flowrates and sand concentrations. In other
words, owing to the limitations as well as costs in colleatnagsiveexperimental data for
establishing regression models, the analytical model would pectical and promising

tool for compensatinghe measurement errors of Coriolis flowmeters with slurry flow on

the basis of the underlying physical mechanisms.

According to the theoretical analysis in Sect@, decoupling effect is the major error
source degrading the measurement accuracy of Coriolis flowmeters with slurry

applications, while the compressibility effect can be neglected. Thus, the existing
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decoupling theory is adopted for analytical modelling of Coriolis flow metering with slurry
flow. For sanewater mixtures, sand particles and water can be both regarded as inviscid
phases. Hence, the basic decoupling theory in inviscid fluid is appliGablfis case
(Section4.2.1.9. As illustrated in equatio(¥-18), estimation of decoupling error requires
three parameters, including water density, sand density, and actual (referenckejgBMF.
density as well asofid density can be considereas constantsinder certainprocess
conditions, which can bgypically obtained though samplingThe changes of water and
sand densities can be compensated whiat temperatureand pressure deviate from the
initial (reference) conditions during sampling. Nevertheless, it is always practically
difficult to obtain actual SVF as reference in situ. Supplementary appafetgs
densimetéror a secondechnique (e.g. ultrasonic attenuatiajypically required so as to

get the iformation of actual SVF, which increases the cost, complexity as well as
installation space. Due to the fact that apparent density reading from Coriolis flowmeters is
always available, it will be practically beneficial if decoupling errors can be compédnsat
based on apparent SVF which is directly derived from apparent density, instead of actual
SVF, making it more accessible to the end users when employing Coriolis flowmeters in

realworld slurry applications.

In light of the decoupling theory, appar@ensityreading provided by Coriolis flowmeters

is,

"% "pwa "T@ " " "wqQ (4-35)

The relationship betweén ; and can be derived from the aboggquation,

—pnnb (4-36)

According toequationg4-30) and(4-36), it is straightforward that

I (4-37)

The equation above illustrates a direct link betweenah3VF [ ) and apparent SVF
( s ) through decoupling ratioQ. It is practically useful for inferring actual SVF from

apparent density readirfopternal parametefyom Coriolis flowmeters
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By substituting equatio(d-37) into the original formula of estimation of decoupling error
given by equatior{4-17), the decoupling error@ ) can be expressed against apparent
SVF( 5 ).

O ; . ———pnmb (439

As illustrated by equatiof4-38), the measurement errors of Coriolis flowmstean be
predicted and compensated according to its apparent readings (internal parameters) alor
with other known constants$ (" ), without requiringthe information of reference (e.g.
actual SVF). The adhntage of th error compensation method is that without
supplementary device or apparatGsriolis flowmeters are able to provide accurate mass

flow meteringwith slurry flow by using a simple analytical model.

Since the density errof)( ) is suppsed to be equivalent to the mass flowrate error term
(O ), the analysis of density error is not repeated adaigure 4.26 depicts how
decoupling error changes with apparent SVF. Due to the consideration of the applicable
range of SVF of decoupling theory, the theoretical decoupling error is plotted against
apparent SVF increasing from 0 to 10% showifrigure 4.26 (a), whilstFigure 4.26 (b)
depicts a closer look of deqoling error against a narrow range within 3%, which is the
maximum level of apparent SVF in the experiments of this study. In addition, curve fitting
is performed on the decoupling error trends against apparent SVF.

It can be observed that curve fittingrfsems outstandingly well, indicated by the high
value of R very close to 1 (seEigure4.26). The results suggest that when apparent SVF
range is limied within 3%, the relationship between decoupling error and apparent SVF
can be assumed as linear, as showRigure 4.26 (b). The linear fitting redis yield a
slope [Q) at11.7084and an intercepi®) at T1T0. 0879 which is a
negatively from the initial point (0,0). Comparison with the regression results listed in
Table 4.3, the basic analytical modelproduces steeper error curves than actual
experimental results, which suggests the existing decoupling theory woulésiveate

decoupling errors than true values.
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(a) Decoupling error against apparent SVF from 0 to 10%

Relative error in mass flowrate (%)

—B— decoupling model, sand density=2680 kg/m>, F=0.47
—%— linear fitting
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(b) Decoupling error againapparent SVF from 0 to 3%
Figure4.26 Decoupling error against apparent SVF frbasic analytical model
4.5.2Comparisons between ModePrediction and Experimental Results

The performance of thieasic analytical mael derived from existing decoupling theory is

evaluated in this sectionThe comparisons between experimental results and model
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prediction are displayed iRigure4.27 to Figure4.29. It can be discovered that thasic
analytical modelcannot accurately predict the measuent performance of Coriolis
flowmeters with slurry flow. The actual errofabsolute valuesare less than thenodel
prediction, in terms of both mass flowrate and density measurement. And the deviations
between the outcomes from modelling and experimmbatome more noticeable with the

increasing SVF.

The overestimation from decoupling theory can be attributable to the assumptions for
modelling wherein the entrained particles are assumed to bteoacting, far away from

the tube and in ideal spheasicshapes. However, in reality, the solid particles cannot move
freely within the Coriolis tubes. The movements of particles would be inevitably hindered
by the contacts with adjacent particles and restricted by the container. As thkqaalid
decoupledmotions cannot be fully developed, it causes the actual measurement errors
(referring to the absolute values) smaller than predicted errors from modelling. When the
content of solid particles is growing, the partipirticle and partickkube interactios

would become more intensive and frequent. As a result, suchestreration from

decoupling theory would be greater with higher SVF.

