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Abstract

Wet gas metering is becoming an increasingly important problem to the oil and gas
industry. Much research has been done to measure the water and gas flow rates of
two-phase flows using a Venturi meter. The Venturi meter is a favoured device for
metering of unprocessed wet natural gas production flows. In this thesis, various
combinations of techniques have been employed in annular gas-liquid two phase
flows to measure the flow parameters (e.g. liquid film thickness, gas volume fraction
and gas and water flow rates). One of the most useful techniques which was used and
which has proven attractive for many previous multiphase flow applications is the
electrical conductance technique used in conjunction with the Venturi.

In this thesis, research has been done on designing a novel wet gas flow metering
technique, which combines a Venturi with conductance sensors at the inlet and throat
to measure the gas and the water flow rates and gas mass flow rate in vertical annular
(wet gas) flows. Two ring conductance sensors at the inlet of the Venturi were used to
measure the film velocity by cross correlation, one of the inlet ring conductance
sensors was used to measure the film thickness and the inlet gas volume fraction. A
ring conductance sensor at the throat was used to measure the gas volume fraction at
the Venturi throat. A digital level sensor was also used to measure the film thickness
(and the gas volume fraction) at the inlet of the Venturi. The reason for measuring the
film thickness, the film velocity, the gas volume fraction at the inlet and the throat of
the Venturi was to determine the gas and water flow rate and the gas mass flow rate in
annular wet gas two phase flow using a variety of mathematical models of Venturis.

This work included both static ‘bench’ and flow loop experiments. In the flow loop
experiments, which were limited to air-water two-phase flow, the test section included
a Venturi meter with a 50mm inlet diameter with conductance sensors at inlet and the
throat. Reference measurements of the water and air were made with a turbine flow
meter and a variable area flow meter respectively. A Honeywell DP cell sensor was
used to measure the differential pressure between the inlet and the throat of the
Venturi.

A NI USB 6009 data acquisition device was used to integrate the system
measurements and to control the operation of the overall Venturi system. A program
was created using Labview software to read the input signals from the throat
conductance ring sensor; the inlet conductance ring sensors; the digital level sensor;
the DP cell sensor; the variable area flow meter and the turbine meter. From these
measurements the gas volume fraction at the Venturi inlet and the throat, the
differential pressure between the inlet and the throat of the Venturi, the film thickness
and the film velocity at the Venturi inlet were calculated and were used with
appropriate mathematical models to calculate the gas volumetric rate; gas mass flow
rate; and the water mass and volumetric flow rates. Reference values of the gas a
water flow rates were also calculated from the turbine meter and variable area flow
meter outputs.




Ph.D. Thesis Abstract




Ph.D. Thesis List of Contents

Table of Contents
D =To] P T LA o] PSSP UROPPRO 13
N 01511 - (o1 PSPPSR
Table OF CONLENTS......ociiiecic et eae e
TaDIE OF FIQUIES ..o
T o) I o] [P PRR
NOMENCIALUIE ...ttt e st e e beesaaeabeesree s 13
ACKNOWIEAGMENTS. ... 14
Chapter 1 INtrodUCTION........ccviiiiiiic et 20
L LU0 [N Tt o] o ISP RUROUPRP 20
L1 What IS WEL GaAS?.....eeccieeiiecciec ettt sne e e 20
1.2 Wet Gas MELEIING .....eoivie ettt 21
1.3 Multiphase flow meters (MPFEMS) ..o 22
1.3.1 What are multiphase flowS?..........cccvoiieiiiiiicce e 23
1.4 Wet Gas Measurement TEIMIS......ccouuiuiiieriiieriee et siee e 23
1.5 Overall ReSearch AM ........cociiiiiiie e 27
1.6 SErUCTUIE OF tNESIS ..veiiieccee e e 28
Chapter 2 Literature REVIEW ........ccveiiiiiieiii ettt 30
L LU0 [N Tt o] o ISP RUROUPRP 30
2.1 Traditional teSt SEPAratOrS .........cccveerierierierie et 30
2.2 Vertical pipe fIOW regimes........ccoeiiiiiiiiie e 34
2.3 ANNUIAI FIOW ..o e 35
2.3.1 Film thickness in annular flow............ccocovviii i, 36
2.3.2 Measurement techniques for film thickness ............ccocviiiiiiienen, 37
2.4 Direct measurement techniques in multiphase flow ...........cc.cocceevviiieine, 40
24.1 Phase volume fraction Mmeasurement ...........cccccvevveeenvenesreeseeseeeeenens 40
2.4.2 Phase velocity MmeasuremMent..........cccvevvveiieiie i 47
2.5 Previous correlations on Venturis and orifice meters used for two-phase flow
MEASUNEIMENTS ....eitiie ettt et e e et e et e e s b e e et e e snseeesnseeennseeennes 60
25.1 The Murdock COrrelation ............ccoovvereiieiiene e 60
2.5.2 The Chisholm correlation ... 62
2.5.3 The Lin Correlation ..........coooviiiie i 63
2.5.4 The Smith & Leang correlation ............cccooovevvieiieie e 64
2.5.5 The de Leeuw COrrelation ..........ccovveiiieiieie e 65
2.5.6 The Steven correlation ... 67
25.7 ADDAS MOTEL ... 69

2.6 Research Methodology ........cccooeiiiiiiii i 70




Ph.D. Thesis List of Contents

SUMIMAIY ..ttt ekttt e bt e bt e s he e e bt e eae e e sbe e e nbeesbeesnne e e 72
Chapter 3 The Measurements and Mathematical Modelling............c.ccoeeveveinennn. 74
INEFOTUCTION ...ttt sttt nbe e nnes 74
3.1  The measurements we Need t0 take .........ccoveereiiniieie s 74
3.11 The film velocity measurement: Uf .....ccocoviniiieneninniec e 75
3.12 The film thickness MeasuremMents 8 0r & .......coo.vveeveeverersrerereennnn. 75
3.1.3 The Gas volume fraction measurement al.......cccooeeveveieerenieesnennnn 77
3.1.4 The water conductivity MeasUremMenNtS. ........ccoovvvvrerereneneseseeeeeens 78
3.15 The Gas volume fraction measurement at the throat o2...................... 79
3.1.6 Differential pressure in wet gas flow AP ..........ccccoovviiiiieiicciicc, 80
3.2 Vertical annular wet gas flow model ..., 83
3.3 Vertical homogenous gas-water two phase flow model ............c..cceeuveneenee. 90
3.4 Homogenous model assuming no slip between water and air in wet gas flow
...................................................................................................................... 93
SUMMIAIY .ttt b e s bt e bt e e ebb e e e bb e e e be e e enbb e e nnbeeennneas 96
Chapter 4 Design and Construction of a Conductance Venturi Meter.................. 97
INEFOAUCTION ...t bbb 97
4.1  Design of the Venturi meter with inlet and throat conductance sensors......98
4.2 The measurement eleCtroniCs SYStEM.......ccvuuvrierirrieriereeie e 106
4.2.1 The conductance electronic circuits for upstream ring sensors A and B
108
4.2.2 The conductance electronic circuits for the throat ring sensor .......... 118
4.2.3 The conductance electronic circuit for the digital level sensor.......... 120
SUMMAIY .t e b e ne e 129
Chapter 5 Bench Tests on the Venturi with the Conductance Sensors................ 130
INEFOTUCTION ...ttt et esreenteeneeareenne s 130
5.1  Bench tests on the Venturi with the conductnce Sensors.............cc.ccoveneee. 131
5.1.1 Simulation of the liquid film thickness and the gas volume fraction at
the Venturi inlet in simulated vertical annular flow .......................... 131
5.1.2 Experimental setup of simulated vertical annular two phase flow at the
VENEUIT INIEE Lo 134
5.1.3 Simulation of the liquid film thickness and the gas volume fraction at
the Venturi throat in simulated vertical annular flow ..................... 135
5.1.4 Experimental setup of simulated vertical annular two phase flow at the
VENEUI tNFOAL ..o 137
5.15 Experimental results from the upstream ring sensor B at Venturi inlet
and ring sensor C at the throat in simulated annular flow ................. 139




Ph.D. Thesis List of Contents

5.2  Experimental setup and the results for the digital level sensor.................. 142
SUMMIATY .ttt e bt e sb bt e et b e e e bt e e e bb e e enbe e e snbeeennbeeennes 146

Chapter 6 The Annular Flow Ring and its Associated Measurement
Instrumentation 147

INEOTUCTION ...ttt et esbe et sneenne s 147
6.1  Two phase flow loop capabilities ... 148
6.1.1 Annular gas-water two phase flow configuration................cccccveeene. 149
6.2  Reference measurement devices used on the gas-water two phase flow loop.
.................................................................................................................... 152

6.2.1 AL SUPPIY . 152
6.2.2 The Variable Area Flowmeter (VAF) ... 153
6.2.3 Turbine FlOW MEter ......c.ooiiiiei s 157
6.2.4 Differential pressure deViCe .........ccoveivveiveiesieese e 158
6.3  The change-over valve and flushing System...........ccccceviviiiiiniiieieenn, 160
6.4  Data Acquisition and Control ...........ccccceeveiiieiiicii s 161
6.4.1 National Instruments USB-6009 data acquisition (DAQ) device......162
6.4.2 SYSIEM INTEITACE ... .ccuieiece e 163
6.5  Parameters and flow conditions of the experiment.............cccocvvvriinnnnne 165
SUMMEIY . b e 168
Chapter 7 Experimental RESUILS ..........cccoiiieiieie e 169
L1 oo [0 Tod o] o ISR PRPRTRSS 169

7.1 Effect of the gas superficial velocities on film thickness at the inlet of the

WBNMEUIT .ttt bbb bbbt e e bbbt bt nes 170
7.2 Effect of the water superficial velocities on film thickness at the inlet of the
WBNMEUIT .ttt bbbttt et e b bbbt ne e s 172
7.3 Flow conditions of vertical annular (wet gas) flows..........c.ccccoovriiinnnnn. 173
7.4 Liquid film thickness measurement at the inlet of the Venturi.................. 175
7.5 Study of the gas volume fraction at the inlet and the throat of the Venturi in
annular (Wet gas) FIOWS...........coviieiiiecec e 176
7.5.1 The gas volume fraction measurement at the inlet of the Venturi.....176
7.5.2 Comparison between the gas volume fraction at the throat and no-slip
gas volume fraction in the homogenous model ............c.ccocovviiinnne, 178
7.5.3 Comparison between the gas volume fraction at the inlet and no-slip
gas volume fraction in the homogenous model ............c.ccocovviiinene, 179
754 Comparison between inlet gas volume fraction and the throat gas
VOIUME FraCtiON ..o 180
7.6 Cross-correlating the conductance upstream ring sensors A and B........... 181
7.7 Measuring the water flow rate in annular gas-water two phase flows....... 183
7.8  ADDAS MOEL ... 184
7.8.1 Measuring the gas flow rate in vertical annular water-gas flow using
the Abbas model [81]......cccooiiiiiiiiieie s 184




Ph.D. Thesis List of Contents

7.9 HOMOQENOUS MOEN ......c.eiiieiieece e 187
7.9.1 Measuring the homogenous mixture volumetric flow rate................. 187
7.10 Homogenous model assuming no slip gas volume fraction....................... 190
7.10.1  Measuring the homogenous mixture flow rate assuming no slip gas
VOIUME FraCtioN ....ccvvciecic e 190
7.10.2  Measuring water flow rate using homogenous, assuming no slip, gas
volume fraction and cross-correlating ...........cccocvevevienieeie e 196
7.11  Scaling factors required to obtain the correct water flow rate.................... 199

7.11.1  Scaling factor y based on the assumption that the inlet gas volume
fraction a1, rs measured by the inlet ring senor is incorrect and the
liquid film velocity Uf, Xc 1S COIECT .......cccvviiiiiiiiiesese e 199

7.11.2  Scaling factor ¥ based on the assumption that the measured gas
volume fraction a1, rs is correct and the film velocity Uf, xc is

T Tol0] <ot PRSP UPRPRURRPN 201
7.11.3  The effect of ENtrainment .........ccccoveveieiieie e 204

7.12  Scaling factors required to obtain the correct gas flow rate using the
homogenous model, and assuming no slip gas volume fraction..............cccccccunee. 206
SUMMEAIY L.t 210
Chapter 8 Conclusions and FUture WOrk ..........cccccevivereiiene e 212
8.1 (OF0] 000 (1] [0 LSRR 212
8.2 Present CoNtribULION ..........ccooiviiiic e 216
8.3 Recommendations for Future Work.............ccooeviiniennenin e 216
RETEIENCES oo re e nes 218




Ph.D. Thesis List of Tables

List of Tables
Table 4-1: Truth table of BCD encoder 1 and equivalent number .............ccccooeenee. 126
Table 4-2: Truth table of BCD encoder 2 and equivalent number3 .............ccccceeuee... 126
Table 5-1: Drod, i and &i, sim used in the eXperiments .........cccccoererenenesenieenenns 133
Table 5-2: Drod, i and 6i, t, sim used in the experiments ............ccocoovneiiiieenenn. 137
Table 7-1: Flow conditions used to investigate effect of gas superficial velocity on
liquid film thickness measured by the digital level sensor ...........cccoceviiiiiiiecnnnne, 171
Table 7-2: Flow conditions used to investigate effect of water superficial velocity on
liquid film thickness measured by the digital level sensor ...........cccccveveiiieiieinnnne, 172
Table 7-3: Flow conditions of all sets of data in annular (wet gas) flow................... 174
Table 7-4: Reference water flow rates and the corresponding water superficial
velocities used throughout the eXperiments...........ccocvvviiiiiiieiese s 174
Table 7-5: Reference gas flow rates used throughout the experiments .................... 174
Table 7-6: Flow conditions of current work and Abbas Work...........cccccevvvivieennenn. 186




Ph.D. Thesis List of Figures

Table of Figures
Figure 1-1: Schematic of flow phases distribution in annular flow................cccceeee. 25
Figure 1-2: Generic map of two-phase flows for horizontal pipe geometry [9].......... 27
Figure 2-1 Simplified oil well separator [21] .......ccceoiieiiiiiie e 32
Figure 2-2 Generic map of two-phase flows for vertical pipe geometry [9] ............... 34
Figure 2-3 Vertical annular FIOW............ccoiiiiiiii e 36
Figure 2-4 Fluid electronic conductance CIrCUIL ...........ccevveveeieieerie e 41
Figure 2-5 The impedance method of component fraction measurement [55]............ 43
Figure 2-6 Gamma attenuation MeasUreMENT ...........cccvevverrereeieeseere e s 45
Figure 2-7: Gamma ray densitometer: A hypothetical flow where the liquid and gas
phases are in Layers perpendicular to the radiation beam ............ccccccovevivevr e, 46
Figure 2-8: Gamma ray densitometer: A hypothetical flow where the phases are
arranged in Layers parallel to the radiation beam...........ccccccevveveiieiicic s 47
Figure 2-9 Differential pressure measurement systems (a) Venturi, (b) orifice [70] ..49
Figure 2-10 A schematic diagram of a cross-correlation flow meter .............c............ 50
Figure 2-11 Cross-correlation function [56] .........c.coviiiiiiiiiieieiecse e 51
Figure 2-12 Turbing Meter [73] ..ocveoeee et 52
Figure 2-13 The Karman vortex street — with vortices formed on alternate sides in the
low pressure area of a bIuff body [73] ....c.cooveieiieiiecee e 55
Figure 2-14 A schematic diagram of ultrasonic flow meter configuration.................. 56
Figure 2-15: Transducers configurations to measure the gas flow rate in annular flow.
...................................................................................................................................... 60
Figure 3-1 Vertical annular gas-water flow through a Venturi............ccccccoevvvviinennenn, 81
Figure 3-2 Venturi Inlet, converging and throat SECtiONS ...........ccccoeviiiierinniieienns 85
Figure 3-3: Vertical homogenous wet gas flow in a Venturi meter.............cc.ccoevvenee. 93
Figure 4-1: The design of the conductance Venturi Meter ..........cccocoeeiereiinnnieinennns 99
Figure 4-2: A schematic diagram of the Venturi meter with Venturi photograph.....100
Figure 4-3: The assembly parts of the conductance Venturi meter (CVM) .............. 101
Figure 4-4: Inlet section of the VENTUI..........cccveviiiiiieie e 103
Figure 4-5: Design of the ring sensor electrodes for the inlet..........c.cccooiiiiinnnen. 103
Figure 4-6: Design of the ring sensor elctrodes for the throat .................ccccovervennnne. 104
Figure 4-7: Design of the Venturi throat SeCtion ...........cccoovveieiiiinnee, 104
Figure 4-8: Design of the Venturi outlet SECtION ..........ccceevvevveiicicceee e 105
Figure 4-9: O-rings for the inlet and the throat ring SENSOrS..........cccccevviivevieiiieeninns 105
Figure 4-10: Design of the dlIs sensor head mounting bracket placed at the Venturi
] L TSSOSO UPURTRRRRS 106
Figure 4-11: 2D drawing of the Venturi with conductance sensors after assembly ..106
Figure 4-12: Venturi meter with all conductance SeNSors ...........ccccvevveviivevieiiieeninens 108

Figure 4-13: Block diagram of the measurement circuit for ring sensors A and B...109
Figure 4-14: Switching mechanism and function generator producing high state (1)

.................................................................................................................................... 111
Figure 4-15: Switching mechanism and function generator produce low state (0)...112
Figure 4-16: Excitation signals applied to ring sensors A and B...........cccccocvvvinneee. 113
Figure 4-17: Part Il of the electronic conductance circuit for upstream ring sensor B

.................................................................................................................................... 114

10




Ph.D. Thesis List of Figures

Figure 4-18: Schematic diagram of the conductance electronic circuits for upstream

FiNG SENSOIS A QNG B ...ttt ae e nns 117
Figure 4-19: Block diagram of the measurement circuit for the throat ring sensor...118
Figure 4-20: A circuit diagram of the conductance electronic circuit for the throat ring

=] 110 £ T TP U PP TP PP OPRPPP 119
Figure 4-21: Liquid film thickness in vertical annular water-gas flows.................... 120
Figure 4-22: Block diagram of the measurement electronics...........c.cc.ccoovviivnnennnn. 122
Figure 4-23: A schematic diagram of the conductance electronic circuit.................. 122
Figure 4-24: digital level sensor head design for measurement of the liquid film
thickness in vertical annular FIOW ..........cooiiiiiii s 123
Figure 4-25: Photograph of the digital level sensor head mounted on the Venturi inlet
.................................................................................................................................... 124
Figure 4-26: block diagram of the digital circuit for measuring the film thickness
.................................................................................................................................... 125
Figure 4-27: Flow chart of the digital level sensor Labview software ................ 127
Figure 4-28: Overall connection diagram for the liquid film measurement ......128
Figure 5-1: Configuration of the vertical simulated annular flow at the Venturi inlet
.................................................................................................................................... 133
Figure 5-2: Bench test experimental setup of simulated vertical water film at the
VENEUIT INIBE L.ttt e steeneenra e aeeneesneennes 134
Figure 5-3: Configuration of the vertical simulated annular flow at the Venturi throat
.................................................................................................................................... 137
Figure 5-4: Bench test experimental setup of the simulated annular flow through the
VENEUIT TNFOAL ... et este e sraenneeneesneenreas 139
Figure 5-5: Calibration curve for upstream ring sensor at the Venturi inlet

) Q% 7K 7 4 N TR 7 £ 140
Figure 5-6: Calibration curve for ring sensor at the throat of the Venturi Kta2 vs a2
.................................................................................................................................... 142
Figure 5-7: Calibration bench test of the digital level Sensor...........c.cccooviiiiinennen. 144
Figure 5-8: Outputs from the 19 channels of the digital level sensor verses water

0 TT T L USRS 145
Figure 6-1 The gas-water two phase flow loop at the University of Huddersfield. The
Venturi with conductance sensors is shown mounted in the test section. ................. 148
Figure 6-2: A schematic diagram of the vertical annular gas-water two phase flow
loop at the University of Huddersfield.............ccoooiiiiiiiiiiicee, 150
Figure 6-3: Schematic diagram of the instrumentation systems and the interfacing
)21 (=] 1 OO P PP PROT 152
Figure 6-4: A photo of Airtec Air Systems Ltd RT-1900 side channel blower and its
SPECITICALION [B5] ..ot 153
Figure 6-5: A photograph of the VAF ..o 155
Figure 6-6: Output voltage VVAF from VAF against gas volumetric flow rate Qg .155
Figure 6-7: Schematic diagram of I/V converter CirCuit............cccooceevvieiiieiieiieeninns 156
Figure 6-8: A photograph of a turbine flow meter.............ccoooiiiiiniiie, 158
Figure 6-9: Photograph of the Honeywell differential pressure transmitter (DP cell)
.................................................................................................................................... 159
Figure 6-10: Calibration of the Honeywell DP cell SDT120 .......c.ccceovvvieiveveenenne. 160
Figure 6-11: DP cell change-over valve and flushing system ..........c.ccccooiiiinnennen. 161
Figure 6-12: Photograph of a NI USB 6009 data acquisition device ..............c......... 162
Figure 6-13: System interface and wiring diagram............cccocerereneneneniesiseseees 164




Ph.D. Thesis List of Figures

Figure 6-14 A general Labview layout of the system ... 164
Figure 6-15: Flow chart of data collection procedure............cccccveveviveiecieiieeceeiee 167
Figure 7-1: Effect of gas superficial velocity on liquid film thickness measured by the
digital level sensor at the Ventuir inlet in annular flow..........c.ccccoocvvieiciiiicceeen, 171
Figure 7-2: Effect of water superficial velocity on liquid film thickness measured by
the digital level sensor in annular flow at the Ventuir inlet in annular flow ............. 173
Figure 7-3: Comparison between the film thicknesses measured by digital level sensor
8 and ring sensor 8 at Venturi INlet...........ccoovvviiiiie i 176
Figure 7-4: Gas volume fraction at Venturi inlet obtained using ring and digital level
SENSOIS AL, 7S VS AL, dIS.......ccooieiiiiiie s 178
Figure 7-5: Comparison between the gas volume fraction a2, rs and ans ............. 179
Figure 7-6: Comparison between the gas volume fraction a1,rs and ans ............. 180
Figure 7-7: Comparison between the gas volume fraction a1,rs and a2,rs.......... 181
Figure 7-8: Correlogram of the two ring sensors signals at Venturi inlet, 1 kHz

T L0010 LT To L= USSR 182
Figure 7-9: Comparison between obtained water flow rates and the reference water
FlOW rateS QW, TS VS QW, Tef ....ooieiieiiiiiiee e 184
Figure 7-10: Comparison between the reference and obtained gas flow rates using
Abbas model QG VS QG, Tef ..o 185
Figure 7-11: Comparison between the reference and predicted mixture flow rates
using homogenous model Qm, H VS QM Tef ..........coccoviiiiiiieeicece e 189
Figure 7-12: Comparison between the reference and obtained gas flow rates using
homogenous model Qg, H VS QG,Tef .......cccooiiiiiiiiiiiiiieeee e 189
Figure 7-13: Comparison between the mixture homogenous flow rate assuming no
slip and the reference mixture flow rate Qm, ns vs Qm, ref ..........ccccoevvvvinenenn. 192
Figure 7-14: Comparison between Qg, de Leeuw and Qg,ref ...........ccccoevvennne. 194
Figure 7-15: Comparison between Q gobtained by Murdock model and Qg, ref ...194
Figure 7-16: Comparison between Qw, ns VS QW, Tef ........cccccevvvveieninnieenneneenns 195
Figure 7-17: Comparison between Qg,1ref VS Qg, TS .....c.cccovvrveiiieiinieiieiieee 196
Figure 7-18: Qw, ns, xc vs Qw, ref reference water flow rate.............ccceevervenenne. 197
Figure 7-19: y vs Qw, ref reference water flow rate...........cccoeveieinininiiinieen, 200
Figure 7-20: (Y @1, 7S) VS (AALS) ...ocooviiiiiiie et 200
Figure 7-21: y vs Qg, ref reference gas flow rate..........ccoceveveiiiiieiieiiiice, 202
Figure 7-22 ¥ vs Qg, ref reference gas flow rate.........ccccoooveviiiiniininniencce 203
Figure 7-23: ¥ vs Qg, ref reference gas flOw rate .........cccceveveveieieicienceieee, 205
Figure 7-24: ¥ vs Qw, ref reference water flow rate...........cccccooeniniiiiiiiiieen, 206
Figure 7-25: @ vs Qg, ref reference gas flow rate ...........ccccoovveriiiiiciniicncee, 207
Figure 7-26: @ vs Qm, ref reference mixture flow rate ..........cccccovvvvevviieniernenene, 208

12




Ph.D. Thesis Declaration

Declaration

No portion of the work referred to in this thesis has been submitted in support of an
application for another degree or qualification of this or any other university or other

institute of learning.

13



Ph.D. Thesis Acknowledgments

Acknowledgments

First and foremost, all thanks and praises are due to God the Almighty for his blessing

that made this work possible and to be completed on time.

Secondly,
Completion of this research work has only been made possible through the valuable
contributions of a number of people over the past three years. The following list is by

no means exhaustive.

I would like to thank my supervisor Professor Gary Lucas who has been a constant
source of guidance, support and ideas throughout the duration of this PhD program at
the University of Huddersfield.

I would like to thank the technicians at the University of Huddersfield Mr. Steve
Goldstein and Mr. Philip Holdsworth, for their help in manufacturing and

modification of the flow loop.

A big thank you to all those in the flow measurements research group for their many

and interesting conversations

Many thanks to my family in Libya especially my father and my mother God's mercy
upon here and my brothers and sisters, for their support and substantial
encouragements from the time | was in my primary school till now. By no means
least, my special thanks to my wife: Omima Abo Ababdalla and my princess daughter
Alia, for their support, encouragement and patience over the last years. | promise you

to make amends for the past years with much fun in the coming years.

14



Ph.D. Thesis

Nomenclature

Acronyms

CVM
DLFLS
dp
GVF
Y
PCB

Symbols

Nomenclature

Conductance Venturi Meter
Digital Liquid Film Level Sensor
Differential Pressure

Gas Volume Fraction
Current-to-Voltage

Printed Circuit Board

Cross sectional area

Steven constant; Equation (2.60)

Avrea at the contraction

Blockage factor

Steven constant; Equation (2.61)
Capacitance

Steven constant; Equation (2.62)

Gas discharge coefficient

Water discharge coefficient

Homogenous mixture discharge coefficient
Diameter

Diameter of the i** nylon rod used in bench tests
Venturi inlet diameter

Venturi throat diameter

Steven constant; Equation (2.63)
Entrainment fraction in annular flow
Froude number

Rotation frequency in turbine flow meter
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Nomenclature

Acceleration of gravity
Conductance of the mixture
Heights defined in Figure 3-2
Heights defined in Figure 3-2
Heights defined in Figure 3-2

Flow coefficient

Corrective coefficient in the Lin correlation (Equation (2.44))

Distance between two sensors (Figure 2-7)

Mass flow rate

de Leeuw number (Equation (2.53) and (2.54))
Static pressure

Atmospheric pressure

Pressure ratio (Equation (3-26))

Volume flow rate

Correct gas flow rate using a homogenous model
Correct mixture homogenous flow rate
Reference water volumetric flow rate

Water droplet volumetric flow rate in the gas core
Resistance

Specific gas constant

Cross-correlation function

Slip ratio

Time period

Velocity

Film velocity

Liquid film velocity by cross-correlation technique
The correct film velocity

Volume occupied by the phase

Dc output voltage

Output voltage, Figure 4-17

Input voltage from the switching mechanism circuit, (Figure (4-17))
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Nomenclature

Rt(“z)

Xmod
AP

APy

APrp

Input voltage

Output voltage in a fluid conductance circuit, (Figure (5-17))
Dc offset.

Dc output voltage from Variable Area Flowmeter.

Dc output voltage from channel B conductance circuit

Dc output voltage from throat conductance circuit

Dc offset from the conductance circuit channel B

Offset voltage of the throat conductance circuit

Cell constant for conductance ring sensor B

Simplifying cell constant for conductance ring sensor B

Cell constant for the ring conductance sensor C

Mass flow quality

Modified Lockhart-Martinelli parameter

Differential pressure drop

Magnitude of the hydrostatic head loss between the inlet and the throat
of the CVM in annular (wet gas) flow

Two phase pressure drop

Greek symbols

Gas volume fraction

Water volume fraction

Variable time delay in cross-correlation technique

Time shift between the maximum similarities in the two measurement
signals

Fluid density

Angle

Specific heat ratio

Diameter ratio

Excitation frequency

The specific heats at constant pressure

The specific heats at constant volume
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Nomenclature

N | €

Subscripts

1

2
Chisholm
de Leeuw
dis

f

g

I,sim

t,sim

Mean gas volume fraction (Equation (3.48))

Water film thickness measured by ring sensor

Water film thickness measured by digital level sensor

Simulated liquid film thickness at the Venturi inlet

Simulated liquid film liquid film thickness at the Venturi throat

Water conductivity measured by a proprietary conductivity meter
Measured water conductivity using a conductance ring sensor with
digital level sensor

Reference water conductivity for calibration experiments

The no-slip gas volume fraction in homogenous model

The actual value of the gas volume fraction a;

Gas volume fraction at the inlet of the Venturi in simulated annular
flow

Gas volume fraction at the Venturi throat in simulated annular flow
The correct value of the gas volume fraction a; ;-

Scaling factor to give the actual value of the gas volume fraction at the
Venturi inlet a,

Scaling factor to give the correct film velocity

Scaling factor taking entrainment into account

Scaling factor to give a correct gas volume fraction at the throat

inlet of the Venturi

throat of the Venturi

Chisholm correlation

de Leeuw correlation

digital level sensor

liquid (water) film

gas phase

simulating annular flow at the inlet of the Venturi

simulating annular flow at the throat of the Venturi
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Nomenclature

hom

I

Lin

m
Murdock
ns

pipe

rod

ref

Irs

Homogenous

liquid phase

Lin correlation

mixture

Murdock correlation
No slip

Pipeline.

nylon rod

reference

ring sensor

gas superficial velocity
Superficial water velocity
Thtoat

water at the gas core
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Chapter 1 Introduction

Introduction

The main objective of the study described in this thesis is the design of a novel wet
gas flow metering technique which combines a Venturi with conductance sensors at
the inlet and throat, and which is capable of measuring the gas and the water flow
rates in annular two phase flow. Various combinations of techniques have been
employed in annular wet gas flow to measure the gas and the water flow rates
parameters (e.g. liquid film thickness, gas volume fraction and the phase flow rates)
they have been used successfully.

