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Abstract

The development of a cost-effective multiphase floeter to determine the individual
phase flow rates of oil, water and gas was invat) through the exploitation of a
single clamp-on gamma densitometer and signal psitg techniques. A fast-sampling
(250 Hz) gamma densitometer was installed at tpeofothe 10.5 m high, 108.2 mm
internal diameter, stainless steel catenary risghé Cranfield University multiphase
flow test facility. Gamma radiation attenuation alavas collected for two photon
energy ranges of the caesium-137 radioisotope bdsesitometer for a range of air,
water and oil flow mixtures, spanning the facilgydelivery range.

Signal analysis of the gamma densitometer dateatede¢he presence of quasi-periodic
waveforms in the time-varying multiphase flow de¢iesi and discriminatory
correlations between statistical features of thewrga count data and key multiphase
flow parameters.

The development of a mechanistic approach to thiemultiphase flow rates from the

gamma attenuation information was investigated. @deh for the determination of the

individual phase flow rates was proposed basehemamma attenuation levels; while
quasi-periodic waveforms identified in the multiskafluid density were observed to
exhibit a strong correlation with the gas and kigsuperficial phase velocity parameters
at fixed water cuts.

Analysis of the use of pattern recognition techegjuto correlate the gamma
densitometer data with the individual phase supeltfvelocities and the water cut was
undertaken. Two neural network models were develofpe comparison: a single
multilayer-perceptron and a multilayer hierarchitalv regime dependent model. The
pattern recognition systems were trained to map tédmporal fluctuations in the
multiphase mixture density with the individual pad®w rates using statistical features
extracted from the gamma count signals as theutsmpnitial results yielded individual
phase flow rate predictions to within +10% basedlow regime specific correlations.

Keywords: gamma densitometry, multiphase flow, signal ang)yow measurement,
pattern recognition.



Acknowledgements

Completion of this research work has only been maakesible through the valuable
contributions of a number of people over the pased years. The following list is by no
means exhaustive.

I would like to thank my supervisor Dr Hoi Yeung avhas been a constant source of
guidance, support and ideas throughout the durafitims work.

I would also like to express my sincere gratitunl®tr David Whittingham, Mr Andrew
Jamieson, Dr Vladimir Kratirov, Mr. Ivan Endovowisand all the staff and associates
of the Neftemer Ltd family who have offered a coesable amount of assistance and
encouragement.

A big thank you to all those in the PASE group watepecial mention to Dr Yi Cao, Dr

Salem Al-lababbidi and Mr Flemming Nielsen for thtegichnical assistance in a number
of capacities; and to Mrs Linda Whitfield and Mran% Skears for their patience and
assistance in unravelling the mysteries of unit@iministration.

This work was undertaken with the financial assiséaof EPSRC and De Flow Ltd and
the author is eternally grateful for their support.

Finally, | would like to thank all my family andiénds for their endless encouragement
and support. Je tiens a remercier tout particuhierde ma petite Nadia qui m’a
beaucoup soutenu et m'a conseillé pendant ce trdeaihése et qui a di subir mes
interminable plaintes, surtout pendant la périoeleédiaction!



Table of Contents

ABSTRACT

....................................................................................................................................... |
ACKNOWLEDGEMENTS ..ottt se ittt ettt sttt I
LIST OF FIGURES. ..ottt tea sttt ettt ettt ettt b et enees VI
LIST OF TABLES . ..ottt ettt ettt sttt XIV
NOTATION ...ttt et e e s s e e s e s s s s s e e s e ae s e s e s e s e s e s et et es s et et et s e s s enenees XV
CHAPTER 1: INTRODUCTION ....uttiitetsieteietimree ettt sttt ns s se s 1

I = 7 Y3 1] = 1 11N o PPN 1
B @ = {0 1 1Y/ = 4
1.3 THESIS STRUCTURE......cttuteetitti e eeetteeeeeeett e e e e e astaeeeseataneeeestan e eeeetaa e eeeetanaeesesannaseeesntanseesenes 5
CHAPTER 2: LITERATURE REVIEW  ....ooiiiiiiiieieet ettt 7
2.1PRINCIPLES OF MULTIPHASE FLOW ...ttt e e e e e et e e et e e e e e e e e e 7
2.1.1 MUIIPNASE FIOW......eieiiiiiie e e e e e e e e e e e e e eeeaeannnes 7
2.1.2 SHP @Nd DFfl...ccoeeeeeeeeeeee e 9
2.1.3 Slip Correction Correlations.............ccovvvveiiiiiiiiiiiiie e ereeeee e 10
2.1.4 Superficial Phase VelOCIHES..........uiiiiiiiiieeieiiieeeeeeeii e 12
2.1.5 FIOW REQIMES... .ottt r e e 12
2. 2MULTIPHASE FLOW MEASUREMENT ....ciiiiti i eetett s e e e est s e e e eeta s e e e estanaeeessstanaeessasnneeeessaneeeesrnnnnns 16
2.2.1 Inferential Multiphase Flow Measurement............cccoovvvieiviiiiiiiiiiiienneenn. 16
2.2.2 Operating Principles of Multiphase Meters..........ccccoevviiieeieeiiiiiniieeiiiiinns 18
2.2.3 Current Commercially Available Multiphase Flov Meters.................... 26
2.2.4 Multiphase Flow Meter Performance............ccccuvvvvvviiiiiiiieeeeeeeeeeveeee 27
2.3GAMMA RADIATION IN MULTIPHASE METERING......uuiiiiiiiteieetitieeeeeeetieeeeestaeeessssssnaeesessnnaaeeees 27
2.3.1 Gamma RaAIAtION........uiiiiiiee e 27
2.3.2 Photon INtEracCtioNS.........ccvveiiiiiiiiiiiiie e e e e e 28
2.3.3 Interaction Phenomena Cross-Sectional Probdlties............................. 32
2.3.4 Gamma Radiation AttenUatioN............ccovvviriiiiiiiiiiiie e e e e e 33
2.3.5 Detection of Gamma Radiation..............coevviiiiiiiiiiiiiieee e 39
2.3.6 Gamma Radiation in Multiphase Flow Measuremés....................cc...... 40
2.4PATTERN RECOGNITION TECHNIQUES IN MULTIPHASE FLOW MEASUREMENT.......ccvveeeeeriieeeenns 42
P2 R o F= U o o Yo 113 | o o T 42
2.4.2 Feature EXIraCtiON.......ccooui i 43
2.4.3 Pattern Recognition MOEIS.............ouuuiiiiiiiiiiiiie e eeeeeeeeeeeeeeeee e 44
2.4.4 Artificial Neural NetWOrKS ... 44
2.4.5 Pattern Recognition in Multiphase Flow Measwement.......................... 52
CHAPTER 3: EXPERIMENTAL SET UP AND DATA ACQUISITION ..o 56
3.1CRANFIELD UNIVERSITY MULTIPHASE FLOW TESTFACILITY .ciiiiiiiieiiiiiie e 56
3.1, 1 FlUId DEIIVEIY.....ccciiiiiieee ettt e e 57
R I I =T A 1= 1 [ S 57
3.1.3 FlUId SEPArAtION.......uuiiiii i e e e e e e e eeeeenanees 58
3.1.4 Reference INStrumentation................oeuuvuiiieiiiiiiie e eeeeeeeeeeee e e e eeeeeeeennns 58
3.2GAMMA DENSITOMETER ... cttttuueetettutieeeettntaeerestnaeesestaneeesestnaesesttaereartanaeesertaieeserrnnaaaeeees 59
3.2.1 Gamma-Source BIOCK..........couuuuiiiiiiiiiiiee et 59
3.2.2 Gamma-Detection BIOCK.............coevvviviiiiiiiiiiiee e eeeeeeeeeeeeee e 61
3.2.3 Data Acquisition and ProCeSSING ......ccouuuiieeeiiiiiiiiiiiiiiiiieee e 62