Moreover, through comparison betwdeigure4.27 andFigure4.28 concerning the effect

of installation orientation, it can be noticed that the experimental data under the scenario of
belly down(Figure4.28) is relatively closer to thenodelpredicton. The reason is that the
installation of belly down would bring additional negative asymmetry errors, superimposed
on the phase decoupling effect, which &l greater negative measurement errors of CF2.
Furthermore, although mass flowrate would affect the measurement errors under slurry
flow, the resulting differences are relatively small in the experiment results. It is probably
because that thens no spnificant change in solid phase distribution or flow pattern
throughout the experiments, owing to the low and narrow range of SVF retained during
tests. Hence, the influence of mass flowrate can be neglected in the following

improvements on thieasic analfical model
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Figure4.27 Comparison betweeactualerror in mass flowrate
and prediction fronbasic analytical moddivith belly up, CF1)
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Figure4.28 Comparison betweeactualerror in mass flowrate
and prediction fronbasic analytical modéivith belly down, CF2)
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Figure4.29 Comparison betweesctualerror in density
andprediction frombasic analytical moddivith belly up, CF1)

4.5.3Improvement on the Basic Analytical Model

Since the existing decoupling theory is not good enough to predict the actual measuremen
errors of Coriolis flowmeters with dilute slurry flow, appraig compensation should be
given in order to seek improvementss presented above, the deviations between the
experimental results and model prediction are primarily owing to the neglected patrticle
particle and partickkube interactions in modelling. Thghase interactions can be affected

by a range of factors, including the properties of solids (e.g. grain size and shape), liquid
characteristics (e.g. liquid viscosity), typbase flow conditions (e.g. flowrate, flow regime

and solid concentration) and ethrelevant features of Coriolis flowmeters (e.g. tube

geometry, meter size, Coriolis drive frequency, meter installation).

It is practically difficult to develop a full compensation decoupling effectovering all
the relevant factors, which needs massive experimental data under various test conditions
Among these factors, three factors have been involved in the experimental work of this
study, including SVF (solid volume fraction), mass flowrate alawith two different

installation orientations of meters (horizontally belly up and belly do&vegording to the
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experimental results, SVF can be identified as one of the most dominant and common
factors. Besides, the influence of meter installation is fland quite important. Hence, in

this section, the improvements are conducted on two scenarios, belly up and belly down.
separately. As thdifferences between thariginal measurement erroeg different mass
flowrates are negligible small, the effectfomass flowrate is not considered in the

following compensationf thedecoupling effecon Coriolis flow metering

Essentially the decoupling ratio is the key to predict the decoupling error of Coriolis
flowmeters under twghase flow conditions. As stated in equat{d+13), the deoupling

ratio (Q in the basic inviscid case is a function of the phase densities (solid density and
liquid density). However, under readorld process conditions, the actual decoupling ratio
also depends on a series of factors, affected by thelsplid interactions. Here a semi

empirical formula is proposed by introducing a correction té@g (
O 0 0 (4-39)

where'@eefers to the corrected decoupling ratidis the originaldecoupling ratiop is
an empirical coefficient which can be determined from the differences between modelling

prediction and actual experimental results.

The corrected@ds used to replacehe original"Oin equation (4-17), and then the

estimation of decoupling error can be modified accordingly,

Oy ———pmmb (4-40)

"0 "0 p (4-41)

Since the decoupling theory would ovastimate the actual measurement errors (referring

to the absolute values), a positive correction term should be introduced. The criteria here i
that after correction@should be larger thai®(moving closer to unt y  Thibugh .
iterative calculationthe empiricalconstand is estimated to be 1.5182 in the situation of
belly up and 1.3743 with belly downThus, a semempirical analytical model is
established so as to compensate the impact of the pgdéitide and particlegube

interactions being ignored in the original model.
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To validate the proposed sestnpirical analytical model, the prediction results from the
improved model are plotted against the actual experimental data, shéwguia4.30 and
Figure 4.31, corresponding to the scenarios of belly up and belly down, respectively.
Accordingly, te differences between model prediction and experimental data are
displayed inFigure 4.32 and Figure 4.33. These differences can be regarded as the

remaining errors after the compensation using the improved analytical model.
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Figure4.30 Comparison betweesctualerror in mass flowratand prediction

from improved analytical model (with belly up, CF1)
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Figure4.31 Comparison betweercaalerror in mass flowratand prediction

from improved analytical model (with e down, CF2)
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Figure4.32 Differences in mass flowrate errors basedpparent SVF

from improved analytical model (with belly up, CF1)
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Figure4.33 Differences in mass flowrate errors basedpparent SVF

from improved analytical model (with belly down, CF2)

Regarding the mass flowrate errors collected with belly up installation (showigune

4.32), the improved analytical model yialtess than #.1% difference for 88% outcomes,
and 99% prediction fall within #.2% deviation range. In the case of belly down, given in
Figure 4.33, 81% correction can achieve less than #).1% deviation range, and 94%
outcomes are below #.2% he satisfactory outcomes indicate the feasibility of applying
Coriolis flowmeters incorporating a sesinpirical analytical model for dilute slurry flow
metering. Although limited factors are considered for compensating -igicd
interactions being ignored in the decoupling theory, this work can provide a general
methodology so as to determine a semipirical model for predicting and compensating

errors of Coriolis flowmeters for twphase flow metering.

Besides, regarding density measurement, the same methodology as describes above
adopted to establish an imgwved model based on the actual experimental data of density
errors. According to the differences between the prediction frorbasie analytical model

and the experimental results from flow sampling with CF1 (belly up), the empirical

constant is esimated to be 1.4555. The performance of the improved analytical model
for density measurement is further evaluated, as depictEdyime 4.34 and Figure 4.35.

After correction, the improved analytical model yeldss than #.2% difference for 82%
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outcomes, and all prediction fall within #.4% deviation rangenfpared with the results

from model prediction for mass flowrate measuremeigure 4.32 and Figure 4.33), the
remaining measurement errors in density are a bit laFggure4.35). In other words, the
semtempirical model performs slightly worse errors compensation in density than that

in mass flowrate. The reason is believed to be the less accurate experimental data il
density which are acquired frothe flow sampling tests. As explained above, since the
measurement errors in mass flowrate and deras#yidentified by using two different
methods, the experimental data in mass flowrate are found more accurate than density dat
Apart from the influence dfiifferent experimental methods, another possible cause can be
the variation of density during each test rearthermoreyregarding the generality of the
analytical model presented in this study,should benoted that the corrections of
measurement errerin mass flowrate and density are sharing the same priveipbd is

based on the decoupling eft theory. The empirical coefficieat is obtained from the
experimental data ofhe original measurement erro Coriolis flowmeters Thus 6

would vary with a range of factors, such as the flow conditions (including mass flowrate,
SVF, solid particle size, solid particle density, solid particle shiagnéd carrierdensity,

liquid viscosity), pipe orientation,Coriolis tube geometry(shape,size) as well as the

installation of Coriolis flowmeters.