1.1 Whatis Wet Gas?

The term wet gas has no official definition, however the companies in the field of
natural gas exploration and production generally agree that the term denotes a
relatively small amount of liquid in a production natural gas flow. In fact, the amount
of liquid can vary from small to substantial amounts of water or liquid hydrocarbons.
The amount and nature of the liquid, as well as the temperature and pressure of the
flow stream will impact the selection and accuracy of the measurement system [1]. To
date there has been no agreed definition of wet gas and several definitions have been
proposed. Some researchers adopt the definition that wet gas is a flow with gas
volume fraction greater than 95% [2]. Other authors set the gas volume fraction at
greater than 90% [3]. For the purpose of this work the definition of wet gas flow is
simply a gas-liquid two phase flow, or to be specific, an air-water two phase flow in
the annular flow regime. The main flow regimes found in vertical liquid-gas flows are

described in Section 2.2.
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1.2 Wet Gas Metering

Wet gas metering is becoming increasingly important in natural gas exploration and
thus for the Oil and Gas and Chemical industries. Wet gas flows are becoming more

common for two reasons.

1:- The gas industry wants to increase production from off-shore platforms. Many
natural gas producers are developing new fields that produce two phase flows of
natural gas with sea water or natural gas condensate. These marginal fields are having
their wet natural gas production flows combined with dry flows or other wet natural
gas production flows upstream of the separator facilities. Thus wet gas metering is

becoming increasingly important.

2:-Over time as dry natural gas wells age, changes in flow conditions including a
reduction in line pressure may result in the heavier hydrocarbon gases condensing in
flow-lines and transportation pipelines may have wet gas flow [4]. Because many gas
wells world-wide are now coming to the later stages of their production life there has

been an increased demand for wet gas metering.

Hence the applications of wet-gas metering have increased in recent years and wet
natural gas metering is becoming an increasingly important technology to the
operators of natural gas producing fields. However, there have been additional
pressures for accurate wet gas metering, particularly in allocation, monitoring of
production and the moves towards fiscal metering for newly developed marginal and

large gas fields. .

Measurement of the gas and the liquid flow rates in wet gas flow is of critical
importance and the Venturi meter is a favoured device for the metering of such flows.
A number of other metering technologies are also currently available, including
separation type meters, a combination of throttling devices, ultra-sonic meters and
conventional single-phase flow meters. This chapter briefly describes wet gas
metering of multiphase flows and defines such terms as multiphase flows, flow

regimes, vertical flow regimes, and then introduces some wet gas measurement terms.
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The Aims and Objectives of the current study are given and finally the structure of
thesis is presented.

International trade in natural gas increased by 9% in 2004 (BP Review, 2005). Natural
gas production increased by 2.4% in 2007, in 2009 the United States became the
world's largest gas producer as measured by the International Energy Agency. The gas
produced is mixed with liquid hydrocarbons and water that may be present in the
same zone as the oil and gas. Also there will be condensed water in the wellbore and
at the surface as flow pressure and temperature drop. Thus the techniques used for

metering dry gas metering cannot be employed for all flows.

A number of wet gas metering technologies have been developed and some are
currently available commercially, but most metering technologies are still being
tested, analysed and validated. Venturi flow meters are widely used by the oil
companies and much work has been carried out on wet gas metering using advanced
Venturi flow meters which are simple and reliable, contain no moving parts, have a
low and permanent pressure loss, low operating cost, accurate, repeatable and cost
effective. These characteristics have led the author to choose the Venturi flow meter

for this project.

1.3 Multiphase flow meters (MPFMs)

For the reasons given above the development, evaluation and use of multiphase flow
meter systems has been a major focus for the Oil and Gas industry worldwide over the
last two decades. So far, many alternative metering systems, including both
established and novel technologies, have been developed but none of them can be
referred to as generally applicable or universally accurate for the measurement of gas,

water and oil flow rates in all of the different types of two or three-phase flows.

The first commercial multiphase flow meter appeared about twenty years ago, as a
result of several multiphase metering research projects that took place in the
early 1980's [5]. The multiphase flow meter is becoming more accepted in the field
and is starting to be considered among the primary metering solutions for new field

developments, the recent commercial available multiphase flow meters such as
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Schlumberger VenturiX meter technology, Roxar multiphase meter, Framo multiphase
flow meter and NetOil&Gas measuring skid. The universities, research centres and oil
companies that contributed to that development are carrying out further studies on the

subject.

1.3.1 What are multiphase flows?

The term ‘Multiphase flow’ is used to refer to any fluid flow consisting of more than
one phase or component flowing simultaneously in a pipe. A multiphase flow is the
flow of a mixture of phases such as liquid-liquid (e.g. water in oil), or liquid droplets
in gases, or gases in a liquid (e.g. natural gas bubbles in oil) [6, 7]. In this research,

the multiphase flow under consideration is air-water two phase flow.

1.4 Wet Gas Measurement Terms

The Wet Gas Measurement Group use specific definitions and terms to describe wet
gas flow and its effects on metering. The following are some of those commonly used
today, not all of the terms are used in the current study, but these are presented for the

purpose of general knowledge and overview.

> Gas Superficial Velocity Uy,
In a gas-liquid flow, this term refers to the gas velocity in the pipe that would
exist if there were no liquid present in the gas flow. If liquid is present in the
pipe, the actual gas velocity will be higher due to the reduction in available
pipe area caused by the liquid present taking space in the pipe. The superficial
gas velocity is defined as the gas volumetric flow rate divided by the total pipe
cross sectional area. Mathematically, the superficial velocity of gas, Uy can

be expressed as:

Equation 1.1
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where @ is the gas volumetric flow rate and A the cross sectional area of the
pipe.

» Water Superficial Velocity U,
In a gas-water flow, the term water superficial velocity refers to the water
velocity that would exist if there were no gas present in the gas flow. The
superficial water velocity is defined as the water volumetric flow rate divided
by the total pipe cross sectional area. Mathematically, the superficial velocity

of water, U,,; can be expressed as:

Equation 1.2

where Q,, is the water volumetric flow rate and A the cross sectional area of

the pipe.

» Gas Volume Fraction ag

In-situ gas volume fraction, is defined as the ratio of the area occupied by the

gas to the total flow area as shown in Figure 1-1.

Equation 1.3

where A is the area of the pipe cross section containing gas and A, is the total

cross sectional area.

» Water Volume Fraction «,,
In-situ water volume fraction, is defined as the ratio of the cross-sectional area
of the water film (and entrainment water droplets if they are present) to the

total cross-sectional area of the pipe as shown in Figure 1-1.
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Ay

a, =—
Ae

Equation 1.4

where A,, is the area of the liquid film and A; is the total cross-sectional area

of the pipe. The sum of these phase volume fractions is equal to one.

A, + A
aw+ag=gA—tW=1

Equation 1.5

A, Film Area

Droplet Area

A, Total Cross Sectional Area

Ay Gas Area

Figure 1-1: Schematic of flow phases distribution in annular flow

» Liquid Load
Liquid load, or mass ratio is used to define the amount of liquid in the two-
phase gas-liquid flow. This term is generally defined as the ratio of the liquid
mass flow-rate to the gas mass flow-rate and is commonly expressed and used

in calculations as a percentage value.

> Martinelli & Lockhart Parameter
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The term Martinelli Lockhart number X is a dimensionless parameter that is
used to correlate gas and liquid flow in a pipe. It was derived by two engineers
Martnelli and Lockhart who worked on steam flow measurement and is used

by wet gas researchers in wet gas calculations. The [8] parameter X defined as:

Equation 1.6

where (Z—E) is frictional pressure gradient, assuming that liquid alone is
l

flowing in the pipe and (Z—g) frictional pressure gradient, assuming that vapor
v

alone is flowing in the pipe

» Measurement Over or Under Reading
Over reading measurement occurs when the flow measurement device
operating in a wet gas environment reports a higher flow-rate than is actually
occurring. Under reading measurement occurs when a flow measurement

device reports a lower flow-rate than is actually occurring.

» Conductivity
The capability of a material to conduct or transmit electricity, sound or heat.

Its units are Siemens/m or S/m

» Mass flow rate
Mass flow rate is defined as the rate of movement of fluid mass through a unit

area.

» Wet gas flow patterns in vertical flows
In vertical gas-liquid flows, as the superficial gas velocity increases the
multiphase flow will change between different regimes, bubble - slug - churn
and annular (see Figure 2-2). Note that for high superficial gas velocity, the
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multiphase flow is annular for all superficial liquid velocities (refer to chapter
2 section 2.2 and Figure 2-2). The flow that are relevant to this work are

annular flows (see Figure 2-2) with and without entrained liquid droplets.

» Wet gas flow patterns in horizontal flows
The wet-gas flow regimes in a horizontal pipe are affected by gravity which
causes the gas phase to flow at the upper side of the horizontal pipe (see
Figure 1-2). In horizontal flows, the transitions are functions of factors such as
pipe diameter, interfacial tension and density of the phases. However

horizontal gas-liquid flows are not relevant to the present study.

100

~
(5]

1.0

Superficial liquid velocity (m/s) Uls
o
=~

Stratified

0.01
0.01 0.1 1.0 10 100

Superficial gas velocity (m/s) U gs

Figure 1-2: Generic map of two-phase flows for horizontal pipe geometry

[9]

1.5 Overall Research Aim

The overall aim of this research is to measure phase volumetric flow rates in wet-gas

annular flows to an accuracy of 1% on each phase. In order to do this the use of a
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Venturi tube with conductance sensors was decided upon after extensively reviewing

previous literature as described in chapter 2.

1.6 Structure of thesis

This thesis is organised in nine chapters describing the work that was done to achieve

the aims and objectives of this work. This thesis is laid out as follows:

CHAPTER 2

CHAPTER 3

CHAPTER 4

CHAPTER 5

A literature review of the subject area is presented
encompassing traditional test separators, measurements
techniques in multiphase flow and previous correlations on
Venturis and orifice meters used for two-phase flow
measurements (e.g. Murdock, Chisholm, Smith and Leang, Lin,
de Leeuw and Steven correlations) are also discussed in this

chapter.

This chapter introduces the measurements and mathematical
model, employed is this thesis the measurements needed, and
how these measurements will be integrated into the
mathematical model to give the liquid and gas flow rates which
enable the gas and mass flow rate to be determined.

The design and construction of: a Venturi meter, conductance
electronic circuits for two upstream ring sensors, for the throat
ring sensor and for the digital level sensor are all described in

this chapter

This chapter describes bench tests on the Venturi with
conductance sensors at inlet and the throat. To simulate the film
thickness (and hence the liquid volume fraction) in annular
flow through the Venturi meter, different diameter nylon rods

were inserted through the inlet and the throat sections of the
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CHAPTER 6

CHAPTER 7

CHAPTER 8

Venturi whilst the gap between the outer surface of the nylon
rod and the inner surface of the Venturi was filled with water,
representing the water film in a real annular flow situation.
Also the calibration of the digital level sensor at the Venturi

inlet is presented.

This chapter presents the experimental devices and flow loop
procedures used to carry out flow measurement of two phase
flows using a Venturi meter in the annular vertical flow regime.
The calibration procedures for the reference equipment are also

described in this chapter.

This chapter presents the experimental results obtained using
the Venturi meter with conductance sensor at inlet and throat
for vertical annular (wet gas) flow. Most results are presented
in a graphical format. Predicted gas and water flow rates in a
annular gas-water two phase flow were obtained from the
Venturi with conductance sensors flow meter and compared
with reference gas and water flow rates. The results of the
current study were used to test the Abbas model and
homogenous model, and also used with the de Leeuw and

Murdcuk correlations models.

The main conclusions drawn from the research work, and

proposals for future work, are presented.
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Chapter 2 Literature Review

Introduction

In the petroleum industry, gas water two phase flows are widely encountered in
production processes such as exploration and transportation. The accurate
measurement of the flow rate of gas-water two-phase flows is necessary in industrial
processes. Many methods have been proposed for this, such as single-phase flow
meters, ultrasonic methods, conductance techniques, tomography and capacitance
methods. Among them the differential pressure (DP) meters play a significant role and
have been widely used as two phase flow meters.

At present, the application of differential pressure flow meters in multiphase flow
measurement is of increasing research interest, (e.g. Venturi and orifice meters) and a
number of correlations have also been developed for multiphase flow measurements
with differential pressure devices for example by; [10], [11, 12], [13], [14], [15, 16]
and [2].

In this chapter, the test separator as traditional solution employed in multiphase flow
applications is presented in Section 2.1, vertical pipe flow regimes is presented in
Section 2.2, a review of existing techniques for measuring multiphase flows is
presented in Section 2.3. Following this, previous correlations associated with
Venturis and orifice meters used for two-phase flow measurements are presented
Section 2.4 finally measurement techniques for film thickness in annular flows are

presented in Section 2.5.
2.1 Traditional test separators

In the field, accurate flow metering has traditionally involved the separation of
multiphase flows into component phases (gas and liquid e.g. oil and water) using

dedicated test separation equipment [17]. Such a process then allows the measurement
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of the individual flow rates using proven single phase flow measurement techniques
such as turbine meters, orifice plates and positive displacement meters. However, the
development of unmanned and sub-sea installations highlights the expense and
complexity of this approach and so other technologies have been developed to

eliminate the necessity of phase separation [18].

While a new generation of multiphase flow meters offers the potential of capital and
operational advantages, no single technique has yet been found to be effective over all
multiphase metering conditions [19]. Indeed, routine multiphase measurements at
production facilities exist as a test separator combined with instrumentation to form a
multiphase flow meter [20]. Figure 2-1 shows a schematic of a traditional three phase
separator with its associated instrumentation. The test separator consists of the

following major parts:

1. Inlet emergency shutdown (ESD) valve.

2. Three ESD valves - one each at the outlets for water, gas and oil.
3. The vessel.

4. Level control valves for oil and water (LCV).

5. Pressure control valves.

In general, the feed to the separator is a mixture of gas, oil and water. Due to the
difference in density, the oil sits on top of the water and flows over a weir from
compartment A into a separate compartment B. In the latter, the oil level is
maintained by means of the outlet LCV activated by a level controller (LC). In a
similar way, a constant oil/water interface is maintained by a second LC that adjusts
the water output from compartment A. In order to ensure that the gas leaving the
separator is free of liquid droplets, the gas section is fitted with a set of baffles to
promote the separation. A gas control valve is used to maintain the pressure of the
separator. Following the phase separation, each phase flow rate may then be metered

separately.
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Inlet (oil.water & gas)

>
ESD

Compartment B

Compartment A

LCV iESDi
LCV ESD

Figure 2-1 Simplified oil well separator [21]

This form of multiphase treatment with a test separator is today used mainly for
production testing and so such measurement is performed only periodically to
determine performance by establishing the flow rates of oil, water and gas per well
under prevailing conditions of pressure and temperature. Where a number of wells
exist at a facility, combined production flows into a production separator via the test

header, and in general only one well at a time may be routed to the test separator.

Once taken, these measurements can then be correlated either to a dedicated flow
device, e.g. a Venturi wet gas meter, or to well-head valve conditions. While the
relationships are well understood, both in theory and practice, for wet gas flows, for
other regimes, e.g. slug flows, the correlations are more approximate and empirical.
The aim remains, however, to replace test separators with flow meters that can
discriminate between the various phases with sufficient accuracy in a continuous, on-

line, real time fashion.
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Replacement of the conventional test separator with a multiphase measurement
system has a number of advantages. Some of the advantages of using multiphase flow

meters in multiphase flow applications include;

(1) Multiphase flow meters (MPFMs) are suited for offshore applications
because a MPFM is lighter and more compact than a test separator.

(i) For an accurate MPFM, real-time measurements of oil, water and gas
flows can be made simultaneously without separation of the phases.

(i)  MPFMs can be cheaper than test separators because they eliminate the
need for test lines, separators and separate flow meters.

(iv) MPFMs can work under a wide range of temperatures and different

pressures.

These are the disadvantages of a test separator.

(i) Test separator is very expensive.

(i) It is not practical in many sub-sea applications because it needs large space
for the equipment and facilities.

(ili) It takes a long time to test the oil or gas well compared with a MPEM. The
reaction time of a separator could be hours while for a MPEM it could be
minutes [2].

(iv)  Maintenance work of the test separator is very difficult particularly in sub-

sea applications.

The ideal technical solution would involve the elimination of the separator (and its
disadvantages) and the use of a multiphase flow meter to monitor continuously the
flow rates of the different phases on each well. To be able to view production
variations in real time would enhance reservoir management, reduce costs and
increase the ultimate recovery, especially of the condensate. These advantages are
further enhanced for isolated or sub-sea facilities. However, such a multiphase flow
meter must combine a relatively low cost, whilst being robust, reliable and reasonably

accurate.
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2.2 Vertical pipe flow regimes

It is common to find multiphase flow in oil well pipelines; the pressure drop
experienced by the oil as it is transported from the bottom of the well to the surface
can result in gas release from the liquid oil phase. The flow regimes in vertical risers
are usually fully developed and essentially axial-symmetrical and the multiphase flow
features seen are dependent on the age of the well with a larger gas vapour fraction
found in older wells. Figure 2-2 shows a generic map of two-phase flows in vertical
pipes issued by the Norwegian Society for Oil and Gas Measurement [22], based on
gas and liquid superficial velocities, for upward multiphase flow in a vertical pipeline.
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Figure 2-2 Generic map of two-phase flows for vertical pipe geometry [9]

The vertical flow regimes are commonly categorised into four main classifications:
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Bubble (including finely dispersed bubble): At low gas flow rates, a continuous
liquid phase is formed with the gas phase producing discrete bubbles within the
continuum. The gas bubbles may coalesce to form larger bubbles or slugs.

Slug: Increased gas flow rates increase bubble coalescence until the bubble diameter
eventually approaches that of the pipe diameter. The resulting flow alternates between
high-liquid and high-gas composition.

Churn: This is somewhat similar to slug flow, but more chaotic in nature owing to
the larger gas flow rates. The slug bubbles have become distorted to form longer,
narrow structures and the flow adopts a random oscillatory nature. The liquid flow
occurs mainly at the pipe wall but a significant proportion is vigorously mixed with

the gaseous core.

Annular: At very high gas flow rates, the liquid phase is forced to flow up the pipe
wall as a liquid film while the gas flows in the centre. The interface between the
phases is typically wavy. The wavy interface enables liquid entrainment in the
gaseous core. When the quantity of entrained liquid becomes significant, the flow is
described as being in the annular mist regime. This is the regime of interest in the

present study.

2.3 Annular flow

Annular flow in a vertical upward pipe is a very common two-phase flow pattern and
its structure is quite complicated. It is a two-phase flow (gas-liquid) configuration, in
which some of the liquid travels as a film on the pipe walls and the remainder is
carried as drops by the gas in the centre of the pipe. Figure 2-3 shows a schematic plot
of a typical annular flow regime. The fraction of liquid travelling as drops is
considered as the entrained fraction and this may vary from zero to a value close to

one.

Annular flow occurs at high or low gas and low to medium liquid flow rates and at all

pipe orientations. At high liquid flow rates, roll or disturbance waves appear on the
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film [23]. Disturbance waves are the most obvious feature of the liquid film in annular
two-phase flows [24].

Liquid film
j \

Entrained droplets e

7 .
Gas core — ,\Dmturbance wave

Wet gas flow

Figure 2-3 Vertical annular flow

In annular vertical flow the film is fairly uniform around the pipe circumference but
for inclined and horizontal pipes, gravity causes a significant asymmetry of the film,
and the liquid film thickness is found to be much thicker on the lower side than on the
upper side of the pipe. In this research, annular flow is the principal regime of the wet
gas flows studied. In the flow loop experiments described in this thesis the gas at large
enough flow rate to support a liquid film on the wall of the pipe and so the annular
flow regime occurs, in which a liquid film flows at the pipe wall while gas core flows
at the centre of the pipe with some entrained liquid droplets. The liquid film

thickness &, the liquid film velocity Uy and the entrainment fraction E of the annular

flow regime were all studied in this study.

2.3.1 Film thickness in annular flow

Two-phase flow is commonly encountered in many industrial processes. Due to its

practical interest, extensive experimental and theoretical studies have described two-
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phase flows in the last decades [25-28]. In the analysis of gas—liquid two-phase flow
systems, especially for annular flows, the liquid film thickness is treated as one of the
key parameters [29, 30]. Once the liquid film thickness is determined, it becomes
easier to estimate the two-phase parameters, such as the volume fraction and the gas
and liquid velocities. The general trend is for the mean film thickness to decrease with
an increase in the gas flow rate or with a decrease in the liquid flow rate [31].

The measurement of liquid film thickness has been an essential subject in two-phase
annular flow and the importance of the field is reflected in the many techniques that
have been developed for it. Given the wide range of possible flow conditions it is
difficult to make a single recommendation and thus it is more appropriate to consider
a technique’s suitability depending on the type of film and the thickness
measurements required [32]. In the present study, the conditions used involved
vertical annular flow and the conductance method was chosen to measure the film
thickness at the Venturi inlet (refer to Sections 3.2.1 and 4.2.3). However, a
description of the alternative methods is appropriate and these can be classified into
four groups according to their measurement principles: 1) acoustic, 2) Interface

detection methods and 3) electrical methods.

2.3.2 Measurement techniques for film thickness

2.3.2.1 Acoustic methods

Acoustic methods are based on ultrasonic waves and have been used by many
researchers to measure liquid film thickness in two-phase flow. A measurement
method with considerable advantages in industrial applications is the Ultrasonic
Pulse-Echo Method [33]. The ultrasonic technique is based on the fact that ultrasound
waves are attenuated and reflected when crossing discontinuities of a medium such as
a liquid—gas interface. Therefore, reflection can be used to measure the film thickness
based on the transit time.
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[34] measured liquid film thicknesses of the organic working fluids R113 and FC-72
to generate power (electricity). R113 and FC-72 working fluids condensing inside a
horizontal rectangular channel of 40x25 mm?. Ultrasonic transducers were fixed at
five different locations along the tube bottom. The measurement method was based on
the delay time between a pulse emission and its return after reflection from the liquid—
vapour interface. The film thickness was then calculated as the product between the

delay time and the sound velocity in the liquid phase.

2.3.2.2 Interface detection methods

These methods are based on the detection of the liquid—gas and liquid-solid
interfaces. Light emitted by each phase should present different characteristics (colour
or intensity) in such a way that light gradients are generated at the interfaces. The two
phase flow image is recorded using high-speed video and photographs and the film
thickness determined by a pixel counting procedure. Various techniques are employed
to produce the light gradient at the interface, e.g., induced fluorescent dye,
shadowgraph and seeding particles. Stratified air—water film thicknesses were
measured by [35] in rectangular hydrophilic channels by using an optical fluorescence
imaging technique. A video camera and a 10x objective lens were used to capture the

flow images and film thicknesses down to 20 um were measured.

2.3.2.3 Electrical methods

2.3.2.3.1 The needle-contact method

One of the earliest and most straightforward methods used in the measurement of thin
liquid films is the needle-contact method. Several investigators have employed this
method, which is based on the conductivity of water ([36]; [37]; [38]; [39]).

The probe consists of a needle, the body of which is electrically insulated, mounted on
a moveable rod. An electrode is inserted flush to the wall over which the film flows.
The needle and moveable rod are placed directly opposite the electrode. The rod is
gradually moved forward until the conducting tip of the needle just makes contact

with the surface of the film. A conduction path now exists between the needle and the
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electrode and a current flows. The distance moved by the rod will give, by
subtraction, the thickness of the film.

Due to its simplicity and its physically intuitive operation, the needle contact method
is often used as a standard measurement with which other methods are compared.

Limiting errors have been associated with the mechanical positioning apparatus [40].

2.3.2.3.2 Conductance-based methods

Of all film thickness measurement methods, electrical conductance is perhaps the
most used. The method consists of imposing an electrical potential difference between
electrodes and measuring the resulting current. The conductance between the
electrodes is directly related to the amount of fluid between them. A thicker liquid
film decreases the electrical conductance which can be measured in terms of either
current or potential (or voltage) through the electrodes. One problem related to this
method is the fact that the output from the electrodes is saturated if the distance

between the sensor electrodes is small in comparison with the film thickness [41].

In the current research the electrical conductance technique is used to measure the
film thickness at the Venturi (refer to Sections 4.2.1 and 4.2.3) and the gas volume

fraction at inlet and the throat of the Venturi (refer to Section 4.2.1).

2.3.2.3.3 Capacitance-based methods

Methods based on electrical capacitance have attracted the interest of several
researchers since they were proposed by [42]. This technique is based on the fact that
when two metal plates subjected to an electric current face each other, a capacitance is
created the value of which will depend on the plate area, the distance of the plates,
and the dielectric constant of the medium between them. If the dielectric medium is
composed of liquid and gas, the capacitance will vary according to the two-phase
morphology. Then, the capacitance can be measured and correlated with the film
thickness. [43] used a parallel-plate capacitance sensor to measure liquid film

thickness for horizontal, vertical upward and downward two-phase flows in a square
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cross-section channel which was 12.7 mm on each side. The capacitance was
measured with a commercial instrument with a resolution of 0.1 fF and accurate to
0.1% of full scale.

2.4 Direct measurement techniques in multiphase flow

2.4.1 Phase volume fraction measurement

2.4.1.1 Electrical conductance technique

This technique has proven attractive for measuring the phase volume fraction in many
industrial applications with water-continuous multiphase flows due to its fast response

and its relative simplicity in operation.

Early work using electrical conductance methods was reported by [44] and [45] who
studied the method and the design of electrodes. It was found [44] that ring electrodes
were preferable to those which interfered with the flow for fixed field applications.
Extensive reviews of the electrical conductance technique in multiphase flows have
been provided, for example, by [46], [47], [48], [49], [50].

In multiphase flows, electrical conductance is dependent on the concentration and
distribution of the phases, and in particular on the gas volume fraction in the water in
gas-water two phase flows. The conductance is typically measured by passing a
known electrical current through the flow and then measuring the voltage drop
between two electrodes in the pipe. Once the current and the voltage drop are

obtained, the conductance (or resistance) of the mixture can be calculated [51].

The operation of the electrical conductance technique in water-gas two phase flows
relies on the fact that the conductance of the mixture depends on the gas volume
fraction in the water. The conductance of the mixture, G,,;,, can be calculated using

an inverting amplifier circuit as shown in Figure 2-4. The inverting amplifier output

Vour 1S proportional to the conductance, Gy =R%, between the ring sensor A

mix

electrodes 1 and 2. The output voltage of this stage is given by:
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Equation 2.1

where Ry, is the reference feedback resistance, V. is the output voltage, and V;,, is

the input voltage. The conductance G is the reciprocal of the resistance. Therefore,

Equation (2.1) can be re-written as:

Equation 2.2

where G,,;, 1S the conductance of the mixture.

Electrode | Electrode 2 Rm
/
\ / —ANN—
N / Gn
£ Y G F
my -‘\l. A
| C 4

Rmis Voui
Vi —O

Figure 2-4 Fluid electronic conductance circuit

Thus any variation in the fluid between electrodes 1 and 2 of the ring sensor A which
changes the conductance of the mixture, G,,;y, IS reflected in a change in the inverting
amplifier circuit output voltage V,,. The conductance of the mixture, increases with

increasing water volume fraction and decreases with increasing gas volume fraction.
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The relationship between conductivity and the gas volume fraction from Maxwell’s
work [52] is given by:

20,, — 20,

A. =
S Oy, + 20,

Equation 2.3

where a, is dispersed phase (non-conducting volume fraction), o,, is the water
conductivity and g,,, is the mixture conductivity.

Using Maxwell equation [52] the mixture conductivity o, can be easily determined.

Therefore;

2 —2a
=Wy g,
S

Equation 2.4

Once the mixture conductivity is obtained using Equation (2.4) then as it is well

known that the conductance of the mixture is given by;

Sm =Ko,

Equation 2.5

where S,,, is the conductance of the mixture and K is the cell constant.

The conductance technique forms the basis of one of the techniques used in the
current research. Specifically, this technique was used to measure the gas volume
fractions at the inlet and throat of a Venturi, together with the film thickness and the
liquid film velocity at the Venturi inlet in vertical annular (wet gas) flows. In other
words, the gas volume fractions at the inlet (and hence the film thickness) and the
throat of the Venturi meter in vertical annular (wet gas) flows were measured using a
sensor made from two ring electrodes flush mounted with the inner surface of the
Venturi inlet, and a sensor made from two ring electrodes flush mounted with inner
surface of the Venturi throat (see Sections 4.2.1 and 4.2.2). The film thickness was
also measured by a conductance digital level sensor at the Venturi inlet (see Section
4.2.3).

42



Ph.D. Thesis Chapter 2: Literature Review

The liquid film velocity was measured using a cross correlation technique between
two conductance ring sensors at the Venturi inlet, (see Chapter 4 for more details).
The design and calibration of the Venturi with conductance sensors at inlet and the

throat investigated in this thesis is described, in detail, in Chapters 4, and 5.

2.4.1.2 Electrical impedance methods

Electrical impedance tomography (EIT) is a non-intrusive phase fraction measurement
technique. It depends on measurements of the variation in electrical properties (e.g.
capacitance and resistance) to provide an image of the pipe contents for measuring
liquid and gas volume fractions in a multiphase flow. The concept of EIT is to
reconstruct an image of a component based on its spatial distribution of electrical
properties [53], [54]. This enables the phase fractions to be measured. Relying on the
properties of the flow more simple, non-imaging apparatus can determine the
capacitance, resistance or complex impedance of the flow to find the liquid and gas
volume fractions. The basic operation of the impedance method of component

fraction measurement is shown in Figure 2-5.

ELECTRODE
PIPE WALL

[
]

ELECTRODE

Figure 2-5 The impedance method of component fraction measurement [55].
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If the electrical impedance (Z,) is measured across two electrodes, between which an
oil-water-gas mixture is flowing, then the effective or measured resistance (R,) and

capacitance (C,) [56] are given by:

p = 1+ w?R%,(C,, + Cp)?

¢ w?R,,C3
Equation 2.6
c - [1+ w?R3,C,,,(Cpp + Cp)]Cp
¢ 14 w?R3(C,p, + Cp)?
Equation 2.7

The resistance (R,,) and capacitance (C,,) of the mixture flowing through the pipe
depend on the permittivity and the conductivity of the oil, water and gas components,
the gas void fraction and the water fraction of the flow, and the flow regime. The
resistance and capacitance measured across the electrodes will in turn depend upon
R,,, C,, and the excitation frequency w of the detection electronics, the geometry and
material of the sensor. For a particular sensor geometry (and hence the capacitance of

the electrode-pipe coupling C, is fixed) and flow regime, the measured impedance

will be a direct function of the flow’s component ratio [56].

