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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%.



Acknowledgements

The author wishes to express grateful thanks to the following:

Prof. Yong Yan My first supervisor, whose advice,encouragement, and
contributions made it possible for me to complete this work.

Prof. Tao Wang My co-supervisor, whose industrial expise and invaluable
researcladvice drove the project to progress at all times.

Dr. Jinyu Liu My co-supervisor, whosedechnical support drove the project to
progressandpromotedthe collaboration with the industrial partner

School of Engineering and i§ital Arts, University of Kent for awarding me the

scholarshipndthe technicians for helping the construction of the test rig.

KROHNE Ltd for providingme the financial support that has allowed this research to be
completedas well as irkind support by supplying the Coriolis flowmeters along with the

materials for building the test rig.

Special thanks to a number students at the University of Kent, for their help during
experimental trialsFaisal Abbas, Yueheng Dingj RQin, Rui Xu and Shuo GongThe
academic staff in Instrumentation and Control Group for offering me advice and help, Dr.
Gang Lu, Dr. Lijuan WangDr. Md. Hossaimand Dr. Xinggang Yan. Thdriends | have
known here who kept me goingamel Reda Yonghui Hy Mengyang Wei, Qi Luo, Wei

Hu, Yan Zhang, an®i Zheng.

This thesis is dedicated to mpgarents, for their encouragement, help and support

throughouthe project



Table of Contents

Y 0153 = ox APPSR L.
ACKNOWIEAGEMENTS......ciiiiiieieiiii s rr e e e e e e e e e e amense e s e s e e e e e e e e e e e e eeeeearnnneaeeeeeees I
NOMENCIALUIE ...t eeer e e e e e e e e e nna e e e e e as VIl
LiSt Of ADDIEVIALIONS ...t e e e e neeas XV
LISt Of TABIES ... XV
S Ao T T P PPPUPPPN XVI
Chapter 1 Technical Requirements for Slurry Flow Measurement................ccccceu.... 1.
00 R o1 (o To (U o4 i o] o PO TP PP PP PPPP 1
1.1.1 Slurry FIOWMEASUIEMENL.........uvueiiiiiieee e e e eeeetiiee e e e e e e e e e e e e e e e e eeeens e e e e eeeaaeeees 1
1.1.2 COrioliS FIOWMELEIS......coiiiiiiieieeeeeeee ettt rmeee e 3.
1.2 Technical ChallENQES..........ovuuiiiiiiiiii i e e rreeis e e e e e e e e e e e eeeeaeeaeed 4
1.2.1 Chdkenges in Flow Measurement of Selicquid Mixtures..............c.cceevvvnnnns 5.
1.2.2 Challenges in Structural Condition Monitoring of the Measuring Instrignien
ADBrasive APPIICALIONS...........ooiiieii e ereer e e e e e e e e e e e aaee 6
1.3 ReSEArch ODJECHVES.....ccooe it eeneaed 8
1.4 THESIS OULINE.......euiiiiii et n e e 9

Chapter 2 Review of Techniques for Slurry Flow Measurement and Associated

TECNNICAI ISSUES......eeieiiiiiiiiii et 11
pZ I [ oo o [¥{ox 1o o FU PP P P PP SSRPPPPPPPPN 11
2.2 Slurry FIOW CharacCteriStCS.......ccuuuuuiieeiieiiiimceeiie e ee et e e e e e mmme e e e e e eaanans 11
2.3 Slurry Flow Measurement TEeChNIQUES...........ccovviiiiiiiieeeii e 14

2.3. L OVEIVIEBW.....ceeiiiiieie e e e eeenssene e 15
2.3.2 Differential Pressure DeVICES............coooioiiiiimemeaeie e eeeeeeeeee 17
2.3.3 Electromagnetic FIOWMELEIS.........uiiiiiii e 18
2.3.4 Electrical Resistance Tomography SyStems...............ueuiiiccmeeeeevvnennnnnnnn 19