00— —————— ]

%0 experimental data

@ ¢ model predicted 1
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Figure4.34 Comparison betweeactualerror indensityand prediction

from improved analytical model (with belly down, CF1)
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Figure4.35 Differences in desity errors based oapparent SVF

from improved analytical model (with belly up, CF1)
4 .5.4Discussion on the Influences of Process Conditions

This section primary discusses the influences of three process conditions, including the
fluid viscosity, particle size, along with Coriolis drive frequency, on Coriolis flow
metering at a qualitative level for the purpose of extending this study onrwsded
mixtures to a wider range of slurry applications (e.g. sahflow). As presented above,

the density difference of two phasdeminatesthe decoupling effect, while there are a
range of other factors which can influence thus the behaviours of Gditmimeters

under slurry flow. The relevant factors can be classified into four categories, including the
physical properties of carrier liquid, the characteristics of particulate solids, the
characteristics of twphase flow, the features along with tadkation of the Coriolis
flowmeters. The operating conditions can also make an impact on decoupling effect, due tc
the connections between the fluid properties (e.g. fluid density, viscosity) and the operating
conditions (e.g. temperature, pressure).

Due to thedifficulties in creating various test conditions, it is impractical to go through
each condition to check its influence on Coriolis flow metering by experimental

investigation.In this study,the experimental investigation covers two test conditions
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di fferent mass fl owrate along with the m
presents the viscous decoupling model for the purpose of extending this study on sand
water mixture to a wider range of slurry applications (e.g. sénflows). Three typical
factors involved in viscous model, including particle size, fluid viscosity as well as
Coriolis drive frequency, and their influences are discussed on a qualitative level by means

of theoretical analysis of decoupling effect in viscouglflu

The first consideration is how to modify the decoupling model from the inviscid fluid to
the viscous fluid, which is quite important to the investigations into flow metering for the
viscous cases, such as sanldflows typically involved in petroleumindustry. As
discovered in prior resear¢B1], [58], [68], [86] the basic inviscid decoupling model can

be modified to the viscous model by introducing two new forces terms, including the
Stokes drag force and the history force. The detailed descriptions of force analysis can be
found in[86], not repeated here. Simply speaking, the addition of fluid viscosity limits the
decoupled motions between different phase, and thus the decoupling effsiidedin

viscous model.

Inverse Stokes number or also called as penetration deptiis(a considerably important
non-dimensional parameter for the estimation of the motion of a particle entrained into

viscous flow field under Coriolis oscillation.

T — (4-42)

where ) J— (4-43

wherdg represents the normalized inverse Stokes number or called as penetration depth
i denotes the radius of thetexined object (here sand particles),is drive frequency of
Coriolis flowmeters, and is the kinetic viscosity of liquid which is computed using

dynamic viscosity of liquid‘() divided by liquid density”().

As shown in equatiofd-42), it reveals the ratio of the Coriolis oscillation time scale with
respect to the diffusion time scale of the surrounding vorticity of ailatisy object into

the viscous mediunj86]. Inverse Stokes numbet () is dependent on fluid kinetic
viscosity, the size of entrained object, as well as Coriolis oscillation frequency. This

dimensionless parameter measures the required distance between two oscillating objects ¢
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as toget rid of the disturbance from each other. For instance, a large inverse Stokes
number indicates that the oscillating motion of an entrained particle is more likely to be
affected by the adjacent particles and thereby the decoupling motion with resippatito
phase would be restricted. As a result, the decoupling effect would be less noticeable that

that in inviscid fluid.

With the help of inverse Stokes number, the influences of fluid viscosity, the size of
entrained object, as well as Coriolis ostitla frequency on decoupling effect can be
inferred. Concerning fluid viscosity, the higher fluid dynamic viscosity would increase the
drag force, which hinders the saliquid relative motion, and thus reduces the decoupling
effect. It suggests that ifdCiolis flowmeters encounter with saod flows, a lower level
decoupling error would be expected due to the high viscosity of oil, compared with
Coriolis measurement errors under sarater flows. In terms of particle size and Coriolis
drive frequency, s illustrated by equatiofd-42), a smaller size particle or lower drive
frequency would produce larger inverse Stokes number, implying less decoupling error
occurring n Coriolis flowmeters. To conclude, larger fluid viscosity or smaller particle
size orlower oscillation frequency would resist the decoupled motion. Consequently, the

decoupling ratio would be closer to 1, and less decoupling error would happen.

Furthernore, it should be clarified that in light of decoupling theory, the changes in flow
regime or different crossectional distributions of solid phase associated with different
tube geometries or metersd install adéni ons
directly. Their indirect influences on Coriolis flow metering should be attributable to other
error sources, including slip ratio, asymmetry and imbalance errors, as described in Sectiol
4.2.3 The effect of installation orientation has been clearly identified in this research. With
regard to different types of Coriolis flowmeters, for example, comparison between bent
tube and straigkiube types, it can be dedudddt particles are trapped in certain locations

of the benttube type (as demonstrated in this work) while it may less likely happen in

straight type of tube.
4.6 Summary
This chapter primarily proposes a practical useful methodology for slurry flow

measuremenusing Coriolis flowmeters incorporating a simple semipirical analytical
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model. Three major tasks for investigating the measurement errors of Coriolis flowmeters

handling dilute slurry are described.