Such impedance methods have two important limitations, however: they cannot be
used over the full component fraction range and are flow regime dependent. If the
continuous phase is aqueous then a short circuiting effect will occur caused by the
conductive water and so the measured C, will remain constant even when the water
fraction in the flow varies [57]. More information regarding EIT and other impedance
methods can be found in [58], [59], [60] and [61].

2.4.1.3 Gamma radiation attenuation

Gamma radiation attenuation techniques can be used to resolve two-component phase
fractions using a single-energy gamma source, or three-component mixtures using a

dual-energy source [62]. A collimated gamma ray beam is directed at the pipe with a
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sensor placed diametrically opposite the source (refer to Figure 2-6). The intensity of
the radiation decays in an approximately exponential fashion as it passes through

material flowing in the pipe measurement section.

The attenuation of the gamma ray beam is dependent on both the material density and

the energy of the beam itself.

Source --pe——t----- > Q O <-» Detector
Val
Collimator Source Side Q
Collimator Detector
] Side

Multiphase Flow

Figure 2-6 Gamma attenuation measurement

For a homogenous medium, the intensity I, of the received beam at the detector is
given by;
I = Ioe_“Z

Equation 2.8

where I, is the initial radiation intensity, u is the total attenuation coefficient per unit

of length of the fluid and z is the gamma ray path length through the medium.

[63] studied how the distribution of the phases within the flow effects the
measurement of the void fraction. In this study, two hypothetical flows were studied

as described below.
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(i) In the first case, they proposed a hypothetical flow where the phases (i.e. gas and
liquid) are arranged in layers at right angles to the radiation beam as shown in Figure
2-7 ( see also [64]).
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Figure 2-7: Gamma ray densitometer: A hypothetical flow where the liquid and
gas phases are in Layers perpendicular to the radiation beam

For the above case, the gas void fraction « is given by;

I
()
n Iliq

1
()
n Iliq

a =

Equation 2.9

where [ is the intensity of the received beam at the detector in the presence of the

homogeneous mixture, I;;, is the intensity of the received beam at the detector with
the pipe full of liquid only and I, is the intensity of the received beam at the detector

with the pipe full of gas only.

(i1) In_the second case, they considered a hypothetical flow where the phases are

arranged in layers parallel to the beam as shown in Figure 2-8.
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If the beam applied is horizontal to the fluid layers then the gas void fraction « is
given by;
I — I

Iy — Ijq

a =

Equation 2.10
Equations (2.9) and (2.10) shows that the gamma radiation attenuation from method is

highly dependent upon the arrangement of the phases in the flow.

|:|Gas phase

| Liquid phase

Liquid phase

Source |----- | ----» Detector

Gamma ray beam

Gas phase

Figure 2-8: Gamma ray densitometer: A hypothetical flow where the phases are
arranged in Layers parallel to the radiation beam

2.4.2 Phase velocity measurement

2.4.2.1 Differential pressure measurements

Where a multiphase flow is sufficiently mixed, and flows as a single homogenous
fluid, differential pressure-based flow measurement techniques, such as Venturis and
orifice plates, can be utilised to determine both the flow velocity and also the mixture
flow rate [65], [66]. [Note: - this assumption of a homogenous mixture is different to
the flows considered later in section 2.4 where differential pressure devices are again

discussed]. The fluid flow rate across these sections can be expressed as a function of
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the measured pressure drop. For homogenous mixture and single-phase flows
measurement, the operating principles of Venturis and orifice meters are well
understood and full descriptions of their technical designs are detailed in ISO
5167:2003. However, the equations described by the ISO standard for the Venturi
under these conditions cannot be applied directly to multiphase flows without

correction.

Several theoretical and experimental studies have described mathematical models of
Venturi meters in multiphase flow applications including their use in vertical and
horizontal configurations. The study of multiphase flow through Venturi and orifice
meters is described for example by [10], [11], [67], [68], [15], [2] and [69] (see
Section 2.4).

Figure 2-9 shows the geometry of both Venturi and orifice inserts and their
characteristic flow profiles. In the Venturi, the reduction in the flow area results in
increased fluid velocity, and consequently reduced fluid pressure. Frictional losses are
minimised by the small angle of the downstream cone that allows good pressure
recovery. In contrast, the abrupt reduction in flow diameter in the orifice plate hinders
downstream pressure recovery due to the creation of regions of fluid recirculation
[70].

If the region between the upstream and throat sections of a Venturi are well designed,
then the relationship between the differential pressure across the Venturi meter and
the velocity of the fluid (and hence the mass/volume flow rate) can be derived from

the Bernoulli's equation.

For the single phase and hence homogenous flows, the Bernoulli equation can be

written as;

Ppp1 + 5 Prhi U;%m = Pppz + 5 Pph2 Uﬁhz

Equation 2.11
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where P is the static pressure, p is the density and U the velocity. The subscript 1
refers to the inlet of the Venturi, the subscript 2 refers to the throat of the Venturi and

subscript p» refers to the single phase fluid (liquid or gas).

While the use of orifice plates tends to be restricted to wet gas measurements (due to
their poor pressure recovery properties) the Venturi method has many advantages,
including low cost, good pressure recovery, familiarity, and simple operation. The
Venturi is at the heart of the current research in which a conductance Venturi meter
was used in vertical annular (wet gas) flows; the design of the Venturi is described in
Chapter 4.
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Figure 2-9 Differential pressure measurement systems (a) Venturi, (b) orifice
[70]

2.4.2.2 Cross-correlation technique

The use of the cross-correlation technique for velocity measurement of multiphase
flows has been extensively described by [71]. The principle of technique is shown in
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Figure 2-10. Two sensors are used to monitor the flow, one being positioned
downstream of the other.

These sensors are used to detect variations in some property of the flow with time
such as density, permittivity or conductivity. The time delay between the output
signals of the two sensors can be found by computing the cross-correlation function of
these signals x(t) and y(t) over a measurement period, T. The cross-correlation

function is given by:
T

1
Ryy(T) = Tf x(t —1).y(t)dt

Equation 2.12

where: R, (7) is defined as the cross-correlation function between the outputs from

the two sensors which are referred to as x(t) (from the upstream sensor) and y(t)
(from the downstream sensor). T is the total time period for which data was acquired,

see Figure 2-11.

Upstream Downstream
Sensor Sensor
Flow Velocity > % B
< L »
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|  Integrator |
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Figure 2-10 A schematic diagram of a cross-correlation flow meter
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Figure 2-11 Cross-correlation function [56]
The transit time of the flow between the two sensors is usually found by observing the

time lag 7, at which the cross-correlation function is a maximum. A characteristic

flow velocity U can then be calculated, as:

L
J=—

Tm

Equation 2.13
where: L is the axial separation distance between the pair of identical sensors.
In this study a conductance cross-correlation technique has been used. Two sensors

are designed to measure the film velocity by cross-correlating signals at the inlet of a
Venturi.

2.4.2.3 Turbine flow meters

The turbine flow meter is one of the most important fluid flow rate techniques used in
the process industries. A typical turbine flow meter (see Figure 2-12) can be used to
measure the volumetric flow of a flowing single phase fluid (liquid or gas). These
devices have been fully described by [72] who also discuss the problems associated

with their use for flow metering.
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Thrust bearing Pulse pick-up coil and
electrical connector

Straightening and Turbine blades
support vanes

Figure 2-12 Turbine meter [73]

The unit consists of a multi-bladed rotor housed in a non-magnetic body, mounted
with a pipe perpendicular to the liquid flow. As the fluid passes through the blades,
the rotor spins and the rotational speed (which is a direct function of flow rate) can be
sensed by magnetic pick-up, photoelectric cells, or gears. For an ideal linear turbine
flow meter, the angular speed of the rotor is proportional to the mean liquid velocity
U through the turbine meter. Therefore:

feurbine = Kewrbine U
Equation 2.14

where fi.rpine 1S the frequency in revolutions per second, U is the mean liquid

velocity in ms™1 and kg, pine iS the constant of proportionality.

The volumetric flow rate Q is given by;
Q =AU
Equation 2.15

where A is the ‘effective’ cross sectional area of the turbine meter.

Combining Equations (2.14) and (2.15) gives;
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frurbine = KQ
Equation 2.16

where K is the meter constant (or K-factor) and is given by;

K=-
A

Equation 2.17

In two-phase flow the output signal of turbine flow meter is proportional to the

combination of the liquid fraction velocity and the gas fraction velocity [74].

In two-phase conditions there is no agreement about an analytical expression which
relates the flow rates of the individual phases to the turbine output. The presence of
the slip between the two phases, the different flow regimes, the influence of the gas
flow rate and of the liquid flow rate strongly affect the output from the turbine
flowmeter [74].

[75], [76] and [77] have all proposed models to enable the use of turbine flow meters
in two-phase flows. These three analytical models have been proposed to relate the
two-phase velocity measured by a turbine meter with the actual gas velocity U, and

the actual liquid velocity U, , based on different assumptions.

Rouhani model [75] is based on the assumption that the change in momentum
(impulse) of the turbine flowmeter blades, due to the flow stream, is negligible as
follows:
aUgpe(Us — Upurpine) — (1 — @)ULp, (U, — Ugyrpine) = 0
Equation 2.18

Rouhani derived a model for the turbine velocity U;,,pine as follows;

apgS? + (1 —a)p,
apsS+ (1 —a)p,

Uturb ine — YL

Equation 2.19

Based on the single phase meter constant k (or meter factor), U;,,»ine Can be obtained
from Equation (2.14).
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f turbine
Uturbine -

kturbine

Equation 2.20

where U, is the liquid velocity, U is the gas velocity, S is the slip ratio, p, and p; are

the liquid and gas densities respectively and « is the gas volume fraction.

Aya model [76] is based on a momentum balance on a turbine blade due to velocity
differences between the two phases and the turbine blade. It typically describes

dispersed flow with gas velocity higher than the liquid one.

apGCTG(UG - Uturbine)2 = (1 - a)PLCTL(Uturbine - UL)Z
Equation 2.21

where Cr; and Cr;, are the drag coefficients of a turbine blade for the gas and liquid
phases respectively.

Avya derived a model for the turbine velocity U, pine as follows;

U VoL(l—a) + S\ /pga

" I —a) +fpsa

Uturbine -

Equation 2.22

Volumetric model [77] assumes that the measured velocity U, »ine represents the

volumetric flow rate per unit flow area, which gives;

Q=A(aUg+ (1 —a)U,)
Equation 2.23

The turbine velocity Uy, pine as follows;

Q
Uturbine = n =alg+(1-a)U, = UL(SO: + (1 - 0())

Equation 2.24
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2.4.2.4 Vortex flow meters

Vortex shedding flow meters are widely used for measuring the single phase fluid
flow rate in applications such as processed natural gas and steam. The phenomenon of
vortex shedding occurs when a fluid (gas or liquid) meets a non-streamlined obstacle
termed a bluff body. In this situation, the flow is unable to follow the defined contours
of the obstacle and the peripheral layers of the fluid separate from the obstacle’s
surfaces to form vortices in the low pressure area behind the body (see Figure 2-13).
These vortices are shed alternately from either side of the bluff body (and are swept
downstream to form a so-called Karman vortex street) at a frequency that, within a

given Reynolds number range, is proportional to the mean flow velocity in the pipe.

In two phase gas-liquid flows Vortex shedding meters are used too and the operation
of the vortex shedding flow meter is complicated because the frequency of shedding is
dependent on the gas void fraction. [78] investigated the vortex shedding flow meter
which can be used in two phase flows. They established that the application of vortex
shedding becomes very difficult at low velocities and higher gas void fraction. They
advise that the mixture velocity should be higher than 0.45ms™ and the gas void

fraction should be less than 10%.

Bluff body

\

N

Karman vortex street

Figure 2-13 The Karman vortex street — with vortices formed on alternate sides
in the low pressure area of a bluff body [73]
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2.4.2.5 Ultrasonic flow meters

Ultrasonic flowmeters (USFM), suitable for both liquids and gases, have shown

promise in both single-phase and two-phase flow metering tests [79].

The principle of these devices is that the required information about the measured
medium can be obtained by from the reflection, absorption, and scattering effects of
the medium on incident ultrasonic waves that are transmitted and received using a
number of transducers. The transducers are able to convert an acoustic signal into an
electrical signal (voltage pulse) and vice-versa. Figure 2-14 shows a schematic

diagram of a common ultrasonic flow meter configuration.

Figure 2-14 A schematic diagram of ultrasonic flow meter configuration

In Figure 2-14, U is the velocity of the fluid (ms™1), D is the inside pipe diameter (m),
L is the axial separation (m) between the transmitters (Tx1 and Tx2) and receivers
(Rx1 and Rx2), d is the length (m) of the acoustic path and & is the angle (in degrees)
between the acoustic path and a vector representing the direction in which the medium

Mmoves.
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Ultrasonic meters can measure the velocity of the gas flowing through the meter body.
By knowing the velocity and the cross-sectional area, uncorrected volumetric flow
rates can be found.

To determine fluid velocity U in a flow using the ultrasonic technique, some
assumptions are made, including constant path length d, constant speed of sound c
and a mean velocity profile for a coordinate system. The acoustic distance travelled

by the ultrasonic beam can be expressed as:

D

d =
sin @

Equation 2.25

The velocity U, of the ultrasonic beam along the downstream path from Tx1 to Rx1
U, can be expressed as:
Uj=c+Ucos@

Equation 2.26
The velocity of ultrasonic along the upstream path from Tx2 to Rx2 U, is given by:

U,=c—Ucos@
Equation 2.27

where U is the fluid velocity, U, and U,, are downstream and upstream fluid velocities

respectively and @ is the angle shown in Figure 2-14.

Moreover, the application of the ultrasonic technique was also found in gas-liquid
flow to determine the gas velocity and gas volumetric flow rate in annular flow. Q.
Al-Yarubi [21] designed a successful ultrasonic flow meter with a novel transducer

configuration to measure the gas velocity in annular flow.

[21] did calibration tests of the USFM with gas only flowing only in the pipe, the
USFM seemed to be very promising. When gas-water flow flowed in the pipe, the
transducers could be covered with liquid film thicknesses of up to about 0.5mm
thickness and the device still responded. However if the film thickness was more than
about 0.5mm, the device stopped responding due to changes in gas velocity. To

overcome this problem, the transducers were positioned so that they intruded into the
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pipe i.e. they passed though liquid film as shown in Config. B, see Figure 2.15. This

action it solved the problem of measuring the gas flow rate Q4 [21].

[21], has reported how to measure the gas flow rate in gas-water flow, as follows.

The phase difference between upstream and downstream signals is given by:

pB=cu,

Equation 2.28
where U, is the gas velocity (m/s) and ¢ is a constant.

The mean volumetric gas flow rate is usually the quantity required:
Qg =AUy,

Equation 2.29
where: Qgis the gas volumetric flow rate (m%/s), U, is the gas velocity (m/s) and A is

the pipe cross-sectional area of the pipe (m?).

The electronic circuit output when calibrated which was designed by [21] and used in

his investigation is given by:
Vour = @cos(¢) +b

Equation 2.30

where: @ and b are to be found from a calibration curve and ¢ is the phase-shift

angle.

Substituting Equation (2.28) into Equation (2.30) gives:
Vour = @ cos(éU,) + b

Equation 2.31
From Equation (2.31) the gas velocity Uy is given by:

COS_l Vout — B
a

Uy =

¢
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Equation 2.32

Substituting Equation (2.32) into (2.29) gives the gas volumetric flow rate.

The USFM technique can be used in wet gas flow to measure the gas flow rate only if
the transducers are not covered by the liquid film (the transducers should be intruded

into the pipe) as shown in the Figure 2-15 Config. B.

Most ultrasonic flow meters are bi-directional, and sense flow in either direction. The
advantages of ultrasonic flow meters are their suitability for large diameter pipes, fast
response, no moving parts, long operating life and immunity to fluid properties. The
disadvantages are that the fluid must be acoustically transparent, they are expensive

and the pipeline must be full.

The reason behind not considering using the ultrasonic flow meter technique in this
work because when the transducers are covered with liquid film thickness, the device
stopped responding to changes in gas velocity as shown in Config. A, see Figure 2-15,
Config. B, see Figure 2-15 the transducers will introduce a disturbance to the liquid
film thickness of the annular flow.

fl—t:-l Ligquid film thickness

H. @ Rx2

rA. I é”ﬁj Transducers [éfé

Transducers

A

Tx2

Flew 1— Liquid film thickness
of
Config. A Config. B
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Figure 2-15: Transducers configurations to measure the gas flow rate in annular
flow.

2.5 Previous correlations on Venturis and orifice meters used for two-phase
flow measurements

Correlations for the use of orifice plates in two-phase flow conditions have existed
since the 1960s: the most commonly used correlations are those of Murdock and
Chisholm. As well as orifice plates, wedges, Venturi and nozzles have been used as
two-phase flow meters and different correlations have been obtained to compute the

mass flow rates of the gas and water in two-phase flow.

2.5.1 The Murdock correlation

A paper published by [10] considered gas-water two-phase flow through an orifice
plate meter. The correlation Murdock offered was formed from a wide range of data
points and therefore it was not restricted only to wet gas flows and it was valid for a
wide range of flow conditions. Murdock’s method was to consider the two-phase flow
to be separated (stratified flow). In this way, the total mass flow rate was computed
using an experimentally obtained constant M=1.26, assuming that the mass flow x is
known (the quality is the mass flow rate of the gas divided by the total mass flow rate,
see Equation (2.39). He stated that the two phase flow might be computed with a
tolerance of 1.5 percent. The limits that he established were:

The diameter ratio (f): 0.25 and 0.5.
The standard taps locations of radius: (1D and 1/2D).

minimum liquid Reynolds number of 50,

maximum liquid weight fraction of 0.9,

>

>

>

» minimum gas Reynolds number of 10,000,

>

» minimum volume ratio gas to liquid of 100:1 and
>

minimum gas expansion coefficient of 0.98.

The gas mass flow rate in the Murdock correlation is given by;
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m. = AtKg 2APrp Pg _ (mg)apparent
g L4 1261=%Kg [Pg  1+126Xm0a
X Ky Pw
Equation 2.33
where (mg)apparent is the gas mass flow rate under two phase differential pressure

[(mg)apparent = AK,\[20P;p p, ] and X,,,,4 is a modified version of the Lockhart—

Martinelli parameter as it is the ratio of the superficial flows> momentum pressure
drops and not the friction pressure drops as in the original definition by [8]. The

Murdock definition is:

Equation 2.34

AP is the pressure drop, mis the mass flow rate, Kis the flow coefficient (including
the respective product of the velocity of approach, the discharge coefficient and the
net expansion factor), p is the density and x is the mass flow quality. The subscripts w

and g refer to the water and gas phases flowing alone respectively.

It is known that:

Equation 2.35

~ (1 =x)my = xm,,
Equation 2.36
g = x(my +my,)

Equation 2.37

61



Ph.D. Thesis Chapter 2: Literature Review

mg = XMy
Equation 2.38
mr

Equation 2.39

The water mass flow rate m,, in the Murdock correlation can be obtained by the

following equation:

— AtKw 2APTP.DW

My

Equation 2.40

2.5.2 The Chisholm correlation

The [12] is a function of pressure and the modified Lockhart-Martinelli parameter,
Xmoa N Which equations could be developed to predict pressure drop over sharp-
edged orifices during the passage of incompressible two-phase flow. Chisholm
reported that, when the Lockhart-Martinelli parameter X,,,,4 < 1, then the slip ratio,

S, is given by:

Equation 2.41

where p;, is the homogenous density, and when X,,,q4 > 1, then the slip ratio is given

by:

%)
Il
-~
2
N——
N

Pg
Equation 2.42

The gas mass flow rate given by [12] is:
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. AKg\|20Prp pyg
my = 1 1

(o) G

1+ Xmoa + X2

mod

Equation 2.43

2.5.3 The Lin correlation

The [14] is applicable to general stratified two phase flows through Orifice Plate
meters. Like Chisholm, Lin includes the effect of shear between the phases and his
correlation allows for the independent effects of pressure and liquid mass content. He
also uses the modified Lockhart-Martinelli parameter. The corrective coefficient K;;,,

in the Lin correlation is given by:

Pg Pg\? Pg\?
K;in = 1.48625 — 9.26541 | —| + 44.6954(—) —60.6150(—
Pw Pw Pw

4 5
—5.12966 ('D—g) — 26.5743 (p_g>
Pw

Pw

Equation 2.44

The gas mass flow rate in the Lin correlation is given by:

AKy\[2hPrp pg  AKy\[2BPrp pg

m P - KLinXmod +1
Ky (-W) 2 +1
Lin mg Pw

mg=

Equation 2.45

The water mass flow rate in Lin correlation can be obtained by the following

equation:

— AtKw ZAPTP Pw

K+ (Xiod>

Ty

Equation 2.46
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2.5.4 The Smith & Leang correlation

The [13] is applicable to Orifice Plate and Venturi meters using the concept of a
blockage factor (BF) to determine the gas mass flow rate. Equation (2.48) can be
altered to take account of the liquid presence by introducing a parameter that accounts
for the partial blockage (BF) of the pipe area by the liquid.

The BF is given by:

0.00183

BF = 0.637 + 0.4211x — ——
X

Equation 2.47

where x is the mass flow quality.

It is well known that, the single gas mass flow rate m, through a Venturi/orifice is

given by;

1y = AK, /2 pyAP,

where A, is the area at the constriction, Kgis the gas flow coefficient, AF,is the gas

Equation 2.48

pressure drop and p,is the gas density.

The Smith and Leang correlation resolves for the single phase flow rate directly (i.e.
introducing the (BF) directly into Equation (2.48) and taking into accounts the gas
flow area A;). Therefore; the gas mass flow rate in Smith & Leang correlation is given

as:

my = AKy(BF) |2 pyAP,
Equation 2.49
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The water mass flow rate in Smith & Leang correlation can be obtained by the
following equation:

m. = AtKw(BF)\/ 2 prPw
v xy1—p*

Equation 2.50

where A; is the area at the constriction, K, is the water flow coefficient, AP, is the

water pressure drop, p,,is the water density and g is is the diameter ratio.

2.5.5 The de Leeuw correlation

The [15] and [16] uses a Venturi in wet gas applications. De Leeuw claims the liquid
induced error in the gas flow prediction is not only dependent on the pressure and the

Lockhart-Martinelli parameter but also the gas and liquid densiometric Froude

Fr, = Usg |_Ps
JaD JPw = Pg

numbers Fry and Fr;:

Equation 2.51

Pg

_ Usw
Fr, = —
1/gD Pw pg

Equation 2.52

where D is the pipe diameter, g=9.81ms ™2, Uy, is the superficial gas velocity and Uy,

is the superficial liquid (water) velocity.

De Leeuw's correlation is given in the form of Chisholm correlation (Equation 2.43)
with the constant of 1/4 replaced by a parameter denoted as n. De Leeuw claims that n
is solely a function of the gas Froude number (Frg) as shown in Equations (2.53) and
(2.54):

n =041 for 05< Fr; <15
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Equation 2.53

n = 0.606(1 — e~*7*¢f79) for Fry > 1.5
Equation 2.54

De Leeuw used a simplified definition Xj;,,,, of the modified Lockhart-Martinelli

parameter X by assuming the superficial flow coefficients to be equal, hence
substituting K, = K,, in Equation (2.34). Therefore:

X = [ABe_ (T p_9=<ﬂ) Pg _Fn
Stmp AP, my ) | pw x pw Fry

Equation 2.55

According to the Shell Expro two-phase flow pattern map [16], the gas densiometric
Froude number value of 1.5 which divides Equations (2.29) and (2.30) is on the
boundary of two different flow patterns. Hence, de Leeuw claims that the flow pattern
plays an important part in the magnitude of the error caused by the gas being wet. The

gas mass flow rate in the de Leeuw correlation is given by:

AK,\[28Prp pg

) n n
1% P
1+ [(i> + (ﬁ) ]Xsimp + X%

Equation 2.56

where K, is the gas flow coefficient, A, is the area at the constriction, APrp is the two

phase pressure drop and n is defined by Equations (2.29) and (2.30).

The water mass flow rate in the de Leeuw correlation is given by:
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_ AtKw ZAPTP Pw

w n n
P Pg
1+ |(Be) + (G s+ X

Equation 2.57

where K,, is the water flow coefficient.

2.5.6 The Steven correlation

[2] introduced a further correlation in Venturis for wet gas metering. His study
considered new independent data from the NEL (NEL is a leading provider of
measurement services to the world’s Oil and Gas Industry, and is the custodian of the
UK’s Standard for Flow Measurement, [80]) wet gas loop for a 6 inch Venturi and
0.55 diameter ratio geometry S, at pressures of 20, 40 and 60 bar at gas flow rates

between 400 m%h and 1000 m®/h: this correlation is also based on the Froude number

(Equation (2.34)):
APrp
/AP = f(X,Fry)

Steven also undertook a detailed analysis of all previous correlations and their

Equation 2.58

suitability for predicting the over-readings obtained in his work. He found that the de
Leeuw correlation, based on a Venturi with 4 inch diameter and g = 0.40, was not

suitable for the NEL wet gas loop. Steven correlation is given by:

APTP — 1+ ASteXmod + BSteFrg
AP 1+ CsteXmoa + DSteFrg
Equation 2.59

where Agte, Bstes Cste and D, are gas and liquid density ratios dependent on

empirical constants and are given respectively by:
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2
Ageo = 2454.51 (p—g) —389.568 (p—g) +18.146
Pw Pw

Equation 2.60
2
Bgte = 61.695 (p_g> —8.349 (p_g> +0.223
Pw Pw
Equation 2.61

2
Core = 1722917 (p—g> —272.92 (p—g> +11.752
Pw Pw

Equation 2.62

Pg\> Pg
Ds;, = 57.387(=2) —7.679 o +0.195
w

Pw

Equation 2.63

The gas mass flow rate in the Steven correlation can be expressed as:

1+ CSteXmod + DSteFrg
m, = A:K /ZAP
9 £ " pg <1 + ASteXmod + BSteFTg

Equation 2.64

The water mass flow rate in the Steven correlation is given by:

CsteAt/ 20Prp py,

1+ AgeX + Bgo FT,
1 _ pa SteAmod Ste! 'w
ok ﬁ (1 + CSteXmod + DSteFrw)

m,, =

Equation 2.65

where Fr,, is the water densiometric Froude numbers.
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2.5.7 Abbas model

[81] developed a new mathematical flow model for separated vertical (wet gas) flows
through a Venturi meter. The new Abbas model for vertical annular (wet gas) flow
through a Venturi meter depends on the measurements of the gas volume fractions at
the inlet and the throat of the Venturi rather than relying on prior knowledge of the
mass flow quality. This model is based on the fact that each phase flows separately
and can be used to determine the gas mass flow rate and the water mass flow rate in

annular (wet gas) flow. The gas mass flow rate m, in the Abbas model is given by:

1

. [Zpgl ((APTP,Wg - APH))]EA1A2“15¥2
mg = Lag 1

13_% (A1a1)? — (Az2a,)? ’
| |

Equation 2.66

where Cy4 is a gas discharge coefficient, p is the density, APrp 4 is the differential
pressure in annular (wet gas) flow measured by a DP cell, APy is the magnitude of the
hydrostatic head loss between the inlet and the throat of the Venturi, A is the cross
sectional area, « is the gas volume fraction. The subscript 1 refers to the inlet of the
Venturi, the subscript 2 refers to the throat of the Venturi and subscript g refers to the

gas phase.

The water mass flow rate in Abbas model is given by:

A(1—a)A(1 - ay)
VA = a)?247 — (1 - az)?4}

my, = de\/zpw(APTP,wg - APH)

Equation 2.67

where Cy,, is a water discharge coefficient in annular (wet gas) flow. p,, is the water
density. The Abbas model will be discussed in more details in chapter 3 because it is

of significance regarding the work undertaken is this thesis.
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2.6 Research Methodology

The aim was achieved by the following staged work plan. Again this work was

decided upon the light of the literature reviews given in chapter 2.

» Design and build a Venturi meter to enable measurement of the gas volume
fraction at the inlet and the throat of the Venturi using electrical conductance
techniques.

» Design and build a digital liquid level sensor to measure the liquid film
thickness at the inlet of the Venturi in vertical annular gas water flows.

» Design and build three separate electronic conductance circuits:-

1. Two upstream ring sensors, designed to measure the film velocity by cross
correlating signals between two ring sensors at the inlet of the Venturi.

2. A digital level sensor, designed to measure the liquid film thickness in
annular flow (and hence the gas volume fraction at the Venturi inlet).

3. A throat ring sensor, designed to measure the gas volume fraction at the
throat.

» Design and build a flow loop to establish annular two phase flows.

» Develop a mathematical model for annular two phase flow, predicting the gas
and the water flow rates.

» Use a data acquisition device to integrate the system measurements and to
control the operation of:-

1. The throat conductance ring sensor.

2. The digital level sensor.

3. The inlet conductance ring sensors.

4. The differential pressure sensor.
Then to calculate gas volumetric rate; gas mass flow rate; gas volume
fraction at inlet and the throat of the Venturi; and water flow rate).

» Undertake an experimental program of testing of the novel wet gas flow meter
on the flow loop.

» Investigate the film thickness measurement measured by a conductance sensor
and digital level sensor at the Venturi inlet

» Analyse the accuracy of the measurement technique.
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» Characterise and calibrate the integrated system.
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Summary

The aim of this research is to measure the gas and water volumetric flow rates in wet-gas

annular flows to an accuracy of 1% on each phase.

A review of existing techniques for measuring two phase flows has been presented in
Section 2.4. Including phase fraction measurements (such as, electrical conductance
technique, electrical impedance technique and gamma radiation attenuation) and the
phase velocity measurements (such as, a differential pressure measurements, cross-
correlation technique, turbine flow meter, vortex flow meter and ultrasonic flow
meter).

Previous models on Venturis and orifice meters used for two-phase flow
measurements such as, Murdock, Chisholm, Lin, Smith and Leang, de Leeuw, Steven
correlations and Abbas model were presented in Section 2.5.

These previous models (Murdock, Chisholm, Lin, Smith and Leang, de Leeuw,
Steven models) are not good enough to achieve the aim of this research because they
require a-prior knowledge of the mass flow quality x. Generally a- prior knowledge of
the mass flow quality is required. In fact, online measurement of the mass flow
quality is difficult and not practical in wet gas metering applications. Abbas model
depends on the measurement of the gas volume fraction at the inlet and the throat of
the Venturi and does not require a-prior knowledge of the mass flow quality x and so
it will be investigated as a means of measuring the gas and water flow rates and

developed if necessary.