3.2.4 Installation and CalibDration .........cc.veee e 63

3.2.5 Radiation SaAfely........ccoiiiiiiiiiiiiiii e 64
3.2.6 Signal CharaCteriStiCS.........uuuuuuuiuiiiiiiii e e 66
3.3EXPERIMENTAL CAMPAIGN .....cuuuuieititiieeetett s eetest s e e see bt e eseessstaseessstaseessstnseeesstnreeeesrnnnaaeas 68
CHAPTER 4: SIGNAL ANALY SIS ..ottt ineee ettt seae st esesesenens 70
4.1 . SENSORRESPONSE....cctttttuuuu ittt aaaaaaeteeetttttt s e aaaaaaeaaaaeateeeasbaba e s e e e aaaeeeeeaesbsbannan e e e aaaaaaas 70
4.2 STATISTICAL ANALY SIS .. ettttuuaiaeeeeeeteteetttttuta e e e aaaaaasaeteeeastabb o e e e aeaaeaeeaesssbabaa e aaaaeeaaaeaeas 72
4.2.1 Statistical Parameter Dependence on Flow Chagteristics.................... 72
4.2.2 Probability Distribution ANalysis .........coooviiiiiiiiiiiiiiiee e 80
4.2.3 Interim Summary: Statistical ANalySiS.......ccccoevveeeeeeiiiiiiiee e 85
4. 3FREQUENCYDOMAIN ANALYSIS ..uueiiiiiiieeeeeitiieeeeeestiaeeeesstteeessesaaaeesestanaeeestnneeeeernneeesesnnnns 85.
4.3.1 Dependency of Signal Dominant Frequencies &tow Parameters....... 85
4.3.2 Dependency of Gas Structure Frequencies onoll Parameters........... 89
4.3.3 Interim Summary: Frequency Domain AnalySiS........ccccoeeeeiiiiiiiieeiniinns 93
AANNAVELET ANALYSIS. ... eiitttetttttttea et e e e e et ettt ee ittt et oo oo 222 e e e et e et ee bbbt e e e e e e aaaeeeeeennessnbbnnannnns 93
4.4.1 Wavelet Transform Coefficient AnalySiS........cccceeeeeeeeiiiiieieeiiiin 59
4.4.2 Wavelet Packet ANAlYSIS........oooviiiiiiiiiiiiiiiniee e 98
4.4.3 Interim Summary: Wavelet ANalySiS..........ccceeeeiiiieeeeeeieieeeeeiiiviaeen 103
E S U 1Y . = 32PN 103
CHAPTER 5: MECHANISTIC DETERMINATION OF FLOW PARAME  TERS.......ccccceueuvanan. 105
5.1 DETERMINATION OF PHASE FRACTIONS. ... it iiiiiiiiiiiiiititae e e e e e eeeeeeeeseb e e e e e e e e e e eeeeaennannnns 105
5.1.1 Two-Phase (Air-Water) Model.............oovvviiiiiiiiiiiiieeeeeeeeeeveeeeeeeeeee, 106
5.1.2 Three-Phase (Air-Water-Oil) Model...........ccoooooiiiiiiiiiiiie, 111
5.2DETERMINATION OF PHASE VELOCITIES ...cttttttuuiaiaeeaeieteeteettttiaa s e e e aaeaaaaeeteeesssessnnnaaaaaaaaaaaaeees 118
5.2.1 Gas Structure Peak ANalysis............coeuuiuiiiiiiiiiiiieeeeeeeeeeeeeeeeee e 119
5.2.2 Investigation of Quasi-Periodic Waveforms..........cccccvvvviiiiiiinineeeeeenn, 122
DB SUMMARY ittt oottt oo oo e e e et e et et be b oo e e e eeee et e eeeeentabaa e a e e e e e aaeeaeeanras 135
CHAPTER 6: PATTERN RECOGNITION TECHNIQUES.......... coovoiiieieieieieieieieie e 137
6.1 FEATURE EXTRACTION AND ANALY SIS . .iittuiiiiiittieeeeetttaeeeeesstaeessestiaasaeesstnnseesssssnnaeeesssnaeesesnnns 137
8.2 DATA CLASSIFICATION ..teutttette ettt eateeasteeaateesat e sabeeshee e bt e as b e e sk beesae e e sbeeebb e e nbe e e nbe e enbeeamneennee e 137
6.3SINGLE FEEDFORWARDMULTILAYER PERCEPTRONMODEL .....uuiciviiiiiieeiiiiinieeeeeie e e eeeiieeeeeees 138
6.3.1 Neural Network Design, Training, and Testing.............cceeeeeeviireeeninnnns 139
6.3.2 Architecture DefinitioN .............ueeeeiiiiiiiiiiiei e 143
6.3.3 TSt PAramMeterS......cooeiiiiii e 144
6.3.4 Multiphase Flow Parameter PrediCtion............c..coevvvviviiiiiiiiniiiee e 451
6.4FLOW REGIME DEPENDENT MULTILAYER HIERARCHICAL MODEL .....vuoiiiviiiiiieeiiiieee e eeeean, 154
6.4.1 KSOFM Flow Regime Classification............cccooeeeeiiiiiiiiiiiiiiiiien 154
6.4.2 Two-Regime Classification Model..........cccceeeiiiiiiiiiiiiees 155
6.5PATTERN RECOGNITION MODEL CLASSIFICATION RESULTS.....cciivtiiieeeiiiiieeee et eeeenin e e e eeennas 181
6.6 WAVELET TRANSFORMFEATURE INPUTS.....c.uttiiitiiiiiieiitee sttt ettt e sttt sbe e b e snee e 185
6.7 SUMMARY ...ttt ettt e oo e e e e ettt ettt ettt e b o e oo £ 22 e et et e ettt be b b e e e e e e e e eeee et eeenebabaa e e e aaaaas 186
CHAPTER 7: CONCLUSIONS AND FUTURE WORK ........coovmiiiiiiiieeieeeeeeeeeseseseseeees 187
7L CONCLUSIONS. ... eeeeteteettttttte e e e e e e e e e e et eeetebe e e o e o2 e e e et e ee e e tebbbb e ee e e e e eaaeeeeeeeenesnbabaan e e eeeeaaas 187
T 2 FUTURE WORK . ...ttt ettt e et e e et e e ettt s e e 22 e e e e e et e e e be bbb e e e e e e e eaaaeeaaeeeennnnnnnnnnns 191
REFERENGCES .....coiviiititiieiititeeesesesese s skttt ae st se s 194
PUBLICATIONS . ...ttt eae ettt s e bbbt s s s s s et s e s e bbbt bbbttt 206
APPENDIX A — REVIEW OF COMMERCIAL MPFMS .......cos ittt eeseseneeenes 207



APPENDIX B — FEATURE EXTRACTION PARAMETERS......... ....

APPENDIX C — OLGA 2000 INPUT FILE
APPENDIX D — WAVELET PACKET COEFFICIENT STATISTICS.
APPENDIX E — ANN FEATURE CONTOURING AND SELECTION



List of Figures

Figure 1.1
Figure 1.2
Figure 1.3
Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5
Figure 2.6
Figure 2.7
Figure 2.8
Figure 2.9
Figure 2.10
Figure 2.11 (a)
Figure 2.11 (b)
Figure 2.12
Figure 2.13
Figure 2.14
Figure 2.15
Figure 2.16 (a)
Figure 2.16 (b)
Figure 2.16 (c)
Figure 2.17 (a)
Figure 2.17 (b)
Figure 2.18
Figure 2.19

Figure 2.20
Figure 2.21
Figure 2.22
Figure 2.23
Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6
Figure 3.7
Figure 3.8
Figure 3.9
Figure 3.10
Figure 3.11
Figure 3.12
Figure 3.13
Figure 4.1 (a)

Multiphase Meter Survey 1994 — 2000 2
Multiphase Meter Distribution in 2000 3
Thesis Roadmap 5
Multiphase Composition Triangle 7
Multiphase Pipe Flow Cross-Section 8
Slip Effect on Phase Fractions 10
Multiphase Flow Regime Classes 13
Multiphase Flow Map for Vertical Flow 14
Multiphase Flow Map for Horizontal Flow 16
Inferential Method of Multiphase Flow Measurement 17
Capacitance Method for Component Fraction Measuneme 18
Conductance Method for Component Fraction Measuneme 19
Gamma Attenuation Measurement 20
Differential Pressure Measurement Systems: Venturi 23
Differential Pressure Measurement Systems: Orifice 23
Principle of Cross-Correlation 24
Cross-Correlation Function 25
Gamma Decay of Radioactive Isotope 28
Photon Interaction Probability Cross-Sections 28
Photon Interactions: Photoelectric effect 31
Photon Interactions: Compton Scattering 31
Photon Interactions: Pair Production 31
Relative Interaction Cross-Sections for Mineral Oil 32
Relative Interaction Cross-Sections for Water 32
Linear Attenuation Coefficients of Oil and Water 32
Contrast between Oil and Water Linear AttenuatioB83
Coefficients

Arrangement of Source, Pipe, Collimators and Detect 34
Composition Triangle on a Log-Log Scale 39
Multilayer Perceptron Network 45
Kohonen Self-Organising Feature Map 50
Cranfield University Multiphase Flow Test Facility 56
Multiphase Flow Loop Test Section Riser and Separat 57
Gamma Densitometer Installation at the Top of tlseR 59
Caesium-137 Decay 60
Measured Caesium-137 Spectrum 61
Gamma Detection Block Components 62
Gamma Densitometer Instrument Installation 63
Gamma Attenuation as a Function of Material Density 64
Radiation Level Measurement Points 65
Spectra Count Stability for Static Oil 66
Hard Energy Count Stability for Static Fluids 67
Hard Energy Count Stability for Multiphase Flow Tes 68
Test Matrix 68
Gamma Count Data Signalss= 0.15 m&, Vg = 0.79 m§ 70

and WC = 100%

Vi



Figure 4.1 (b)
Figure 4.1 (c)

Figure 4.1 (d)

Figure 4.2
Figure 4.3
Figure 4.4
Figure 4.5
Figure 4.6
Figure 4.7
Figure 4.8
Figure 4.9
Figure 4.10
Figure 4.11
Figure 4.12
Figure 4.13
Figure 4.14
Figure 4.15
Figure 4.16
Figure 4.17
Figure 4.18
Figure 4.19
Figure 4.20
Figure 4.21

Figure 4.22 (a)
Figure 4.22 (b)
Figure 4.22 (c)

Figure 4.22 (d)

Figure 4.23
Figure 4.24
Figure 4.25
Figure 4.26
Figure 4.27
Figure 4.28
Figure 4.29
Figure 4.30

Figure 4.31 (a)

Figure 4.31 (b)

Gamma Count Data Signalss*= 0.13 mg, Vg = 0.12 m&
and WC = 100%

Gamma Count Data Signalss= 1.32 mg, Vg = 0.79 mg
and WC = 100%

Gamma Count Data Signalss*= 0.99 mg, Vg = 0.12 m&
and WC = 100%

Taitel-Dukler Flow Regime Classification of Testifts
Scatter Plot of Mean against GVF

Scatter Plot of Standard Deviation against GVF

Scatter Plot of Skewness against GVF

Scatter Plot of Kurtosis against GVF

Scatter Plot of LPC2 against GVF

Scatter Plot of LPC3 against GVF

Scatter Plot of LPC4 against GVF

Scatter Plot of LPC5 against GVF

Scatter Plot of LPC6 against GVF

Scatter Plot of LPC Residual Error against GVF

Scatter Plot of LSF1 against GVF

Scatter Plot of LSF2 against GVF

Scatter Plot of LSF3 against GVF

Scatter Plot of LSF4 against GVF

Scatter Plot of LSF5 against GVF

Scatter Plot of Mean against GOR

Scatter Plot of Standard Deviation against GOR

Scatter Plot of Skewness against GOR

Scatter Plot of Kurtosis against GOR

PMF of Output Signal: ¥ = 0.15 m8, Vg = 0.79 mg and
WC =100%

PMF of Output Signal: ¥ = 0.13 m8, Vg = 0.12 mg and
WC =100%

PMF of Output Signal: ¥ = 1.32 m8, Vg = 0.79 mg and
WC =100%

PMF of Output Signal: ¥ = 0.99 mg, Vg = 0.12 mg and
WC =100%

Scatter Plot of Standard Deviation against Mean

Scatter Plot of Skewness against Mean

Scatter Plot of Kurtosis against Mean

Scatter Plot of Skewness against Standard Deviation
Scatter Plot of Kurtosis against Standard Deviation
Scatter Plot of Kurtosis against Skewness

OLGA Flow Regime Classification of Data Points

Scatter Plot of Kurtosis against Mean: OLGA ClasdifFlow
Regimes

PSD of Output Signal: § = 0.15 m&, Vg = 0.79 mg and
WC = 100%

PSD of Output Signal: § = 0.13 m&, Vg = 0.12 mg and
WC = 100%

70

70

70

72
75
75
75
75
76
76
76
76
77
77
77
77
78
78
78
79
79
79
79
80

80
80
80
83
83
83
83
84
84
84
84
86

86

Vi



Figure 4.31 (c)
Figure 4.31 (d)