Firstly, the existing theory reporting the underlying physics causing the measurement
errors of Coriolis flowmeters under twahase flow conditionshas beenapplied for
undertaking a theoretical study on the impact of entrained solids on Coriolis flowrmgeter
According to the theoretical analysis, decoupling effect has been identified as the dominani
error source, while compressibility effect can be neglected for slurry flow measurement

using Coriolis flowmeters.

Secondly, a series of flow measurement destere conducted to examine the original
measurement errors of Coriolis flowmeters occurred in dilute-gaer flow (SVF within

4%). Based on the experimental data, basic regression analysis of the erronas=hdsn
performed for predicting and fueh correcting the measurement errors of Coriolis
flowmeters. The results have demonstrated that through the established regression mode
mass flowrate errors of Coriolis flowmetesse corrected to within #.1% for 98%
outcomes, which illustrates the owatisding potential of curve fitting for compensating
errors with slurry flow, owing to the relatively simple soHltjuid decoupled motions

without compressibility effect.

Thirdly, with an adoption of the existing decoupling effect theatyasic analyticamodel

has beendetermined for compensating the effect of entrained solids on Coriolis flow
metering. Through comparison between model prediction and experimental results, the
performance ofthe basicdecoupling modelhas beenevaluated, whereas noticeabl
deviations have been found. Thus, a simple correction obadkse analytical modédias
beenfurther introduced to lower the differences between the model prediction and actual
experimental data. After correction, the improved sempirical analytical radelis able

to yield less than #).1% deviation for over 81% outcomes, and at least 94% compensation
fall within #.2% deviation range for mass flowrate measureméntterms of density
measurement, the original measurement errors of Coriolis flownaegesuccessfully
reduced to #0.4% error range whilst 82% correction are within #.2%. The relsalts
indicatal the feasibility of applying Coriolis flow metering technology into dilute slurry

flow measurement with a serampirical analytical model.
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5.1 Introduction

This chapter mainly investigates a special issue in using Coriolis flowmeters for slurry
flow metering. The potential wear problem of Coriolis flowmeters can adversely affect the
measurement performance and excessive erosion can even laatitioféilure. In order

to examine the structural health of Coriolis flowmeters, an efficient condition monitoring

technique is required.

This chapter firstly presents the basics and the working principle of-situistructural
condition monitoring teanique through offine stiffnessdiagnostics A stiffness related
diagnostic parameter (SRDP) is used to track the potential structural changes in Coriolis
measuring tubes. By adding additional frequencies into the Coriolis drive signal, SRDP
data are acdred through the analysis of frequency response. Then, both theoretical and
experimental investigations are undertaken for exploring the factors which affect the
performance ofstiffness determinatiomnder complex process conditions. By using a
springmas-damper model representing the Coriolis vibrating tube, computational
simulation is conducted to examine the outcomestiifness determinationvhen the
modal parameters (damping, degrees of freedom) change and experimental validation i
performed to ofr the experimental evidence. Thirdly, the chapter discusses the influence
of temperature variations atiffness determinatioand proposes a compensation method
for reducing the temperature effect, which can improve the measurement accuracy. Lastly
erosve tests were carried out with slurry flow, in order to experimentally evaluate the
feasibility and sensitivity of the condition monitoring technique. Furthermor&uasi

tests were conducted for meter recalibration with clean water, so as to assess th

measurement performance of the meter under test potentially affected by tube erosion
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5.2 Structural Condition Monitoring Through Stiffness Diagnostics

5.2.1Coriolis Tube Stiffness and Meter Calibration

First of all, thissection explains the concept of Coriolis tube stiffness as well as the close
link between tube stiffness and FCF (flow calibration factor) of a Coriolis flownteter
Coriolis flowmeter, the reading of mass flowrate)(is directly proportional to théme
shift (YO) between sensor signals of the inlet and outlet sensors. A Coriolis flowmeter is

normallycalibrated in the factory by the manufacturer under a reference condition.
a o0 Yo (5-1)

whered  denotes FCF of a Coriolis flowmeter. This calibration coefficigént () is
typically determined through a standard calibration process (e.g-s&tprtbatching
procedure in a gravimetrgystem) and then stored in the transmitter.

The physical meaning of FGE illustrated through dimensional analysis, which suggests

that FCF has the units of stiffness———) [76].

Q 5 (5-2)
The physical stiffness parameter is generally defined as equat®)n With an external
force (O) imposed on an object or a structure, stiffnégsig the ratio of this force to the

resulting displacemen¥®).

™ 6 (5-3)

The analysisabovedemonstratesube stiffness Q) is the essence of FCF of a Coriolis
flowmeter. Due to this reason, tube stiffness can be regarded as a quite importan
parameter strongly linked witthe performance of a Coriolis flowmeter. Any changes in

tube stiffness would affect FCF and consequently degrade the measurement accuracy.

In a Coriolis oscillating system, the measuring tubes are typically excited at one of its

resonant frequencies, coronly the first fundamental vibration mod@l]. Vibrating at
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the resonant frequency, Coriolis flowmeter is also capable of providing an independent
measurement of fluidensity resulting from the effective vibrating mashe expression

of angular drive frequency of a tube working in its first vibration mode is,

1 — (5-4)

whered denotes the effective vibrating ma%3,is the tule physical stiffness, and is

the angular resonant (drive) frequency of the first vibration mode.

Here theeffective vibrating massi( ) comprises the mass of the empty tuéie)(along
with the mass of the conveying fluid. The mass of fluid can be expressed using the fluid

density { ) and the tube internal volumedJ.
a a " w (5-5)

For simplification, the lumped mass () is simply expressed as the sum of the empty tube
mass ¢ ) and the conveying fluid mas$ @), although these mass terms should be the

effective vibrating mass whicrequires some corrections.
B _— — (5-6)

Derived fromequationg5-4) and (5-5), the fluid density can bdeterminedas illustrated
by equation(5-6) which demonstrates that tube stiffness is also closely related to density

measurement.