In the current investigation, the design of Venturi tube with conductance sensors
placed at the inlet and throat which (refer to Chapter 4) will be used for the
measurement of gas and water flow rates in vertical annular gas-water two phase

flow.

The Venturi with conductance sensors flow meter consists of Venturi meter, two ring
conductance sensors (A and B ) flush mounted with the inner surface of the Venturi

inlet, which is capable of measuring the liquid film velocity at the Venturi inlet, ring
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sensor B is capable of measuring the gas volume fraction and liquid film thickness
and at the inlet of the Venturi, the digital level sensor placed at the Venturi inlet which
is capable of measuring the inlet liquid film thickness and ring sensor C flush
mounted with the inner surface of the Venturi throat, which is capable of measuring

the gas volume fraction at the throat of the Venturi.

Based on the previous research it was decided in the present study to investigate the
use of the Venturi with conductance sensors over other common differential pressure
devices (e.g. orifice plates) and measurement techniques because the Venturi Meter is
a popular flow meter for wet gas flow and it has a smooth flow profile that decreases
the frictional losses which in turn, increases the reliability, predictability and
repeatability of the device. Also the reason for choosing the electrical conductance
technique in the present study because this technique has proven attractive for many

industrial applications due to its fast response and relative simplicity in operation.
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Chapter 3 The Measurements and Mathematical
Modelling

Introduction

The fact that wet gas metering is becoming an increasingly important problem to the
oil and gas industry [2] was introduced in Section 1.2. The Literature Review in the
previous chapter confirms that wet gas metering is becoming increasingly important
to the Oil and Gas Industry and various suggestion have been made by various
researchers as to how to tackle this problem. While the Venturi meter is the most
common differential pressure device for the metering of the unprocessed wet natural
gas production flows, orifice plates have also been widely used. The advantage of the
Venturi meter over the orifice plate is that the use of the Venturi meter is much more
predictable and repeatable than the orifice plate for a wide range of flow conditions.
Further, the smooth flow profile in a Venturi meter reduces frictional losses which (i)
increases the reliability of the device and (ii) improves the pressure recovery. This
chapter describes a new advanced design of Venturi meter with conductance sensors,
which is capable of measuring the gas volume fraction at the inlet and the throat of the

Venturi in annular gas-water two phase flows.

The contents of this chapter are a description of the measurements and mathematical

model which enable the gas and water flow rates and mass flow rate to be determined.

3.1 The measurements we need to take

Here the measurements that need to be made are described and how these
measurements will be integrated into the mathematical model to give the water and

gas flow rates in annular flow.

> Measuring the liquid film velocity in wet gas flow Uy.

» Measuring the liquid film thickness 6.
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» Measuring the gas volume fraction at inlet «; .

> Measuring the water conductivity g, ,,.

» Measuring the gas volume fraction at the throat «a,.

> Differential pressure between the Venturi inlet and the throat in wet gas flow
AP.

The reasons for measuring the liquid film thickness, the liquid film velocity, the gas
volume fraction at the inlet and the throat of the Venturi and the differential pressure
between the inlet and the throat of the Venturi are to determine the gas volumetric

flow rate and the water volumetric flow rate in annular flow.

3.1.1 The film velocity measurement: Uy

The film velocity in wet gas flow can be measured by cross-correlating the
conductance signals between two upstream ring sensors at the inlet of the Venturi,

using the associated conductance electronic circuits of the two sensors.

3.1.2  The film thickness measurements (8 or &)

The film thickness in wet gas can be measured using a digital level sensor (dls) at the
inlet of the Venturi (upstream), once the film thickness is obtained the water volume

fraction ay,, ; at the Venturi inlet can be determined using the following equation:

awy =1 —-ay) = @"‘ (§>

2

R R
Equation 3.1

where § is the symbol used to represent the liquid film thickness measured using the
digital level sensor, R is the pipe radius and «; is the gas volume fraction at the inlet
of the Venturi. We make these measurements to estimate the water flow rate Q of the
liquid in the film using the following equation:

Qf =1 R? ay 1 Uf
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Equation 3.2
where Uy is the liquid film velocity in wet gas flow measured by the cross-correlation

technique.

An alternative method to measure the liquid film thickness in two phase flows is by
using one of the upstream conductance ring sensors at the inlet of the Venturi. When a
conductance ring sensor is used, the symbol & is used to represent liquid film
thickness. The gas volume fraction at the inlet of the Venturi needs to be determined
by a conductance ring sensor in order for the film thickness at the inlet to be obtained.
By using a conductance ring sensor the gas volume fraction may be obtained from a
calibration curve (see Sections 5.1 and 3.1.4). Once the inlet gas volume fraction a; is
obtained, the film thickness & can then be easily determined using the following
equation;

R(1—ay)

® 2

IR

Equation 3.3

Once the gas volume fraction a, at the Venturi inlet obtained using a conductance
ring sensor, the water volume fraction can be determined using the following

equation;

w1 = 1-ay)

Equation 3.4

Then the water flow rate Q, of the liquid in the film can be determined by using
Equation (3.2). It should be noted that in order to obtain the gas volume fraction a; at
the Venturi inlet using a conductance ring sensor, the water conductivity is required.
The water conductivity can be measured using proprietary conductivity meter.
Alternatively if proprietary conductivity meter is not available, the water conductivity
can be measured by using the digital level sensor in conjunction with one of the

upstream conductance ring sensors. The water conductivity o,,,, measured in this
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way can then be used to enable the gas volume fraction a, at the Venturi throat to be

determined using the conductance ring sensor at the Venturi throat.

3.1.3 The Gas volume fraction measurement oy

One of the upstream conductance sensors needs to be calibrated in order for its cell
constant to be determined. This is done using a bench calibration system for one
upstream ring sensor (see Section 5.1.1). Nylon rods are inserted through the inlet of
the Venturi meter. The gap between the outer surface of the rod and the inner surface
of the pipe wall is filled with water of conductivity o,, .., representing the water film
that would occur in a real annular flow. From the conductance electronic circuit

channel B as shown in Figure 4-18 we know the feedback resistance R, and the

excitation voltage V;,,. The voltage measurement equation is

V(ay) = Vi Rfp Oy rer K(ay)
Equation 3.5

where g, .5 is the known water conductivity and K(a,) is the ring sensor cell

constant. Therefore the cell constant is given by:

V(ay)

K(a)) = ————
(al) Vin be Uw,ref

Equation 3.6

where V(a,) is the output voltage from the measurement conductance circuit at the
Venturi inlet (see Section 5.1.1). Hence we can find the relationship between the cell
constant K(a,) and the gas volume fraction a, at the inlet to the Venturi (refer to

Figure 5-5 of calibration curve K(a;) vs a;).

If Vi, and Ry, are known constants and we also measure the offset voltage V, . when
water conductivity equals zero(a,, = 0), when the pipe is full of air only then we may

simplify the definition of the cell constant to K («,).
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where
V(ay) — Vogr

I?(CH) =
Ow,ref

Equation 3.7

where V(a,) is the value of the output voltage from the conductance measurement
circuit at the inlet of the Venturi and V, ;¢ is a dc offset. This cell constant K(a,) can
be used either (i) to determine the inlet gas volume fraction «,, if proprietary
conductivity meter is used or (ii) to enable measurement of the water conductivity,
when used in conjunction with the digital level sensor, if a proprietary conductivity

meter is not used.

3.1.4 The water conductivity measurements

We now need to know how the conductivity sensor will be used with the digital level
sensor in a real application to find the water conductivity. The film thickness & is
obtained from the digital level sensor. Then the following equation is used to
determine the inlet gas volume fraction ;.

285 (6\°
d1=1—?+ E

Equation 3.8

From the gas volume fraction a, at the Venturi inlet we may use the corresponding
cell constant value K (a,) from the calibration data (see Section 5.1). Then the actual
water conductivity o,,,, can be determined under the actual flowing conditions by
using the following equation:

S V(ay) — Visr
v K(a)

Equation 3.9

If the water conductivity a,, in annular air-water flow is already known e.g. by using a
proprietary conductivity sensor then we may write cell constant K («;) from Equation
(3.7):
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K(ay) = —V(al)a‘; Vors

Equation 3.10
Consequently the gas volume fraction at the Venturi inlet a; can be directly obtained
(without the need for a digital level sensor) from the known relationship between
K (a;) and a, (obtained from calibration see Section 5.1.5). The value of a; obtained
in this way is denoted a; ,; Which represents the gas volume fraction measured using

a conductance ring sensor B at the Venturi inlet in Chapter 7.

3.1.5 The Gas volume fraction measurement at the throat «,

The conductance ring sensor C at the throat of the Venturi flow meter needs to be
calibrated in order for its cell constant to be determined. This is done using a bench
calibration system for ring sensor C at the throat of the Venturi (see Section 5.1.3).
Nylon rods are inserted through the throat of the Venturi meter. The gap between the
outer surface of the rod and the inner surface of the pipe wall is filled with water of
known conductivity o,, .., representing the water film that would occur in a real
annular flow. From the conductance electronic circuit for the throat as shown in
Figure 4-20 we know the output voltage and the dc offset therefore the cell constant at
the throat is given by:

Vi(ay) = Vysr

O-W,m

I?t(az) =

Equation 3.11

where V¢(a,) is the output voltage from the conductance measurement circuit at the
throat of the Venturi (refer to Figure 4-20) and Votff is a dc offset measured when the

pipe is full of air only and hence the water conductivity «,, was effectively zero.

The water conductivity o,,,, has been obtained from Equation (3.9) and the
relationship between the cell constant Kt(a,) of the throat conductance sensor and

the gas volume fraction a, at the throat is known from calibration (see Section 5.1.5).
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Therefore we can determine the gas volume fraction a, at the throat of the Venturi
using the value of K¢(a,) and the known relationship between Kt(a,) and a, (see
Section 5.1.5). Alternatively, if the water conductivity in known from a proprietary
conductivity meter Equation (3.11) may also be used to the gas volume fraction «, at
the Venturi throat.

3.1.6 Differential pressure in wet gas flow AP

The differential pressure will be measured using the DP cell sensor. From Figure 3-1,
given that the lines connected to the pressure tapping of the throat and the inlet of the
Venturi to the DP cell sensor are filled with water, the gas-water two phase
differential pressure drop across the Venturi in annular (wet gas) flow can be written
as:
APrpyg = (P, —P,)
Equation 3.12

where P; and P, are the static pressures at the inlet and the throat of the Venturi.
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Venturi Outlet

Water fillqd lines

3

r P2 Venturi Throat
Ang,meas + 1 - E hv
v 4
P1

Venturi Inlet

Liquid film thickness
at the inlet &

Vertical Annular water gas flow

Figure 3-1 Vertical annular gas-water flow through a Venturi

The differential pressure cell (DP cell) used in the present study cannot read negative
differential pressure drops between two points (i.e. DP cell cannot read a differential
pressure if the pressure at the ‘high side +’ input is lower than the pressure at the ‘low
side -’ input (refer to Figure 3-1)). In two phase air-water flow through a Venturi flow
meter, the pressure drop across the Venturi flow meter may change its sign from
positive to negative. In other words, in a two phase flow through a Venturi flow
meter, the inlet and throat of the Venturi are connected to the DP cell through water
filled lines, because the mixture density is less than the water density the pressure at
the high (sign +) input of the DP cell can be lower than the pressure at the low (sign -)
input (refer to Figure 3-1).

81



Ph.D. Thesis Chapter 3: The Measurements and Mathematical Modelling

This section describes when the high and low sides of the DP cell are alternately
sensor connected to the inlet and throat of the Venturi flow meter. As described above
the high pressure must always be connected to the high (sign +) of the DP cell for a
correct differential pressure to be measured. If the high pressure is not connected to
the high (sign +). Experimentally we do ensure that the high pressure is always
connected to the high (sign +) input by measuring the voltage of the DP cell, the
output voltage from the DP cell must be always above 1 Volt.

With reference to Figure 6.3 when the high side of the DP cell sensor is connected

to throat then

Ang,meas = pwghy + P, — P,
Equation 3.13

where APygmeas IS the differential pressure in annular water-gas flow measured by

the DP cell sensor, p,, is the water density, g is the acceleration due to gravity and h,,
is the pressure tapping separation between inlet and throat of the Venturi. The

subscripts w and g refer to the water and gas phases.

By rearranging Equations (3.12) and (3.13)

Ang,meas = pwghy, — APTP,wg
Equation 3.14

where APrp eqs IS given in terms of APy meqs

Equation (3.14), when the high side of the DP cell sensor is connected to the throat,

can be written as:

APTP,Wg = pwghy — Ang,meas
Equation 3.15
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With reference to Figure 6.3 when the low side of the DP cell sensor is connected to
throat then

Ang,meas = (Pl - PZ) - (pwghv)
Equation 3.16
By rearranging Equations (3.12) and (3.16)

prg,meas = APTP,wg = pwghy
Equation 3.17

APTP,wg = Ang,meas + pwghv
Equation 3.18

The voltage of APrp,,, obtained using either Equation (3.15) or Equation (3.18) can
then be combined with the Abbas model (2010) [81] described below in Section 3.2 to
enable prediction of the gas mass and volumetric flow rate in annular two phase flow.

3.2 Vertical annular wet gas flow model

It should be noted here that the mathematical model described in this section for

vertical annular (wet gas) flow through a Venturi meter is based on a model by[81].
Measuring the gas flow rate in annular wet gas flow

For the gas phase, the Bernoulli equation can be written as;

1 2 1 2
Pg1+§pglug1: sz"’i Pg2 ng

Equation 3.19

where P is the static pressure, p is the density and U the velocity. The subscript 1
refers to the inlet of the Venturi, the subscript 2 refers to the throat of the Venturi and

subscript g refers to the gas phase.
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The differential pressure relevant to the Bernoulli equation is

APTP,Wg - APH
Equation 3.20

where APy is the magnitude of the hydrostatic head loss between the inlet and the

throat of the Venturi. APy (from Equation (3.69) [81]) is given by:

APy = ghi{Pw(l —ay) + Pg1a1} + ghc{pw(l —a)+ ﬁgé}
+ ghtt{pw(l —ay) + szaz}

Equation 3.21

Refer to Figure 3-2 the hydrostatic head loss term APy in Equation (3.39) can be
calculated by making the assumption that the mean gas volume fraction in the

converging section of the Venturi is & (refer to Figure 3-2) where:

a, + a,
2

a =

Equation 3.22

However, if the gas density p, = 0 then Equation (3.21) can be written as:

o+ a,

APy = gh; p,, 1 —ay) + gh. py, (1 - ( )) + ghee py (1 — a3)

Equation 3.23

where h;, h., and h; are the heights defined in Figure 3-2 and p,, is the water

density.

84



Ph.D. Thesis Chapter 3: The Measurements and Mathematical Modelling

Converging
Section

Venturi Inlet

A S A P1

Gas-water flow

Figure 3-2 Venturi Inlet, converging and throat sections

From Equation (3.34) in [81] for the gas phase the continuity equation of the gas

phase is given by:

Ugr1d1a1pg1 = UgzAza2p 4, = My

Equation 3.24

where A, is the cross sectional area at the inlet of the Venturi, A, is the cross sectional
area at the throat of the Venturi and m,, is the gas mass flow rate.

From equation (3.36) in [81].

~\1/y
Pg2 = Pg1(P)
Equation 3.25
where
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Equation 3.26

where y is the specific heat ratio for air at atmospheric pressure given by (y = E—” =

v

1.401) where ¢, and c, are the specific heats at constant pressure and volume

respectively.
Equation (3.24) can be re-arranged to give:

~\1/y
Ug1A1a1 = ngAzaz(P)

Equation 3.27

Therefore (ng)z[p]Z/y = (U, 1) [Alal]

Equation 3.28

Equation (3.28) can be re-arranged to give:

(Ue)' = () [22] [y

Equation 3.29
From the Bernoulli Equation (3.20) and Equation (3.25)

1 5 2 2
Pl_Pzzngl P YUg" —Uy

Equation 3.30
The pressure should be different for the gas phase compared with the water phase
because it might come from the fact that the gas phase is compressible while the water

phase is an incompressible.

From Equation (3.29) and Equation (3.30)
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Equation 3.31

Equation 3.32
Refer to Figure 3-1

Pl_PzzAPTP,Wg_ APH

Equation 3.33

Combining Equations (3.31) and (3.33) gives:

1 J[~-1 [Aq7?
APTP,Wg - APH = E pglUgl P L4 ] -1

Equation 3.34

From Equation (3.34) U, is given by:

_[2(APrpg — APy) 1
Vo = Pg1 57\ [Ar21]”
(P y) Azaz] -1

Equation 3.35
From Equation (3.24) we have:

my = pg1Ug14104

Equation 3.36
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where my is the predicted gas mass flow rate in annular (wet gas) flow through the

Venturi.
Combining Equations (3.35) and (3.36) gives:

. Alaf
mg == \/Zpgl(APTP,Wg - APH) _l A a 7
(13 y) ral -1
2@
Equation 3.37
Now from Equation (3.37)
. (A ay)?
Ajaf _ Py ((A1a1)?) — (A,a;)?
1 2 - 2
A—= Alal (A2a2)
(P y) [Azaz] -1

=\/ (Ara;)?(Azay)?
Py (A1a1)?—(Azay)?

1
= A]_Azaflaz\/ 1

Pv (A1a1)? — (Ayay)?

Equation 3.38
Combining Equations (3.37) and (3.38) gives:

1

(2041 ((8Prpag = 8Py))|* ArAzasr;
mg = 1

[P_% (Ajay)? — (Azaz)zr

Equation 3.39
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which agrees with Equation (3.66) of [81], where i1, is the predicted gas mass flow

rate in annular (wet gas) flow through the Venturi.

The gas mass flow rate in annular (wet gas) flow through the Venturi can be
determined from Equation (3.39). If the reference gas mass flow rate in annular (wet

gas) flow is known, it is possible to define a discharge coefficient C;, for the gas

phase as follows:

Mgrer = CagMy

Equation 3.40

where mg,..r is the reference gas mass flow rate in annular (wet gas) flow and Cyg, is
the gas discharge coefficient which can be expressed as:
_ mgref

Cd
g m
g

Equation 3.41
The gas volumetric flow rate @, can be obtained using the following equation:

m
Qg =—~
g pgl
Equation 3.42
where the gas mass flow rate in annular (wet gas) flow m, is given by Equation (3.39)

and where the gas density p,, in Equation (3.42) is given by:

!

ot =5,

Equation 3.43
Where P; and T; are the absolute pressure and absolute temperature at the inlet

section respectively.

Measuring the mass flow rate of water in annular (wet gas)
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Measuring the mass flow rate of water in the film of an annular (wet gas) flow Q,,
also can be obtained from Equation (3.2):
my, = Py Qu
Equation 3.44
where p,, is the water density and the volumetric flow rate Q,, is given by Equation
(3.2). It should be noted that for a given phase (gas or water), the mass flow rate, m is

related to the volumetric flow rate, Q by:

m=pqQ
Equation 3.45
where p is the density of the phase in question. Hence, the gas and water volumetric

flow rates can be calculated using Equations (3.42) and (3.2).

3.3 Vertical homogenous gas-water two phase flow model

In the previous section the mathematical a model of [81] for vertical annular (wet gas)
flow through a Venturi flow meter was described and will be used to determine the
gas and water flow rates in the present study. An alternative model is also described in
this section. This model is a homogenous model for gas water two phase flow through
a Venturi when the slip between the gas and water is assumed to be zero. The mixture
density at the Venturi throat and the mixture density at the inlet of the Venturi can be

assumed equal.

The assumption of the homogeneous flow model is that the two phases are mixed well
and both phases travel at the same velocity; therefore, they can be treated as if there is
only one phase. Figure 3-3 shows homogenous gas-water two phase flow for the

general case of a vertical Venturi meter.

From Equations (3.15) and (3.18) the Venturi differential pressure relevant to

Bernoulli's equation is APg

APB :APTP,wg - APH
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Equation 3.46

where APy is given by Equation (3.23) and where APrp,,, is given using either

Equation (3.15) or Equation (3.18).

One method for defining the homogenous mixture density is using the relationship:

pm = pw(l—a)
Equation 3.47

The mixture density in the homogenous model defined by Equation (3.47) will be
used in Section 7.9 for measuring the homogenous mixture volumetric flow rate and

the gas volumetric flow rate in homogenous model.

The term & in Equation (3.47) is the mean gas volume fraction in the converging

section of the Venturi, which can be obtained using the following equation:

a, +a,
2

a =

Equation 3.48

From Bernoulli's equation, it is possible to write that:

1
APy = = py (UF — UD)

Equation 3.49

where p,, is the mixture density and U is the fluid velocity. The subscripts 1 and 2

refer to the inlet and the throat of the Venturi respectively.
Assuming constant mixture density the mass conservation equation is given by:

4z
h=ty
1
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Equation 3.50

where A;and A, are the cross sectional areas at inlet and the throat of the Venturi.

From Equations (3.49) and (3.50), it is possible to write:

2 242

=— AP
2 pm(A% _A%) 5

Equation 3.51

It is well known that the volumetric flow rate of the homogenous mixture, Q,, can be

expressed as:

Qm = (U247)
Equation 3.52

Combining Equations (3.51) and (3.52) gives:

1
2 APg)2 A,
m:{

Pm 1

212

-]

Equation 3.53
where @Q,, is the homogenous (mixture) volumetric flow rate.
APg is given by Equation 3.46 and p,, is given by Equation (3.47). It is clear from
Equation (3.53) that, in order to determine Q,,,, the mean gas volume fraction in the
converging section of the Venturi, @ must be known.
The reference homogenous volumetric flow rate can be obtained from the following

equation:

Qm,ref = Qg,ref + Qw,ref
Equation 3.54

where Qg,r and Q.. are the reference gas and water volumetric flow rates

respectively.
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The homogenous mixture discharge coefficient Cg,, is given by:

_ Qm,re f

C
dm Qm
Equation 3.55

Venturi Outlet

Water filled lines

']
'l

c~ea
coe

Y PZA Venturi Throat
Ang,meas + 1 - E hv
v . 4
P1

Venturi Inlet

Water gas flow

Figure 3-3: Vertical homogenous wet gas flow in a Venturi meter

3.4 Homogenous model assuming no slip between water and air in wet gas flow

An alternative method for defining the homogenous mixture density is given below.

Since then is no slip between the gas and liquid, the gas volume fraction in the

homogenous model a,,; can be defined as:
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Qg,ref

ans

B Qg,ref + Qw,ref
Equation 3.56

where o, is the no-slip gas volume fraction, @, ,..s is the reference gas flow rate and
Qwrer Is the reference water flow rate. The mixture density in the homogenous

model, assuming no slip gas volume fraction, is given by:

Pmmns = pw(l - ans)
Equation 3.57

The mixture density in the homogenous model p,,, defined by Equation (3.47) will be
used in Section 7.9 to determine the predicted mixture volumetric flow rate and
predicted gas volumetric flow rate where the gas volume fraction at the inlet a; and
the throat a, of the Venturi are measured values obtained using the conductance
Venturi system described in Chapter 4. The mixture density in the homogenous model
Pmns defined by Equation (3.57) and while assumes the no slip gas volume fraction
will be used in Section 7.10 for measuring the homogenous mixture volumetric flow

rate and the water and gas volumetric flow rates.

The magnitude of the hydrostatic head loss APy between the inlet and the throat of the
Venturi in the homogenous model when the no slip gas volume fraction is assumed is

given by:

APy = g (h; + he + hyt) puw (1 — apg)
Equation 3.58
where h;, h., and h;, are the heights defined in Figure 3-2 and p,, is the water

density.

The gas and water flow rates in the homogenous model when the no slip gas volume
fraction is assumed can be obtained using Equations (3.59) and (3.60) respectively:
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Qg,ns = anst,ns

Equation 3.59

Qw,ns = (1 - ans) Qm,ns

Equation 3.60

where

1
2 APy 2 A,
Qm,ns = { } 1

Pmns [1 _ (ﬁ_i)z]g

Equation 3.61

It is clear from Equation (3.61) that, in order to determine the mixture volumetric flow
rate Q,,,s from the homogenous Venturi model assuming the no slip gas volume
fraction, the differential pressure APy defined using Equation (3.46) and Equation
(3.58) and either Equation (3.15) or (3.18) must be known. Furthermore, the
homogenous mixture density p,, ,s assuming the no slip gas volume fraction must be

known.
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Summary

The measurements of (liquid film velocity, liquid film thickness, gas volume fraction
at inlet, the gas volume fraction at the throat, water conductivity and differential
pressure between the Venturi inlet and the throat) and how these measurements will
be integrated into the mathematical model which enable the volumetric gas and water
flow rates and mass flow rate in annular flow to be determined has been described

(see Section 3.1).

The mathematical a model of Abbas for vertical annular flow through a Venturi flow
meter was described and Abbas model will be used in the present study to determine

the gas and water flow rates in vertical annular flow (see Section 3.2).

An alternative model is also has been described in this Chapter. This model is a
homogenous model for gas water two phase flow through a Venturi when the slip

between the gas and water is assumed to be zero (see Section 3.3).

Also an alternative method for defining the homogenous mixture density is described.
The mixture density in the homogenous model p,, s defined by Equation (3.57) and
while assumes the no slip gas volume fraction will be used in Section 7.10 for
measuring the homogenous mixture volumetric flow rate and the water and gas

volumetric flow rates (see Section 3.4).

96



Ph.D. Thesis  Chapter 4: Design and Construction of a Conductance Venturi Meter

Chapter 4 Design and Construction of a Conductance
Venturi Meter

Introduction

Wet gas metering is becoming an increasingly important problem to the oil and gas
industry. The Venturi meter is a favoured device for the metering of the unprocessed
wet natural gas production flows. Various combinations of techniques have been
employed in annular gas-liquid two phase flows to measure the flow parameters (e.g.
liquid film thickness, gas volume fraction and the phase flow rates). One of the most
useful methods which has proved attractive for many multiphase flow applications is

the electrical conductance technique.

The Venturi designed for this work is a Conductance Venturi Meter that is capable of
measuring the gas volume fractions at the inlet and the throat of the Venturi meter
using a conductance technique. Annular flow in such a device is highly complex and
therefore, in order to determine the gas and water flow rates in vertical annular flow
using Equations (3.42) and (3.2), measurement of gas volume fraction a; at the inlet,
the gas volume fraction «, at the throat of the Venturi, the film thickness § and the

film velocity Uy ., must all be achieved. To do this, a new novel Venturi meter with

conductance sensors was designed and constructed.

This device enables gas volume fraction measurements to be made in vertical gas-
water flow. Two upstream conductance ring sensors (A and B ring sensors) at the inlet
were used to measure the film velocity U .. by cross correlating signals between ring
sensor A and ring sensor B at the inlet of the Venturi. One of the upstream
conductance ring sensors (ring sensor B) could also used to measure the film
thickness & in annular two phase flow (and hence the gas volume fraction a;) at the
Venturi inlet if used in conjunction with a proprietary conductivity meter.
Conductance ring sensor C at the throat of the Venturi was used to obtain the gas

volume fraction a, at the throat of the Venturi.
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A digital liquid film level sensor was designed and constructed at the inlet of the
Venturi to measure the liquid film thickness & in annular water-gas two phase flows
(and hence the gas volume fraction «,) at the inlet of the Venturi. It should again be
mentioned if the water conductivity o,, in annular air-water flow is known by using a
proprietary conductivity sensor then we do not need the digital level sensor in order to
obtain the inlet gas volume fraction a;. The digital level sensor is only really needed
if the water conductivity a,, is not known however it also provides a useful “check”

on the value of a; obtained from upstream conductance ring sensor B.

Section (4.1) of this chapter presents the design and construction of the Conductance
Venturi Meter with sensors capable of measuring the gas volume fraction at the inlet
and the throat of the Venturi in vertical gas-water two phase flows. This chapter also
presents the design and construction of the conductance electronic circuits for
upstream ring sensors A and B, for the throat ring sensor C and for the conductance
electronic circuit for the digital level sensor in sections (4.2.1), (4.2.2) and (4.2.3)

respectively.

4.1 Design of the Venturi meter with inlet and throat conductance sensors

The Venturi meter was designed and constructed at the University of Huddersfield to
study the wet gas measurements in vertical annular gas-water two phase flows; Figure
4-1 shows the dimensions of the Venturi meter with conductance sensors at the inlet
and throat. The internal diameter of the Venturi inlet is equal to 50mm and the
internal diameter of the Venturi throat is equal to 30mm. The Venturi meter and its
2D drawing were designed using a SolidWorks application and constructed by

University technicians.

In order to determine the gas volumetric flow rate Q, and water volumetric flow rate

Q,, using Equations (3.42) and (3.2) respectively, the following must all be obtained:

> The film velocity Uy, in wet gas flow.

> The film thickness ¢ at the inlet.
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» The gas volume fraction «; at the Venturi inlet.
» The gas volume fraction a, at the throat of the Venturi.
> Measurements of the differential pressure APrp .

» The Appropriate densities of the air and water.

Inlet Material: White Delrin
Unite. mm

Figure 4-1: The design of the conductance Venturi meter

The differential pressure was measured by a Honeywell differential pressure
transmitter. The DP cell sensor was connected between the inlet and throat of the
Venturi meter via water filled lines. Atmospheric pressure was measured from a

barometer.

A schematic diagram of the Venturi meter with conductance sensors at the inlet and
throat (which represents the test section used to investigate vertical gas-water two
phase flows) is shown in Figure 4-2.
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Venturi with conductance sensors
at inlet and the throat

i ool |
Iu Wiy

_!_J-_&E-_-:;

Annular gas-water two phase flows

Figure 4-2: A schematic diagram of the Venturi meter with Venturi photograph

As shown in Figure 4-3, the components of the Venturi meter with conductance

sensors consist of:

» Two threaded flanges at the inlet and outlet of the Venturi.
» Twelve O-rings.
» Six stainless steel ring sensors electrodes.
¢ Ring sensor B comprising two ring sensors electrodes (1 and 2) at the inlet.
e Ring sensor A comprising two ring sensors electrodes (3 and 4) at the
inlet.
e Ring sensor C comprising two ring sensors electrodes (5 and 6) at the
throat.
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» Digital level sensor head at the inlet.

> Throat and outlet sections.
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Figure 4-3: The assembly parts of the conductance Venturi meter (CVM)

An advanced feature of this design is that all parts of the Venturi flow meter can be

assembled and disassembled for maintenance in a straightforward manner including

the threaded flanges. The two ring sensors (A and B) are flush mounted with the inner
surface of the Venturi inlet, the ring sensor C is flush mounted with the inner surface

at the throat of the Venturi and the digital level sensor head is mounted at the inlet of

the Venturi as shown in Figure 4-3.
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The stainless steel ring sensor C flush mounted on the inner surface of the Venturi
throat is used for determining the gas volume fraction a, at the throat by measuring
the electrical conductance of the water-air flow at the throat of the Venturi. The two
stainless steel ring sensors flush mounted with the inner surface of the Venturi inlet

sensors A and B) are used for measuring the film velocity U; . by cross correlating
1

signals between the two ring sensors A and B at the inlet of the Venturi.