Figure 4.32

Figure 4.33 (a)
Figure 4.33 (b)
Figure 4.33 (¢)
Figure 4.33 (d)
Figure 4.33 (e)
Figure 4.34 (a)
Figure 4.34 (b)
Figure 4.34 (c)
Figure 4.34 (d)
Figure 4.34 (e)
Figure 4.34 (f)
Figure 4.35 (a)

Figure 4.35 (b)
Figure 4.35 (c)
Figure 4.35 (d)
Figure 4.36
Figure 4.37
Figure 4.38 (a)
Figure 4.38 (b)
Figure 4.38 (¢)
Figure 4.38 (d)
Figure 4.39
Figure 4.40
Figure 4.41 (a)
Figure 4.41 (b)
Figure 4.41 (c)
Figure 4.41 (d)
Figure 5.1

Figure 5.2 (a)
Figure 5.2 (b)

PSD of Output Signal: § = 1.32 m&, Vg = 0.79 mg and
WC =100%

PSD of Output Signal: § = 0.99 m&, Vg = 0.12 mg and
WC =100%

FFT Dominant Frequency Contour Plot

Signal Dominant Frequency Contour Plot: Water C20%
Signal Dominant Frequency Contour Plot: Water C40%
Signal Dominant Frequency Contour Plot: Water C60%
Signal Dominant Frequency Contour Plot: Water C80%
Signal Dominant Frequency Contour Plot: Water Ci08%
Gas Structure Frequency: Peak Amplitude Threshd&@ =
Gas Structure Frequency: Peak Amplitude Threshd@@ =
Gas Structure Frequency: Peak Amplitude Threshd@ =
Gas Structure Frequency: Peak Amplitude Threshdl@ =
Gas Structure Frequency: Peak Amplitude Threshdd =
Gas Structure Frequency: Peak Amplitude Threshdld =
Influence of Water Cut on Gas Structure FrequeAcy3< V4
<0.16 m§

Influence of Water Cut on Gas Structure FrequeA@9< V4
<0.32m§

Influence of Water Cut on Gas Structure FrequeA&9< V4
<0.62 m§

Influence of Water Cut on Gas Structure Frequefh@9< V4
<1.34mg

Wavelet Analysis

Wavelet Functions

Continuous Wavelet Analysis:sy= 0.15 mg, Vg = 0.79 m&
and WC = 100%
Continuous Wavelet Analysis:sy= 0.13 mg, Vg = 0.12 mg
and WC = 100%
Continuous Wavelet Analysis:sy= 1.32 mg, Vg = 0.79 m&
and WC = 100%
Continuous Wavelet Analysis:sy= 0.99 mg, Vg = 0.12 m&

and WC = 100%
Scale against Pseudo-Frequency for Wavelet Coexfii¢?lots
Two Level Decomposition Wavelet Packet Analysis

Wavelet Packet Analysis:sy= 0.15 mg, Vg = 0.79 m& and
WC = 100%
Wavelet Packet Analysis:sy= 0.13 mg, Vg = 0.12 m& and
WC = 100%
Wavelet Packet Analysis:sy= 1.32 m&, Vg = 0.79 m& and
WC = 100%
Wavelet Packet Analysis:sy= 0.99 mg, Vg = 0.12 m& and
WC = 100%

Sensor’s View of Multiphase Fluid Composition
Air-Water Component Fractions using Hard Energyr- A
Air-Water Component Fractions using Hard Energyquid

87
88
88
88
88
88
90
90
90
90
90
90
92

92
92
92
93
94
96
96
97
97
98
99
100
100
101
101
105

106
106

VI



Figure 5.2 (c)
Figure 5.2 (d)
Figure 5.3
Figure 5.4

Figure 5.5
Figure 5.6
Figure 5.7
Figure 5.8
Figure 5.9

Figure 5.10
Figure 5.11
Figure 5.12
Figure 5.13
Figure 5.14
Figure 5.15
Figure 5.16
Figure 5.17
Figure 5.18

Figure 5.19
Figure 5.20

Figure 5.21
Figure 5.22
Figure 5.23 (a)
Figure 5.23 (b)
Figure 5.23 (c)
Figure 5.23 (d)

Figure 5.24 (a)
Figure 5.24 (b)
Figure 5.24 (c)
Figure 5.24 (d)
Figure 5.24 (e)
Figure 5.24 (f)
Figure 5.25 (a)
Figure 5.25 (b)
Figure 5.25 (c)

Air-Water Component Fractions using Hard Energy 106
Deviation Air

Air-Water Component Fractions using Hard Energy 106
Deviation Liquid

Difference in Calculated GVF Values as a Functibctual 107
GVF

Hard and Soft Energy GVF Measurement Errors agaib88
Actual Flow GVF

GVF Measurement Dependence on Phase Velocities 109
GVF Measurement Dependence on Superficial Gas Wgloc 109
GVF Linear Correction Factor Correlations 110
GVF Values Corrected For Superficial Gas Velocities 111

Resolution of Multiphase Flow Individual Phase Mok 111
Fractions

Multiphase Data Treated as Two-Phase System 112
Influence of Water Cut on GVF aty= 0.15 mg 113
Influence of Water Cut on GVF aty= 0.32 m& 114
Influence of Water Cut on GVF aty= 0.62 mg 114
Influence of Water Cut on GVF aty= 1.32 ms 115

Multiphase Data GVF Linear Correction Factor: loggt 115
Multiphase Data GVF Linear Correction Factor: Ioggt 116
Corrected GVF Values for Multiphase Data 116
Dependence of Water Cut on Energy Count Differeaicd 118
GVF

Gas Structure Induced Gamma Count Peak 119
Mean Diameter of Principal Gas Structures in Airt&a 120
Flows

Mean Transit Time of Principal Gas Structures im-Water 120
Flows

Average Bubble Velocity of Principal Gas StructunesAir- 121
Water Flows

Autocorrelation of Low Frequency Approximation Sagt 123
Vsg=0.15 m3, Vg = 0.79 m8 and WC = 100%

Autocorrelation of Low Frequency Approximation Sagt 123
Vsg=0.13 m3, Vg = 0.12 m8 and WC = 100%

Autocorrelation of Low Frequency Approximation Sadgt 123
Vsg=1.32 m3, Vg = 0.79 m8 and WC = 100%

Autocorrelation of Low Frequency Approximation Sadgt 123
Vsg=0.99 mg, Vg =0.12 m8 and WC = 100%

Contour Plots of ACF Pseudo-Period: [4 0] 126
Contour Plots of ACF Pseudo-Period Minimum: [4 0] 126
Contour Plots of ACF Pseudo-Period: [5 0] 126
Contour Plots of ACF Pseudo-Period Minimum: [5 0] 126
Contour Plots of ACF Pseudo-Period: [6 0] 126
Contour Plots of ACF Pseudo-Period Minimum: [6 O] 126

Water Cut Influence on ACF Pseudo-Period: WC=2®@&][ 127
Water Cut Influence on ACF Pseudo-Period: WC=4®AQ][ 127
Water Cut Influence on ACF Pseudo-Period: WC=6@A][ 127



Figure 5.25 (d)
Figure 5.25 (e)
Figure 5.26 (a)
Figure 5.26 (b)
Figure 5.26 (c)
Figure 5.26 (d)
Figure 5.26 (e)
Figure 5.27

Figure 5.28

Figure 5.29 (a)
Figure 5.29 (b)
Figure 5.29 (c)
Figure 5.29 (d)
Figure 5.29 (e)
Figure 5.29 (f)
Figure 5.29 (g)
Figure 5.29 (h)
Figure 5.29 (i)
Figure 5.29 (j)
Figure 5.29 (k)
Figure 5.30 (a)
Figure 5.30 (b)
Figure 5.30 (¢)
Figure 5.30 (d)
Figure 5.30 (e)
Figure 6.1
Figure 6.2
Figure 6.3
Figure 6.4
Figure 6.5 (a)
Figure 6.5 (b)
Figure 6.5 (c)
Figure 6.6 (a)
Figure 6.6 (b)
Figure 6.6 (c)
Figure 6.7
Figure 6.8 (a)

Figure 6.8 (b)
Figure 6.9 (a)
Figure 6.9 (b)

Figure 6.10 (a)

Water Cut Influence on ACF Pseudo-Period: WC=8@4)][
Water Cut Influence on ACF Pseudo-Period: WC=10[0)]
Water Cut Influence on ACF Minimum Lag: WC=20%,Jp
Water Cut Influence on ACF Minimum Lag: WC=40%,db
Water Cut Influence on ACF Minimum Lag: WC=60%,]Jp
Water Cut Influence on ACF Minimum Lag: WC=80%,db
Water Cut Influence on ACF Minimum Lag: WC=100%,Jp
Autocorrelation of Wavelet Detail Signals from Petfd 1]
PSD of Autocorrelated Wavelet Detail Signals froracket
[4 1]

Contour Plots of ACF Pseudo-Period: [2 1]

Contour Plots of ACF Pseudo-Period: [3 1]

Contour Plots of ACF Pseudo-Period: [3 2]

Contour Plots of ACF Pseudo-Period: [3 3]

Contour Plots of ACF Pseudo-Period: [4 1]

Contour Plots of ACF Pseudo-Period: [4 2]

Contour Plots of ACF Pseudo-Period: [4 3]

Contour Plots of ACF Pseudo-Period: [4 4]

Contour Plots of ACF Pseudo-Period: [4 5]

Contour Plots of ACF Pseudo-Period: [4 6]

Contour Plots of ACF Pseudo-Period: [4 7]

Water Cut Influence on ACF Pseudo-Period: WC=20%4][
Water Cut Influence on ACF Pseudo-Period: WC=40%4][
Water Cut Influence on ACF Pseudo-Period: WC=60%4][
Water Cut Influence on ACF Pseudo-Period: WC=80%4][
Water Cut Influence on ACF Pseudo-Period: WC=10[204
Data Set Classification

Single Neural Network Model Concept

Mechanism for Neural Network Design, Training, aresting
Variation in Effective Parameters with Hidden Nodes
MLP Network Training - Sum Square Errors

MLP Network Training - Sum Square Weights

MLP Network Training - Effective Number of paranrste
Repeatability Performance - Superficial Gas Velocit
Repeatability Performance - Superficial Liquid sty
Repeatability Performance - Water Cut

Test Data Matrix

Percentage Measurement Accuracy for the SuperfiGias
Velocity - ZMUV

Percentage Measurement Accuracy for the SuperfiGias
Velocity - PCA

Percentage Gas Error Distribution for Feature Fu$RCA) -
GVF Plot

Percentage Gas Error Distribution for Feature Fu$RCA) -
Outlying Point Test Matrix