Tube stiffness is parameterelated to the structural characteristadéshe tube dependent

on the tube dimensions and material properfi&g. The changes in tube geometry,
dimensions as well as degradation of tubeemal can affect the value of tube stiffness.
From the analysis above, it can be concluded whahanged values of FCB ( ) and

tube stiffnes{’Q are extremely important fatelivering accurate mass flow measurement
from factory calibration to the reatorld applicationsHowever, over the service life of a
Coriolis flowmeter, tube stiffness may shift to a different value. For examphe, c or r o ¢
(e. g. aci ds) or abrasive |(theveig a poterntial risk o f |
erode the measuring tubes. If tube erosion occurs, the structural properties of Coriolis tube:
would change, consequently giving rise to incorrect FCF together with measurement errors

encountered in an eroded Coriolis flowmeter.
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Erosion can be generally observed from erosion scampples on the tube internal
surfaces or welds. Nevertheless, regular visual inspection of tubes (e.g. image inspection c
the internal surfaces) are impractical to implement, always requiring thatapty stop

the ongoing flow transportation. Therefore, it will be very helpful if the structural
conditions of measuring tubes can be mon
this work, an insitu condition monitoring technique is employédotugh onlinestiffness
determination A stiffness related diagnostic parame{(&RDP) is used to examine
structural health and report potential structural changes, which can assist Coriolis

flowmeters in delivering accurate mass flow measurement.
5.2.2Model of a Coriolis Vibrating Tube

In this section, tube stiffness parameter is explained by means of analytical modelling. A
Coriolis vibrating tube can be characterized by a simple spnagsdamper model
according to the working principle of Coriolis flowmetetnder the assumption that all

the components in the vibrating system are coupling together so can follow the same
motion, a single measuring tube can be simplified by a basic SDOF {deweeof-

freedom) springnassdamper model, as shownkigure5.1.

1 Kk My
Mass F
I —> X
U
C1

Figure5.1 SDOF springmassdamper model of a Coriolis tube

In the SDOF model, the lumped mass ) is composed of the effective mass of the tube
together with the fluid. The vibrating tube acts as the spring which can described by its
physical stiffness Q). The energy loss, resulting from the interactions between the
vibrating tube and surrounding environment as well as other sources, can be quantified by
viscous damping coefficient)). The transfer functiofO of this oscillating system can

be written as,

of - — (5-7)
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where"Odenotes the exerted foraemeans the displacement of this lumped massiso

the resulting velocity

By convertng equation5-7) to frequency domain, FRF (frequency response function) of

an oscillating system is expressed as,

"0Y"0 O] (5-8)

A dimensionless parameter, Q factor, is always used to describe the resonance behaviot
of an oscillator. High Q factor indicates the oscillating system has a noticeable and narrow
peak with great amplitude at the reaat frequency, being less damped. Normally the
Coriolis oscillating systenhas a considerably large value of Q factor for delivering
accurate mass flow measurement (e.g. under spigise condition) and Q factor can
reach 1000Q55]. Thecalculation of Q factor is shown below,

R (5-9)

A typical FRF of a Coriolis oscillating system working in its first vibration mode can be
given byFigure 5.2 where the resonant frequency is 240 Hz and Q factor is 10000. As
illustrated, the resonant peak is narrow and evident whilgittasdransition from +90°%o
-90°%s steep owing tchigh Q factor.

Magnitude (dB)

-80 1 1 L 1 1 1 L
100 150 200 250 300 350 400 450 500
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(a) Magnitude
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Figure5.2 Bode plot of typical FRF of a Coriolis vibtrating tube

5.2.3Extraction of Stiffness Related Diagnostic Parameter

It is worth noting that FRF or transfer function of @scillating system is generated from

the red physical parameters (i.e. force and velocity). However, it is not convenient to
measure these physical parameters directly. For a Coriolis flowmeter, the drive and senso
signals are closely related to the pival parameters of force and velocity. The added drive
current {(Qis proportional to the forcé®) whilst the sensor voltage)(is proportional to

the velocity ), illustrated by the relevant electromagnetic equations,
O @ o (5-10)
- b o (5-11)

where6 denotes the flux density of the MF (magnetic field) which is created by the
magnet being attached on Coriolis tub€Xjs the actuation force generated by drive

current(® 0 is the effective length of drive coil which can be simply understood as an
geometry factor of drive coit, represents the sensor voltage induced by the tube motion at

velocityay 0 is the geometry factor related to motion sensors.
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The termsO, 'Q-, w, 6 are vectors, but only the magnitude parts are considered for
simplification. Moreover, the indued MF strength around drive coil and sensors is
assumed to be the same. To distinguish the real physical FRF of an oscillating system an
measured FRF from a Coriolis sensing unit, these two terms are nai®d @&ndOY "0
respectively’OY "@ata is linked with the oscillation of a Coriolis tube, whileQs’ "G

obtained from the electrical signals (drive and sensor signals) of a Coriolis meter.

In the light of the electromagnetic equations above, the measured BRF{from a

Coriolis flowmeter can be expressed as,
0oYO - ——— (5-12

By comparing equation-8) and (5-12), it is clear that the physical FRF dai@®{ "Dis

directly proportional to the measured FRata {[O'Y "Dvia a scale facto( ).

"OY'™0O 6 "OY™O (5-13
This scale factord ) is dependent on the created MF strength,

0 60 60 (5-14)

By introducingd into the transfer function given by equatif@8), "O'Y "@an be written

as,

"OY0 071 & O (5-15)

Accordingly, it is not convenient to measuitee real physical tube stiffness directly.
Instead of measuring the real tube stiffness, a stiffness related diagnostic paramete
(Adi agnostic tube stiffnesso), abbreviat
by means of the onboard electronifdrive coil and motion sensors) in a Coriolis
flowmeter. Equation(5-15) can be split up into the real and imaginary parts so as to
cal cul ate the AdiS&OPHosti c tube stiffness:

YQO

(5-16)
0G0 7
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It is well-known that a Coriolis flowmeter tracks the resonant frequency through-phase
locking loop control. The Coriolis drive frequency is actually the undamped resonant
frequency [91], as shown in equatioK5-4). I n order to determ
stiffnesso, at -fesomasttfrequencgd) & deduirdd to@pply into thd f
drive signal besides the resonant frequen€y) (o yield a secondquation.With the
complementary response excited @y, the diagnostic parameters related to tube stiffness,

damping as well as lumped mass can ballfirderived from equation®-4) and(5-16),

Q — (5-17)

0 — — (5-18)

S - (5-19)

wherg denotes the resonant (angular) frequency,is the offresonant frequencyQ,
@, d are thediagnostic parameters related to tube stiffness, dampinduamed mass,

respectively.