The digital level sensor mounted on the inner surface at the inlet of the Venturi is used
to measure the film thickness & of the liquid by means of the electrical conductance of
the film flow in order to determine the water volume fraction a;,,, at inlet of the
Venturi. Ring sensor B is used as alternative method for measuring the liquid film
thickness § (and hence the gas volume fraction) at the inlet of the Venturi in annular
gas-water two phase flows, provided that the conductivity of the water g, is known,

as measured using a proprietary conductivity meter.

2-D drawings of the Venturi inlet, electrode, Venturi throat, the Venturi outlet and
digital level sensor head placed at the inlet of the conductance Venturi section are
shown in Figures 4-4 to 4-10. The whole 2-D drawing of the conductance Venturi
with all parts; the inlet, six electrodes with twelve O-rings, the throat, digital level

sensor head, and the outlet sections are shown in Figure 4-11.
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Figure 4-4: Inlet section of the Venturi
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Figure 4-5: Design of the ring sensor electrodes for the inlet
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Figure 4-7: Design of the Venturi throat section

104



Ph.D. Thesis  Chapter 4: Design and Construction of a Conductance Venturi Meter
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Figure 4-8: Design of the Venturi outlet section
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Figure 4-9: O-rings for the inlet and the throat ring sensors

105



Ph.D. Thesis  Chapter 4: Design and Construction of a Conductance Venturi Meter

50
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Figure 4-10: Design of the dls sensor head mounting bracket placed at the
Venturi inlet

dlIs sensor head
/

Sensor B Sensor A Sensor C

Figure 4-11: 2D drawing of the Venturi with conductance sensors after assembly

4.2 The measurement electronics system

The Venturi meter as designed has four sensors: the digital level sensor (dls), ring
sensors A and B at the inlet of the Venturi and ring sensor C at the Venturi throat, as
show in Figure 4-12. Conductance electronic circuits were built to enable the

following measurements:

> The film velocity Uy, by cross correlating signals at the Venturi inlet using

ring sensors A and B.
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» The gas volume fraction a, at the Venturi throat using sensor C.

> The water film thickness § (and hence the gas volume ;) using the digital
level sensor at the inlet of the Venturi.

» The water film thickness § (and hence the gas volume fraction «; at the inlet

of the Venturi) using ring sensor B upstream of the Venturi.

The conductance electronic circuit for the inlet consists of two channels A and B.
Channel A was connected to the ring sensor A while channel B was connected to the
ring sensor B at the inlet of the Venturi in order to measure the film velocity Uy .. by
cross correlating signals. The second conductance electronic circuit was connected to
the ring sensor C at the Venturi throat by which the gas volume fraction a, at the
throat of the Venturi be measured. The third electronic circuit was connected to the
digital level sensor head in order to measure the film thickness § (and hence the gas

volume fraction a; at the inlet of the Venturi).

Channel B with ring sensor B was also used to measure the film thickness 6§ (and
hence the gas volume fraction «, at the inlet of the Venturi) provided the water
conductivity was a,, already known. All the measurements were done in vertical

annular gas-water two phase flows.
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Outlet - ew—tp

Thetoi] — <+— Ring sensor C

Upstream
Inlet <+— Ring sensor A

<+—Ring sensor B

dls sensor head

Gas-water '
flow

Figure 4-12: Venturi meter with all conductance sensors

4.2.1 The conductance electronic circuits for upstream ring sensors A and B

Two upstream ring sensors A and B at the inlet of the Venturi need to be used with
the conductance electronic circuit in order to obtain the film velocity by cross
correlating signals between ring sensors A and B in vertical annular gas-water two
phase flows. To do this, an electronic conductance circuit was designed and built; the

block diagram, Figure 4-13, shows the main components of the conductance circuit.
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The circuit design was the same for both channels A and B and so only one

description is necessary.

Function generator integrated
Channel A circuit XR-2206 Channel B
I
Y \ 4
Analogue switch Analogue switch
(MAX303) (MAX303)
\ 4 v
Inverting amplifier Inverting amplifier
Y \ 4
Active low-pass filter Active low-pass filter
\ 4 A 4
AD630 AD630
Full wave rectifier Full wave rectifier
\ 4 \ 4
Active low pass filter with Active low pass filter with
zero offset adjust zero offset adjust
\ 4 \ 4
DC output Voltage DC output Voltage

Figure 4-13: Block diagram of the measurement circuit for ring sensors A and B

Two circuits were built as channels A and B, channel A for conductance ring sensor A
and channel B for conductance ring sensor B, each sensor having two electrodes,
electrodes (1 and 2) for ring sensor A, electrodes (3 and 4) for ring sensor B (see
Figure 4-3). The designed circuit consisted of parts | to \V (refer to Figure 4-18): (1)
function generator integrated circuit XR-2206 with analogue switches (MAX303A)
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and (MAX303B), (1) inverting amplifiers, (I11) active low-pass filters, (1V) full wave
rectifiers, (V) active low-pass filters with zero offset adjustment.

Part (1) (from conductance electronic circuits for upstream ring sensors A and
B).

As shown in Figure 4-18, the function generator, integrated circuit XR-2206, can
produce pulse waveforms in two states low (0) and high (1) connected to the analogue
switches (MAX303) A and B. Sensor A is connected to the analogue switch
(MAX303 A), sensor B is connected to the analogue switch (MAX303 B); both
switches are connected to an excitation source signal. As shown in Figure 4-14 when
the function generator produces the high state (1) to the analogue switches (MAX303
A) and (MAX303 B) the results are:

For ring sensor A
Electrode 1 connected to the excitation source sine wave signal 2V peak to peak (V+).
Electrode 2 connected to the measurement circuit (refer to Figures 4-14 and 4-17 for

the measurement circuit).

For ring sensor B

At this time ring sensor B (electrode 3 and 4) is isolated (refer to Figure 4-14).
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Figure 4-14: Switching mechanism and function generator producing high state

1)

As shown in Figure 4-15. When the function generator produces the low state (0) to
the analogue switches (MAX303 A) and (MAX303 B) the results are:

For ring sensor B
Electrode 3 connected to the excitation source sine wave signal 2V peak to peak (V+).
Electrode 4 connected to the measurement circuit (similar to measurement circuit for

ring sensor A as showing in Figure 4-17).

For ring sensor A
At this time ring sensor A (electrode 1 and 2) is isolated (refer to 4-15)
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Figure 4-15: Switching mechanism and function generator produce low state (0)

The reason for using the function generator XR-2206 is to guarantee that the ring
sensor A and ring sensor B were connected alternately to the excitation source signal
(V+). In this way ring sensor A and ring sensor B were never working at the same

time and so cross-talk was prevented between the two sensors.

The switching frequency was 100 kHz and the excitation source signal was 2 volts
peak-to-peak with a frequency of 10 kHz applied alternately to ring sensor A
(electrode 1) and ring sensor B (electrode 3) resulting in the signals Vea and Veg
shown in Figure 4-16. It can be seen from Figure 4-16 that when ring sensor A is
active, ring sensor B is not and when ring sensor B is active, ring sensor A is not, so

cross-talk between the two ring sensors A and B is eliminated.
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Figure 4-16: Excitation signals applied to ring sensors A and B

Part (1) (refer to Figure 4-18 for different parts of the conductance electronic
circuit).

The operation of this part allows the conductance of the mixture G,,;, at ring sensors
A and B to be measured using the inverting amplifier stage as shown in Figure 4-18.

For channel B the inverting amplifier circuit is also shown in Figure 4-17; the

inverting amplifier output V; p is proportional to the fluid conductance, G, = L

)
Rmix

between the ring sensor B electrodes 3 and 4. The output voltage of this stage is given

by:
R
b
Vipg=— |4
1,B (Rmi) e,B

Equation 4.1
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where Ry, is the reference feedback resistance, V; p is the output voltage, and V. is

the input voltage which is the output signal from the switching mechanism circuit.

Conductance is the reciprocal of resistance and so. Equation (4.1) can be re-written as:

Gmix

Vip=—7"3T-V
1,B Gfb eB
Equation 4.2
where G,,;, IS the conductance of the fluid mixture.

Sensor B

Electrode 3 Electrode 4 BEn

\ / AATAY

\‘*\‘ / G

Vi : Gmix -~
Ruix o Vis

‘. eB o .----. " Il

From the switching =
mechanism

Figure 4-17: Part Il of the electronic conductance circuit for upstream ring
sensor B

Equation (4.1) can also be rewritten as:

Vl,B = _beGmixVe,B
Equation 4.3

Thus any change in the water conductivity between the ring sensor B electrodes 3 and
4 which changes the conductance of the mixture G,,;,, results in a change in the

inverting amplifier circuit output voltage V4 p.

Part (111) (refer to Figure 4-18 for different parts conductance electronic circuit).
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For different parts of the circuit, as shown in Figure 4-18, The output voltage from
part (11), V3 g, was fed into the second order low-pass filter with cut-off frequency of
150 kHz. This frequency was determined by repetition. Different many frequencies
were tried and the best result found. Second order low pass filters [82] are easy to
design and are used widely in many applications. The main purpose of the second
order low pass filter shown in part (I11) of Figure 4-18 is to remove any high
frequency noise which is introduced by the high speed switching between the two ring
sensors A and B. For channel B, the output voltage from part (111) is output the result

as VZ,B-

Part (1V) (refer to Figure 4-18 for different parts conductance electronic circuit).

As shown in Figure 4-18, for channel B, the voltage V. was fed into an AD630
integrated circuit. The configuration of the AD630 makes it ideal for signal processing
applications, such as balanced modulation and demodulation, square wave
multiplication and precision rectification. It was configured as a precision rectifier.
The main purpose of the AD630 was to achieve full wave rectification on the V,g

voltage signal and to output the result as V3.

Part (V) (refer to Figure 4-18 for different parts conductance electronic circuit).

For channel B, as shown in Figure 4-18, this part of the circuit produces a final DC
output voltage V4. The signal V3 was fed into an active low-pass filter with a cut-
off frequency of 200 Hz. This cut the high frequency carrier wave content from the
signal to give a DC output voltage, V4.

The DC offset stage was adjusted to set V, ¢, to zero (i.e. the output voltage Vapg is
equal to zero) when no water is present in the pipe (air only) and hence the water
conductivity a,, was effectively zero. For no water present in the pipe, V4 is equal to

Vorr in Equations (3.7) and (3.9) respectively.

The output signal from Channel B can be written as:

V4,B =K V1,B
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Equation 4.4

where K represents the circuit gain, and so with reference to Equation (4.3), we may
state that (for constant amplitude of V) the DC output voltage V, p is proportional to
the conductance of the air-water mixture at ring sensor B. With air and water at the
inlet of the Venturi V, 5 is equal to the voltage V(«,) appearing in Equations (3.5) to
(3.7) and (3.9) to (3.10). By the following arguments similar to these give above, the
DC output voltage from channel A V, 4 is proportional to the conductance of the air-

water mixture at ring sensor A.

As the author mentioned earlier, two electronic conductance circuits were designed
and built to serve the two ring sensors (A and B) at the inlet of the Venturi meter.
However, the two ring sensors together in this study were used to measure the liquid
film velocity by cross correlating signals and ring sensor B only was used to measure

the film thickness at the Venturi inlet.

The choice of excitation frequency of the ring sensors is critical to their successful
operation. At low frequencies a “double layer” effect might be found in which the
conductance between the electrodes is affected by capacitance and resistive elements
at the electrode-electrolyte interfaces [83]. Therefore, in the present work, to negate
the double layer effect a sufficiently high excitation frequency was selected. The
excitation source signal was a sine wave with an amplitude of 2V peak to peak and a

wave frequency of 10 kHz as shown in Figure 4-16.
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Figure 4-18: Schematic diagram of the conductance electronic circuits for

upstream ring sensors A and B
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4.2.2 The conductance electronic circuits for the throat ring sensor

A conductance electronic circuit was built to measure gas volume fraction a, at the
throat of the Venturi in annular wet gas flow. The electronic circuit was connected to
the stainless steel conductance ring sensor C at the throat of the Venturi in order to
measure the gas volume fraction a, at the throat in vertical gas-water phase flow. The
circuit was built to the same design as for channel A and B of the conductance
electronic circuits for upstream ring sensors but without the switching mechanism. A
block diagram of the measurement electronic circuit is shown in Figure 4-19; the
designed circuit consisted of (refer to Figure 4.20): (i) inverting amplifier, (ii) active
low-pass filter, (iii) full wave rectifier, (iv) active low-pass filter with zero offset
adjustment. The excitation source signal used was a sine wave with amplitude 2V
peak to peak and wave frequency 10 kHz.

Excitation
Source Electrode 5
2V P-P
10KHz Ring sensor

(electrodes)

Gas water
flow ’
— Electrode 6

Inverting amplifier

Y

Active low-pass filter

Y
AD630

Full wave rectifier

y

Active low pass filter with
zero offset adjust

Y
DC output Voltage V4 c

Figure 4-19: Block diagram of the measurement circuit for the throat ring sensor
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To calibrate the Venturi flow meter with conductance sensor C at the throat in
simulated annular flow, the zero offset stage was set to give a zero output value for
V.. when no water (air only) is present between the ring sensors (electrodes) at the
throat of the Venturi. This equivalent to V,;, in Equation (3.11) being equal to zero.
For air and water present at the throat of the Venturi V, . is equivalent to V(a,) in

Equation (3.11).

Part (i), the inverting amplifier gain (refer to Figure 4-20), could be adjusted by
changing the feedback resistance to give a defined dc output voltage when the area
between the ring sensors at the throat of the Venturi was completely filled with water.
The gain of this amplifier for the throat ring sensor C was the same during the bench

test described in Chapter 5 as during the subsequent flow loop tests.

The same procedure was followed for the inverting amplifier stage (part Il in Figure
4-18) for conductance sensors A and B. The bench tests on the Venturi with
conductance at the inlet and throat for simulated annular flow is fully described in
Chapter 5.

Ring sensor (M) (i) (iii) (iv)
lectrodes 7 ;
E ) Vi V2 v
15K 100p!
Electrodes 6 _| a7
Electrodes § ko Il
TRE L]
10K 10K =
A oer o U] - Vic
i o orr ] 5K + ‘0'
e 100! < fil —
Excitation s gt [ i >
A CMORF AU S}y sy Sax
Source CHUNGLSTATVS B ] y— <
> . {
WV p- <10k U Ei‘
23 PP s vy  [oe Stk
10KH: g [y Y T

i): Inverting amplifier
ii): Active low pass filter
iii): Full wave rectifier o
iv): Active low pass filter With zero offset adjust

X

- S e

+#5

Figure 4-20: A circuit diagram of the conductance electronic circuit for the
throat ring sensors
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4.2.3 The conductance electronic circuit for the digital level sensor

A digital level sensor was used to measure the liquid film thickness § of the film in
annular gas-water two phase flow as shown in Figure 4-21. Conductance electronic
circuits and a digital level sensor head were designed and built to measure the liquid
film thickness & (from which the gas volume fraction a; at the inlet can be derived) in
vertical annular gas-water two phase flows at the inlet of the Venturi. The
conductance electronic circuit was designed and built as 19 channels connected to the
digital level sensor head which consisted of 19 electrodes to measure the film

thickness in the range 0.5mm to 9.5mm in steps of 0.5mm at the inlet of the Venturi.

In order to measure the liquid film thickness, the conductance electronic circuit is
needed to drive a DC output of 0 or 5 volts in order to send a signal to a BCD
encoder.

Each conductance measurement circuit was connected to an electrode on the digital
level sensor head. The digital level sensor head contains 19 electrodes capable of
measuring the liquid level in the range 0.5mm to 9.5mm; the digital level sensor head
electrodes were spaced at 0.5mm intervals as shown in Figure 4-24. 19 channels were

built for the 19 electrodes of the digital level sensor head.

b4 "
6 Film thickness

(a5 core

assumine no water im the

core

Water film -

l"i|n, wall

Figure 4-21: Liquid film thickness in vertical annular water-gas flows
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The complete block diagram of the measurement electronic circuit for each channel is
shown in Figure 4-22. It consists of three stages; (A) full wave rectifier, (B) a low-
pass filter, (C) a non-inverting amplifier (refer to Figure 4-23); the excitation voltage
is 2v peak to peak and the sine wave frequency is 10 kHz. The output voltage from
the electronic circuit for all channels is 0 or 5 dc volt; the output of the electronic
circuit for each channel was connected to a BCD priority encoder that features priority
encoding of the inputs to ensure that the highest-order data line is encoded. Ten data
input lines (0-9) are encoded to the four-line (8, 4, 2, 1) BCD. Since 19 channels were
built, two BCD (CD401147B) encoders were used so that channels 1 to 10 were
connected to the first BCD (encoder) and channels 11 to 19 were connected to the
second BCD (encoder), the outputs from both BCD encoders are digital. All the
outputs of the BCD encoders were connected to the digital input terminals of an NI
USB 6009 data acquisition card. A program was written by the author using Labview
(refer to Figure 4-27) to read the digital number from the BCD encoder via the NI
USB 6009 card; refer to Figure (4-26) for a block diagram of the digital circuit.
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Excitation Source
2V pp
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Water flow
(Liquid film)
One channel of the dls €j

Full wave rectifier

'

Low pass filter
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'

DC output Voltage
0or 5V

Figure 4-22: Block diagram of the measurement electronics
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Figure 4-23: A schematic diagram of the conductance electronic circuit
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Figure 4-24: digital level sensor head design for measurement of the liquid film
thickness in vertical annular flow
To measure the film thickness in annular flow, the digital level sensor head was

mounted on the inner surface of the Venturi inlet and insulated to prevent water leaks

during the experiments as shown in Figure 4-25.

The electrodes e, to e;9, Shown in red on Figure 4-24, are either covered in water or
exposed to air dependent upon the film thickness. For the electrodes covered by water,
the corresponding output from the associated conductance circuit were high (refer to
Figure 4-23). For the uncovered electrodes, the conductance circuit output were low.
These high and low outputs were interpreted by the BCD encoder, the NI USB 6009
card and the Labview software, enabling the film thickness to be measured to a

resolution of + 0.5mm.
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Figure 4-25: Photograph of the digital level sensor head mounted on the Venturi
inlet

As shown in Figure 4-26. The digital level sensor has 19 channels with 19 LEDs
which needs to be connected to the NI USB 6009 data acquisition card via two BCD
priority encoders. The CD40147B encoders were and connected with the output of the
digital level sensor conductance circuit (from channel 1 to 19), to drive low (0) or
high (1) signal to the NI USB 6009 card.

The outputs from the conductance circuits of digital level sensor from chl to chl0
were connected to the BCD1 priority encoder (input O to input 9) respectively and
from chll to ch19 of the digital level sensor circuit were connected to the BCD2
priority encoder (input O to input 8) respectively, input 9 from the BCD2 encoder was
not needed because we have only 19 channels. The 19 LEDs functions in the circuit is
to show when air is present the sensor channels 1 to 19 are all off and whenever
water is present the sensor channel electrodes covered by water activate, indicating
that water is present.
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The CD40147B encoder features priority encoding of the inputs to ensure that only
the highest-order data line is encoded. Ten data input lines (0-9) are encoded to four-
line (8, 4, 2, 1) BCD. All inputs and outputs are buffered. The outputs from BCD1
encoder (A1 B1 C1 D1) and the outputs from BCD2 encoder (A2 B2 C2 D2) are
connected to the digital input channel of NI USB 6009 data acquisition card as shown
in Figure 4-26.

A Labview software program (see Figure 4-27) was created to read the digital input
channels to the NI USB 6009 data card coming from the outputs of BCD encoders and
this Labview software calculated converted the digital data to an equivalent decimal
number to show the results of the measurement on a PC, (e.g. if the water covered the
electrodes €1, e2, e3 and e4 of the dls head sensor, the corresponding output from the
associated conductance circuit are high (refer to Figure 4-23), the Labview software
will read from the BCD1 encoder a digital number (1100) and from BCD2 encoder a
digital number (0000). Labview software will convert digital number to the equivalent
number and show the results on PC as 2mm film thickness measured by digital level

sensor). Table 4-1 and 4-2 shows the truth table of BCD encoders with equivalent

numbers.
dls sensor head Conductance electronic B%%ig;‘::g“
circuit ( ) NI USB 6009
| Channd 19 LED 19 Qutput 19
Output 11 Digital
input
Output 10 }—f Input 9 Qutput :
H Output
: Output
Channdl LED1 Output 1 |—{ Ingut 0 Output
BCD1 Encoder
(CD40147B)

Figure 4-26: block diagram of the digital circuit for measuring the film thickness

BCD Encoder 2 | BCD Encoder 1| Decimal number Equivalent number mm
0j0j0jO0Of0O|O|O]|O 0 0
0|00 |0 1|11 15 0.5
0/]0|O0|0f1]1]|1 14 1

[EEN

(@)

125



Ph.D. Thesis

Chapter 4: Design and Construction of a Conductance Venturi Meter

00|00 |1]1]|0]1 13 1.5
0/0]0|0O]j21|1]0]0O 12 2
0|00 |0Oj1]0]|1]|1 11 2.5
0/0j0|0Oj21|0]|1]0O 10 3
0/0]0|0|j1|0]|0]1 9 3.5
0/0|0|0j1]{0|0]0O 8 4
0/0]0|0j0|1]|1]1 7 4.5
0/0j0|0OjO0|1]1]0 6 S
O=low 1=high x=don’t care

Table 4-1: Truth table of BCD encoder 1 and equivalent number

BCD Encoder 2

BCD Encoder 1

Decimal number

Equivalent number mm

1[]1]1 |1 |X|X|X]|X 15 5.5
11|10 X | X|X]|X 14 6
111101 | X|X|X|X 13 6.5
111100 | X | X|X|X 12 7
1]0]1 1| X | X|X]|X 11 7.5
1]0]1 0| X | X|X]|X 10 8
1]0]0 |1 | X | X|X]|X 9 8.5
1]/]0]0 |0 X | X |X]|X 8 9
OJ1 |11 |  X|[X|X]|X 7 9.5
O=low 1=high x=don’t care

Table 4-2: Truth table of BCD encoder 2 and equivalent number3
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Figure 4-27: Flow chart of the digital level sensor Labview software

127




Ph.D. Thesis  Chapter 4: Design and Construction of a Conductance Venturi Meter

The Figure 4-28 shows the overall connection diagram used to make the digital sensor

measurement. The bench test on the digital level sensor for measuring the film

thickness in vertical annular flow is fully described in Chapter 5.

Venturi with conductance sensors
at inlet and the throat

{)

¢ Digital level sensor circuit

NIGOOY CARD

0orsVDC
output voltage

()

——

BCD encoders

Liquid film «— Signal Generate

10Kz
Gas water
®1LEDON
Mow
o LED OFI

Figure 4-28: Overall connection diagram for the liquid film measurement
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Summary

A Venturi meter with ring conductance sensors which can be used to measure the gas
and water flow rates in vertical two phase flows was designed and constructed.

The Venturi meter was designed and constructed to measure the gas volume fraction
at inlet and the throat of the Venturi in gas-water two phase flow (see Section 4.1).
One of the most advanced features of this design is that all parts can be assembled and
disassembled easily for maintenance. The Venturi meter with conductance sensors is
also capable of measuring the gas volume fraction at the inlet and the throat of the

Venturi.

The conductance Venturi meter consists of four sensors (see Section 4.1):

(i) the conductance ring sensor C in which two ring electrodes are
mounted at the throat to measure the gas volume fraction at the
throat of the Venturi.

(i) the two conductance ring sensors A and B at the Venturi inlet in
which four ring electrodes are mounted at the inlet. The sensors
can be used to measure the film velocity of the liquid, and also to
enable measurement of the gas volume fraction at the VVenturi inlet.

(iti)  digital level sensor at the Venturi inlet which is capable of
measuring the film thickness (and hence the gas volume fraction) at
the Venturi inlet.

The ring sensor B at the inlet of the Venturi was used as an alternative method of
measuring the film thickness and hence the gas volume fraction at the inlet provided
water conductivity a,, is known.

The electronic circuits for the throat ring sensor, inlet ring sensors and digital level
sensor at the Venturi inlet were built and calibrated to give appropriate dc output
voltages. For sensors A,B and C their dc voltages are proportional to the local
conductance of the mixture which can then be related to the local gas volume fraction
at the relevant position in the Venturi.

129



Ph.D. Thesis  Chapter 5: Bench Tests on the Venturi with the Conductance Sensors

Chapter 5 Bench Tests on the Venturi with the
Conductance Sensors

Introduction

At the start of this chapter it should be reiterated that the Venturi with conductance
sensors at the inlet and throat is capable of measuring the gas volume fraction at the
inlet and the throat of the Venturi and the film thickness at the Venturi inlet in vertical
annular water-gas flow as described in Sections 4.1 and 4.2. This work is based on the

measurement of:

» The liquid film thickness at the inlet of the Venturi.
» The gas volume fractions at the inlet and the throat of the Venturi meter using
electrical conductance technique.

» The film velocity.

Y

The water conductivity.
» The differential pressure between the inlet and the throat of the Venturi in wet

gas flow.

The reasons for making these measurements are to determine the gas and water
volumetric flow rates in annular flow, and the gas and water mass flow rates in
vertical annular wet gas flow using Equations (3.42), (3.2), (3.3.39) and (3.44)

respectively.

Before the Venturi with conductance sensors was used dynamically in the flow loop
to take the measurement data in the vertical annular gas-water flow, a number of static
experimental bench testing procedures were carried out. A bench test rig was designed
and built in order to calibrate the conductance ring sensors at the inlet and the throat.

One of the conductance ring sensors at the inlet together with the conductance ring
sensor at the throat of the Venturi needed to be calibrated in order for their cell
constants to be determined. In addition, the digital level sensor that is used to measure
the liquid film thickness at the inlet of the Venturi needed to be calibrated (before it is

used in the flow loop) in order for the liquid film thickness and hence the gas volume
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fraction at the inlet to be determined. This chapter presents the experimental bench
testing procedures carried out on the Venturi with conductance ring sensors at the
inlet and throat to simulate annular flow, and also the calibration of the digital level

sensor at the Venturi inlet.

5.1 Bench tests on the Venturi with the conductnce sensors

Before the Venturi meter was used dynamically in the flow loop, a number of
experimental bench testing procedures were carried out. A bench test rig was designed
and built in order to calibrate the conductance measurements for one of the ring
sensors at the inlet and the ring sensor at the throat. The static measurements were
taken under laboratory conditions in which the temperature of the water was kept

constant at 21°C.

The simulation of the liquid film thickness and the gas volume fraction at the inlet of
the Venturi is described in Section 5.1.1. The experimental setup of simulated annular
two phase flow through a Venturi inlet is presented in Section 5.1.2. The simulation of
the liquid film thickness and the gas volume fraction at the Venturi throat and the
experimental setup of simulated annular flow through a Venturi throat are described
in sections 5.1.3 and 5.1.4 respectively.

5.1.1 Simulation of the liquid film thickness and the gas volume fraction at the
Venturi inlet in simulated vertical annular flow

To simulate the water film in the vertical Venturi meter, different diameters of nylon
rods were inserted through the Venturi [84]. The gap between the outer surface of the
rod and the inner surface of the Venturi inlet was then filled with water, representing
the water film that would occur in a real annular flow (refer to Figure 5-1).

A nylon rod holder at the bottom of the Venturi was used to hold the different
diameters of nylon rod in the static tests to ensure that the nylon rod was located at the
exact centre of the Venturi. From the conductance circuit channel B (refer to Figure 4-
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18) the cell constant of the upstream conductance sensors may be determined from the

equation below:

V(al) = K(“l) Ow,ref + Voff
Equation 5.1

V(a;) corresponds to the output voltage V,z from channel B conductance circuit in
Figure 4.18. Note that for the research presented in this thesis the dc offset V.,

adjusted to be zero.

In Equation (5.1) K(a;) is the cell constant for conductance ring sensor B and a,,, ..
is the reference water conductivity. V, ¢ is the value of V, 5 when the Venturi is full

of air only and hence the conductivity is zero, and, as stated above, was set to zero.

By rearranging Equation (5.1) K () is given as:

Equation 5.2

Hence we can find the relationship between the cell constant K(a,;) and the gas
volume fraction a; at the inlet to the Venturi. From Figure 5-5, the liquid film

thickness §; s;,,, in simulated annular flow at the inlet of the Venturi is given by:

_ Dinlet - Drod,i
6i,sim - f

Equation 5.3

where §; s, is the simulated liquid film thickness at the Venturi inlet, Dj,e is the
Venturi inlet diameter and D,q; is the diameter of the i*" nylon rod used in bench
tests. The in situ gas volume fraction at the inlet of the Venturi is defined as the ratio

of the area occupied by the gas to the total flow area. Therefore the gas volume
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fraction at the inlet of the Venturi in simulated vertical annular flow ay; s, can be

expressed as:

QA1,i,sim = (Drod,i>2
" Dintet
Equation 5.4
Drod,i (mm) 8i,sim (mm)

46.05 1.975
40.92 4.54
36.64 6.68
32.72 8.64
28.74 10.63
25.55 12.225
22.55 13.725
20.55 14.725
16.55 16.725
10.21 19.895

6.2 21.9

Table 5-1: Dyoq; and 6; g, Used in the experiments

Nylon Rods with Venturi with conductance sensors

Inlet diameter 50 mm different diameters at inlet and the throat
1 1
P

Nvylon Rod
diameter

Nylon Rod holder

Water film thickness  §; . ¢ Ny .

Figure 5-1: Configuration of the vertical simulated annular flow at the Venturi
inlet

133



Ph.D. Thesis  Chapter 5: Bench Tests on the Venturi with the Conductance Sensors

5.1.2 Experimental setup of simulated vertical annular two phase flow at the
Venturi inlet

As mentioned earlier it is necessary to perform a number of experimental bench
testing procedures before the Venturi meter may be used dynamically in the flow
loop. Figure 5-2 shows the bench test experimental setup for vertical simulated water
film through the inlet upstream conductance ring sensor B. Only one of the upstream
conductance ring sensors, sensor B needed to be calibrated in order for its cell

constant to be determined.