2.3.5 UTASONIC SENSOIS. .. ceeeeeee et ettt e e e 20

2.3.6 PASSIVE ACOUSEIC SENSOLS.......ccvvvririiriniiimmmreeeeeeerrnsnaas e e e e e e ememssnnnaaeeeeas 21
2.3.7 COrioliS FIOWMELEIS.......cvviiiiiiiiiii et e e e e eeees e e e e e e e e e e e eeeaaannns 23
2.3.8 Summary of Slurry Flow Measurement Technigues.............cccovvvveeeeeenn... 26

2.4 Technical Issues in Slurry Flow Measurement Using Coriolis Flowmeters....28

2.4.1 Influences of Solid Particles Blow Measurement Accuracy..................... 28
2.4.2 Potential Erosion on Coriolis Measuring Tubes...........ccco oo evieeeeciceenen. 30
P2 RS 11 1 4= Y2 PSP 31
Chapter 3 Design and Construction of the Slurry Flow Test Rig............ccoovvvvvivinnne 33
3L INTrOTUCTION. ...eeie et eee et rmm et e e e e et e e e e e e e 33
3.2 Essential Functions of the TeSt Rig......cccoovviiiiiiiiiieeeee e 33
3.2.1 StarStop Batching ProCedures...........cceiiiiiiii i eeeeveeeee e 34
3.2.2 Flow Sampling ProCeAUIES............uuuuuiiiii i eeenn e 35
S.2.3 ETOSIVE TESIS....uiiiiiieiiiiiiiit e ettt eeene e e e e e e e e e e e e eneees 36
3.3 Rig Design and Implementation.................uuuueiceeieeeeie e 36
3.3.1 General REQUIFEMENLS..........vviiiiiiiiei e eereera s e e e e e e e eeaaas 36
3.3.2Main Circulation LOOP.......cccoeiiiiiiiiiieiieeee e 38
3.3.3 Selection Of VAIVES.........oiiiiiiiiie e 41
3.3.4 Flow Sampling POINL........ccoooiiiiiiii e ereen e A3
3.3.5 Weighing SYSIEM ...t eree e 44
3.3.6 Installation of FIOWMELErS...........uuiiiiiiiiiiiiiee e 47
3.3.7 Safety PreCautiOnS..........iiiiiiiiiis s ceeeie e e e e e e eeeaes 49
3.4 Data ACQUISITION ......uieiieiiiie e e et emce e e e e e e e e e e e e e mmme e aaa e e e e e easta e eeeesannneeees 50
3.5 0perating PrOCEAUIES........uuuuuiii et e e e e e e e e e e eeees e e e e e e e e e e e eeeeeeeeennenes 53
3.5.1 Initial Examination of Coriolis Flowmeters and Test.Rig.............eeeeeeennee. 53
3.5.2 Operating Procedures of Flow Batching..............oooii s 55

A%



3.5.3 Operating Procedures of Flow Sampling...........cccoevvviivieeeiii e 56
3.6 Advantages and LimitationNS........cccceeeeeiiiiiiiieeei e eeme e 58
T YU 1111 4= Y2 PSPPI 60