By usingone offresonant frequencsRDP("Q) can be determinebly equation(5-17). If

more than oneff-resonant frequencies are applied into the drive signal, it can yield more
diagnostic outcomes. It can be regarded as andeterminedsolution for measuring,

which may be useful to improve the measurement accuracy or verify the correctness of

diagnostic results.

Furthermore, it can be deduced that too heavy damping added into Coriolis oscillation
would probably limit the application of thistiffness determinatiompproach. In other
words, Q factor is expected to be a large value so that FRF can exhibit a high and narrow
resonant peak. More importantly, for the hiQh oscillation, the damped resonant
frequency would not shift too much with respect to the undampszhaat frequency,
otherwise likely the accuracy atiffness determinatiowould be adversely affected. The

influence of damping will be presented later in Sechidh
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5.2.4Stiffness Diagnostics of Coriolis flowmeters

When the end user conductssitu structural health diagnostics of a Coriolis flowmeter,
the relative change in SRDF'Q) which contains the information of structural changes is
more useful than the absolute value of SRPR. can becomputed with respect tdé

factory baseline,
YO ——pmnmnb (5-20)

where'Q refers toSRDPdata acquired by the end user in situ, ¥ddenotes the initial

value of SRDPobtained undeareference condition in factory.

The factory baseline is established under a reference condimpropriate limit of
permissible change in fAtube sti V@inwithiso c
the limit, it indicates the measuring tubes have maintained their goodusttuategrity.
Conversely, iy'Q exceeds the limit, it suggests the underlying change in the structural

conditions of tubes

129



Chapter 5
Structural Condition Monitoring of Coriolis Flowmeters
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Figure5.3 Flowchart of stiffness diagnostics of a Coriolis flowmeter

Figure 5.3 depicts how to conduct stiffness diagnostics of a Coriolis flowmeter. The
resonantfrequency(’Q) is determined byhaselocking closedoop control To perform
stiffness diagnostics, firstly, one or more additionatrefonant frequencie€Q ) are
added into the drive signal, apart frofd Secondly, the frequency responsestioé
vibrating tubes which are induced fyand™Q, are collected from the sensor signal.
Thirdly, by means of quadrature demodulation, the raw sensor signal can be decompose
into several individual components in terms of frequencies. These sspamhponents
are picked out to acquire FRF data (complex number). Then the measured FRF can b
further split into real and imaginary parts. NeSRDP ('Q) can be calculated from
equation(5-17). Finally, compared with the reference (factory baseline data), the relative
130



Chapter 5
Structural ConditiorMonitoring of Coriolis Flowmeters

change inNSRDP (YQ) can be determined. According to the permissible relative change,
further diagnostic results can be provided to the end regarding the current structural

condition of the Coriolis flowmeters in use.

It is still an open question concerning the proper limit or allowable charfgie P, which
determines the achievable sensitivity of meter diagnos@s one hand, in order to
promptly report the structural change (e.g. erosion or coating) at an early stage, the
allowable change should not be set as a high threshold or a wide range because any drift |
Atube stiffnesso can directly degfrSROR tt
data has shown a 4% change, 4% measurement error would be expected in mass flowrat
according to equatio(b-1), which isbeyond the typical claimed uncertair(t.1%) of a
Coriolis flowmeter. It also should be noted that the real case could be more complex than
the simple theoretical analysis, in consideration of the additional asymmetry errors
resulting from the uneven decrease in the thickness of tube wathelother handf the

limit is set too low, the chance of false alarms may rise which would confuse the end user.

The technical challenge here is that the uncertainty or accuratiffoéss determination

has not been fully determined. The accuraajeigsendent on a range of factors, such as the
performance oétiffness determinatiomethod, the behaviour of signal processing unit, the
functionality of onboard electronics as well as the influences of various process or
operating conditions. For insta@mcwhen the irsitu process or operating condition greatly
deviates from the reference condition, the accuracystifiness determinatiorwould
strongly depend on whether proper compensations are given for reducing the influence o
changes in process cotidn. In terms of signal processing procedures, different
manufacturers may employ different measurement methods (e.g. different additional
frequencies) as well as various signal processing methods (e.g. different designs of low
pass filters), thus the aelved sensitivity of structural health diagnostics could differ. For
exampl e, one manufacturer has released
Verificationo and specified the | imit of

additional frequenes|[75].
5.3 Identification of Factors Affecting Stiffness Determination

This section investigates the potential factors which can affect the outcoragfness

determination Computational simulation based on springssdamper vibration mods!
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has been conducted for two purposes. One purpose is to validate the feasfkhiiy
measurement method with a SDOF model. The second purpose is to explore the influence
of other modal parameters (damping, degrees of freedom) on stiffness extraction with a
3DOF (threedegreeof-freedom) model, which can help to understand thenpiatecauses
resulting in false alarms during structural condition monitoring of Coriolis flowmeters.