Percentage Measurement Accuracy for the Superfidalid
Velocity - ZMUV

127
127
128
128
128
128
128
129
130

131
131
131
131
131
131
132
132
132
132
132
133
133
133
133
133
138
148
139
140
142
142
142
143
143
143
144
148

148

149

149

150



Figure 6.10 (b)
Figure 6.11 (a)
Figure 6.11 (b)
Figure 6.12 (a)

Figure 6.12 (b)
Figure 6.13 (a)

Figure 6.13 (b)
Figure 6.14

Figure 6.15

Figure 6.16

Figure 6.17

Figure 6.18

Figure 6.19 (a)
Figure 6.19 (b)
Figure 6.20 (a)
Figure 6.20 (b)
Figure 6.21 (a)
Figure 6.21 (b)
Figure 6.22 (a)
Figure 6.22 (b)
Figure 6.23 (a)
Figure 6.23 (b)
Figure 6.24 (a)
Figure 6.24 (b)
Figure 6.25 (a)
Figure 6.25 (b)

Figure 6.26 (a)

Percentage Measurement Accuracy for the Superfidalid
Velocity - PCA

Percentage Liquid Error Distribution for LPC Feat(PCA) -
GVF Plot

Percentage Liquid Error Distribution for LPC Feat(PCA) -
Outlying Point Test Matrix

Percentage Measurement Accuracy for
Determination - ZMUV

Percentage Measurement Accuracy for the Water QA

the Water

150

151

151

CoP

152

Percentage Water Cut Error Distribution for Ampdiéu 153

Features (ZMUV) - GVF Plot

Percentage Water Cut Error Distribution for Ampdiéu 153

Features (ZMUV) - Outlying Point Test Matrix

Flow Regime Dependent Pattern Recognition Model

Flow Regime Identification by KSOFM

Unified Distance Matrix for Test Data

KSOFM Labelled with Best Matching Units

KSOFM Flow Regime Classification of Data Points
Bubble MLP: Percentage Measurement Accuracy for
Superficial Gas Velocity of Bubble Test Points - UM
Bubble MLP: Percentage Measurement Accuracy for
Superficial Gas Velocity of Bubble Test Points -A2C
Bubble MLP: Percentage Measurement Accuracy for
Superficial Gas Velocity of Slug Test Points - ZMUV
Bubble MLP: Percentage Measurement Accuracy for
Superficial Gas Velocity of Slug Test Points - PCA

Bubble MLP: Percentage Gas Error Distribution faattre
Fusion (ZMUV): GVF Plot

Bubble MLP: Percentage Gas Error Distribution faattre
Fusion (ZMUV): Outlying Point Test Matrix

Bubble MLP: Percentage Measurement Accuracy for
Superficial Liquid Velocity of Bubble Test PointZMUV
Bubble MLP: Percentage Measurement Accuracy for
Superficial Liquid Velocity of Bubble Test Point®CA
Bubble MLP: Percentage Measurement Accuracy for
Superficial Liquid Velocity of Slug Test Points MUV
Bubble MLP: Percentage Measurement Accuracy for
Superficial Liquid Velocity of Slug Test Points €ER

Bubble MLP: Percentage Liquid Error Distributiomnr feeature
Fusion (ZMUV): GVF Plot

Bubble MLP: Percentage Liquid Error Distributiomnr feeature
Fusion (ZMUV): Outlying Point Test Matrix

Bubble MLP: Percentage Measurement Accuracy for
Water Cut of Bubble Test Points - ZMUV

Bubble MLP: Percentage Measurement Accuracy for
Water Cut of Bubble Test Points - PCA

Bubble MLP: Percentage Measurement Accuracy for
Water Cut of Slug Test Points - ZMUV

154
155
156
157
157
iac:i
iac:i
[i0¢C>%
[i0¢>%
163

163

166

166

i ¢4

i ¢4

@8

Xl



Figure 6.26 (b)
Figure 6.27 (a)
Figure 6.27 (b)
Figure 6.28 (a)
Figure 6.28 (b)
Figure 6.29 (a)
Figure 6.29 (b)
Figure 6.30 (a)
Figure 6.30 (b)
Figure 6.31 (a)
Figure 6.31 (b)
Figure 6.32 (a)
Figure 6.32 (b)
Figure 6.33 (a)
Figure 6.33 (b)
Figure 6.34 (a)
Figure 6.34 (b)
Figure 6.35 (a)
Figure 6.35 (b)
Figure 6.36 (a)
Figure 6.36 (b)
Figure 6.37
F!gure 6.38
Figure A.1
Figure A.2

Figure A.3 (a)
Figure A.3 (b)

Bubble MLP: Percentage Measurement Accuracy for &8
Water Cut of Slug Test Points - PCA

Bubble MLP: Percentage Water Cut Error Distributitom
ACF (ZMUV): GVF Plot

Bubble MLP: Percentage Water Cut Error Distributitom
ACF (ZMUV): Outlying Point Test Matrix

Slug MLP: Percentage Measurement Accuracy for
Superficial Gas Velocity of Slug Test Points - ZMUV

Slug MLP: Percentage Measurement Accuracy for
Superficial Gas Velocity of Slug Test Points - PCA

Slug MLP: Percentage Measurement Accuracy for
Superficial Gas Velocity of Bubble Test Points - UM

Slug MLP: Percentage Measurement Accuracy for
Superficial Gas Velocity of Bubble Test Points -A2C

Slug MLP: Percentage Gas Error Distribution for tbhea 174
Fusion (ZMUV): GVF Plot

Slug MLP: Percentage Gas Error Distribution for tbhea 174
Fusion (ZMUV): Outlying Point Test Matrix

Slug MLP: Percentage Measurement Accuracy for thés
Superficial Liquid Velocity of Slug Test Points MUV

Slug MLP: Percentage Measurement Accuracy for thés
Superficial Liquid Velocity of Slug Test Points €ER

Slug MLP: Percentage Measurement Accuracy for théo
Superficial Liquid Velocity of Bubble Test PointZMUV

Slug MLP: Percentage Measurement Accuracy for théo
Superficial Liquid Velocity of Bubble Test PointCA

Slug MLP: Percentage Liquid Error Distribution fBeature 177
Fusion (ZMUV): GVF Plot

Slug MLP: Percentage Liquid Error Distribution fBeature 177
Fusion (ZMUV): Outlying Point Test Matrix

Slug MLP: Percentage Measurement Accuracy for tregevw 178
Cut of Slug Test Points - ZMUV

Slug MLP: Percentage Measurement Accuracy for tregevw 178
Cut of Slug Test Points - PCA

Slug MLP: Percentage Measurement Accuracy for tregev 179
Cut of Bubble Test Points - ZMUV

Slug MLP: Percentage Measurement Accuracy for tregev 179
Cut of Bubble Test Points - PCA

Slug MLP: Percentage Water Cut Error Distributioor 180
Feature Fusion (ZMUV): GVF Plot

Slug MLP: Percentage Water Cut Error Distributioor 180
Amplitude Features (ZMUV): Outlying Point Test Matr

169

169

the2

the2

th#3

the3

Three-Regime KSOFM BMUs 183
Three-Regime Classification of Data Points 184
AMF In-Line Spool Piece 208
Operating Principle of the AMMS 209
Agar MPFM 400-Series Schematic 210
Agar MPFM 400-Series Skid Mounted 210

Xl



Figure A.4
Figure A.5
Figure A.6
Figure A.7
Figure A.8
Figure A.9
Figure A.10
Figure A.11
Figure A.12
Figure A.13
Figure D.1
Figure E.1
Figure E.2
Figure E.3
Figure E.4
Figure E.5
Figure E.6
Figure E.7
Figure E.8
Figure E.9
Figure E.10
Figure E.11
Figure E.12
Figure E.13

REMMS MPFM

Schematic Diagram of the FlowSys TopFlow Meter
PhaseWatcher VX MPFM

Haimo MPFM

Mixmeter MPFM

mpm Meter

CCM Meter

ESMER Concept Model

Schematic Diagram of Roxar MPFM 1900VI
LYRA MPFM

Wavelet Packet Decomposition Tree

Principal Component Analysis Evaluation
Contour Plots of Hard Energy Amplitude Features
Contour Plots of Hard Energy LPC Features
Contour Plots of Hard Energy LSF Features
Contour Plots of Hard Energy ACF Features
Contour Plots of Soft Energy Amplitude Features
Contour Plots of Soft Energy LPC Features
Contour Plots of Soft Energy LSF Features
Contour Plots of Soft Energy ACF Features
Contour Plots of Difference Energy Amplitude Featur
Contour Plots of Difference Energy LPC Features
Contour Plots of Difference Energy LSF Features
Contour Plots of Difference Energy ACF Features

210
211
213
214
214
215
215
216
217
218
230
266
271
272
273
274
277
278
279
280
282
283
284
285

Xl



List of Tables

Table 1.1
Table 1.2
Table 2.1
Table 2.2
Table 2.3
Table 2.4
Table 3.1
Table 3.2
Table 3.3
Table 4.1
Table 5.1
Table 5.2
Table 5.3
Table 6.1
Table 6.2
Table 6.3

Table 6.4
Table 6.5

Table 6.6

Table E.1
Table E.2

Multiphase Flows in Process Industries 1
Summary of Oil Well Production in 2000 3
Classification of Multiphase Metering System Valeb 17
Typical Properties of Gas, Oil and Water Components 21
Neural Network Classes and Subclasses 45
MLP Training Algorithms 47
Multiphase Flow Test Facility Instrumentation 58
Mean Gamma Count and Attenuation Coefficients fstTFluids 63
Radiation Dose Measurements 65
Statistical Analysis of Wavelet Packet Coefficients 102
Classification Accuracy of Phase Fraction Correctworrelations 117
Wavelet Packet Approximation Signal Frequency Range 124
Wavelet Packet Detail Signal Frequency Ranges 134
Input Feature Vector Sets for Analysis 144
Summary of Pattern Recognition Flow Classificattacturacies 181

Summary of Input Feature-Signal Combinations YmydOptimal 182
Classification

Flow Regime MLP Performance with Alien Flow RegibData 182
Classification ~ Accuracies for Three-Regime  Multidév184
Hierarchical Model
Summary of Wavelet
Classifications

List of Features Extracted from Information Domains

List of Principle Components in Hard Spectrum Inpeature

Feature Based Flow Paramet8b

264
266

XV



Notation

Symbols

K™ Linear predictor filter coefficient

Wavelet packet approximation coefficient matrix
Cross-sectional area occupied by gas
Cross-sectional area occupied by liquid
Cross-sectional area occupied by oll