Mvlon Rod

N

Electrogde
conduelance

sensor B
at theinler

D output

virltagee

Inlet conductance
circuit

o . | 7 — MNylon rod holder
Excitation Yoltape | | ® I

2V p-p 10 KHz

B =434 »
Ll

Venturi with conductance sensors
at inlet and the throat

Figure 5-2: Bench test experimental setup of simulated vertical water film at the
Venturi inlet

To do this, one electrode of the ring sensor B was connected to the signal generator in
which the excitation voltage was 2V peak to peak and the sine-wave frequency was
10 kHz. The other electrode (measurement electrode) was then connected to the

conductance circuit channel B (refer to Figure 4-18). The measurement circuit was
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then adjusted to obtain zero output voltage when no water (only air) was present
between the electrodes of the ring sensor B at the Venturi inlet.

The space between the electrodes of ring sensor B (which were flush mounted with
the wall of the Venturi inlet) and the i*® nylon rod was then completely filled with
water and the dc output voltage was obtained, the amplifier gain is the same during
the calibration experiments as it is during the flow loop tests. Different diameters of
nylon rods were successively inserted through the Venturi, the volume between the
outer surface of the rod and the inner surface of the Venturi always being filled with
water. The dc output voltages V (a,) was recorded using the interfacing system (refer
to Figure 5-2). The values of V(a;) were dependent on the simulated liquid water
film thickness at the inlet of the Venturi. Thees static measurements were taken under
laboratory conditions in which the temperature of the water was kept constant at 21°C.
Different values of the water conductivity value were used and measured three times
for each experiment using a conventional proprietary conductivity meter. Water

1 were used, these

conductivity values of 145uScm'1, 175uScm'1 and 195.7uScm’
different values being achieved by adding a different amount of salt to the water for

each experiment.

5.1.3 Simulation of the liquid film thickness and the gas volume fraction at the
Venturi throat in simulated vertical annular flow

A similar static procedure was used to calibrate the conductance measurement system
at the throat of the Venturi (see Section 5.1.1) in which nylon rods with different
diameters were inserted in the throat of the Venturi. The gap between the inner
surface of the Venturi throat and the outer surface of the nylon rod throat was then
filled with water representing the liquid film that would occur in a real annular gas-
water two phase flow as shown in Figure 5-3. From the conductance circuit of the
throat ring sensor (refer to Figure 4-20) the cell constant of the throat conductance

sensor may be determined by the equation below:

Vi(ap) = KH(ap) Oy rer + Vg

Equation 5.5
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where V¢(a,) is the output voltage from throat conductance circuit, and corresponds
to the output voltage V,. in Figure 4.20, K*(a,) is the cell constant for the ring
conductance sensor C, oy, . is the reference water conductivity and Votff is the offset
voltage of the throat conductance circuit when the Venturi was full of air only and
hence the conductivity is zero. Votff was always set to zero for the work described in

this thesis. The subscript t refers to the throat of the Venturi.

By rearranging Equation (5.5):

Vi(ay) — Vors
Ow,ref

Et(az) =

Equation 5.6

Hence we can find the relationship between the cell constant K¢(a,) and the gas
volume fraction a, at the throat of the Venturi. From Figure 5-6, the liquid film

thickness §; ; sin, In simulated annular flow at the inlet of the Venturi is given by:

D¢ — Drog,i
6i,t,sim = <%)

Equation 5.7

where §; ; simy IS the simulated liquid film liquid film thickness at the Venturi throat,
D, is the Venturi throat diameter and D,.q; is the rod diameter of the i®* nylon rod.
The gas volume fraction at the throat of the Venturi in simulated vertical annular flow

@2,i sim Can be expressed as:

Drod,i
a2isim = D,
Equation 5.8
Drod,i mm 8i,t,sim mm
28.74 0.63
25.55 2.225
22.55 3.725
20.55 4,725
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16.55 6.725
10.21 9.895
6.2 11.9
Table 5-2: Dyoq; and 6; ¢ 51 Used in the experiments
Venturi with conductance sensors
at inlet and the throat
Nylon Rods with
Throat diameter 30 mm different diameters
1
! ! ——
1 1
1 1
i i
1 . 1
t Nylon Rod 1 Nvlon Rod holder
i diameter |
| |
1 1
1 1
1 1
i i
i i
1 1
1
Film thickness O;tqim | 1y

Figure 5-3: Configuration of the vertical simulated annular flow at the Venturi
throat

5.1.4 Experimental setup of simulated vertical annular two phase flow at the
Venturi throat

In a similar way to that for the inlet ring sensor, Figure 5-4 shows the bench test
experimental setup for a vertical simulated water film at the throat of the Venturi. One
electrode of the ring senor C at the throat was connected to the signal generator in
which the excitation voltage was 2V peak to peak and the sine-wave frequency was
10 kHz. The other electrode (measurement electrode) was then connected to the throat

conductance circuit (refer to Figure 4-20). The circuit dc offset adjusted to set V¢ to

zero when no water (only air) was present between the electrodes (ring sensor C) at

the throat. Thus V, ¢, in Equation (5.1) was always effectively zero.
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The volume between the throat electrodes (ring sensor C) was then completely filled
with water and dc output voltage was obtained, the gain of the amplifier for the throat
ring sensor C was the same during the bench test as during the flow loop tests
described in chapter 6 and 7. Note that the amplifier gain was set by adjusting the
variable resistance in the amplifier part of the circuit shown in Figure 4-20. Different
diameters of nylon rod were successively inserted through the Venturi with the gap
between the inner surface of the Venturi and the outer surface of the nylon rod being
filled with water. The dc output voltage V*(a,) was recorded using the interfacing
system (refer to Figure 5-4). The dc output voltage of each test is a function of the
volume fraction dependent cell constant K¢ (a,), the water conductivity, the excitation

voltage and the resistance feedback at the throat of the Venturi.

The static measurements were taken under laboratory conditions in which the
temperature of the water was kept constant at 21°C. Different values of the water
conductivity value were used and measured three times for each experiment using a
conventional conductivity meter. Water conductivity values of 64pScm™, 92.4pSem™
and 166.5uScm™ were used. It should be noted that the water conductivities were
different in the two sets of experiments because of the difficulty in achieving a precise

conductivity value by adding salt to water.

138



Ph.D. Thesis  Chapter 5: Bench Tests on the Venturi with the Conductance Sensors

Nylon Rod

I

Electrode conductance
sensor at the throat

Throat
< conductance
— circuit

DC output
voltage
10 KHz -
2V p-p
—
e l®

Venturi with conductance sensors
at inlet and the throat

Figure 5-4: Bench test experimental setup of the simulated annular flow through
the Venturi throat

5.1.5 Experimental results from the upstream ring sensor B at Venturi inlet
and ring sensor C at the throat in simulated annular flow

As described previously, a bench test rig was designed and built in order to calibrate
the conductance measurements at the inlet and the throat. Upstream conductance
sensor B and the throat sensor (sensor C) were calibrated in order for their cell
constants to be determined. Bench tests were performed by inserting non-conductive

nylon rods with different diameters through the inlet and throat of the Venturi meter.

The dc output voltages from the electronic measurement circuits were recorded which
are then related to the liquid water film at the inlet and the throat of the Venturi.
Figure 5-5 shows the relationship between the gas volume fraction o, and the cell
constant K («;) obtained from the vertical simulated annular flow experiments at the
inlet of the Venturi. Note that the relationship between K (a;) and «, is independent

of the water conductivity, for the range of values of water conductivity investigated.
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Koy
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0025 <
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«t=\yater conductivity=1454Scm-1  ==yyater conductivity=17508em-1  =de=yater conductivity=195 7HScm-1

Figure 5-5: Calibration curve for upstream ring sensor at the Venturi inlet
K(ay) vs ay5im

Once the output voltage from the channel B conductance circuit V(a,) at the Venturi
inlet is measured, the dc offset is known and the reference water conductivity is
known, then the cell constant K (a;) may be easily determined from Equation (5.2) in
simulated annular flow. From Figure 5-5, plotting the cell constant on the vertical axis
against the gas volume fraction on the horizontal axis, enables a more convenient best

fit polynomial equation to be obtained (see Equations (5.9) and (5.10)).

R (@) =-0.1065(ety ; sim) +0.121(@y 1,51 ) -0.054(ty 1 5im ) +0.0024a; ; 511n*0.038
Equation 5.9

For the flow loop tests described in chapters 6 and 7, Figure 5-5 can be used as

follows.
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I.  Suppose that for a given flow condition V(«,) is measured and V, ¢ is known
to be equal to zero. Then, if a, is known from digital level sensor, the
corresponding value of K(a;) can be obtained from Figure 5-5 (or the
polynomial fit to the data in Figure 5-5) to enable the conductivity g, ,,, of the

flowing water to be determined using Equation (3.9) or Equation (5.1).

Il.  Alternatively if the water conductivity o, is already known (e.g. by using
proprietary conductivity sensor) then K(a,) can be determined from
measurement of V(ay), Vorr and g, using Equation (3.9) (or Equation (5.1)).
a, can then be determined from K (a,) using Figure 5-5 or the polynomial fit

to the data in Figure 5-5.

Figure 5-6 shows the relationship between the gas volume fraction o, and the cell
constant Kt (a,) obtained from the vertical simulated annular flow at the throat of the

Venturi. Again, note that K¢(a,) Vs a, is independent of the water conductivity.

In a real annular flow, once the output voltage from the throat ring sensor conductance
circuit V¢(a,) is measured, the cell constant K¢(a,) can be easily determined from
Equation (5.6) since the water conductivity is known (see above) and the dc offset is

also known.

Note that for the flow loop tests described in chapter 6 and chapter 7 the conductivity
oy m Of the flowing water can be obtained from inlet sensor B and the digital level
sensor as described above. Alternatively, the water conductivity can be obtained using

a proprietary conductivity meter.
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Rt(az)

0.025

0.0z

0.015

0.01

\

u
I

A2 isim

=g=\vater conductivity=64HScm-1 =@=water conductivity=92.4HScm-1 =de=water conductivity=166.54Scm-1

Figure 5-6: Calibration curve for ring sensor at the throat of the Venturi
K'(ay) vs a,

Kt (at)= 0.0058(atz,; sim) - 0.0162(z 1 sim ) - 0.0008( et sim)” - 0.0119a5 ; siym+ 0.023

Equation 5.10

5.2 Experimental setup and the results for the digital level sensor

Before the digital level sensor was used dynamically in the flow loop, an experimental
bench testing procedure was carried out. A bench test rig was designed and built to
test the digital level sensor at the Venturi inlet in order for the water film thickness &
to be measured enabling the water volume fraction a,,, at the Venturi inlet to be

determined in vertical annular water gas flow, using Equation (3.1).
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The excitation electrode of the dls head sensor was connected to the signal generator
in which the excitation voltage was 2 volt peak to peak and the sine-wave frequency
was 10 kHz. The measurement conductance electrodes of the dls head sensor placed
in a plastic rectangular box with a ruler. This allowed testing of the dls head sensor by
adding an amount of water to the plastic box. The level of the water in the box (as
measured by the ruler) was compared with the water level as indicated by the outputs
from channels 1 to 19 of the digital level sensor conductance circuit (refer to Figure 4-
23).

Figure 5-7, shows the experimental setup of the dIs sensor head. The test results
showed that whenever air is present the sensor channels 1 to 19 are all off and
whenever water is present the sensor channel electrodes covered by water activate,

indicating that water is present.

Figure 5-8 shows the outputs from the digital level sensor conductance circuit versus
water height. This test showed that when the water is present LEDs successively turn
ON as the water level rises and the effect of the test has shown that whenever the
water level is increasing or decreasing, the LEDs turn ON or OFF correctly as
expected. Using the digital level sensor, the water height in the range 0 to 9.5mm

could be determined with an accuracy of + 0.5mm.

The bench testing procedure was carried out to test the output from the channels 1 to
19 of the digital level sensor conductance circuit with the BCD encoders and NI USB

6009 data acquisition device.

Channels 1 to 19 of the dls conductance circuit were connected with the BCD
encoders and NI USB 6009 device as shown in Figure 4-26. A Labview software was
used during the bench test to read the data from the BCD encoders via NI USB 6009

card.

The Labview water level reading value was compared with the water level in the
plastic box as measured by the ruler. The results agreed with each other e.g if the with

water level in the box as measured by the ruler was 2mm, on the PC screen using the
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Labview software (by reading the data from BCD encoders via NI USB 6009 card)

showed 2mm as well. etc.

As mentioned earlier in section 4.2.3, for the flow loop experiments described in
chapter 6 and 7 the digital level sensor head is mounted on the inner surface of the
Venturi inlet and measures the liquid film thickness § in annular wet gas flow.
Measurement of & enables the water volume fractions a,, ; to be determined using
Equation (3.1). Once the the water volume fraction a,,; at the Venturi inlet is

obtained then the water flow rate can be determined using equation (3.2).

® LEDON

LED OFI . o
Digital level sensor circuit

e e

v er SV DC ) Signal Generator
nin

DPULSE - 10 K1z
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.

+|
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dls sensor Iu':ul\f = ]

/
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Figure 5-7: Calibration bench test of the digital level sensor
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Summary

Before the Venturi meter was used dynamically in the flow loop, a number of
experimental bench static testing procedures were carried out. Bench tests were
designed and built to calibrate the one of the inlet ring sensors and to calibrate the ring
sensor at the throat. The reason for carrying out the static tests on Venturi with
conductance sensors at inlet and the throat was to find the relationships between the
gas volume fractions @, and a, at the inlet and throat and the corresponding cell
constants K(a;) and K®(a,). This was achieved by using the dc output voltages
measured from the throat and inlet electrical conductance circuits in simulated annular
flow. These relationships enable the Venturi with conductance sensors to be used

dynamically in real vertical annular water-gas two phase flows.

Calibration of the ring conductance sensors was achieved by inserting different
diameters of nylon rod into the Venturi inlet and the throat, and filling the gap
between the outer surface of the rod and the inner surface of the Venturi with water,
thus representing the water film that would occur in a real annular flow. The dc output
voltages from the electronic measurement circuits were recorded which were then

related to the liquid water film thickness at the throat and inlet of the Venturi.
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Chapter 6 The Annular Flow Rig and its Associated
Measurement Instrumentation

Introduction

To carry out measurements in vertical annular gas-water two phase flows using the
Venturi with conductance ring sensors at the inlet and throat, several items of
equipment were required. The Venturi itself represents the device under test. Other
instruments used in the flow loop included a DP (differential pressure) sensor, a
variable area flow meter and a turbine flow meter which made up the reference
measurement devices. In the current investigation, the flow loop was developed at the
University of Huddersfield to enable vertical annular gas-water flows to be
established. This flow loop has a 50 mm internal pipe diameter and a 2.5 meter long

test section.

This chapter describes the experimental setup and the instrument devices used with
annular gas-water two phase flows. An explanation of the instrumentation used on the
flow loop, and the calibration of the reference measurement devices, is given in

Section 6.2. These include:-

» A side blower (RT-1900) to provide the required high gas flow rates.

» A variable area flow meter to provide a reference measurement of the required
gas volumetric flow rates.

» A turbine flow meter to provide a reference measurement of the water
volumetric flow rates.

» Differential pressure devices, including a DP cell.

A change-over valve and flushing system used with the DP cell is described in

Section 6.3. The NI USB data acquisition device is described in Section 6.4.
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6.1 Two phase flow loop capabilities

An existing multiphase flow loops available at the University of Huddersfield was
modified to produce gas and water flows in the annular flow regime. The gas phase is
air with approximate density of 1.2kgm™. For the current investigation, the working
section was composed of a 50mm internal diameter pipe, approximately 2.5m long. A
photograph of the vertical annular flow gas-water two phase flow loop (see Section
6.1.1) used in the current research is shown in Figure 6-1. The configuration is
described in detail below. Details of the reference measurement devices used in this

configuration are given in Section 6.2.

d Vertical annular flow e °
test section

PR

b >
o ‘A .

Figure 6-1 The gas-water two phase flow loop at the University of Huddersfield.
The Venturi with conductance sensors is shown mounted in the test section.
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6.1.1 Annular gas-water two phase flow configuration

In order to carry out the measurements using the Venturi with conductance ring
sensors at the inlet and throat in annular flow, a vertical annular two phase flow
configuration was established in the flow loop test section. A schematic diagram of
the vertical annular two phase flow rig is shown in Figure 6-2. With reference to
Figure 6-2, water was pumped from the water tank into the vertical test section

through a turbine flow meter using a centrifugal pump.

The turbine flow meter was used to provide a reference measurement of the water
volumetric flow rate Q.. in the rage of 0.472 m3/hr up to 2.994 m*/hr
corresponding to water superficial velocities U, in the range of
0.066 (m/s) up to 0.423 (m/s).

Air was pumped using a “side channel blower”, RT-1900 (see Section 6.2.1), into the
vertical test section through a variable area flow meter (see Section 6.2.2) to give
reference measurement of the gas flow rate in the range 50 m3/hr up to 155 m3/hr
corresponding to gas superficial velocities Uy in the range of 7.073 (m/s) up to
21.927 (m/s). The reference gas volumetric flow rate was denoted Q... The sum
of the reference gas and water volumetric flow rates gives the reference mixture

volumetric flow rate, Qy, -

Predicted gas, water and mixture volumetric flow rates (Q, , @,, and @, respectively)
were obtained using The Abbas (2010) [81] and the homogenous flow models (see
Chapter 3) and the models of Murdock [10] and de Leeuw [15, 16] (described in
Chapter 2) using the Venturi with conductance sensors. These results were compared
with the reference gas, water and mixture volumetric flow rates Qg er » Qurer and
Qm,res 10 analyse the error in the predicted flow rates (see Chapter 7). A Honeywell

DP cell, STD-120 (see Section 6.2.4), was used to measure the differential pressure,

APTP,WQ , between the inlet and the throat of the Venturi.
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The other models [12], [14], [13] and [2] (described in Chapter 2) were used as well

but the error in the predicted gas, water and mixture flow rates was more worst.

Vent

Venturi with conductance sensors
at inlet and the throat._ -

DP cell [TET 7
. ::'i— !

Perspex pipe =

Turbine flow meter

[

Water Tank Water
MMow

\ir flow

Centrifugal pump ) ‘

E‘@ \ir Mm\rr':)

Figure 6-2: A schematic diagram of the vertical annular gas-water two phase
flow loop at the University of Huddersfield.

2 way valve

& [

The digital level sensor at the inlet of the Venturi was used to measure the film
thickness & of annular two phase flow in order to determine the water volume fraction
a1 at the inlet of the Venturi using Equation (3.1). The two ring sensors A and B
(electrodes 3, 4, 5 and 6) at the inlet of the Venturi were used to measure the liquid
film velocity Uy .. of the annular two phase flow using a cross correlation technique.
The ring sensor B at the inlet was used to measure the gas volume fraction a; at the
inlet of the Venturi and used as an alternative technique to measure the film thickness
6 provided that the water conductivity was already known. The alternative ring
sensor, was used in conjunction with the digital level sensor to measure water
conductivity. The ring sensor C (electrodes 1 and 2) at the throat of the Venturi was

used to measure the gas volume fraction a,, at the Venturi throat.
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Once the gas volume fraction a; at the inlet, the gas volume fraction a, at the throat
and the differential pressure APrp,, across the Venturi are measured, the predicted
gas and water volumetric flow rate in annular two phase flow can then be predicted
using the models given in Chapter 3. A schematic diagram of the instrumentation

systems together with the interfacing system is shown in Figure 6-3.

For the throat ring sensor C, one electrode of the ring sensor was connected to the
excitation voltage (2 volt peak to peak) with the sine wave frequency (10 kHz). The
other electrode was connected to the electrical conductance circuit of the throat (see
Section 4.2.2) by which the gas volume fraction, a,, could be obtained from the dc

output voltages.

For ring sensor A at the inlet, one electrode was connected to the to the excitation
voltage (2 volt peak to peak) with the sine wave frequency (10 kHz). The other
electrode was connected to the electrical conductance circuit channel A at the Venturi
inlet. For ring sensor B at the inlet one electrode was connected to the excitation
voltage (2 volt peak to peak) with the sine wave frequency (10 kHz) and the other
electrode was connected to the electrical conductance circuit channel B at the Venturi
inlet (see section 4.2.1). With this configuration the film velocity Uy .. could be

obtained by cross correlation from the dc output voltages from ring sensors A and B.

For the digital level sensor, the excitation electrode of the sensor was connected to the
excitation voltage (2 volt peak to peak) with a 10 kHz sine wave frequency. The
measurement electrodes of the sensor head were connected to the digital level sensor
electrical conductance circuit (see Section 4.2.3) by which the liquid film thickness &

could be obtained.
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Figure 6-3: Schematic diagram of the instrumentation systems and the
interfacing system

6.2 Reference measurement devices used on the gas-water two phase flow loop

As stated previously, the Venturi flow meter with conductance at the inlet and the
throat represented the device under test used in vertical annular two phase flows.

Additional instruments on the flow loop are described below.

6.2.1 Airsupply

The air flow is supplied by the Airtec Air Systems Ltd RT-1900 side channel blower
[85]. A side channel blower was used for the current study to give the necessary high
gas flow rate in vertical annular gas-water two phase flows. A photo of the side
channel blower (RT-1900) and its specification are shown in Figure 6-4. From Figure

6-4 it is clear that the gas flow rate Q, provided by the side channel blower depends

on the differential pressure AP.
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A 2 way valve as shown in Figure 6-2, is needed because the air flow rate from the
side channel blower is approximately constant and we could not vary the speed of the
side channel blower. The only way we can adjust the air flow rate is by increasing or

decreasing the amount of air flow through the vent using the 2 way valve.
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Figure 6-4: A photo of Airtec Air Systems Ltd RT-1900 side channel blower and
its specification [85]

6.2.2 The Variable Area Flowmeter (VAF)

An “Able” variable area flowmetr (type 50PTnAAI75) was used to provide a
reference measurement of the gas volumetric flow rate received from the side channel
blower. The working of the variable area flowmeter is that the differential pressure

remains constant and the air flow is measured by the position of a moving float in a
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tube of varying cross-sectional area. For this flow meter, air passing inside the meter
moves the profiled float to a position where the forces created by the flow are

balanced by the weight of the float.

A photograph of the VAF is shown in Figure 6-5. The flow rate measured by the VAF
can be read directly from the front display that was calibrated by the manufacturer to

give the gas volumetric flow rate in a range of 30 m3 /hr to 300 m3 /hr.

The VAF also gives an output from 4 to 20mA, with 4mA corresponding to the flow
rate of approximately 30 m3/hr and 20mA corresponding approximately to 300 m3/
hr. A calibration procedure relating the 4 to 20mA output to the actual gas flow rate is
given below. In order to interface this 4 to 20mA output to the NI USB 6009 data
acquisition card, a current to voltage (1/V) converter was needed (refer to Figure 6-7).
This converter converted the current output signal from the VAF (4-20 mA) into a dc
output voltage (1-5V) to provide voltage signals for the NI USB 6009 data acquisition
card to read. [A further current-to-voltage (1/V) converter circuits was used to convert
the current output signals from the DP cell (4-20 mA) into dc output voltages (1-5V)].

The dc output voltage from the (1/V) convertor circuit of the VAF was calibrated
against the analogue signal read from the gauge meter on the front display of the VAF
for different values of the gas volumetric flow rates, the analogue display having

previously been calibrated by the VAF manufacture.

The relationship between the dc output voltage V4 and the gas volumetric flow rate
Q4 (read from the gauge meter of the front display) is shown in Figure 6-6. It can
been seen from the Figure 6-6 that the output voltage V4 from VAF is upto 3.5 Volt
dc and we did not calibrate upto 5 Volt dc corresponding approximately to 300 m3/
hr this is because such high flow rates could not be achieved from the side channel
blower (RT-1900).
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Figure 6-5: A photograph of the VAF
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Figure 6-6: Output voltage Vy,r from VAF against gas volumetric flow rate Qq
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The quantitative relationship between the dc output voltage V,,r and the gas

volumetric flow rate Q, through the VAF (refer to Figure 6-6) is given by:

V, — 0.6437
Qg,ref = VAIE) 0156 (mg/hr)

Equation 6.1

A current to voltage converter (1/V) (refer to Figure 6-7) was used to convert the VAF
output signal (4-20 mA) to (1-5) dc V for the air flow meter range 30m%hr to
300m*/hr. In this circuit the reference resistor (Rper 1) is a 250 Q £1% high precision
resistor with a low temperature coefficient. The voltage drops across this resistor is
fed into two buffer amplifiers. The outputs results from the two buffers are connected
to the input of a unity gain differential amplifier. The output voltage of the differential
amplifier (output of the current to voltage convertor circuit) was connected to the NI
USB 6009 data acquisition card.

= 10KQ
+
10KQ
VvV Vout
Rref 1 > -
0250K O 2 DC1S5volt
: — AT
10KQ
) 10KQ
+
(o}
VAFM Signal P
4-20mA

Figure 6-7: Schematic diagram of 1/V converter circuit
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6.2.3 Turbine flow meter

The turbine meter (type ABLE NT13) was installed in the water line of the flow loop
as shown Figure 6.2 and was used to measure the reference water volumetric flow rate
Qwrer Supplied to the test section by the centrifugal pump. Turbine flow meters
provide measurements of the water volumetric flow rates by counting the rotation
frequency of the turbine rotor. They are designed so that the rotation frequency f; of
the turbine is proportional to water flow rate over the specified operational range of
the meter. Figure 6-8 shows a photograph of the turbine flow meter used in the

present study.

The turbine flow meter used in annular flow was brand new and the calibration data
supplied by the manufacturer was assumed to be accurate. The flow rate range
provided by the manufacture of the turbine meter was from 0.48 m*hr to 4.8 m*/hr.
The relationship between the water volumetric flow rate @, and the measured
frequency f, of the output from the turbine flow meter, provided by the
manufacturer’s calibration data, is given by:
Qw = (f; *3600/1141.943)/1000 m?/hr

Equation 6.2

where the constant 1141.943 (average pulses per litre) is called the meter factor, or k-

factor, which is specified on the calibration certificate from the manufacture
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Figure 6-8: A photograph of a turbine flow meter

6.2.4 Differential pressure device

To measure the differential pressure between the inlet and the throat of the Venturi
meter a differential pressure transducer was required as shown in Figure 6.2. The
differential pressure transmitter installed in the flow loop and used in the current
investigation was a Honeywell DP cell, STD120. It was required to calibrate this
differential pressure transmitter. Figure 6-9 shows a photograph of the DP cell model
used in the present study. A flushing system was used to guarantee that no air was
present in the water filled measurement lines. The operating range of the DP cell

sensor was 0 to 40 inches H,O0.
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Figure 6-9: Photograph of the Honeywell differential pressure transmitter (DP
cell)

Since the output from the DP cell sensor was a current (4-20 mA), a current-to-
voltage (1/V) converter circuit identical to that shown in Figure 6.7 was used to
convert the current output signal from the DP cell to a dc output voltage (1-5V),
which could then be provided to the NI USB 6009 data acquisition device.

For this study, the DP cell sensor was calibrated with a pressure tapping separation
distance of 1m in a long Perspex pipe. The output from DP cell (4-20mA) was
connected to the (I/V) converter circuit. The calibration procedure was carried out in
different stages by both increasing and decreasing the water level in the Perspex pipe
and the output voltage from the (I/V) converter circuit (refer to Figure 6.7) was
recorded for each stage. Figure 6-10 shows the calibration curve of the Honeywell DP
cell, STD120 relating the dc output voltage from the I/V converter circuit to the

applied differential pressure.

It can be seen from Figure 6-10 that by plotting the DC output voltage from the
current-to-voltage (1/V) converter circuit on the y-axis and the differential pressure on

the x-axis yields a perfect fit polynomial equation. This defines the dc output voltage
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as a function of the differential pressure, from which the differential pressure can be
determined directly from the equation in the chart. Note that in order to be used in the
Venturi models given in chapters 2 and 3 of this thesis, the measured differential
pressure (AP,,g meqs in Equation (3.13) and (3.18)) must be converted from “inches

H, 0 to Pascals™.

V = 0.0997Ap + 1.0037

Dc output voltage (V)

0 5 0 15 20 25 30 35 40 45
Differential pressure (inches H20) Ap

Figure 6-10: Calibration of the Honeywell DP cell SDT120

6.3 The change-over valve and flushing system

The Honeywell differential pressure transmitter used in the present study cannot read
a differential pressure when the pressure at the ‘high’ input is smaller than the
pressure at the ‘low” input. In the annular two phase flow, the inlet and the throat of
the Venturi meter are connected to the Honeywell DP cell, STD120, through water
filled lines where the air-water two phase pressure drop across the Venturi meter

could change its sign from positive to negative.

160



Ph.D. Thesis Chapter 6: The Annular Flow Rig and its Associated Measurement Instrumentation

To avoid this problem a “change-over” valve system was used to ensure that the
pressure applied to the high (+) side of the DP cell was always greater that the
pressure applied to the low (-) side. From Figure 6-11 it should be noted that a
flushing system, connected to a high pressure water supply, was used to remove any
air bubbles between the Honeywell DP cell lines and the Venturi flow meter,
including the water filled lines connected to the ‘+* and ‘-’ inputs of the Honeywell
DP cell. This is because air trapped in any of the pressure lines can cause faulty

differential pressure measurements.

Change over valve
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Figure 6-11: DP cell change-over valve and flushing system

6.4 Data Acquisition and Control

The measurement system used a NI USB 6009 data acquisition device to integrate the
system measurements and to control the operation of the Venturi system. A Labview
software program was created to read the input signals (from the throat conductance
ring sensor, the digital level sensor, the inlet conductance ring sensors (channels A

and B), the variable flow meter, the turbine flow meter and the differential pressure
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sensor). Then the Labview software calculates the water film thickness in annular
flow, the reference water and gas flow rates and the differential pressure online during
the experiments. Then the Labview software saves all the collected and calculated
data in an Excel file. The water an gas volumetric flow rates (e.g. from [81], [10] and

[15, 16]) where calculated offline using an Excel spreadsheet.

6.4.1 National Instruments USB-6009 data acquisition (DAQ) device

During the test and measurement procedures it was necessary to collect the data
directly and to be able to save them for later investigation. This was achieved by using

a NI USB 6009 data acquisition device as shown in Figure 6.12.

Figure 6-12: Photograph of a NI USB 6009 data acquisition device

The NI USB 6009 device has several functions. It provides eight single-ended
analogue input (Al) channels, two analogue output (AO) channels, 12 digital
input/output (DIO) channels, and a 32-bit counter with a full-speed USB interface.
For of the present work, the NI USB 6009 device used six channels for analogue input
signals (AlO0-AI5) which were controlled by using the Labview function DAQ MAX.
These were for reading the analogue signals from the Venturi throat conductance ring
sensor, the Venturi inlet conductance ring sensors (A and B), the DP cell sensor, the
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air flowmeter and turbine flowmeter. It also has eight digital input channels which
again can be controlled by using the Labview function DAQ MAX for reading the
digital signals from the digital level sensor.