Besides, experimental work carried out to validate the simulation results.
5.3.1Computational Simulation Based on SpringMass-Damper Model
5.3.1.1Description of Smulation System

As presented in Sectidh2.2 a measuring tube can be simply characterized by a SDOF
springmassdamper model which is described by four modal patareencluding degrees

of freedom, lumped mass, stiffness, and damping level. In consideration of the complexity
of realworld process conditions, different magwingdamper models have been tested
using Simulink. This simulation work begins with a baSIBOF model, as illustrated by
Figure 5.4. And then it is extended to a 3DOF (thaegreeof-freedom) case so as to
evaluate the effect of degrees ddom on stiffness extraction.

resonant freq.

f add mass-spring-damper
r > | force model
source v | velocity
|.F. iy |veld
additional freq. Y i
a\ for = fr +Af + m
. ‘l."\,'; ->
L.
Z
Quadrature

demodulation

sensor signal at f,, Her (wor)

gl Re
Measured[———®
drive signal at f,- FRF Im |
——®| Stiffness measured stiffness

p-| calculation at f,
.ﬁ« or

fOT‘

Figure5.4 Schematic of simulation based on a SDOF model
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The value of stiffness is set according to a basic estimation shelon. Here the
numerical substitutions pf ] ,0 , andD are undertaken based on actual data of the
Coriolis flowmeters (KROHNE OPTIMASS 6400 S50) under test at room tetype in

this work. Since air is much lighter than water, is neglected to simplify the calculation.

17 - _

|

(5-21)

where the subscrigido means airfiod0 denotles,] weepresentthe resonant
frequencies when pure air and water flow through the tube, respectivedgain is the
mass of empty tub&, andd denote the mass of flow medium (air and watér); is
determined by water density () and the internal volume of tube; the tube internal volume
is estimated from the known dimension data using tube cross sectional gralarfg with
tube length ).

The unknownQ and & can be solved from equatio(6-21). The value ofQ is
roughlyc& p mO & later used in the simulation. In terms of the dpass filter for
signal demodulation, a Butterworth IIR filtex employed with cubff frequency atl.5 Hz.
All numeric variablesare stored in 64it floating-point values fora high computation

precision.
5.3.1.2Simulation Results Based on a SDOF Model

The relevant parameters for modelling are described as follows: the undamped resonar
frequency Q) is assumed as 240 Hz, according to the first working frequency of the
Coriolis flowmeter under test as mentioned above; The spring stiffne8 p 10O ¥d&,
regarded as the referenc®); Based orequation(5-4), the lumped mass ternt () is
estimated at 1.055®"(Different damping levelare added into this model so as to explore
the effect of damping ostiffness determinatiorHere the dimensionless Q factsrgiven

to characterize the damping levels. In the lightly damped case in this simulation, Q factor
is calculated as 1592 and latersitdecreased to 159 for creating the heavily damped case.
Such damping level is exaggerated in order to identify thetedfiehigh damping on the

resonance behaviour of Coriolis oscillation, which can help examine the applicability of
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this stiffness determinatiormethod into a heavily damped scenario (e.g. caused by

entrained gas).

Single additional offesonantirequency 1Q ) at different frequency locations fed into
the drive signal one at a time, with frequency offs¥iQ Q "Q

p ft 8 h oh of8 h p 1in Hz. The minimum frequency offse(® is set at 3 Hz
and maximum offsetis 10 Hz. In this way,16 stiffness outcomesre collected
corresponding to 16 different frequency locations, whishused to investigate the
influence of frequency locations. To assess the stiffness diagnostic results, the absolut
value of relative differenced() between tie simulation outcomes)) and the reference

stiffness 1Q) is computedhs follows,
a4 ——pmnmh Q phfBipo (5-22)

In the meanwhile, according to 16 stiffness diagnostic dagamean value of absolute
relative difference ¢ ) is calculated to evaluate the accuracy, whilst the standard
deviation (,) is computed to check the repeatability. The simulation results based on a
SDOF model are given blyigure 5.5 which displays the averaged absolutdue of the
relative difference d” ) with error bars of standard deviatiop)( It can be seen that
relative differencedetween the outcomes from simulation and the reference value are
negligibly small (muchlower than 01%), although heavy damping candet@® slightly

higher erros as well as uncertaiies indicated by the largax[ and, . Theoretically
speaking, the simulation results are expected to fully agree with the given reference. This
quite small difference can be attributable to the errors from signal processing, such as the
influence of applied lowass filter. From the simulatn results, it can be concluded that
this stiffness determinatiomethod is feasible with excellent accuracy and repeatability,
although a quite small difference (error or uncertainty) could arise from the

implementation of signal processing.
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Figure5.5 Simulation results based on a SDOF model
5.3.1.3Simulation Results Based on a 3DOF Model

A Coriolis oscillating tube usually contains more than one degree of freedom in reality.
From the view of its sensing unit, @oriolis measuring tube can be divided into three
concentrated elements. Among them, one element is assigned at the central location c
drive coil with the lumped mass including the mass of substitute part of empty tube
together with the conveying flow.hE other two elements are located near the inlet sensor
(sensor B) and outlet sensor (sensor A), respectively. Based on these substitutions, a tuk

can be assumed as a 3DOF system, as shokigune5.6.

|

Drive m_dr
m_sa| Sensor A SensorB [m sh

ligl k4 | cq

Figure5.6 3DOF model of a Coriolis tube

The simulation systerrs modified by using a 3DOF model. Drive sigimalexerted upon

the drive element, whilst two sensor sigraks picked up from sensor A & B, respectively.
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In this 3DOF model, the values of mass and spring stiffaesset symmetrically with

respect to thdrive element. The related modal parameters are given,
a PP Q/ a ™ L R
® a ¢uv pmOTAaNR @ p8& v pmOTA8

Through theoretical calculation, the undamped stiffness of the first oscillation mode can be
solved asreference TQ‘ and’Q‘ ). In the same way as mention above, 16 different
frequenciesare addedinto the drive signal with offse Gfrom 3 to 10 Hz, yielding 16

pairs stiffness outcome?Q(_ andTQ‘ ) from sensor A & B, respectivelyfhe values of

TQ_ andTQl are averaged for a final outcome. Different damping leasdsintroduced

in the 3DOF model to create the lightly damped and heavily damped cases. The resonan
frequency 0 is determined using frequensweep at an increment of 0.001 Hz by means

of phasdocking.

Figure 5.7 summarizes the simulation results on the basis of a symmetric 3DOF model.
The results demonstrate the possibility of large relative errors (above 1%) as heavy viscous
damping are added. It suggests fairly heavy damping can give rise to uncertainty in
stiffness determinatiqrespecially in a MDOF (mukilegreeof-freedom) vibrating sysm.