Pipe cross-sectional area

Cross-sectional area occupied by water
Neuron bias

I™ Linear predictor filter coefficient

Initial term of linear predictor transfer function
Build-up factor

Bandwidth

Speed of light in a vacuum or intercept
Wavelet transform coefficient matrix or Chisholm
constant

Measured capacitance

Multiphase fluid mixture capacitance
Electrode-pipe wall capacitance

Euclidean distance or bubble diameter
Internal pipe diameter or wavelet packet detail
coefficient matrix

Residual error of linear prediction

Photon energy

Electron binding energy

Objective function for neural network error
minimisation

Electron energy

Original photon energy

Photoelectric energy

Average quantisation error

Neural network output associated relative error
Residual error of linear prediction coefficients
Topographic error

Total signal energy

Sum of squares of network weights

Neural network activation function

Sampling frequency

Modified objective function or input vector scale
factor

Wavelet centre frequency

Signal pseudo-frequency

Conductivity, gain factor or mass flux

Gas mass flow rate

Oil mass flow rate

Units

1 3I\.) 3[\) 3I\.) 3[\) 3I\.) 1

Hz

Hz

S.m, -, kg/s.m
kg/s

kg/s

XV



Total mass flow rate
Water mass flow rate

Planck constant, thickness of absorber, or number o m?kg.s*, m, -

hidden nodes

Gamma beam path length through air

Gamma beam path length through liquid
Gamma beam path length through oil

Gamma beam path length through water
Hessian matrix

Current or measured gamma radiation intensity
Initial gamma radiation intensity

Gamma radiation intensity of air filled conduit
Gamma radiation intensity of liquid filled conduit
Gamma radiation intensity of oil filled conduit
Gamma radiation intensity of water filled conduit
Smith slip ratio correlation entrainment factor
Bubble axial length

Length; distance between sensors; or wavelet packet
decomposition level

Axial length of separated flow element

Axial length of dispersed flow element

Gradient

i™ Moment of discrete wavelet transform

Best matching unit vector

Rest mass of an object

Number of layers in neural network

Total number of points in a sampled record or
number of radioactive nuclei

Linear predictor filter order or neural network utp
Pressure

Probability density function

Symmetric polynomial

Gas volumetric flow rate

Liquid volumetric flow rate

Oil volumetric flow rate

Total volumetric flow rate

Water volumetric flow rate

Anti-symmetrical polynomial

Classical electron radius

Covariance coefficient or input vector range
Effective resistance

Multiphase fluid mixture resistance
Autocorrelation function

Cross-correlation function

Wavelet scale

Slip ratio or generic signal

Time or neural network target output
Topographic error constant

3333

w0 n 0 n o
PR R R R R

m, m, -

bara

m/s
m/s
m/s
m/s
m/s

3

cR ol

XVI



Gas bubble velocity

Drift velocity

Gas phase velocity

Liquid phase velocity

Multiphase mixture velocity

Oil phase velocity

Superficial gas velocity

Superficial liquid velocity

Slip velocity

Water phase velocity

Neural network weight

Vapour quality

Mean

Sample time history
Lockhart-Martinelli number

Neural network output

Atomic number

Electrical impedance

Gas volume fraction or control parameter in Bayesia
regularisation

Gas volume fraction

Liquid volume fraction

Water volume fraction or control parameter in
Bayesian regularisation

Oil volume fraction; linear attenuation coefficieor
number of effective parameters

Air linear attenuation coefficient
Liquid linear attenuation coefficient
Oil linear attenuation coefficient
Water linear attenuation coefficient
Outer layer error

Sampling period

Bubble transit time

Air chordal hold-up

Oil chordal hold-up

Water chordal hold-up

Step size

Photon deflection angle

Mean free path or radioactive decay constant
Liquid hold-up

Gas void fraction

Liquid viscosity

Gas density

Liquid density

Mixture density

Oil density

Water density

S33333333
IR R R IR IR R TR N

3
7

3333

1 wmw m 1

kg/m?

kg/m®

XVII



Q

Hhe<€cAa

Acronyms
ACF
BMU
CK
CS
CcVv
FFT
GOR
GVF
KSOFM
LGR
LM
LPC
LSF
MLP
MPFM
PCA
PDF
PMF
PSD
RMS
SCG
SD
SFFT
SG
SSE
wC
ZMUV

Surface tension, standard deviation or photon
interaction probability

Lag or wavelet translation

Frequency of electromagnetic radiation
Mother wavelet function

Excitation frequency of electronic circuitry
Solid angle

Autocorrelation function

Best matching unit
Coefficient of kurtosis
Coefficient of skewness
Coefficient of variance

Fast Fourier transform

Gas oll ratio

Gas volume fraction
Kohenon self-organising feature map
Liquid to-gas ratio
Levenberg-Marquardt

Linear prediction coefficient
Line spectral frequency
Multi-layer perceptron
Multiphase flow meter
Principal component analysis
Probability density function
Probability mass function
Power spectral density

Root mean square

Scaled conjugate gradient
Standard deviation
Short-time Fourier transform
Specific gravity

Sum of square errors

Water cut

Zero-mean and unit variance

N/m, -,
barnes/atom

S,

Hz

Hz
sr

XVIII



Chapter 1: Introduction

1.1 Background

Within the power and process industries, therenaaiay instances of multiphase flow.
The term ‘multiphase flow’ is used to define two onore phases flowing
simultaneously in a conduit. However, this term dam misleading as it also
encompasses multi-component systehahle 1.1

3-Phase: Liquid — Liquid- Gas
e.g. Water — Oil — Gas
2-Phase: Liquid- Liquid
Flow in an conduit where more than e.g. Water — Oil
one fluid is present. 2-Phase: Liquid- Solid
e.g. Water — Sand
2-Phase: Liquid- Gas
e.g. Water — Air

Table 1.1 — Nature of Multiphase Flows in Procestustries

This document focuses on multiphase flows compyisih water and natural gas found
in upstream oil and gas production operations. Kadge of the individual fluid flow
rates of each producing oil well is required toilfeate reservoir management, field
development, operational control, flow assuranod,@oduction allocationl].

Conventional solutions concerning two- and threasgh metering systems require
expensive and cumbersome test separators, hightanance, field personnel
intervention, and do not lend themselves to cowotisu monitoring or metering.
Moreover, with diminishing oil resources, oil compes are now frequently confronted
with the prospect of recovering hydrocarbons froargimally economic reservoirg]|

In order to ensure economic viability of these acalations, the wells may have to be
completed subsea or crude oil from several welté gea common production facility.
The economic constraints on such developments ttamour the deployment of three-
phase separators as the primary measurement d&oosequently, viable alternatives
to three-phase separators are essential. Induségf®nse is the multiphase flow meter
(MPFM).

The oil and gas industry began to generate a seridarest in developing MPFMs in
the early 1980s. Beforehand, single-phase measuitemeere sufficient to meet the
industry’s needs. However, depleting oil reseradsng with smaller, deeper wells with
higher water contents, saw the advent of increasirigequent occurrences of
multiphase flow where the single-phase meters weable to cope.



After a lengthy gestation period, MPFMs with an qute performance for selected
applications became commercially available. Sing@4]1 MPFM installation numbers
have steadily increased as technology in the fiaksladvanced, with substantial growth
witnessed from 1999 onwardsgure 1.1[3].
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Figure 1.1 — Multiphase Meter Survey 1992000

Also apparent is the change in the MPFM applicatidnitially, interest in multiphase

metering technology was confined to offshore anbisea applications where weight
and space are at a premium and MPFMs offered eactte alternative to bulky three-
phase separators. However, more than half of thtallations in 2000 were in onshore
operations.

A recent study estimated that there were approxiyna?, 700 MPFM applications
including field allocation, production optimisaticend mobile well testing in 2006
suggesting that the MPFM market is still growidg [

A number of factors have instigated the recentdrajptake of multiphase measurement
technology: improved meter performances, decreaseseter costs, more compact
meters enabling deployment of mobile systems, as®s in oil prices and a wider
assortment of operators.



As the initial interest in multiphase flow metericgme from the offshore industry,
most of the multiphase metering activity was comegad in the North Sea. However,
the present distribution of multiphase flow metersmuch more diversezigure 1.2
shows the global distribution of MPFM installatians2000.

Other Canada Mobile Worldwide
North and 1% 8%

South America
Asia-Pacific
12%
) Western Europe

16%
23%

Middle East
6%

Figure 1.2 — Multiphase Meter Distribution in 2000

Multiphase metering is a nascent sector in theand gas industry and continues to
expand as technology develops and installatiorepribecrease, facilitating economic
deployment. Nevertheless, after ten years of magkewth, the number of actual

installations is still less then 3,000, a mere tfiacof the potential market: there were
890,000 producing wells worldwide in 200Dgble 1.2[5]. It has been suggested that,
with the current market climate, a modest targetthe oil industry would be to have

MPFMs installed on 1% of the world’s wells by 208).

Location Wells Average Daily Production
(Mbbls)
North America 590,000 11
South America 49,000 7
Western Europe 5,000 7
Eastern Europe 124,000 8
Africa 8,000 8
Middle East 11,000 22
Far East 95,000 7
South Pacific 1,000 1
Total 885,000 69

Table 1.2 — Summary of Oil Well Production in 2000

Industry experts have forecast that MPFMs will medeasible on an installation per
well basis when their capital cost falls to arolwf8$40,000 — US$60,000. The cost of



MPFMs today remains in the range of US$100,000 -$308,000 (varying with

onshore/offshore, topside/subsea, the physicalmBoas of the meter and the number
of units ordered). Installation of these MPFMs cast up to 25% of the hardware cost
and associated operating costs are estimated \abdetUS$20,000 and $40,000 per

year [7].

A number of novel multiphase metering techniquespleying a variety of
technologies, have been developed which elimirtagenteed for three-phase separator
deployment. These MPFMs offer substantial econamnit operating advantages over
their phase separating predecessor. Neverthetesssiill widely recognised that no
single MPFM on the market can meet all multiphasgeming requirements. Despite the
advances in multiphase flow metering, industrigdldgment of this technology remains
expensive for meters that offer an acceptable pmdoce. Thus, there is a clear need
for further development of multiphase flow monitagidevices within the petroleum
industry.