6.4.2 System interface

Data from the ring conductance sensors at the inlet and the throat of the Venturi, the
differential pressure sensor (DP cell), the digital level sensor, the air flow meter and
the turbine flow meter were acquired by a PC with a National Instrument NI USB
6009 DAQ card using a Labview program which also calculated the reference gas and
water volumetric rates. Therefore six analogue signals, together with the digital
signals from the digital level sensor, were interfaced to the PC via the NI USB 6009
data acquisition device (refer to Figure 6-13). The operation of the NI card was

controlled using Labview software.

Data were collected simultaneously from the conductance sensors at the Venturi inlet
and the throat, the DP cell sensor, the air flow meter and turbine flow meter at a
sampling rate of 1 kHz. Each data collection was made one hundred times over a sixty
second period and then averaged to reduce random errors. Once all necessary signals
were received by the NI USB 6009 data acquisition card, Labview program was run
and the required flow parameters recorded to determine the reference gas, water and
mixture volumetric flow rates. Figure 6-14 shows the layout of the graphical interface

programmed by the Labview software.
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Figure 6-13: System interface and wiring diagram

Venturi DATA ACQUISITION

Digtal level sensor

Onginai signal

Digital Level sensor
0

7 99000000

Valtage(v)

Data Save Option

Time 5

Timefs)

8 DAl BeckupLabviewprogam, el

Voltage(v)

Samples in Buffer
A1

numbe ofsamples e channel

dm :
STOP 0
Timels

dp cell Graph Dpcelisensoroutput [ | airfow meter sirtiowmeterootpot [ | et Ventur outpat et inktsen & [ | i) Vertruioutpt et et sen8 [ | ot avtput Ventus outpat st the throat [N
1415 14015 14015 151 14
1405 1405 d
v v I v u]’«]E
] ] ] 3 H
2 2 2 14 2 z
g g g - iu
E E E £ E
< < < 135 < 4,

L R T B S
0 002 0M 006 008 04 0 002 0M 006 008 04 0 002 08 006 0 01

13-} 15

v v T ' 0 ' I ' ! 0
0n2 0M 006 008 04 0 002 0M 006 008 04

Time. Time. Time. Time Time.

Figure 6-14 A general Labview layout of the system
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6.5 Parameters and flow conditions of the experiment

All of the experimental procedures were performed in a vertical test section with
Perspex pipes at the inlet and the outlet of the Venturi, in order to observe the annular
flow regime during the experiments. The internal diameters of the Venturi inlet and
outlet and the Perspex pipes were 50mm. The air and water were supplied at room

temperature during all experiments.

The lowest water volumetric flow rate selected (0.472m?%h) provided an unbroken
water film in the Venturi for all gas flow rates used in the experiment. If the water
flow rate was too low the water film broke and resulted in flooding which was easy to
see via the Perspex pipe. For each flow condition during the experiments, the

following measurements were made:

> Digital level sensor to obtain the liquid film thickness § (and hence the gas
volume fraction a,) at the Venturi inlet.

» Conductance ring sensors (A and B) at the Venturi inlet to determine the liquid
film velocity Uy .. using a cross-correlation technique.

» Ring sensor B to obtain the film thickness § (and hence the gas volume
fraction a,).

» Water conductivity always measured in the current investigation using a
proprietary conductivity meter.

» Conductance ring sensor C at the throat to obtain the gas volume fraction a,.

» DP cell sensor to obtain the differential pressure between inlet and the throat
of the Venturi.

» The reference water and air volume flow rates using variable area flow meter
and turbine flow meter.

» The atmospheric pressure using a barometer.

It should be mentioned again that the film thickness of the annular flow was measured
by the ring sensor B and the digital level sensor at the inlet of the Venturi. Therefore

the gas volume fraction a;and a, at inlet and the throat of the Venturi were obtained
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using ring sensor B at the Venturi inlet and ring sensor C at the throat of the Venturi

respectively.

The procedure used for all experimental flow condition runs is shown in the form of a
flowchart (see Figure 6.15). As explained earlier in Chapter 4, the conductance ring
sensors at the inlet and the throat of the Venturi were fully calibrated before starting

the experimental measurements.
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Summary

To perform measurements on gas and water two phase flows using a Venturi with ring
conductance sensors at the inlet and throat in an annular flow regime, several items of
apparatus were necessary. The experiments were carried out by modifying a flow loop
and equipment that was already available at the University of Huddersfield. As part of
the present investigation, the water-gas two phase flow loop was further developed to
enable vertical annular gas-water flows to be established. The Venturi with ring
conductance sensors at inlet and throat represented the device under test while all
other devices on the flow loop were reference and auxiliary devices. An explanation
of the reference devices was presented in Section 6.2 and the data acquisition and

control system was explained in Section 6.4.
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Chapter 7 Experimental Results

Introduction

The Venturi meter with conductance sensors at inlet and throat was designed to
measure the gas volume fraction at the inlet and the throat of the Venturi, the film
thickness at the inlet and the film velocity in vertical annular gas-water two phase
flow. The ring sensors A and B at the inlet of the Venturi were used to measure the

film velocity Uy, by cross correlation; ring sensor B was also used to measure the
film thickness & (and the gas volume fraction a,) at the Venturi inlet; the ring sensor
C at the throat was used to measure the gas volume fraction a, at the Venturi throat
and the digital level sensor was used to measure the liquid film thickness & (and the

gas volume fraction a;) at the inlet of the Venturi.

The reason for measuring the film thickness, the film velocity and the gas volume
fraction at the inlet and the throat of the Venturi is to determine the gas mass flow rate

and the gas and water flow rates in annular wet gas two phase flow.

The mathematical model of [81], and a homogenous model assuming no slip gas
volume fraction (described in Chapter 3), were applied to determine the gas and water

flow rates.

This chapter discusses the experimental results of vertical annular (wet gas) flow
through the Venturi meter with conductance sensors. The error in the predicted gas
and water flow rates, and the gas mass flow rate using the Equation( 3.66) from [81]
was larger than expected. Therefore, a homogenous model assuming no slip gas
volume was used to determine the estimated gas and water flow rates, and gas mass

flow rate in water-gas two phase flows.
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7.1 Effect of the gas superficial velocities on film thickness at the inlet of the
Venturi

As mentioned in Chapter 4, the digital level sensor head mounted on the inner surface
of the Venturi flow meter was used to measure the film thickness at the inlet of the
Venturi. In order to analyse as fully as possible the effect of the gas superficial
velocities on the liquid film thickness as measured by the digital level sensor at the
inlet of the Venturi in vertical annular water-gas flow, seventy different flow

conditions were tested.

A summary of the flow sets is given in Table 7-1. Seven different sets of data were
used to investigate the effect of gas superficial velocity on film thickness, with water
flow rates from 0.0000436 m®/s to 0.000393 m*/s and the corresponding range of
water superficial velocity U,,, from 0.022 m/s to 0.200 m/s, the air flow rates from
0.0166 m*/s to 0.0416 m*/s with corresponding range of gas superficial velocity Ugs
from 8.48 m/s to 21.22 m/s. The mode of operation was to maintain the water
superficial velocity constant while the gas superficial velocity was varied in each flow

set.

A plot of film thickness § vs Ugs is shown in Figure (7-1) for a variety of flow
conditions with increasing gas superficial velocity at different water superficial
velocities for all sets of data. It can be seen that, in general the liquid film thickness at
the inlet of the Venturi decreases as the gas superficial velocity increases. Also it can
be seen that the inlet film thicknesses at higher gas superficial velocity were similar
for all sets of data. Results, in this study, showed that the digital level sensor (dIs) was
able to read maximum and minimum film thicknesses § of 9.59 mm and 1.84 mm

respectively.
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S Water superficial velocity | Gas superficial velocity
Uys (m/s) Ugs (m/s)
Flow set 1 0.022 8.48 t0 21.22
Flow set 2 0.033 8.48 to 21.22
Flow set 3 0.044 8.48 t0 21.22
Flow set 4 0.055 8.48 t0 21.22
Flow set 5 0.111 8.48 t0 21.22
Flow set 6 0.156 8.48 t0 21.22
Flow set 7 0.200 8.48 to 21.22

Table 7-1: Flow conditions used to investigate effect of gas superficial velocity on
liquid film thickness measured by the digital level sensor

§ 12
10 Flow sets related
a to Tahle 7-1
TE‘ X m
8 o Flow set 1
E x
A mFlow set 2
[<5)
g 6 * AFlow set 3
=
e= . 3 X Flow set 4
f§|_ 4 e 5 X Flow set 5
4 ﬁ 6 Flow set 6
2 ' 'M___ Flow set 7
0
0 5 10 15 20 25
Gas superficial velocity Uy, (m/s)

Figure 7-1: Effect of gas superficial velocity on liquid film thickness measured by
the digital level sensor at the Ventuir inlet in annular flow
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7.2 Effect of the water superficial velocities on film thickness at the inlet of the
Venturi

In order to analyse as fully as possible the effect of the water superficial velocities on
the liquid film thickness as measured by the digital level sensor, sixty three different
flow conditions were tested. A summary of the flow conditions is given in Table 7-2.
Seven different sets of data were used to investigate the effect of water superficial
velocities on film thickness, with air flow rates from 0.025 m%s to 0.0416 m®/s and
water flow rates from 0.000131 m?/s to 0.000830 m*/s. The water superficial velocity

U,,s ranged from 0.066 m/s to 0.423 m/s for all the seven different sets of data.

A plot of film thickness § vs U, is shown in Figure 7-2 where it was found that the
liquid film thickness increased with increasing water superficial velocity at different
gas superficial velocities. At the minimum water superficial velocity the film
thickness is much lower than it is at the maximum water superficial velocity. With
further increases in water superficial velocity the liquid film collapses into the core of
the annular flow resulting in the over flooding of the (unstable) system.

Data set o, Gas superficial velocity Water superficial velocity
Ugs (m/s) Uys (m/s)
Flow set 8 11.151 t0 13.729 0.066 to 0.423
Flow set 9 9.813 to 14.793 0.066 to 0.423
Flow set 10 9.757 to 16.719 0.066 to 0.423
Flow set 11 10.504 to 17.726 0.066 to 0.423
Flow set 12 10.567 to 18.814 0.066 to 0.423
Flow set 13 10.697 to 18.809 0.066 to 0.423
Flow set 14 10.918 to 19.555 0.066 to 0.423

Table 7-2: Flow conditions used to investigate effect of water superficial velocity
on liquid film thickness measured by the digital level sensor
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Figure 7-2: Effect of water superficial velocity on liquid film thickness measured
by the digital level sensor in annular flow at the Ventuir inlet in annular flow

7.3 Flow conditions of vertical annular (wet gas) flows

Experiments were performed on a vertical annular wet gas (air-water) flow using the
novel wet gas flow metering technique, which combines a Venturi with conductance
sensors at the inlet and throat. Sixty three different flow conditions were tested with

the water reference volumetric flow rate, Q,,,.r in the range of 0.000131 m?/s to

0.000831 m3/s (0.472 m3/hr to 2.994 m3/hr). See Table 7-5 for the gas reference

volumetric flow rate Qg .f .

Seven different sets of data were tested. The water flow rate range of data was kept
the same while the range of gas flow rates was varied for the all sets of data. The
summary of the flow conditions of all seven sets of data used for the experimental

work is given in Table 7-3.
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Data set 1o, Gas superficial velocity Water superficial velocity
Ugs (m/s) Uys (m/s)
Flow set 8 11.151 to 13.729 0.066 to 0.423
Flow set 9 9.813 to 14.793 0.066 to 0.423
Flow set 10 9.757 to 16.719 0.066 to 0.423
Flow set 11 10.504 to 17.726 0.066 to 0.423
Flow set 12 10.567 to 18.814 0.066 to 0.423
Flow set 13 10.697 to 18.809 0.066 to 0.423
Flow set 14 10.918 to 19.555 0.066 to 0.423

Table 7-3: Flow conditions of all sets of data in annular (wet gas) flow

Qw,ref
3 0.472 | 0.788 | 1.103 | 1.418 | 1.733 | 2.049 | 2.364 | 2.679 | 2.994
(m~/hr)
Uws
0.066 | 0.111 | 0.156 | 0.200 | 0.245 | 0.289 | 0.334 | 0.379 | 0.423
(m/s)

Table 7-4: Reference water flow rates and the corresponding water superficial
velocities used throughout the experiments

Reference Gas flow rate

Data set no.
Qqrey (M3/s)
Flow set 8 0.021 to 0.026
Flow set 9 0.006 to 0.029
Flow set 10 0.019 t0 0.032
Flow set 11 0.020 to 0.034
Flow set 12 0.020 to 0.036
Flow set 13 0.021 to 0.036
Flow set 14 0.021 to 0.038

Table 7-5: Reference gas flow rates used throughout the experiments
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The results presented in this chapter will show how the Venturi designed with
conductance sensors at the inlet and throat can measure separate properties of two
phase gas-water systems in vertical annular flow. These properties are the liquid film
thickness & at the Venturi inlet, liquid film velocity Uy . at the Venturi inlet, the gas
volume fraction a; at the inlet and the gas volume fraction «, at throat of the Venturi.
Later in this chapter it will be explained how these measurement results are applied to
the Abbas, de Leeuw, Murdock and homogenous models to determine gas and water

flow rates.

7.4 Liquid film thickness measurement at the inlet of the Venturi

Two techniques were used to measure the film thickness at the inlet of the Venturi,

namely:

» Digital level sensor: a digital level sensor circuit was used to measure the film
thickness & of the liquid at the Venturi inlet in order to determine the water
volume fraction a, ; at the inlet of the Venturi using Equation (3.1). 5 is the
symbol used to represent the film thickness measured using digital level

Sensor.

» Ring sensor B: two ring electrodes flush mounted with the inner surface of
the Venturi inlet were used to measure the film thickness § at the inlet of the
Venturi. The water conductivity o,, was measured by a conventional
conductivity meter and Equation (3.7) could be used to determine the cell
constant K (a;) for sensor B at the inlet, for a given flow condition. For this
value of K(a;), the gas volume fraction a, at the inlet was obtained using
Figure 5-5 and form this, the value of § could be determined. & is the symbol

used to represent the film thickness measured using ring sensor B.

A comparison of the film thickness at the inlet of the Venturi measured by the digital
level sensor and the ring sensor B at the inlet for five sets of data is shown in Figure
7-3. It can be seen that both techniques showed fair agreement. As shown in Figure 7-
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3, the values of digital level sensor & and ring sensor 8, (liquid film thickness) were

close to each other.
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Figure 7-3: Comparison between the film thicknesses measured by digital level
sensor (&) and ring sensor (8) at Venturi inlet

7.5 Study of the gas volume fraction at the inlet and the throat of the Venturi
in annular (wet gas) flows

To determine the gas and the water flow rates using the [81] (see Section (3.2)),
homogenous (see Sections (3.3) and (3.4)), [10] (see Section (2.5.1)) and [15, 16] (see
Section (2.2.5)) models, measurements of the gas volume fractions o, and «a, at the
inlet and the throat of the Venturi in annular (wet gas) flow must be obtained. To do
this, a Venturi with conductance sensors at the inlet and the throat was designed and
constructed (see Section 4.1). The ring sensor C (two electrodes) at the throat and the
ring sensor B (two electrodes) at the inlet of the Venturi were used to measure the gas
volume fractions o; and o, at the inlet and the throat of the Venturi. The digital level
sensor measurement was used also to obtain the gas volume fraction a; at the Venturi

inlet.

7.5.1 The gas volume fraction measurement at the inlet of the Venturi
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To determine the gas and the water flow rates using Equations (3.42) and (3.2)
respectively, measurements of the gas volume fractions «, (see Equations (3.8) and
section 5.1) at the inlet of the Venturi in annular (wet gas) flow must be obtained. The
ring sensor B at the Venturi inlet and the digital level sensor at the inlet of the Venturi
were used to measure the gas volume fractions a; at the inlet of the Venturi.
aq s represent the gas volume fraction measured by the ring sensor and a; g5
represent the gas volume fraction obtained by digital level sensor. Figure 7-4 shows a
comparison between the gas volume fraction determined by the digital level sensor

a1 q15 and that obtained by the ring sensor a4 ,¢ at the inlet of the Venturi.

It can be seen from Figure 7-4 that, in general, the gas volume fraction measured by
ring sensor a, s agrees approximately with that obtained by digital level sensor a; 45
at the inlet of the Venturi. Also it can be seen from these figures that, the gas volume
fraction a, ., measured using ring sensor B at the inlet of the Venturi was generally
greater than the gas volume fraction a, 4, measured by the digital level sensor at the
Venturi inlet, perhaps the reason is that the digital level sensor intrusive into the film
whereas the ring sensor dose not intrude on the film. Therefor the digital level sensor
may affect the film thickness and reduces the film thickness around the digital level
sensor. For this work the gas volume fraction measured by ring sensor B at the

Venturi inlet was used to find the gas and water volumetric flow rates.

The gas volume fraction measurement results by ring sensor a; .. and digital level
sensor a, 4;5 from Figure 7-4 are in fair agreement except for flow sets 8 and 9, this
may be due to the limitation in the air fan (side channel blower (RT-1900)), the side
channel blower could not achieve a stable liquid film flow rate at all flow conditions.
In other words, pulsations occurred in the liquid film causing additional differences

between the results measured by the two techniques.
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Figure 7-4: Gas volume fraction at Venturi inlet obtained using ring and digital
level sensors (@ .5 VS @y qr5)

7.5.2 Comparison between the gas volume fraction at the throat and no-slip gas
volume fraction in the homogenous model

Measurement of the gas volume fraction «, at the throat of the Venturi in annular gas-
water flow must be obtained in order to determine the gas and water flow rate in
annular wet gas flow. To do this, a ring sensor C at the throat was used to determine
the gas volume fraction a, .. at the Venturi throat (see Section 5.1.3) using the water
conductivity a,, measured by a conventional conductivity meter (see Section 3.1.4).
For the homogenous model, assuming no slip, the gas volume fraction a, was

obtained using Equation (3.56).

Figures 7-5 show the comparison between gas volume fraction «a,; iIn the
homogenous model, assuming no slip and the gas volume fraction «a,,.; as measured
by ring sensor C at the Venturi throat (a,,s Vs a,,s) . It can be seen from the figure
that, in general, the gas volume fraction a,,; measured at the throat of the Venturi
was slightly less than the gas volume fraction «,,¢ for a,, < 0.97. For a,,5 > 0.97, a,,

and a, s agree fairly well.
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From the Figure 7-5, it can be seen that, in general, the gas volume fraction a, s as
measured by ring sensor C at the Venturi throat is in fair agreement with the gas
volume fraction a,, in the homogenous model, assuming no slip, for all of the flow
conditions. This result suggests that an assumption of homogenous conditions at the
Venturi throat is valid under the flow conditions investigated.
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Figure 7-5: Comparison between the gas volume fraction a; ;. and a;,

7.5.3 Comparison between the gas volume fraction at the inlet and no-slip gas
volume fraction in the homogenous model

Measurement of the gas volume fraction ay , at the inlet of the Venturi in annular

gas-water flow must be obtained in order to determine the gas and water flow rates in

annular wet gas flow. To do this, a ring sensor B was used to determine the gas

volume fraction a, . at the Venturi inlet using water conductivity o,, measured by a

conventional conductivity meter. For the homogenous model, assuming no slip, the

gas volume fraction «,,¢ was obtained using Equation (3.56).

A plot of a5 Vs a;,s is shown in Figure 7-6. It can be seen that, the gas volume

fraction a4 ,; as measured by ring sensor B at the Venturi inlet is much less than the
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gas volume fraction a,,¢ in the homogenous model, assuming no slip, for all of the

flow conditions investigated.
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Figure 7-6: Comparison between the gas volume fraction a; ;. and a;,

7.5.4 Comparison between inlet gas volume fraction and the throat gas volume
fraction

Measurement of the gas volume fraction at the inlet and at the throat of the Venturi in

annular gas-water flow must be obtained in order to determine the gas and water flow

rate in annular wet gas flow. To do this, a ring sensor B at the inlet of the Venturi was

used to determine the gas volume fraction «, ,; and a ring sensor C at the Venturi

throat was used to determine the gas volume fraction a, s using water conductivity

o,, measured by a conventional conductivity meter.

A plot of a; .5 Vs a, s is shown in Figure 7-7. It can be seen that, in general, the gas
volume fraction a4 ,. as measured by ring sensor B at the Venturi inlet is less than the
throat gas volume fraction a, ., for all of the flow conditions investigated. This is
due to the fact that the water film becomes relatively much thinner as the flow

accelerates though the throat of the Venturi.
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Figure 7-7: Comparison between the gas volume fraction a, ,.; and a; ;.

7.6 Cross-correlating the conductance upstream ring sensors A and B

The aim of acquiring signals from the two axially separated conductance ring sensors
A and B at the inlet of the Venturi is to cross-correlate between the two sensors at a
sampling frequency of 1 kHz over a sixty second sampling period to obtain the film
velocity of the liquid in vertical annular wet gas flow. By cross-correlating the
upstream ring sensors (A and B) signals, the water film velocity may be estimated.
The separation between the two ring sensors A and B was 0.05 m. As an example, for
the flow condition in which the water superficial velocity was U, ; = 0.0668 m/s,
the time taken for the liquid film to travel this distance was 0.0460 s (refer to Figure
7-8). Hence the velocity of the water film Us,. = 0.05/0.0460 = 1.0869 m/s. The
reference volume flow rate of the water was measured Qo = 0.000131 m?/s,
where the reference water volumetric flow rate was measured directly from the
turbine flow meter.

The predicted water flow rate from cross correlation can be obtained using the

relationship:
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Qw = Uf,xc Af
Equation 7.1
where Q,, is the water flow rate, U . is the velocity of the water film and A is the

cross-sectional area of the water film. The value of A¢ is given by Equation (7.2).

Ap = (28R — 62)

Equation 7.2

where § is the film thickness measured by the ring sensor B at the Venturi inlet and R
is the pipe internal radius (the radius of the Venturi inlet =25mm). Once the area of
the water film A, and the velocity of water film U ,. were obtained, the water film
volumetric flow rate Q,, predicted using cross correlation in annular wet gas flow can

be determined using Equation (7.1).
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Figure 7-8: Correlogram of the two ring sensors signals at Venturi inlet, 1 kHz
sampling rate
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7.7 Measuring the water flow rate in annular gas-water two phase flows

To determine the water flow rate using Equation (7.1), measurements of the film
thickness and liquid film velocity at the Venturi inlet in vertical annular (wet gas)
flow were obtained. The gas volume fraction at the inlet of the Venturi a4 ,5 was
determined from ring sensor B and using water conductivity o,, measured by a
conventional conductivity meter to have a value of 155uScm™. The film thickness &
at the Venturi inlet was determined from a, ,.. The liquid film velocity U, has been
obtained by cross-correlation between the two ring sensors A and B at the Venturi

inlet; hence, the water flow rate can be determined using Equation (7.1).

The results obtained in this investigation for the water flow rate using Equations (7.1)
and (7.2) were compared to the reference water flow rate. The reason for this
comparison is to see if the predicted water flow rate agrees with the reference flow
rate as measured by the turbine flow meter for all flow conditions. It can been seen
from Figure 7-9 that the water volumetric flow rate Q,, s (determined using the film
thickness § measured by ring sensor B at the Venturi inlet) is significantly greater
than the reference water volumetric flow rate Q.. (measured from the turbine flow

meter):

Qw,rs = Uf,xc Af
Equation 7.3

where Ay is based upon the gas volume fraction a, ., measured by the ring sensor B at
the Venturi inlet. We know from Figure 7.4 that the gas volume fraction a ,g
measured by the ring sensor at the Venturi inlet is fairly accurate, therefore the liquid
film velocity U, obtained by cross-correlation between the two ring sensors A and
B at the Venturi inlet must be much too high because the predicted water volumetric
flow rate Q,, . obtained using Equation (7.3) is much too high. The results obtained
in this investigation for the water flow rate using Equation (7.3) will be investigated in

detail (see Section 7.11) to determine the correct water flow rate.
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Figure 7-9: Comparison between obtained water flow rates and the reference
water flow rates Qs VS Qu ref

7.8 Abbas Model

7.8.1 Measuring the gas flow rate in vertical annular water-gas flow using the
Abbas model [81]

The mathematical Abbas model of vertical annular (wet gas) flow through a Venturi
meter (which depends on measurement of the gas volume fraction at the inlet and the
throat of the Venturi as described in Section 3.2) was applied to determine the gas
volumetric flow rate. To determine the gas volumetric flow rate using Equations
(3.42) and (3.39) respectively, measurements of the gas volume fractions a; and a, at
the inlet and the throat of the Venturi and measurement of the differential pressure

between inlet and the throat of the VVenturi must be obtained.

Ring sensor C at the throat of the Venturi was used to measure the gas volume

fraction a,; the film thickness measurement at the Venturi inlet using digital level
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sensor enables the gas volume fraction a; at the inlet to be obtained from Equation
(3.8).

A plot of Q4 vs Qg ref (Figure 7-10) shows that the predicted gas volumetric flow rate
determined by Equation (3.42) in the Abbas model does not agree with the reference
gas flow rate measured by the air flow meter. It has been found that the Abbas model
does not work well for the flow conditions investigated in this thesis. A summary of
the different conditions between the current study and the Abbas work is given in
Table 7-6.
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Figure 7-10: Comparison between the reference and obtained gas flow rates
using Abbas model Q4 Vs Qg ref

The error in the predicted gas volumetric flow rate, using the Abbas model, in vertical
annular (wet gas) flows was larger than expected. This may be due to different flow
conditions or pipe diameter or possibly the side channel blower which could not
provide sufficient gas under all flow conditions causing a pulsation in the water film

flow. Therefore, an alternative model (homogenous model) described in Section 3.3
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was applied to determine the gas and water flow rates in vertical annular water-gas

flow.
Difference Current work Abbas work
Water flow Water flow rates were varied | Water flow rates were kept
conditions constant
Gas flow ] )
. Gas flow rates were varied Gas flow rates were varied
conditions
Venturi inlet
) 50mm 80mm
diameter
Venturi throat
) 30mm 48mm
diameter
Higher Lower
Uys range Uys range
Gas superficial | £oy setg 111511013729 | Flowsetl 69190 8.566
velocit Flow set 9 9.813to 14.793
Y Flowset 10 9.757t016.719 | T 1oWset2 6.350108.259
Ugs (m/s) Flowset11 10.504t017.726 | Flowset3 6.837 to8.323
Flow set 12 10.567 to 18.814
Flowset 13 10697 to 18809 | oW Set4 6.451107.903
Flow set 14  10.918 to 19.555
Higher Lower
U, range Uys range
Water superficial | Flowset8  0.066 to 0.423
velocit Flowset9  0.066 to 0.423 Flowset1 0.0104
y Flowset10  0.066 to 0.423 Flowset?  0.0103
U,s (m/s) Flowset11  0.066 to 0.423 Fma ctd 00123
Flowset12  0.066 to 0.423 '
Flowset 13  0.066 to 0.423
Flowset 14  0.066 to 0.423
Gas volume a, > a a, > a
fraction at inlet The throat gas volume The inlet gas volume fraction
and the throat of | fraction is greater than inlet is greater than throat gas
the Venturi gas volume fraction volume fraction

Table 7-6: Flow conditions of current work and Abbas work
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7.9 Homogenous model

7.9.1 Measuring the homogenous mixture volumetric flow rate

The mathematical model of a homogenous gas-water two phase flow through the
Venturi with conductance sensors at the inlet and throat (described in Section 3.3) was
applied to see if better results could be obtained than from the Abbas model. To
determine the homogenous mixture flow rate, the differential pressure APz (Equation
(3.46)) and the homogenous mixture density p,,, (Equation (3.47)) must be obtained in

order that the homogenous mixture flow rate Q,,, can be determined.

The gas volume fraction at the inlet and the throat of the Venturi (a; and o)
measured from ring sensors B and C (refer to Figure 4-12) using water conductivity
o (measured by a conventional conductivity meter to be 155uScm-1) was used to
determine the homogenous mixture density p,, using Equation (3.47), while the
differential pressure APz was obtained from Equation (3.46). Once the mixture
density and the differential pressure were obtained then the mathematical model
described in Section 3.3 can be used to determine the homogenous mixture volumetric

flow rate Q,,, using Equation (3.53).

The results obtained in this investigation for the homogenous mixture volumetric flow
rate Q. were compared with the reference homogenous mixture volumetric flow
rate Qs Obtained by adding the reference water volumetric flow rate Q,, ,.r
(obtained from the turbine flow meter described in Section 6.2.3) and the reference
gas volumetric flow rate Q, .. (obtained from the air flow meter described in Section
6.2.2) (see Equation 3.54).

The reason for this comparison was to see if the predicted mixture volumetric flow
rate Q,, », defined by Equation (7.4), agreed with the reference homogenous mixture

volumetric flow rate @, ,..r, defined by Equation (3.54).
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The predicted homogenous mixture flow rate @, was obtained in by of using the
gas volume fraction at inlet and the throat of the Venturi. (a; 5, @, s) as measured by
the conductance ring sensor and using the differential pressure APy defined in

Equation (3.46) using the relationship:

1

-]

1
_ {2 APB}E A,
Pm

Equation 7.4
where the homogenous mixture density is given by
pm = pw(l—a)
Equation 7.5
and where
q= al,rs + az,rs
2
Equation 7.6
The predicted gas flow rate Q,  is obtained by:
Qg,H =a Qm,H
Equation 7.7

Plots of Qi VS Qmrey anNd Qg y VS Qg rer are shown in Figures 7-11 and 7-12. It can
been seen from the figures that the obtained homogenous mixture flow rate Q,, ; and
gas volumetric flow rate Q,, are both significantly lower than their analogous

reference values Q, ror and Qg ey
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The results of the predicted homogenous mixture volumetric flow rate Q,, ; using the
homogenous model in vertical annular (wet gas) flows were not in agreement with the
reference homogenous mixture volumetric flow rate. Therefore, a new homogenous
model, assuming a no slip gas volume fraction as described in Section 3.4 was applied
to determine the gas and water flow rates in vertical annular water-gas flow (see
Section 7.10). The difference between the two homogenous models is that the model
in this Section (7.9) the mixture density p,,, is based on the gas volume fraction at the
inlet and the throat of the Venturi (al,rs ,az,rs) (see Equations (3.47) and (3.48))
while for the no slip model in Section 7.10 the mixture density p,, s is based on the
gas volume fraction calculated from the reference gas flow rate and the reference
water flow rate (see Equations (3.56) and (3.57)).