Chapter 4 Mass Flow Measurement of Dilute Slurry Using Coriolis Flowmeters....61

2 I [ {0 o [8 [ox 1o o FOR PSP P PP PPPPPPPRPPPY 61
4.2 TheoretiCal ANAIYSIS.......coouuuiiiiiiiie i e e e e e e e s amenia s s e e e e e e eeeeeeaeeeensnsennd 62
4.2.1 Phase Decoupling ErTQr...........cccoiiiiiiiiiieeei e eeeeeeeeemmme e 62
4.2.2 Compressibility EFTQr.......cccooiiiiiiieiicceeeeeeee e 71
4.2.3 Asymmetry antinbalance ErrQr..............oooooviiiiiicciieeeeeee e 76
4.3 Experimental Tests with Dilute Slurry FIQW..............oovviiiiiiieeeeeen, 78
4.3.1 Definitions Of KeY TeIMIS........ccoiiiiiiiiiiiiiimmmr e 78
4.3.2 Properties of Solid PartiCles...............uvuuiiiicceeeeeicee e 81
4.3.3 Experimental ConNditioNS............uuiiiiiiii i eeee e 83
4.3.4 Meter Reverification with Clean Water............ooociiiiiieen e 87
4.3.5 Data Acquisition and ProCesSiNg............couuuuuuuriimmmieeeeeeeeiriiininseessmmennns 388
4.4 Analysis of Original EITOrS...........oovuiiiiiiiii i eree e 96
4.4.1 Error Trends of Mass FIOWrate...........c..evviiiiiiimniieece e 96
4.4.2 Error Trends Of DENSILY......cccooeeeiiiiieiieeeeeee e Q9
4.4.3 Regression Analysis of Original Errors..........ccviiieiiieeeeccceeiceeeeeeein, 100
4.5 Error Compensation by Analytical Modelling............ccoooviiiiiimciiiiiic e, 105
4.5.1 Compensation of Decoupling EffeCt...........ccooviiiiiiiceeii e 105
4.5.2 Comparisons between Model Prediction and Experimental Results.....108
4.5.3 Improvement on the Basic Analytical Model............cccccoooiiiieenniiiiiien, 111
4.5.4 Discussion on the Influences of Process Conditions...............eeeveeeeennes 117
A0 SUIMIMIATY. ...eeitiie e eeeeit e e eaema e e e e eeate s e e eeeeeba s amaaaaseeaeeessnnaeeeeeesnns smmmsn s aeeeennen 119
Chapter 5 Structural Condition Monitoring of Coriolis Flowmeters ....................... 121

\Y,



TR N [ (o Yo [0 Tex 110 o F RS 121

5.2 Structural Condition Monitoring Through Stiffness Diagnostics................... 122
5.2.1 Coriolis Tube Stiffness and Meter Calibratian..............ccccccoovceniiinnnnen. 122
5.2.2 Model of a Coriolis Vibrating TUDE..........cccoiiiiiie e 124
5.2.3 Extraction of Stiffness Related Diagnostic Parameter..................cuee... 126
5.2.4 Stiffness Diagnostics of Coriolis flowmeters............cccoevviiiieeeee e, 129

5.3 Identification of Factors Affecting Stiffness Determinatian........................... 131
5.3.1 Computational Simulation Based on Spifif@ssDamper Model............... 132

5.3.2 Experimental Validation of Factors Affecting Stiffness Determination...138

5.4 Compensation of Temperature Effect on Stiffness Determination............... 143
5.4.1 Theoretical ANAlYSIS........ccooiiiiiiiiiiiieee e 143
5.4.2C0omMpPeNSation SChEME............ovuvviiiiiiimee e 148
5.4.3 Experimental Validation of Temperature Effect..............ccccoceiiicrvnennnnns 149

5.5 Erosive Tests and RESUILS. ........oouiiiiiii e 154
5.5.1 Description of EroSIVe TESES.....cccoieiiieiiiiiiieeieeee e 154
5.5.2 Results of Stiffness DIagnOSHCS...........ouvvvviiiiiicceeeeeerr e 156
5.5.3 Meter Recalibration with Clean Water.............c.oocvviiieeeiieeeiiiiiiieeeeeee 160

I GRS YU 1111 4= Y2 PSPPI 165

Chapter 6 Conclusions andRecommendations for Future Work............................ 167

L I [ a1 (o To [FTod 1] o FU PP PPPPPPPP PP RRPPPPRPS 167

6.2 CONCIUSIONS ...ttt ettt nene e 168
6.2.1 Design and Construction of the Slurry Flow Test.Rig.............ccovvvvviieae.. 168
6.2.2 Measurement Errors of Coriolis Flowmeters with Slurry Elow............... 168
6.2.3 Structural Condition Monitoring of Coriolis Flowmeters..............cccc....... 170