Clamp-on gamma-densitometry is a suitable technituefacilitate non-intrusive
multiphase flow metering as it does not requireakimeg into the pipeline for
installation. As a result, meter units could beafited without having to stop the
production process. The reduced hardware and lesbal costs associated with
deploying such units as MPFMs, in conjunction witicreasing oil prices, would
facilitate economic justification of a per well talation basis.

Low intensity gamma radiation sources, such astieogployed in gamma densitometer
units, do not present significant technical proldefior installation and use in onshore
oilfield environments. However, in some countriadministrative and logistical issues
in deploying radioactive sources in the field amrgually insuperable. Consequently,
gamma densitometer units cannot be readily deplayeslich countries as MPFMs;

nevertheless, a sizeable market remains in the teesinwhere radiation based
instrumentation can be installed. Indeed, many cemoially available multiphase flow

meters employ gamma-densitometry techniques asopdhteir measurement systems

9.

1.2 Objectives

This research work reports on the author’'s apptoadf a single gamma-densitometer
unit to determine both the phase volume fractioms \&elocities to yield the individual
phase flow rates of a multiphase flow as part & tlevelopment programme of a
commercial clamp-on gamma radiation based multipflasy meter 9]. The objectives
of the research were to:

* Conduct a literature review of multiphase flow atsdmeasurement, gamma
radiation in multiphase metering and the applicatd pattern recognition
technigues in multiphase measurement.

* Undertake experimental data collection of a gamerasilometer’'s response
to a variety of vertical multiphase flow conditions

* Analyse the gamma densitometer signal charactsisti relation to key
multiphase flow parameters.



* Investigate a mechanistic approach to determirtiegridividual phase flow
fractions and phase velocities from the gamma tiemsiter output data.

* Investigate the suitability of the gamma densit@neta for exploitation in
a pattern recognition based multiphase flow measent system.

Figure 1.3displays the thesis roadmap which illustratesctirecepts, methodology and
links in the research work carried out to fulfiee objectives.

Literature
Review

Signal Response

Statistical Analysis

Data Collection

Frequency Analysis ]
Wavelet Analysis J

|
[ Gamma Densitometer J [
[

Signal 1
Analysis

¥ ¥

Mechanistic Model Pattern Recognition
Development Techniques

[ Phase Fractions [ Uniwrersal Model

[ Phase Velocities ] [ Flbw Regime 3p ecific Model ]

Figure 1.3 — Thesis Roadmap

1.3 Thesis Structure

The thesis is divided into 7 chapters. An overvidwhe remaining chapters’ content is
given below:

Chapter 2A literature review of the subject area is présdrencompassing multiphase
flow and its measurement, gamma radiation in midtge metering and pattern
recognition based measurement approaches.

Chapter 3 The experimental set up used to study gamma tradianethods for
multiphase flow measurement is described. An oaitloi the Cranfield University
multiphase flow loop is provided as well as ded@rips of the gamma densitometer
instrument’s installation, calibration, operatiagta acquisition and processing, signal
characteristics and details of experimental campaiglertaken are documented.



Chapter 4 The response of the gamma-densitometer unitftereint multiphase flow
conditions was examined. Various statistical patamewere then extracted from the
time-varying gamma count signals and were invetay@o establish their correlation
with characteristic parameters of the multiphasa$l which produced them. Analysis
of the signals was also conducted in the frequethamain. Furthermore, wavelet
analysis was employed to facilitate simultaneoualyas of the signals’ time and
frequency domain characteristics.

Chapter 5 A mechanistic approach to extracting flow measumet information in
dynamic conditions was then examined. Determinatiaihe individual phase fractions
of the dynamic multiphase flow gamma count datdectéd was investigated through
the exploitation of the gamma attenuation inforomti Quasi-periodic waveforms
identified in the multiphase fluid density were bsad for their dependence on the gas
and liquid superficial phase velocity parameters.

Chapter 6 An investigation of pattern recognition techniguwes a vehicle to obtain the
individual phase flow rates of vertical multiphdkmvs from the variations they induce

in the gamma densitometer count signals was coadudiwo neural network models

were developed for comparison: a single multilgyerceptron and a multilayer

hierarchical flow regime dependant model. The patteecognition systems were

trained to map the temporal fluctuations in the tipbbse mixture density with the

individual phase flow rates using statistical featuextracted from the gamma count
signals as their inputs. The use of wavelet transfteatures as input vectors to the
pattern recognition systems was also examined.

Chapter 7 The main conclusions drawn from the research warld proposals for
future work, are presented.



Chapter 2: Literature Review

The following chapter presents an overview of tlasit concepts of multiphase flow
and its measurement. A review of the current stateultiphase flow measurement is
presented looking at the various approaches armuhitpees employed in commercially
available meters. Finally, the use of gamma-ragiaiin multiphase flow metering, and
the application of pattern recognition in this deamare considered.

2.1 Principles of Multiphase Flow

2.1.1 Multiphase Flow

Multiphase flow is the simultaneous flow of oil, t®a and gas in a pipeline. It is a
complex phenomenon, making it difficult to undemnstapredict and model. Well-
established single-phase flow characteristicsuthioly boundary layer, velocity profile
and turbulence, are rendered ineffective in desugiltheir nature. A useful tool to
illustrate multiphase flows, and their associatedricacies, is the multiphase
composition triangle diagram championed by Jami¢$6j Figure 2.1

GAS

‘\kl

[——

Annular Mist

BD%

70% i
Slug Flow

40% eeesee

0% PR ® 7
SRR ERETY NI ITIII O "JTIXIYIEX

—

e
secsscconond o (T IR N] Bubble Flow
205 [ EE RN NN NN DTN Y| I I AR EDR
(AR RN NN RENEREUTI N I ] S oo ssess
sescscsccoonaneg - " I I XN N]
0% EEEFEEEEEXYNIYITT! [ ] Soesesessse
R R RN R R XXX ITITII I I= TIIIIIIXY
R RN R R RSN T Y NI I I I & I T I XY RNN]
EENEENENNNE R R D DN D D[ [ | [w (I I ISR RE]
10° 20% 30% A" 0% e T BOY%, a0
0"' L ls AG% 5%, &0 20 A% IO S04 0% WATER

Figure 2.1 — Multiphase Composition Triangle



Pure oil, water and gas are located at the vertmeghe triangle, with their
corresponding two-phase mixtures (oil/gas, water/gad oil/water) found along the
triangle’s sides. The area enclosed by the triargpeesents multiphase mixtures of the
three components. It can be observed that chartgmdluid composition can induce
different geometrical distributions of the fluid nfaular mist, slug and bubble).
Furthermore, a transition region has been designttandicate the evolution of the
liquid phase from oil continuous to water continsouConsidering that such a
diagrammatic representation is only valid for agknfluid system at constant
temperature, pressure, pipe diameter and flow tilem, one can appreciate the
complexity implicated in dealing with multiphaseis.

A simplified representation of a multiphase flowdepicted inFigure 2.2
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Figure 2.2 — Multiphase Pipe Flow Cross-Section

Each phase occupies a fraction of the total cressemal area of the conduit through
which the fluid is flowing. The total volumetricofiv rate through the pip&)() is the
sum of its component volumetric flow rates of gaster and oil Qg Qw, and Qo
respectively).

Q=Q;+Q,+Q, (Eq. 2.1)

Mass flow rate G,) is determined by multiplying each component’'suoétric flow
rate by its corresponding densip).(The densities of oil, water and gas are caledlat
using well-established pressure, volume and tenyreréPVT) data.

Gt :Gg +GW +Go :Qtpm (Eq 22)
G, =Q,0, +QuPu + Qo0 (Eq. 2.3)

The phase volume fractions of the gas, water ah(oB, y respectively) are given by
the ratios of their individual cross-sectional arémthe pipe cross-sectional arég)(
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In the mass flow expression derived (Eq. 2.3), vieéumetric flow rate of each
component can be replaced by the product of itssesectional area and velocity.
Hence, whereV; denotes the velocity of componentthe total mass flux of the
multiphase flow mixture can be expressed.

&:
A

The liquid phase water cutMC) is defined as the ratio of the water mass flovthi®
total liquid mass flow and is normally expresse@ g&rcentage.

Ny 0y + BV + WPy (Eq. 2.5)

WC= (ﬂ] x100% (Eq. 2.6)
Bo, + 1P,

2.1.2 Slip and Drift

In a multiphase flow, the gas phase velocity isdsiy higher than that of the liquid
components. In vertical pipe lines, the densityedénce between the gas and liquid
phases results in the gas phase being driven byrgsbuoyancy force; meanwhile, in
off-vertical flows, the liquid phase has a tendemoyaccumulate in horizontal and
inclined pipe sections while the gas phase caryeaaverse these sections unimpeded.
This phenomenon is known as slip and the differdreteveen the gas and liquid phase
velocities is called the slip velocity.

Vap =V, =V, (Eq. 2.7)
The deviation of the gas velocity from a homogenhis@w velocity is the drift velocity.

Vdrift :Vg _Vm (Eq 28)

Homogeneity is achieved when the slip rat®, s equal to 1, i.e. the gas and liquid
phase velocities have the same magnitude.

=9 (Eq. 2.9)

Liquid hold-up ¢) and gas void fractionig) are the liquid and gas volume fractions (
andag) as measured under flow conditions. In flow caodi conducive to phase slip,
the liquid hold-up will be larger than the liquicdblume fraction and the gas void
fraction smaller than the gas volume fraction. Tigeid hold-up and gas void fraction
are only equal to their respective phase volumetibms under non-slip conditions,
Figure 2.3.
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Figure 2.3 — Slip Effect on Phase Fractions

2.1.3 Slip Correction Correlations

In perfectly homogeneous flows, the slip ratio msty (S = 1) and the measured void
fractions are equal to the actual phase volumetifrac However, in practical
measurement situations, the phase fraction compositf a multiphase flow will be
determined by a senor in non-homogenised dynaroig flonditions. Phase slippage
between the gas and liquid phases will result idesnestimated gas fractions and
overestimated liquid fractions owing to the largas phase velocity.

A number of researchers have investigated theanfia of phase slip on the measured
phase void fractions and its relationship to théuacphase volume fractions: a
comprehensive review is given by Woldesemayat ahdjd [L1]. Four of the most
commonly applied slip correlations are describedhi following sections in order of
increasing complexity and perceived accuracy.