7.10 Homogenous model assuming no slip gas volume fraction

7.10.1 Measuring the homogenous mixture flow rate assuming no slip gas
volume fraction

The mathematical model of homogenous assuming the no slip gas volume fraction
described in Section 3.4 was applied to determine the homogenous mixture flow rate
and the gas and water flow rates. Measurement of the gas volume fraction a, .. at the
throat of the Venturi was obtained using water conductivity ¢,, 155uScm™ measured
by a conventional conductivity meter. The differential pressure ignoring the
hydrostatic head loss APy to find a better result for the homogenous mixture flow rate
Qmns assuming no slip gas volume fraction between the inlet and the throat of the
Venturi was also required. The differential pressure APz and the homogenous mixture
density p,, s must be obtained in order that the homogenous mixture flow rate Q,, s

can be determined assuming a no slip gas volume fraction. Since in this section, the

hydrostatic head APy is ignored, APg is equal to APrp 4 (se€ Equation (3.46)).

To determine the mixture density, the no slip gas volume fraction a, must be
obtained using Equation (3.56). Having obtained a5, then the mixture density p,, s

in the homogenous model can be determined using Equation (3.57). Note that to
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determine the mixture density use either the gas volume fraction measured at the
throat a, .- or the no slip gas volume fraction a5 since both of these parameters are
in reasonable agreement with each other (refer to Figure (7.5)). For this work we use
the no slip gas volume fraction a,, to determine the mixture density assuming no slip
gas volume fraction. The homogenous mixture flow rate, assuming no slip, gas

volume fraction is given by:

1

2 APy 2 A,
Qm,ns = { } 1

Pmns [1 B (21_?)2]5

Equation 7.8

Results were achieved in this investigation for the homogenous model assuming no
slip gas volume fraction. The homogenous mixture volumetric flow rate Q,, ,,s results
were compared with the reference homogenous mixture volumetric flow rate Q, ,.r
determined by adding the reference water volumetric flow rate Q,, .., (obtained from
the turbine flow meter described in Section 6.2.3) and the reference gas volumetric
flow rate Q4,.r (obtained from the air flow meter described in Section 6.2.2). The
reason for this comparison was to see if the predicted homogenous volumetric flow
rate, assuming no slip, gas volume fraction defined by Equation (7.8) agreed with the
reference homogenous mixture volumetric flow rate defined by Equation (7.54).

A plot of Qpyns VS @ rer IS sShown in Figure 7-13. It can been seen from Figure 7-13
that the homogenous mixture volumetric flow rate Q,,,s, assuming the no slip gas
volume fraction, is lower than the reference homogenous mixture volumetric flow rate
Qmrer- This could arise from the differential pressure APp being too low or the
mixture density p,,,s too high, but the homogenous mixture volumetric flow rate
Qmmns assuming no slip gas volume fraction is much better than the homogenous
mixture flow rate @,y in Figure 7-11 when compared with the reference

homogenous flow rate @y, ;-
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Figure 7-13: Comparison between the mixture homogenous flow rate assuming
no slip and the reference mixture flow rate Q. ns VS Qumref

It can been seen by comparing the Figures 7-11 and 7-13 that the results of the
homogenous mixture flow rate Q,, ; obtained by Equation (7.4) are less than the
results of homogenous mixture flow rate assuming no slip gas volume fraction Q,;; ,,s
obtained by Equation (7.8). From Figure 7-7 the gas volume fraction a, ,; at the
Venturi inlet is less than the gas volume fraction a,,s at the throat of the Venturi
(a1,s < azrs), from Figure 7-5 the gas volume fraction a;,, at the throat of the

Venturi is in fair agreement with the no slip gas volume fraction a,s (az,s = @ns)-

Also from Figure 7-6 the gas volume fraction a;, ,; at the inlet of the Venturi is much
less than the no slip gas volume fraction a, (al,rs << ans) and so the mean gas
volume fraction a in the converging section of the Venturi is less than the nonslip gas
volume fraction a,,s (@ < a,;) consequently the mixture density p,, is greater than

the mixture density in the model which assume the no slip gas volume fraction p,,

(pm > pm'ns). As a results, the predicted homogenous mixture volumetric flow rate
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Qm,y Obtained by Equation (7.4) (which also uses the hydrostatic head loss APy) is
less than the predicted homogenous mixture volumetric flow rate assuming no slip gas
volume fraction (and which ignores the hydrostatic head loss APy). In summary the
data suggest that, for a given set of flow conditions, the reason why Q,,y is lower
than @, s Is because the mixture density p,,, predicted by Equations (7.5) and (7.6) is
too high. Conversely, the mixture density used to predicted @, ,s (Equation (3.57)) is

much lower, giving better agreement between @, s and Qy, ref-

[15, 16] and [10] models also were used to predict the gas flow rate, and the results
obtained from these models were compared with the reference gas flow rate Qg s

obtained from the variable area flow meter.

Plots of Qg de Leeuw VS Qg rer AN Qg murdock VS Qg rer are shown in Figures 7-14 and
7-15 respectively. The results from Figures 7-14 and 7-15 were compared with those
of

The gas flow rate Qg ., in homogenous model, assuming the no slip gas volume

fraction (refer to Figure 7-17).
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Figure 7-14: Comparison between Qg ge reeuw aNd Qg ref
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Figure 7-15: Comparison between @ jobtained by Murdock model and Qg s

The gas flow rate Qs in homogenous model, assuming the no slip gas volume

fraction (refer to Figure 7-17) is better than both the de Leeuw and Murdock models
(refer to Figures 7-14 and 7-15). Also the Abbas model (refer to Figure 7-10) does not
appear to be very useful, and the homogenous model based mean gas volume fraction

a defined by Equation (7.6) is not very useful (refer to Figures 7-11 and 7-12).

Predicted gas, water and mixture volumetric flow rates (Q, , @, and Q,, respectively)

were obtained using the other models (Chisholm, Lin, Smith & Leang and Steven) as

well described in Chapter 2 but the error in the predicted flow rates more worst.

A plot of Qy s VS Qu rer is shown in Figure 7-16. The values obtained for the water
flow rate Q,, ,s in the homogenous model, assuming the no slip gas volume fraction

(which can be determined by using Equation (3.60)) are lower than the reference
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water volumetric flow rate Q,,,.r (measured from the turbine flow meter). This

discrepancy increase with increasing Qe -
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Figure 7-16: Comparison between @, 5 VS Qy ref

A plot of Qgns VS Qgrep is shown in Figure 7-17. The gas flow rate Qg in the
homogenous model, assuming no slip gas volume fraction, (determined by using
Equation (3.59)) is lower than the reference gas volumetric flow rate Q. (obtained

from the air flow meter described in Section 6.2.2), as can be seen in Figure 7-17.
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Figure 7-17: Comparison between Qg rer VS Qg ns

7.10.2 Measuring water flow rate using homogenous, assuming no slip, gas
volume fraction and cross-correlating

The above results in Figure 7-16 show that, the water flow rate Q,,, is too low
compared with the reference water volumetric flow rate Q,, ;... The water flow rate
Qwnsxc Can also be predicted using the homogenous gas volume fraction, assuming
no slip and the film velocity Uy .. obtained by the cross-correlation technique between

two ring sensors A and B at the inlet of the Venturi, using the relationship:

Qwnsxc = nR? Uf,xc(1 — Qps)

Equation 7.9

A plot of Qy nsxc VS Qu,rer IS shown in Figure 7-18. The water flow rate Qy s xc
determined from Equation (7.9), is far too low compared with the reference water

volumetric flow rate @, ,.r (measured from the turbine flow meter) this is because
even though the measured film velocity U, is too high, the no slip gas volume

fraction a,g is far too large compared with the actual inlet gas volume fraction
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making (1 — a,) far too low. This results in the very low values for Q,, s . Shown

in Figure 7-18.

For a given set of flow conditions the water flow rate Q,, ;5 x is also much lower than
the water flow rate Q,,,; (refer to Figure 7-9). This is because Q,,,s is calculated
according to Equation (7.3) and the cross section area of the film Af is based on a; ;.
because a;,s is much smaller than a, s the film area A, is much larger when it is

based on a; ,. This in turn leads to much larger values for @, s than for Q,, ,.s.
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Figure 7-18: Qy nsxc VS Qurep reference water flow rate

Comparing the results between Qu nsxc VS Quqrer (Figure 7-18) gives Qy nsxe <
Qw,rer and those between Q,, -5 VS Q, o (refer to Figure 7-9) gives Qs > Qu ref-
The reason why Q,, s is greater than Q,, . is because either the assumed gas volume
fraction at the Venturi inlet a, s is too small (and hence the water volume fraction is

too large) or that the measured velocity of the liquid film Uy . is too large.
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The following work in Section 7.11 introduces “scaling factors” which can be used to
correct the gas volume fraction «; ,; at the Venturi inlet and the liquid film velocity
Ur xc at the Venturi inlet in order to achieve the correct water volumetric flow rate
using measurements from the Venturi with conductance sensors.

Note also that the accepted models of de Leeuw and Murdock, as well as Abbas
model and the homogenous model described in this section, do not enable the gas
flow rate in the flow conditions used in the present study to be accurately obtained.
Accordingly an approach using scaling factors is also adopted in Section 7.12 in order
to obtain the correct gas flow rate using measurements from the Venturi with

conductance sensors
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7.11 Scaling factors required to obtain the correct water flow rate

7.11.1 Scaling factor y based on the assumption that the inlet gas volume
fraction a, . measured by the inlet ring senor is incorrect and the liquid
film velocity Uy, is correct

Using Equations (7.1) and (7.2) the correct inlet gas volume fraction @, is required,
assuming the liquid film velocity Ug,. is correct, to give the correct water flow rate in

annular wet gas flow. So for each flow condition the correct gas volume fraction @,

may be assumed to be given by:

1 =Y Aq g

Equation 7.10

where @, is the actual value of the inlet gas volume fraction required to give the
correct value of the water flow rate Q,,,.f, y is a scaling factor which must be
multiplied by «a; ,s to give the actual value of the gas volume fraction at the Venturi
inlet, assuming the measured film velocity is correct. The correct value of the water

flow rate Q,, . is then given by:

Qw,ref =A;(1- &1)Uf,xc

Equation 7.11

Combining Equations (7.10) and (7.11) gives:

Qw,ref = Al(l -Y al,rs)Uf,xc

Equation 7.12

The scaling factor y can be expressed as:

y= 1 _ Qw,re f
A1rs Uf,xc Al X1 s

Equation 7.13
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A plot of y vs Qy ¢ is shown in Figure 7-19.
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Figure 7-19: y vs Q,, s reference water flow rate

A plot of yary . VS ag;s is shown in Figure 7-20.
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From comparing the results for inlet gas volume fraction measured using ring sensor
B (ay,s) and digital level sensor (a; 4;s) shown in Figure 7-4 it can be seen that the
gas volume fraction measured using ring sensor B at the inlet of the Venturi is
probably fairly accurate therefore implying the inlet liquid film velocity Uf,. is
incorrect. Also the Figure 7-20 shows a huge discrepancy between (y a;,5) and
(@,a15) therefore implying that the scaling factor y multiplied by «; ,; dose not give
the correct inlet gas volume fraction &,. This further implies that the liquid film

velocity Ur . measured by cross correlation at inlet of the Venturi is incorrect.

7.11.2 Scaling factor ¥ based on the assumption that the measured gas volume
fraction a, .5 is correct and the film velocity Ug,, is incorrect

If it is assumed that the measured film velocity Ur,. using the cross correlation
technique is incorrect and, assuming the gas volume fraction at the inlet ay
measured by the ring sensor is correct, then, for each flow condition, the correct film
velocity Uf,xc is given by the relationship:
ﬁf,xc = WYUs xc
Equation 7.14

where ¥ is a scaling factor by which the measured inlet liquid film velocity Uy ..

must be multiplied to give the correct film velocity.

[Note: - Uf,xc is the correct film velocity and Uf,. is the measured film velocity
obtained by cross correlation between the two ring sensors at the Venturi inlet.]

Assuming the gas volume fraction «;, ., measured by the ring sensor B is correct, then

Qw,ref = Al(l — A1rs Y) Uf,xc

Equation 7.15

and
Qw,ref = Al(1 — Oqrs )Uf,xc
Equation 7.16
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By rearranging Equations (7.14), (7.15) and (7.16)

(1 - al,rsY)Uf,xc =(1- al,TS)lpr,xC

b4

_ 1- Airs ¥
1- A1,rs

Equation 7.17

Equation 7.18

A plot of y vs Qg ,cr is shown in Figure 7-21. The values of y vary from 1 to 1.89 as

the reference gas flow rate reduces from 0.038 m®/s to 0.02 m%s. It is likely that at

low gas flow rate Qg ., the actual film speed ﬁf,xc is much lower than the velocity of

the water film measured using a cross correlation technique at the inlet of the Venturi.
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Figure 7-21: y vs Q4 s reference gas flow rate

Using Figure 7-21 and Equation (7.18) a plot of ¥ vs Q.. is shown in Figure 7-22.

Y varies from 0.2 to 0.5 but clusters around a value of 0.35 suggesting that liquid film
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velocity Uy .. measured by cross correlation technique at the inlet of the Venturi is an

overestimate of the fair film velocity by about a factor 3.
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Figure 7-22 ¥ vs Q4 s reference gas flow rate

It was stated earlier that the incorrect high water flow rate measurements in Figure 7-9
arise because either the gas volume fraction measured using ring sensor «; , at the
inlet of the Venturi is too low or the film velocity measured using a cross correlation
technique U, is too large. Since we have good agreement between the inlet gas
volume fraction a4 ., measured suing ring sensor B and the gas volume fraction a; 45
at the inlet of the Venturi measured using digital level sensor as showing in Figure 7-
4, it is most likely that the measured liquid film velocity Ur .. at the Venturi inlet is

too high.

It is likely that fast moving waves on the surface of water film at the Venturi inlet is
the reason why the measured liquid film velocity Uy, is to high, meaning that the

waves on the surface of the water film are traveling faster than the water film. It is
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likely that the cross correlation technique preferentially measures the velocity of these
waves rather than the velocity of the water film, at the Venturi inlet.

7.11.3 The effect of Entrainment

The entrainment fraction E in annular flow is defined as the fraction of the total liquid
flowing in the form of droplets through the central gas core, and can be used to
provide a better estimate of ¥ to give the correct film velocity ﬁf,xc. To do this,

entrainment fraction data is used from [21] . The entrainment fraction E is given by:

E= Qw,c
Qw,ref
Equation 7.19
Qw,c = EQW,ref

Equation 7.20

where Q,, . is the water droplet volumetric flow rate in the gas core and Q. the
reference water volumetric flow rate measured by the turbine flow meter. The water

film volumetric flow rate Q,, is given by:

Qw = Qw,ref - Qw,c
Equation 7.21

By combining Equations (7.20) and (7.21)

Qw = Qw,ref —E Qw,ref
Equation 7.22

Qw = Qw,ref 1-E)
Equation 7.23

Qw = (1 - al,rs)AllT]Uf,xc
Equation 7.24

By arranging Equations (7.23) and (7.24)
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Qw,ref (1-E)= (1 - al,rs)All;ﬁUf,xc
Equation 7.25

So, a better estimate of ¥ is given by:

Qw,ref (1 - E)

¥ =
(1 - al,rs)AlUf,xc

Equation 7.26

Using values of E from [21] Equation (7.26) can be used with the obtained data to
determine the best estimate of & for the sixty three flow conditions tested. Figures 7-
23 and 7-24 shows & vs Qg,rer and ¥ vs Qw,rer respectively. Comparing the Figure
7-22 and Figure 7-23 shows the effect of taking the entrainment fraction into account

issmall.ie. ¥ =,
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Figure 7-23: ¥ vs Qg.rer reference gas flow rate
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Figure 7-24: ¥ vs Q.-¢s reference water flow rate

7.12 Scaling factors required to obtain the correct gas flow rate using the
homogenous model, and assuming no slip gas volume fraction

The following analysis was used to determine the correct gas flow rate. The correct
gas volume fraction &, at the throat of the Venturi is required to give the correct gas
flow rate in annular wet gas flow using a homogenous model. In this section the
scaling factor @ is defined to enable the corrected gas volume fraction &, to be related
to the measured gas volume fraction a ,.; at the Venturi throat as follows:

ay = ¢ A2rs

Equation 7.27
The corrected gas volume fraction &, is such that the calculated gas volumetric flow
rate Q, 5 is equal to the reference gas volumetric flow rate Q. Where the corrected
gas flow rate Q3 is given by:

Qg,@' = (a az,rs) Qm,a
Equation 7.28
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where

1
_ {2 APTP,Wg}E AZ
- 1

" -

Q3

Equation 7.29
and where the mixture density is given by:
Pm = Pw(l—az)

Equation 7.30
And so

Pma = pw(1 - 6 az,rs)
Equation 7.31

Equations (7.28) and (7.29) can be used with the obtained data to determine the
correct gas flow rates respectively for the sixty three flow conditions tested.

Figure 7-25 shows @ vs Qg,rer- The values of @ increase from 1 to 1.045 over all flow

conditions as the reference gas flow rate reduces from 0.038 m*/s to 0.02 m*/s.
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Figure 7-25: @ vs Qg.ref reference gas flow rate

207



Ph.D. Thesis Chapter 7: Experimental Results

A plot of @ VS Qpy rer is shown in Figure 7-26.
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Figure 7-26: @ vs Qmres reference mixture flow rate

[Note that with reference to Figure 7-7 we can infer that the correct gas volume
fraction @, at the throat of the Venturi is greater than the correct gas volume fraction
@, at the inlet of the Venturi in vertical annular (wet gas) flows]. From the current
investigation, we find that the homogenous flow model enables us to obtain a good
estimate of the gas flow rate based on the gas volume fraction a, . at the throat not at
the inlet. Therefore measurement of the gas volume fraction a, . at the throat of the
Venturi is necessary, as the homogenous flow model also based on mixture density

Pm,3 at the throat.

From the above results, the homogenous model, combined with the scaling factor @ is
the best model investigated so far, yielding better results for the gas flow rate in
vertical annular (wet gas) flow than any of the previous models (Abbas model, de
Leeuw and Murdock models) cited in Sections (7.8) and (7.9). By applying the
appropriate value of the scaling factor @ (Figures 7-25 and 7-26), which for all of the

flow conditions investigated in this thesis has a value between 1 and about 1.05, to the
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gas volume fraction a, . measured by a ring conductance sensor at the Venturi throat
we obtain the mixture density p,, 5 using Equation (7.31). By using this value of p,, 5
with the measured two phase pressure drop APrp ,,, and the homogenous model given
in Equation (7.29) an estimate of the mixture volumetric flow rate @,z is made.
From this value of Q,,, 5 the gas volumetric flow rate Q5 is obtained using Equation

(7.28). Provided that the correct value of @ is used for the prevailing flow conditions

this value of @, 5 will be equal to the true gas volumetric flow rate Qg ey

Provided the gas volume fraction «, s is measured then, even if @ (the symbol on the
vertical axis of figure 7-25) is not used, the gas volumetric flow rate can be measured
from the two phase pressure drop to an accuracy of +/- 2.5% of reading for the flow
conditions investigated. If the correct value of @ is used (from figure 7-25) for the
prevailing flow conditions then the gas volumetric flow rate should be measurable to

an accuracy of better than +/-1%, for the flow conditions investigated.
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Summary

A novel Venturi meter with conductance sensors at the inlet and throat was used to
measure gas volume fraction at inlet and the throat, film thickness of the liquid and
the liquid film velocity at the Venturi inlet in vertical annular gas-water two phase

flows.

The [81] model and the homogenous model described in chapter 3 were used to
determine the gas mass flow rate and gas and water volumetric flow rates in vertical

annular two phase flows. Seven flow conditions were investigated.

Two techniques were used to measure the liquid film thickness at inlet of the Venturi,
namely a digital level sensor and ring sensor; the gas volume fraction a; at the inlet
was measured by the ring sensor B and a digital level sensor, while the gas volume
fraction «, at the throat of the Venturi was measured using ring sensor C and digital
level sensor. It was found that, in general, the gas volume fraction a; measured by the
ring sensor is in agreement with the gas volume fraction measured by the digital level
sensor. Also, the gas volume fraction «, at the throat measured by ring sensor C
agrees fairly well with «,,,, the no slip gas volume fraction obtained from Equation
(3.56).

The error in the predicted gas volumetric flow rate using the Abbas model, by
applying the collected data to Equation (3.42) and the volumetric water flow rate
determined using Equation (7.3), was larger than expected. This may be due to
pulsations in the water film which cause an unsteady water film flow rate or from the

different flow conditions between the current work and that of the Abbas work.

An alternative model (homogenous model) was applied to the collected data. It was
found that the homogenous model, assuming no slip, results were better than the
Abbas model, de Leeuw and Murdock models, so that the gas and water volumetric
flow rates using the Venturi meter with conductance sensors could be successfully

estimated.
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By applying a scaling factor & to the film velocity measured using cross correlation at
the Venturi inlet, and combining this with the gas volume fraction a;, ,; measured at
the Venturi inlet, a good estimate of the volumetric flow rate is obtained.

By applying a scaling factor @ to the gas volume fraction @, ,, measured at the
Venturi throat an estimate p,, 5 of the gas-water mixture density can be made. From
Pm,3 and the measured pressure drop APrp,,, between the inlet and the throat of the
Venturi a homogenous model Equation (7.29) is used to predict Q,,z the mixture
volumetric flow rate. From Q,,, 5, a5, and @ an estimate of the gas volumetric flow
rate Q3 is made using Equation (7.28). If the correct value of @ is used for the

prevailing flow conditions then Q,zis equal to the true gas flow rate Qg ey.
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Chapter 8 Conclusions and Future Work

The completion of this research study has produced a number of different
contributions to knowledge. These contributions are the outcome of the various

conclusions drawn from this study.

8.1 Conclusions

The aim of this research program was to design a novel wet gas flow metering
technique which combines a Venturi tube with ring conductance sensors placed at the
inlet and throat, which is capable of measuring the gas and water flow rates in
vertical annular gas-water two phase flow. The measurement of the gas volume
fraction at the inlet and the throat of the Venturi (a; and a,), the film thickness §,
and the film velocity Uy .., has been undertaken to estimate the gas and water flow

rates in vertical annular flow using Equations (3.42) and (3.2).

A Venturi with ring conductance sensors at the inlet and throat has been designed and
built to enable gas volume fraction measurements to be made in vertical gas-water
flow. The conductance Venturi flow meter consists of two upstream ring sensors (A
and B ring sensors) flush mounted with the inner surface of the inlet section, a ring
sensor C flush mounted with the inner surface of the throat section and a digital level
sensor head mounted on the inner surface of the inlet section. This allowed the
measurement of the gas volume fraction at the inlet and the throat of the Venturi
meter, the liquid film velocity and the liquid film thickness at the Venturi inlet in a

vertical annular gas-water two phase flow.

A flow loop has been designed and constructed to establish and investigate vertical
annular two phase flows under different known flow conditions. A side channel
blower was used to give the necessary high air flow in these vertical annular gas-
water two phase flows. A variable area flowmeter was used to provide a reference

measurement of the gas volumetric flow rate Q.. A turbine flow meter was used
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to measure the reference water volumetric flow rate Q,,,.r in the annular flow

supplied by the centrifugal pump. A differential pressure cell was used to measure

the differential pressure between the inlet and the throat of the Venturi flow meter.

A new device, the digital level sensor, has been built that is capable of measuring the
film thickness when the liquid film is electrically conducting at the Venturi inlet. One
of the ring sensors at the inlet may also be used as an alternative technique to
measure the liquid thickness at the inlet. The film thickness increases with increasing
liquid flow rate or decreasing gas flow rate at all the flow conditions. The two
upstream ring sensors (A and B ring sensors) are capable of measuring the liquid film

velocity using cross-correlation.

The data obtained from the digital level sensor at the Venturi inlet were used to
investigate effect of gas and water superficial velocity on liquid film thickness. The
experimental results showed that at constant water superficial velocity the liquid film
thickness at the inlet of the Venturi decreases as the gas superficial velocity increases
while the liquid film thickness increased with increasing water superficial velocity at

different gas superficial velocities, see Sections 7.1 and 7.2.

In addition, a comparison of the measurements obtained for the liquid film thickness
at the inlet of the Venturi in vertical annular (wet gas) flows using the digital level
sensor and ring sensor, showed that both sets of results are in agreement, see Section
7.4.

The experimental results for the gas volume fraction a; measured at the inlet of the
Venturi using the digital level sensor and ring sensor B also showed approximate

agreement in this region, see Section 7.5.1.

The experimental results for the measurement of the gas volume fraction «, at the
throat of the Venturi in annular gas-water flow, showed that the gas volume fraction
a, as measured by the ring conductance sensor at the Venturi throat is in reasonable
agreement with the gas volume fraction a,,; assuming no slip, for all flow conditions,

see Section 7.5.2.
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The data obtained from the Venturi with conductance sensors at the inlet and throat
(i.e. the volume fraction at the inlet and throat, film thickness at the inlet, liquid film
velocity) were used to determine the gas mass flow rate and the gas and water flow

rate in annular wet gas two phase flow.

Experimental results were obtained for the predicted water flow rate in annular gas-
water two phase flows based on the inlet gas volume fraction a,,susing a ring
conductance sensor and the film velocity U, obtained by cross correlating the
output from the two ring conductance sensors at the Venturi inlet (Equation (7.3)).
These results showed an error in the predicted water volumetric flow rate, which was
greater than the reference water volumetric flow rate (measured from the turbine flow
meter). This error could arise from the measured gas volume fraction a; .. being too
low or the film velocity Uy, being too large, see Section 7.7. Therefore, the error in
the predicted water volumetric flow rate was investigated to find the correct water
flow rate by first assuming the measured gas volume fraction «; ,¢ is too low and the
film velocity is correct and then by assuming the gas volume fraction is correct and

the film velocity U .. is too large.

It was found that, if a scaling factor y is applied to «a; ,;to give the correct water
volumetric flow rate then y a; s is much lower than a 4,5 measured by the digital
level sensor, whereas a;,;and a, g are if fair agreement (Figure 7-4). It was
therefore concluded that «; . is approximately correct and that Uy, was too large.
Consequently a scaling factor ¥ was applied to U xc In order to achieve the correct
water flow rate. Since the values of ¥ were centred around 0.35, this implies that the
cross correlation technique overestimates the true film velocity by a factor of about 3.

This overestimation is probably due to the cross correlation technique preferentially

measuring the velocity of waves on the surface of the film.

The experimental results for the gas and gas mass flow rate in vertical annular water-
gas flow using the [81] Equation (3.66) showed that the predicted gas volumetric flow
using the Abbas model did not agree with the reference gas flow rate measured by the

air flow meter. It has been found that the Abbas model does not work well in all flow
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conditions, see Section 7.8.1. Also [10] and models [15, 16] (Figures 7.14 and 7.15)
showing that they also do not accurately predicted the gas flow rate. Therefore, an
alternative model (the homogenous model) was tested to determine the gas and water
flow rates flow rate in vertical annular water-gas flow using the Venturi with

conductance sensors described in Chapter 4.

The results of the predicted homogenous mixture volumetric flow rate Q,,, using the
homogenous model and using a mixture density based on a; ,.c and a, ,.; were not in
agreement with the reference homogenous mixture volumetric flow rate, see Section
7.9. Therefore, a homogenous model, assuming a no slip gas volume fraction as
described in Section 3.4, was applied to determine the gas and water flow rates in

vertical annular water-gas flow.

The results of the homogenous model, assuming no slip gas volume fraction, showed
that the homogenous mixture volumetric flow rate Q,, s is lower than the reference
homogenous mixture volumetric flow rate @, ... This could arise from the
differential pressure APz being too low or from the mixture density based on a,,
being too high, but the homogenous no slip gas volume fraction Q,, ,,s result is much
better than the homogenous flow rate Q,, when compared with the reference

homogenous flow rate @, s, see Section 7.10.1.

The gas volumetric flow rate using a homogenous model was investigated further in
an attempt to predict the correct gas flow rate. A scaling factor @ was applied to the
measured gas volume fraction a ,.; at the Venturi throat in order to obtain the mixture
density p,, 5. Using the mixture density p,, 5 with the measured pressure drop and a
homogenous Venturi model, the correct gas flow rate is predicted, which agrees with
the reference gas flow rate. [It should be noted that @ only varied in the range 1 to
1.05 for the flow condition investigated and so a,, is always within 5% of the
correct value of gas volume fraction at the throat]. It is believed that measurement
of a, ,5, in conjunction with use of the scaling factor @ appropriate to the prevailing
flow conditions to predict @4, represent a novel and major contribution to the field of

multiphase flow measurement.
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Provided the gas volume fraction at the through tot the Venturi o, . is measured then,

even if @ (the symbol on the vertical axis of figure 7-25) is not used, the gas

volumetric flow rate Q 4, can be measured from the two phase pressure drop to an

accuracy of +/- 2.5% of reading for all the flow conditions investigated. If the correct

value of @ is used (from figure 7-25) for the prevailing flow conditions then the gas

volumetric flow rate Q, should be measurable to an accuracy of better than +/-1%,

for all the flow conditions investigated.

8.2 Present contribution

X/
L X4

X/
L X4

X/
°

The design of a new experimental loop to establish two phase annular flow.

The design of a Venturi meter with conductance sensors at the inlet and throat
that is capable of measuring the gas volume fraction at the throat of the
Venturi. The Venturi has been tested successfully for vertical upward flows.

Development of conductance electronic circuits used to measure the gas
volume fraction at inlet and the throat of the Venturi, film thickness and the

film velocity at the Venturi inlet.

Testing of the Venturi in annular two phase flows.

Introduction of novel scaling factors & and @ enabling correction of s and
U xc there by enabling prediction of the correct gas and liquid flow rates in

annular two phase flow.

8.3 Recommendations for Future Work

Based on the present research, the following recommendations can be made:

KD
°e

The Venturi should be made in transparent material (Plexiglas) to allow visual
observations of the annular flow. These could help in order to gather
information on the liquid film, e.g., liquid distribution, film thickness and

wave height.
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< Future work could preformed to improve the digital level sensor to measure

the film thickness at the throat of the Venturi, with improved accuracy.

< Investigation as to why the Abbas model did not appear to correctly predict the

gas and water flow rates in the flows investigated.

+«+ Extend the range of flow conditions to investigate the range of applicability of

the scaling factors & and @ developed during the current work.
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