6.3Recommendations for Future Research...............ccccooimmniiciii e 171

REIEIEINCES. ...t e e mmne e e 173



Y o] o 1= T [To = 184
Appendix 1  Specificaiton of the Slurry Flow TeSt Rig......ccccooeeeeeeiiiiiiiiieeenenn. 184
Appendix 2  Design Sketches of the Slurry Flow Test Rig.......ccccoevvviiiiieiieeeesd 188
Appendix 3  Results of Erosive Tests on the Upstream Coriolis flowmeter (GBQ)

Publications and DiSSEMINATION. .........eee e eeeee e e e e 194

Vi



0 "Y®

Sx €1 gn

e

Ko O O g

o

Nomenclature

Crosssectionalarea of pipe [rf{

Crosssectional area of Coriolis tube fn

Asymmetry of Coriolis flowmeters

Normalized asymmetry of Coriolis flowmeters

Flux density of magnetic field [T]

Constant for mass flow measurement in Coriolis flowmeters
Thermal change ratio

Correction coefficient for original decoupling rati@)(

Flow calibration factor for Coriolis flowmeters

Correction factor for changes @bectromagnetic coil temperature

Correction factor for changesfiluid temperature

Scale factor between physical frequency response and me:
frequency response

Damping[N/(m/s)]

Damping related diagnostic parameter

Speed of sound traveling in liquid [m/s]

Speed of sound traveling in twahase mixtur¢m/s]
Speed of sound traveling in solid [m/s]

Inner diameter opipe[m]

Outer diameter of Coriolis tuden]

Inner diameter of Coriolis tulden]

Compressibility error in mass flowrate from modelling [%0]
Compressibility error in density from modelling [%]
Decoupling error in mass flowrate from modelling [%]
Decoupling error in density from modelling [%]

Relative error in mass flowrate [%)]

Vi



S 6 660 g0 08 g Jd 3 3 3 3 3 g 0 O

oY g < <

K)"l

Relative error in density [%)]

Young's modulus of Coriolis tube material [Pa]
Original decoupling ratio from modelling

Corrected decoupling ratio

External force on a spring [N]

Added mass force [N]

Buoyancylike force [N]

Drive force added ilCoriolis flowmeters [N]

Total force[N]

Resonant frequency [HZz]

Off-resonant frequendyiz]

Location of motion sensors arranged on Coriolis tube
Transfer function

Drive current added in Coriolis flowmetgs)
Normalized drive level of Coriolis flowmeters [%]
Moment of inertia of Coriolis tube [k
Instantaneous velocity of liquid phase in the pipe axial direction [rr
Instantaneous velocity of solid phase in the pipe axial direction [m
Interceptcoefficientin linear regression
Slopecoefficientin linear regression

Physical stiffness of Coriolis tube [N/m]

Physical tube stiffnesgbrating in the first mode [N/m]
Stiffness related diagnostic parameter

Initial value of stiffness related diagnostic parameter, obtained an
reference condition in factory

Stiffness related diagnostic parameter, acquired bgpkeator in situ

Corrected stiffness farthanges irfluid temperature



C

Initial value of corrected stiffness, obtained und®rreference
condition in factory

Reference value of stiffness in simulation

Stiffness outcomes from simulati

Effective length of drive coil of Coriolis flowmetejs]

Effective length of sensor coil of Coriolis flowmeténs]
Effective length of Coriolis tubpn]

Mass [kg]

Effectivemassin the firstvibratingmode [kg]

Mass of the conveying fluid (air or water) in Coriolis tube [kg]
Actual (true) mass dhe conveyindluid in Coriolis tube [kg]
Mass related diagnostic parameter

Apparent mass sensed by Coriolis tube accordirgtoupling mode
[kal

Induced mass related to added mass fof@e[kg]

Apparent (observed) mass reading provided by totalizer of Co
flowmeters[kg]

Total weight of sanavater mixture samplgkg]