2.3.2.1 Armand

Armand [L2] proposed a slip ratio @ = 1.2 which acknowledges that the gas phase
was travelling at a velocity in excess of thatlod tiquid phase. This function proposes
a direct linear relationship between the measured ¥raction ¢g) and the actual
volume fraction ¢g) under non-slip conditions.

a, =124, (Eq. 2.10)

2.3.2.2 Chisholm

Unlike the Armand correction which employs a singtsstant for the slip correlation,
Chisholm [L3] derived an expression for the slip ratio as afiom of the vapour quality
(x) and the ratio of the liquid and gas phase dessiti

=1 1- 1-&] [ﬁﬂj[{&j 2.
a, + / x( 2, < P (Eq. 2.11)
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2.3.2.3 Smith

Smith [14] developed a slip correlation on a model assureimpgal velocity heads of a
homogeneous multiphase mixture core and an anhglad phase. The slip correction
factor is a function of the phase density ratiqgox mass quality and an entrainment

ratio (K).

1
a, = (Eq. 2.12)
1+(1_Xj p} [SSM
AN Y
(pl ]-l- K(l_xj 1/2
Sy =K +(1-K) Ps X (Eq. 2.13)
+

An entrainment ratio oK = 0.4 was found to correlate well with the threstssof
experimental data considered.

2.3.2.4 Premoli et al

Premoli et al [15] have published an empirically derived mass flasdd slip ratio
corrrelation model. The slip correction factor isigh more complicated than the other
correlations detailed and is based on a complektifum of the total mass fluxQ),
liquid phase surface tensiow)( liquid phase viscosityu(), and the internal pipe
diameter ¢).

a, = ” (1_)()()(1?] - (Eq. 2.14)

Sprm =1+E1DJ1+ JEZ -yIE, (Eq. 2.15)

y= (%J(Fxxj (Eq. 2.16)

E = 1.578[@%]019 [E%J b (Eq. 2.17)

E,= o.0273[E i}fj [E Gu.m j_m EEP%JODS (Eq. 2.18)
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The Premoliet al correlation was optimised to minimise liquid depgrediction errors.
This approach is well suited for exploitation inltjphase flows where the liquid phase
density will vary according to the water cut.

2.1.4 Superficial Phase Velocities

Superficial phase velocities are commonly emplotedescribe multiphase flows. The
superficial gas velocity\sg) is the gas velocity that would be obtained if s

occupied the whole cross-section of the pipe. Matteally, this is determined by
dividing the total gas volumetric throughput by tbeal cross-sectional area of the pipe.

V., :& (Eq. 2.19)
A,
The superficial liquid velocity is derived in anadogous manner.
\A :& (Eq. 2.20)
A,

The sum of the liquid and gas superficial velositygelds the corresponding multiphase
mixture velocity.

Vm :ng +Vs| (Eq. 2.21)

However, the multiphase mixture velocity is a dedvvelocity and only has a

meaningful value if the multiphase flow is homogeme and slip free. In most

instances, the liquid hold-up will be larger th&e tiquid volume fraction and the gas
void fraction will be smaller than the gas volummaction because of phase slip. The
superficial gas and liquid velocities can be cated from the phase hold-ups and
actual velocities.

Qe QA
V,, = N EIA—p VA, (Eq. 2.22)
v, =R =R Ay, (Eq. 2.23)
AA A

2.1.5 Flow Regimes

Multiphase flows can distribute themselves in dmite number of ways. Flow regimes
are classifications that have been developed toritbes in general terms, the multiphase
flow geometry. The flow regime adopted by a muléipé flow is dictated by a number
of parameters including the operating conditioraidf properties, flow rates, pipe
geometry, and pipe orientation.

Although many flow regimes classifications exisgy can all be broadly classified into
dispersed flow, separated flow, intermittent flomaccombination of thes&jgure 2.4
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Figure 2.4 — Multiphase Flow Regime Classes

A dispersed flow regime ¢=0) is defined by a uniform phase distribution asrboth
the radial and axial directions. The separated flesimes (k=0) are distinguished by
the fact that they comprise a non-continuous plistgibution in the radial direction
but a continuous phase in the axial direction. Tinal group of multiphase flow
regimes are the intermittent flows which tend tepthy localised unsteady behaviour
due to a non-continuous phase in the axial diractio

Liquid-liquid interactions in a multiphase systensually exhibit less significant

influence, when compared to the gas-liquid inteoast, on the flow regime adopted. In
such cases, the liquid-liquid portion can be madklhs a dispersed flow although it
should be noted that the liquid mixture propertzes be highly dependent on the
volumetric ratio of the two components present.

Researchers have reported a number of experimieasald methods to rationalise flow
regime identification. Data from sensors have baealysed using techniques such as
statistical analysis of signal respons&6,[17, fractal analysis18], template matching
[19], and neural network2D, 21. While these techniques enable general clastifica
of flows operating within particular regimes, desirg the boundaries between flow
regimes remains somewhat subjective as these aséige transitional areas rather than
clear-cut boundaries. Accordingly, multiphase flawat lie close to regime boundaries
still cannot be definitively established.

Flow regimes maps are graphical charts that ard tseredict the different types of
flow patterns that will occur for a particular syst. Baker 22] was amongst the first to
publish horizontal flow regime map that enabled flbev pattern to be predicted upon
knowing the mass velocities of the liquid and ghages and the fluid properties. Many
other researchers have studied flow patterns enmgadpeir own modified parameters
to describe the gas and liquid flow&3f24. Mandhaneet al [27] published a set of
multiphase flow maps that were able to predictfibe regime present in a pipe based
on the superficial phase velocity parameters. Taital [28] exploited superficial phase
velocities to produce a model describing the fl@gime transitions in vertical flow.
Following its publication, the Taitel-Dukler map svdound to define the transition
between different flow regimes more accurately tbdrer models. Flow regime maps
plotted using the superficial phase velocity paremseare widely used in the oil and gas
industry owing to their comparative simplicity.
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A few detailed studies of oil, water and gas systérave been undertaken. These have
reported the existence of similar flow regimestassé witnessed in standard two-phase
flow systems but a particular emphasis is placeddentification of the dispersed and
continuous components in the liquid pha2®, [3Q.

Nevertheless, certain key discrepancies have kmmnted between two and three phase
flow patterns. At low flow velocities, the liquidedsity difference may be sufficient to
induce separation of the oil and water phases.entical flow this can result in the
production of alternating oil and water slugs whitethe liquid phase substantial slip
between the liquid phases has been repo@&l Furthermore, at low gas flow rates,
near vertical multiphase flows have been shownaeehsignificant differences when
compared to flows contained in a purely verticaidwait [32].

2.1.5.1 Vertical Pipe Flow Regimes

Multiphase flow is fairly common in oil well pipeles despite the fact that the well
pressure at the bottom can exceed the bubble mdinhe oil. The pressure drop
experienced by the oil as it is transported fromgthabed to the surface can result in gas
liberation from the liquid oil phase. The flow regs witnessed in vertical risers are
usually fully developed and essentially axial-synmigal. Generally, the multiphase
flow features present vary with well age with oldezlls exhibiting a larger gas vapour
fraction. Figure 2.5illustrates a generic multiphase flow map, basedas and liquid
superficial velocities, for vertically upward mudtiase flow in a vertically orientated

pipeline B3].

100

10 I
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Superficial figuid velocty (m/s)
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Figure 2.5 — Multiphase Flow Map for Vertical Flow
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The vertical flow regimes are commonly categorisgd four main classifications:

Bubble (including finely dispersed bubhbl&t low gas flow rates, a continuous
liquid phase is formed with the gas phase produdisgrete bubbles within the
continuum. The gas bubbles may coalesce to forgetdyubbles or slugs.

Slug Increased gas flow rates increase bubble coalescantil the bubble
diameter eventually approaches that of the pipeneiar. The resulting flow
alternates between high-liquid and high-gas contjposi

Churn Somewhat similar to slug flow, but more chaoticnature owing to the
larger gas flow rates. The slug bubbles have becdisterted to form longer,
narrow structures and the flow adopts a randomllagmy nature. The liquid
flow occurs mainly at the pipe wall but a signifitgoroportion is vigorously
mixed with the gaseous core.

Annular. At very high gas flow rates, the liquid phasdasced to flow up the
pipe wall as a liquid film while the gas flow ingltentre. The interface between
the phases is typically wavy. The wavy interfacal@es liquid entrainment in
the gaseous core. When the gquantity of entrairpddibecomes significant, the
flow is described as having an annular mist regime.

2.1.5.2 Horizontal Pipe Flow Regimes

As with vertical flow, flow regime transitions inohzontal pipes are functions of
parameters such as pipe diameter, interfacialdansind phase densities. However, the
flow patterns exhibited in horizontal regimes ad axially symmetrical and a pipe
length equivalent to at least 100 pipe diameterggsiired to establish fully developed
flow. Multiphase flow maps based on superficial gdaselocities are also readily
available for horizontal flowEigure 2.6[33]. However, a multiphase map like this will
only supply valid flow regime predictions for a sgiee pipe, pressure and fluid system.

The flow regimes observed for horizontal flows vidhd to be more complex than their
vertical counterparts due to gravity induced asymnie® The heavier phase will be
inclined to accumulate at the bottom of the pipee Thorizontal flow regimes are
commonly categorised into six main classifications:

Bubble The gas phase exists as discrete bubbles withgquia continuum. The
gas bubbles will tend to flow in the upper sectainthe pipe. However, with
larger gas flow rates, a uniform bubble distribatiacross the pipe cross-
sectional area may be witnessed.

Plug Reducing the liquid flow rate will enable the dagbbles to coalesce into
larger bubbles or plugs which will occupy the upgection of the conduit.

Stratified Further reductions to both the gas and liquidvflates will result in
phase stratification whereby the two phases flopasstely with a relatively
smooth interface. The liquid phase will occupy libveer section of the pipe due
to gravity.
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Figure 2.6 — Multiphase Flow Map for Horizontal ko

Wave Increasing the gas flow rate of a stratified egstwill produce a less
stable phase interface as a result of the increasddilence. The interface
between the liquid and gas phases will be irregahat wavy in nature although
good separation between phases will be maintained.

Slug Increasing the liquid flow will produce wavesaimuch larger magnitude
until the liquid is increased to such a point whire wave occupies the whole
of the pipe cross-section. This facilitates thepagation of a high velocity fluid

slug down the pipe.

Annular/Mist At very high gas flow rates, the liquid phasdadsced to flow up
the pipe wall as a liquid film while the gas flow the centre. The liquid film
will be thicker at the bottom of the pipe owinggravitational effects.