It can be deduced that fomanideal scenario wherein the degrees of freedom are varying
with the process conditions (e.g. tphase or multiphase flows) and the oscillation is
seriously damped (e.g. Q factor below 1000), a certain level of enranscertaintiesn
stiffness determinatiormay appear. The underlying reason is that in such complex
situations, the measured FRF data could become less accurate, owing to the influence c
adjacent vibration modes along with the low magnitude cofredbnat response which

becomes difficult to detect.

Furthermore, the performance of stiffness extraction can be slightly affected by the
locations of additional frequencie¥)(), demonstrated by the standard deviatiph i
Figure5.7. The effect of frequency locations could be understood as a sort of measurement
error or uncertainty associated with signal processing, particularly in a MDOF case where
the vibration modes are close to each other. Therefore, careful considerations should bt
given on the selection of appropriate frequency offset. Vifdeis employed far froniQ

the induced offesonant response could be too small to measure. Neesdhgkry near
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location to™Qwould bring difficult in signal filtering as well as extra cost of processing

time.
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Figure5.7 Simulation results based on a 3DOF model

A comparison between the simulation results presenteBigare 5.5 and Figure 5.7
indicates that thistiffness determinatiomethod is capable of determining stiffness with
quite high accuracy (relative differences much less that?4). in the ideal case of SDOF
model Figure5.5), whereas the accuracy can be negatively impacted by the influence of
other modal variables (degrees of freedom and damping) yielding differences greater thar
1% in some complex or undesirable occasidigure5.7). For example, when damping

level is extremely high, it would be difficult to obtain the response ofresbnant
frequency. When the oscillating system has multiple vibration modes but tbard
distinguish which usually happens in a seriously damped MDOF case, the impact of nearby
modes would become more noticeal§l2] and thus, very likely the measured FRF data is
less accurate. As a result, these factors can bring some errors and uncertastiffesss

determinationwhich may trigger false alarms in the reairld process conditions.

The simulation results suggest that in orderofter accurate and reliablstiffness
determination it is recommended to retain the process conditions stable and consistent
with the reference conditiom the factory of the manufacturemwhich can help uce the
chance of false alarms of tube erosiBasides, this simulation work has identified tkiz
restrictions of thisstiffness determinatiomethod generally arise when the singiede

assumption cannot be applicable. For a MDOF situation with-seg@iarated vibration
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modes, the contribution of adjacent modes is typically a small amount and it hence can be

regarded as a sort of Asingle modeo, | i ki
5.3.2Experimental Validation of Factors Affecting StiffnessDetermination

Experimenal assessmelig carried out for seeking experimental support to the simulation
results presented above. Here the meter under test is CF2 which is horizontally installec
with its belly down. In consideration of the applicability of the integrated sigoakpsing
unit i n the meter 0s -esonantdreguendes)) are emplayeda d d
into the drive signal with frequency offseb() at £0 Hz. Through OPD Q@nline
ParameterDetermination) function, structural condition relatédta are collected at an
interval of 60 s and the raw dadse averaged within a duration of 10 s for yielding one
processed outcome used in later analysis, described in Séetids explainedn Section

5.2.3 one additional frequency can yield one diagnostic outcome. Geddrain two
additional frequencies, two groups of SRDP date acquired, named as SRDP2 and
SRDP3. The mean value of SRDP2 and SRBR®mputed, called SRDP1. Accordingly,

there are three types of SRDP data used in this work, including SRDP1, SRDP2 &.SRDP3
5.3.2.1Tests with Clean Water

Firstly, in order to validate thistiffness determinatiomethod, initial tests were conducted

with clean tap water at room temperature (arouncCl&nd four different mass flowrates

(9000, 18000, 24000, 32000 kg/h). SRDP1 d@etacontinuously recorded for 10 mins. To
evaluate the repeatability efiffness determinatioresults, relative change in SR¥Q)
is calculated with respect to the factory baseline. This baseline-gefenined undea
reference condition in thi@ctory. As displayed byrigure5.8, relative change in SRDP1 is
less thant0.15%, showing the feasibility as well as good repeatability of rtteghod

under singlephase flow condition (tap water).
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Figure5.8 Relative change in SRDP1 with clean water
5.3.2.2Tests with Two-Phase Flow

For the purpose of experimental investigation into the effect ofplwa® conditions, two
situations of twephase (santvater and ahwater) flowsare utilized to test thistiffness
determinatiormethod. Apparent density ris¥’( ) is calculated in percentage to indicate
the portion of sand patrticles, given again fomgenience,

Y —h " smmb (5-23)

h

where”  denotes the apparent readirgfssandwater mixture density from Coriolis

flowmeters and  is the apparent density reading of pure water.

Figure5.9 depicts the experimentagsults with dilute homogenous sawdter flow.From
Figure5.9 (a), it can be found that generally tlsisffness determinatiomethod can still
behave well ¥'Q less thant0.5%) under dilute solitiquid two-phase conditions¥’

below 2%). The entragd solids can cause some small disturbances to the diagnostic
results indicated by the scattered SRDP data around zero line. Large content of solids o
sudden change in flow conditions would contribute to a certain level of fluctuations in
SRDP data. Theeason is that the presence and movement of solids can bring some flow
noises but could not change the degrees of freedom of Coriolis oscillation. It can be
concluded that as long as a Coriolis flowmeter can work normally which means its

oscillation is notheavily damped, the effect of entrained solidsstifiness determination
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should be smallFigure5.9 (b) dsplays the normalized-ghase signal levehipercentage,
which is used to imply the presence of second phase. It suggests that the indheed 2
signal is weak under sohiihuid conditions, which is consistent with the small impact of
sand patrticles as found in SRDP outcomes.

(a) SRDP1SRDP2, SRDP3 and apparent density rise

(b) SRDP1 and-phase signal level

Figure5.9 Relative change in SRDP with san@ter mixtures
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