Reference mass @ight) provided by weighing scalleg]
Weight of the sand particles in sawdter mixture samplkg]
Mass of the empty Coriolis tube [kg]

Weight of the displaced watfkg]

Total masglowrate oftwo-phasemixed flow [kg/s]

Mass flowrate of liquid phad&g/s]

Apparent mass flowrate reading from Coriolis flowmeters [kg/s]
Mass flowrate of solid phagkg/s]

Relative density (also known as specific gravity)

2-phase signdevel of Coriolis flowmeters [%]

Damping indicator of Coriolis flowmeters

X



(o]

< < <

—

Normalized damping indicator of Coriolis flowmeters

Q factor

R-squared, a goodnesé-fit measure for linear regression

Drive coil resistanced€or i ol i s f |l owmet er s

Initial value of drive coil resistance, obtained ,undiarreference
condition in factory [ Y]

Radius of solid particlejn]

Inner radius of Coriolis tubn]

Signal level of sensor A & B of Coriolis flowmetdf%]
Initial value of signal level of sensor A &[Bo]

Time [s]

Electromagnetic coil temperatui@]

Initial value of electromagnetic coil temperatyrebtained undera
reference condition in factof{]

Fluid temperatur¢C]

Initial value offluid temperatureobtained undea reference conditior
in factory[C]

Vibration amplitude of solid particldm]

Vibration amplitude of Coriolis tubjn]

Velocity of solid particles in the Coriolis oscillation direction [m/s]
Velocity of Coriolis tube in the Coriolis oscillation direction [m/s]
Volume of solid particlefm?]

Volume of sand particles in water displacement mefhofl
Internal volume of Coriolis tube [fh

Volume of displaced watgm?]

Displacement [m]

Velocity [m/s]

Displacemenbf solid particles durin@oriolis oscillation [m]

Displacemenof Coriolis tube duringoriolis oscillation [m]

Xl



Relative difference between simulation output and the reference [

Temperature coefficient of drive coil Gforiolis flowmeters
Thermal expansion coefficient
Volume fraction of solid particles [%0]

Apparent volume fraction of solid particles, calculated from appe
density reading [%0]

Reference volume fraction of sandsandwater mixture sample [%0]
Compressibility of twephase mixture [FiN]

Weight fraction of solid particlef§o]

Reference weight fraction of sand in samater mixture sample [%0]
Normalized inverse Stokes number (ais@wn as penetration depth)
Sensor voltage induced in Coriolis flowmetgrg

Phase shift due to entrained solid partifiad)]

Dynamic viscosity of liquid [Pa]

Kinematicviscosity of liquid [n#/s]

Density[kg/m?]

Density of the conveying fluid (liquid or gas) in Coriolis tykg/m?]
Liquid density[kg/m?]

Solid-liquid mixture densitykg/m?]

Apparent density reading from Coriolis flowmeters [k§/m
Reference density afandwater mixture sample [kg/fh

Reference density obtained from samplikg/m?]

Solid (sand) densitjkg/m?]

Water densitykg/m?]

Apparent water density reading from Coriolis flowmeters [Kf/m
Standardieviation

Liquid phase void fraction [%]

Xl



=<

Solid phase void fraction [%]

Angular frequencyrad/s]
Off-resonantingularfrequency[rad/s]
Resonanangularfrequencyfrad/s]

Resonanangular frequency of the first vibration mddad/s]

Resonant angular frequencies when pure air or water flow thr
Coriolis tube[rad/s]

Xl



CF1
CF2
EGM
EIT
EMF
ERT
FCF
FRF
GVF
MDOF
MF
OPD
RTD
SDOF
3DOF
SMV
SRDP
SVF
SWF
TBR

TMR

List of Abbreviations

The upstream Coriolis flowmeter under test, with belly up
Thedownstream Coriolis flowmeter under test, with belly do
Entrained Gas Management

Electrical Impedance Tomography

Electromagnetic Flowmeter

Electrical Resistance Tomography

Flow Calibration Factor

Frequency Respongainction

GasVolume fraction

Multi-DegreeOf-Freedom

Magnetic Field

Online Parameter Determination

Resistance Temperature Detector

Single DegreeOf-Freedom

ThreeDegreeOf-Freedom

Smart MeteNerification

Stiffness Related Diagnostic Parameter

Solid Volume fraction

Solid Weight fraction

Transient Bubble Remediation

Transient Mist Remediation

XV



List of Tables

Table 2.1 Direct measurement techniques for slurry flow metering............cc..c....... 27

Table 3.1 Raw flow measurementaabtained from the Coriolis flowmeters under test

................................................................................................................................. 51
Table 4.1 Source of parameters used for analysis of compressibility.etror............. 74
Table 4.2 Processing of internal parameters from Coriolis flowmeters................... 89

Table 4.3 Regressiamalysis results derived from mass flowrate and density errat62

Table 5.1 Resulting change in SDRP data and the measuremeninaerée of CF2...162

Table A.1 Specification of the slurry flow teSt Xig...........cceeeiiiiiiiiiceccc e, 184
Table A.2 Main components on the slurry flow teStrig.........ooovviiiiiiiiene s 185
Table A.3 Valves on the slurry flow test rig..........ccccuviiiiiiiieeeie e 186
Table A.4 Details of the experimental conditions.............ccooviviieeee e, 187

Table A.5 Resulting change in SDRP data and the measurement performance .df33F1

XV



List of Figures

Figure 2.1. Slurry flow regime map in a horizonal pipe [27].........ooiiiiiiiiiinneeeen 13

Figure 2.2. Principle of the direct approach telioe two-phase flow measurement [24).

Figure 2.4. Schematic of a typical ERT system [47].........coooiiiiiiiiccce e 19

Figure 2.5. Working pnciple of flow velocity measurement using passive acoustic sensors

() [P P PP PPPPPP 22
Figure 2.6 Several typical designs of Coriolis flegnsors [18]..............ccccccviiiiiinennns 24
Figure 2.7 Measurement principle of mass flowrate of Coriolis flowmeters.[55].....25

Figure 2.8 Static tests for evaluating the influence of solid particles on density

MEASUIEMENT [6Q] ... uuuiiiiiei i e et eeer e e e e e e e e e e e e e e e e mmmeeeeeenrrees 29
Figure 2.9 Excessive erosion in the outlet side of Coriolis tubes.[11]..................... 30
Figure 3.1 Schematic of the slurry flow teSLIIg...........uviiiiiiiiiiieeeiie e 37
Figure 3.2 Photo of the slurry flow teSt fig.......cccoooieiiiiiiiieee e, 37
Figure 3.3 Large slurry storage tank..........cccooeeeiiiieceeeiiiiiieeee e ceeeeeeeeeereeeee e 39
Figure 3.4 Motor control panel of centrifugal pump and agitator.............................40
Figure 3.5 Arrangment of a pinch valve along with a buttedlye.............................. 43
Figure 3.6 Flow sampling point with thregy valve...............ccccooii i 44
Figure 3.7 Setup of whole weighing system............cccccceeivicceeie v . 44
Figure 3.8 Weighing tank seated on the SCale..............uuviiiiieeeiiiiiiiiiiiieec e 45
Figure 3.9 Two typical designs of weighing SyStem............cccccciiieeciii . 46
Figure 3.10 Sanavater separation inside buffer tank................ccoiiiiiceiiiiiiiiiiiinnn 47
Figure 3.11 Two Coriolis flowmeters under test.............ceeiiiiiiiiecciiiii e 48

XVI



Figure 3.12 Safety preCautiQnS........cccoiiiiiiieeiieeee e eee e mmmr e 50
Figure 3.13 Data acquistion tO0L...............uuviiiiiirii e 51
Figure 3.14 User interface when logging flow measurement.data....................cee... 51

Figure 3.15 Initial verification of mass flowrate measurement with clean water.....54

Figure 3.16 Separatn of sand particles from colletced fluid sample....................... 57
Figure 3.17 Heating oven to dry Wet Sand...............ovvvviiiicccriiieceeiiiee e e 58
Figure 4.1 Decoupling effect under seliquid two-phase conditions......................... 66
Figure 4.2 Decoupling effect under gagiid two-phase conditions................cccvvveee 66

Figure 4.3 Comparion between decoupling error in seaigr and ak#water cases (SVF
LEC0] 0T (o T K0 L USSP 69

Figure 4.4 Decoupling error resulting from different sand densities........................ 70
Figure 4.5 Relationships between decoupling error and sand density and.SVE....71
Figure 4.6 Secondrder masspringdamper modelapresenting compressibility effeg2
Figure 4.7 Compressibility of saswdater and aiwater flow...............cccovvviiiiiieeee 75
Figure 4.8 Speed of sound in samdter and akwater flow................coooiiiiiiiieee e 75

Figure 4.9 Comparion between compressibility error in saaikr and awwater flow
(SVF romM 0 10 15%0).....ciiiieeeeeeeeeeeeeeeee et e e e e e emerannnas 76

Figure 4.10 Sand density measurement based on water displacement.methad....82

Figure 4.11 Testnatrix of mass batching against apparent SVFE...............ccccvvieeenn. 84
Figure 4.12 Test matrix of flow sampling against apparent. SVE...............ccccueeenne 86
Figure 4.13 Test matrix of flow sampling against reference SVE...............cccvueeei. 87
Figure 4.14 Reverification of mass flowrate measurement with clean.water.......... 88

Figure 4.15 Typical curves of key parameters from CF1 (belly up) during batching at

Figure 4.16 Typical curves of key parameters from CF2 (belly down) during batching at
L2000 KG/N .ottt 95

XVII



Figure 4.17 Original errors in mass flowrate against apparent SVF (with belly up,97F1)

Figure 4.18 Original errors in mass flowraigainst apparent SVF (with belly down, CF2)

Figure 4.20 Original errors in density against apparent SVF (with belly up,.CF1)..99
Figure 4.21 Original errors in density against reference SVF (with belly up,.CE1100

Figure 4.22 Differences in mass flowrate errors based on apparent SVF from regressior
model (With DBelly UP, CFL)...oouiiieee e eeeer e e, 103

Figure 4.23 Differences in mass flowrate errors based on apparent SVF from regressior
model (with belly down, CF2).........ooo e 104

Figure 4.24 Differences in density errors based on apparent SVF from regression mode
QLI o L= YT T TR O e I TP 104

Figure 4.25 Differences in density errors based on reference SVF from regression mode
(WIth DEIIY UP, CFL).ceiiiiiiiieiiieeeee e e 105

Figure 4.26 Decoupling error against apparent SVF from basic analytical.madel108

Figure 4.27 Comparison between actuabem mass flowrate and prediction from basic
analytical model (with belly up, CFL)......oovmiiiiii e 110

Figure 4.28 Comparison between actual emomass flowrate and prediction from basic
analytical model (with belly down, CE2)........coooiiiiiiiiiiii e 110

Figure 4.29 Comparison between act@ator in density and prediction from basic
analytical model (with belly up, CFL).....cooomii e 111

Figure 4.30 Comparison between actual error iassnflowrate and prediction from
improved analytical model (with belly up, CEL).......ciiiiiiiiiie, 113

Figure 4.31 Comparison between actual error iassnflowrate and prediction from
improved analytical model (with belly down, CE2)...........cccooiiiiiiiiiiiei e 114

Figure 4.32 Differences in mass flowrate esrtiased on apparent SVF from improved
analytical model (with belly up, CFL)......ovuiiiiiii e 114

Figure 4.33 Differences in mass flowrate errors dase apparent SVF from improved
analytical model (with belly down, CF2).........coooiiiiiiiiiiiee e 115
XVIII



Figure 4.34 Comparison between actual errodemsity and prediction from improved
analytical model (with belly down, CFL).........ooovviiiiiiiiiireeeeee e 116

Figure 4.35 Differences in density errors basedppaeent SVF from improved analytical

model (With Delly Up, CFL)...ooi e e e e 117
Figure 5.1 SDOF springhassdamper model of a Coriolis tube................ccoeevvveeeen. 124
Figure 5.2 Bode plot of typical FRF of a Coriolis vibtrating tube................cccevvueeee. 126
Figure 5.3 Flowchart of stiffness diagnostics of a Coriolis flowmeter.................... 130
Figure 5.4 Schematic of simulation based on a SDOF model............cccccvveeeeunnee. 132
Figure 5.5 Simulation results based on a SDOF madel.............coeeeveeeeviccceeeneennn. 135
Figure 5.6 3DOF model of a Coriolis tube.............coooriiiiiieee e 135
Figure 5.7 Simulation results based on a 3DOF model..............cevvvvieeerciiiiinnnnne. 137
Figure 5.8 Relative change in SRDP1 with clean water...............ccooccomiiieeneenns 139
Figure 5.9 Relative change in SRDP with savater mixtures..............cccccvvvvvuiceee... 140
Figure 5.10 Relative change in SRDP withaater mixtures..............cccceeeeeeeeeiemnnnns 142
Figure 5.11 Trend of DCR against temgara change in thermal test.................... 148
Figure 5.12 Schematic of temperature compensation for SRDP outcomes.......... 149

Figure 5.13 Photo of the Coriolis flowmeter under test (CF2) with belly down......150
Figure 5.14 Schematic of the standard gravimetric calibration.rig......................... 150
Figure 5.15Trend of normalized DCR under varying temperature conditions....... 151

Figure 5.16 Normalized SRDP outcomes befand after correction of MF strength at
VarioUSHIUId tEMPEIALUIS........uu e 152

Figure 5.17 Relative change in SRDP outcomes without correction at vdhods
TEMPEIATUIS. ...t e et e s mmmr e e e e et e e ne st e e e e e ammmeeennaa e neeeennns 153

Figure 5.18 Relative error between compensated data and experimental data at variou
flUID tEMPEIALUIB.......ceieeieieee e e e e e e e e e e e e e e narane e e e e eaaeas 154

Figure 5.19 Trend of relative changes in SRDP during erosive tests an.CE2...... 158

XIX



Figure 5.20 Tred of relative changes in asymmetry during erosive tests on.CF2.160

Figure 5.21 Adound results of CE2..........ccoiiiiiiiii et 161
Figure 5.22 Photo of visual inspection of the meter under test (CE2)................... 163
Figure 5.23 Photos of oberserved erosion SCAars..............ueeeevieemiuiiiiiiiieiiiieiieeeeeeeas 164
Figure A.13D drawing of the slurry flow test rig............coovvvviiiiiiicccrrieeeeee, 188
Figure A.2Layout of the slurry flow teSt rig..........coovvviiiiiiiiieeee e 189

Figure A.4 Trend of relative changes in asymmetry during erosive tests on.CF1.191

Figure A.5 Asfound results of CEL.........ccooooiiiiiiiiiice e 192

XX



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
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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

5



Chapter 1
Technical Requirements for Slurry Flow Measurement

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



Chapter 1
Technical Requirements for Slurry Flow Measurement

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.
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The major advantage of this proposed passive acoustic method is the capability of handling
some harsh industrial environments such as ferromagnetic slurry, dense slurry, abrasive 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
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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 S

Coriolis flowmeter

______ bellyup |
buffer tank V10 V8 V7 —————— C-:Eg------‘
‘ \
%o |- %
|
Vo | Coriolis flowmeter | V6(3way)

! \

|

belly down

Figure3.1 Schematic of the slurry flow test rig

Figure3.2 Photo of the slurry flow testgi
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