2.2 Multiphase Flow Measurement

2.2.1 Inferential Multiphase Flow Measurement

Multiphase flow measurement has become an incrglgsimportant concept in recent
years B4]. The fundamental function of a multiphase flow terein the petroleum
industry is to supply the user with information e mass flow rate of oil, water and
gas components in a flow. In an ideal situatiofipa meter would simply make direct
measurements of each of these three quantitiemrtunftely, direct mass flow meters
for multiphase flows do not exist yet.
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As the mass flow rates are unable to be measuredtlgi in a multiphase flow, an
inferential mass method is used inste8ld There are two categories of variable type in
inferential multiphase metering systems: primargt aecondaryTable 2.1

Multiphase Flow Metering System Variables

Secondary Variables
Flow Regime
Phase Viscosity
Phase Salinity
Phase Permittivity/Conductivity

Primary Variables

Phase Fractions
Phase Velocities
Phase Density

Table 2.1 — Classification of Multiphase Meterings®m Variables

Determination of the primary variables is a preisif@ in applying the inferential
method for multiphase flow measurement. Quantikecadf the secondary variables is
not strictly required, but could facilitate morecatate measurements if they are taken
into consideration. The flow regime parameter maybnsidered a primary variable if
a flow regime dependent sensing technique is terbployed in the determination of
the core primary variables.

The inferential method requires the resolution loé instantaneous velocity, cross-
sectional fraction, and density of each componentrder to be able to calculate the
individual flow rates and the total mixture flowteaFigure 2.7.

| — 1 —
Component Component Component
Fraction Welocity Density
heasurerment feasurement Measurement
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Figure 2.7 — Inferential Method of Multiphase Fld#easurement

Density data for all three components is readilgilable from other parts of the
production process or can be estimated using Pgrdms. Thus, the problem is to
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measure the component velocities and two of theetlmomponent volume fractions,
usually the gas phase fraction and the liquid phester fraction, in order to calculate
the total mass flow.

Gt :O'Vgpg + WIOW +[1_(a+18)}vopo (Eq 224)
Where it is assumed that:
a+pfB+y=1 (Eq. 2.25)

It is common practice to simplify the problem bysasing that the liquid phase
velocity parameters are equal, reducing the nundfeunknown variables to five.
Homogenisation of the multiphase mixture may be leggul to reduce the velocity
parameters to a single uniform mixture velocB$|[

Current state of the art multiphase flow meters lesn@ variety of technologies to
determine the multiphase component volume fractiamd velocities. These methods
are detailed in the following sections along with averview of some important
computational techniques that could have a sigmficole in the future development of
multiphase flow meters. A comprehensive reviewiveg by Sandersor8f).

2.2.2 Operating Principles of Multiphase Meters
2.2.2.1 Phase Volume Fraction Measurement

2.2.2.1.1 Electrical Impedance Methods (Capacitaenog Conductance)

Impedance methods have attracted a great dealevégt due to both their non-invasive
instrumentation and almost instantaneous dynansparse. Electrical impendence
methods operate by characterising the multiphagd flowing through a pipe section
as an electrical conductdfigure 2.8
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Figure 2.8 — Capacitance Method for Component FoacMeasurement
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Either contacting or non-contacting electrodes earployed to quantify the electrical
impedance across the pipe diameter of the multephidewv line thus enabling
determination of the capacitance or conductandeefluid mixture. The frequency of
the input signal determines whether the measurensemt the impedance or the
capacitance mode. By measuring the electrical irapeel Z.) across two electrodes,
the measured resistanc®)( and capacitanceC{) can be calculated from the
expressions:

1+ R *(C, +C,)*
= ?fﬂRmcz . (Eq. 2.26)
p
1+ a?R *C_(C_+C_)IC
Ce:[+ R, C,(C, +CIC, (Eq. 2.27)

1+&’R,’(C, +C,)?

The resistanceR) and capacitanceCf,) of the multiphase fluid mixture in the pipe are
functions of the conductivity and permittivity dig multiphase flow constituents, the
void fraction, water fraction and prevailing flowegime. Consequently, the measured
resistance and capacitance will be related to tiensic R, and C,, values of the
multiphase mixture as well as the excitation fretpyeof the electronics), electrode
geometry and material. The capacitance of the reldetpipe couplingQp) is fixed for

a particular geometric configuration. For a fixddctrode geometry and flow regime,
the measured electrical impedance is a direct inmcif the flow’s component ratio.

The system depicted iRigure 2.8 is based on two electrodes installed opposite each
other on the inner walls within the measurementtieec thus facilitating the
determination of the dielectric constant of the tmig. The difference in the dielectric
coefficient between water and oil allows determoratof the water cut. However,
capacitance composition measurement technologresrdg be used in a continuous oil
or gas continuous flow regimes as in the presericeontinuous water phases the
multiphase mixture will ‘short-circuit’ the capaaitce circuit.

When the liquid phase water cut is above 60 — 7#bacitance measurements must be
replaced by conductivity measurements as the ftughsforms from oil to water
continuous. Typically, the conductivity will be nsemed by injecting a controlled
electrical current into the flow and measuring #odtage drop between the electrodes
along an insulated section of the pipegure 2.9

Figure 2.9 — Conductance Method for Component FoackMeasurement
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Electrical current can be injected using contacttedeles or non-contact electrodes
(inductive mode). Applying Ohm’s law, the effectivesistance Re) offered by the
multiphase flow can be determined by dividing theasured voltage drop by the
current injectedl. Since the distance between the electrodes aslalewn (), this
resistance measurement can be expressed in teicoadictivity G).

Electrical impedance methods have two limitatiorat thave to be considered: flow
regime dependence and measurement discontinuity tbeefull component fraction
range. Switching between capacitance and condtyctivieasurements is used to
overcome the latter although measurement diffiesltan occur around the inversion
point if the fluid oscillates between oil and watentinuous.

Furthermore, to remove the uncertainty obtainegl@atrical impendence owing to their
flow regime bias, two techniques are commonly etxgtb

1. Homogenisation of the multiphase mixture prior teasurement.
2. Modification of electrode design to reduce bias.

Several modified electrode designs have been mgarch as helicaBf] and rotating
fields [38]. These sensor designs ameliorate the meteringmpeathce within identified
flow regimes. Nevertheless, impedance sensors #lifenst suitable for use in
applications where the flow regime is unknown ostable.

2.2.2.1.2 Gamma Radiation Attenuation

Gamma radiation attenuation techniques can be tasexbolve two-component mixture
phase fractions based using a single-energy garaaraesor three-component mixtures
using a dual-energy gamma sourgf] ]

A collimated gamma ray beam is directed at the pijtle a sensor placed diametrically
opposite the source on the other side of the [ijgeire 2.10
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Figure 2.10 — Gamma Attenuation Measurement
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The intensity of the gamma beam decays approximaeponentially as it passes
through matter flowing in through the pipe measwertrsection. A gamma ray beam
will be attenuated to different degrees by matsradcording to their density: a more
dense material will attenuate the electromagnatidation to a greater extent than a less
dense material. If the gamma source employed hadistinct energy levels, this can
be exploited to determine the volumetric fraction®il, water and gas in a three-phase
mixture as the atomic attenuation coefficients delpaot only on the density of a
material but also the energy of the gamma beair. itse

A more detailed discussion of the application aingaa-ray attenuation in multiphase
flow metering is given itfChapter 2.3

2.2.2.1.3 Microwave Sensor

Microwave sensors are used to distinguish betwesarvand oil in the liquid phase of a
multiphase flow. Water and oil have distinctly difént dielectric constants and
conductivities and it is this difference that allbw microwave sensor to determine the
water content of a water-oil mixtur€able 2.2

Property Gas Oil Water
Density (kg/mi) 10 | 840 998
Dielectric Constant (dimensionless) ( 2 75
Conductivity 1Scm’) 1 | 10° 10

Table 2.2 — Typical Properties of Gas, Oil and Wa&emponents

There are three main different microwave sensoratioer principles 40].

1. Transmission sensor and measurement on a singleefiey
A probe is use to transmitted microwave radiatibnoigh the multiphase
medium to a receiving probe. Caution must be egedcto prevent reflections in
the pipe/sensor and a guided wave sensor may beyedepto prevent against
this. The microwave-receiving sensor may be conféiduto output the
attenuation of or the phase change in the transdnitticrowave radiation.

2. Transmission sensor and measurement on a varyiggeney
Owing to the large attenuation of water continudiggiid phases on high
frequency microwaves, it may be beneficial to empéo varying frequency
method where the frequency of microwave radiatrangmitted is a function of
the dielectric properties of the fluid. This canilmplemented by monitoring the
change of phase such that the meter can determendréquency where the
phase change is constant.

3. Resonator sensor
The meter measures the dielectric properties ofribxture using the resonant
cavity method. A resonant cavity comprises a m&taicture which confines an
electric field, causing it to reflect back and fowtithin the cavity. By matching
one of the dimensions of the cavity to the waveleraf the electromagnetic
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radiation, a standing wave is produced. When thigty is filled with a specific
fluid, the resonant frequency of the cavity willifsin direct proportion to the
dielectric constant of the fluid present. As a lgsmeasuring the resonant
frequency and peak width, the dielectric properaédluid can be determined.
The system can be calibrated to give the water cut.

In practise, microwave sensors use a combinatioteafniques, using the resonating
cavity principle for oil continuous flows and tharying transmission frequency for in
water continuous. A microwave sensor would be usedndem with either electrical

impendence or gamma attenuation technique to olit@irgas volume fraction of the
multiphase flow.

2.2.2.2 Phase Velocity Measurement

2.2.2.2.1 Positive Displacement Meter

The positive displacement meter is used in pargphgation type meters on the liquid
phase. It operates by dividing up the flow intotidit volume ‘packets’ and then
summing these to give the total volume flow by doumn the unit volumes passing
through the meter. The meter comprises of a numbechambers which are
continuously charged and discharged with the fl&iak. each ‘cycle’ of fluid charging-
discharging, the rotation is transmitted to a maata or electrical counter which reads
the total volumetric flow 41]. Owing to the nature of a positive displacemereten
downstream of the instrument there is no phase slip

These meters have moving parts and are driven bpressure drop across the meter.
Adequate sealing is required to ensure segregatiothe fluid volume packets.
Nevertheless, the performance of the positive degghent meters is affected to some
extent by the presence of entrained gas. In additioe mechanical nature of the
equipment renders it liable to jamming, leakag&gmronbalance and wear.

2.2.2.2.2 Differential Pressure Measurements

In instances where a multiphase flow is sufficiemtiixed, differential pressure based
flow measurement techniques such as Venturi arfec®rsections can be utilised to
determine the flow velocity and also measure thetumeé flow rate #2]. The pressure
drop measured across these sections can be expessadunction of the fluid flow rate
and vice-versa. The Venturi and orifice meter opegaprinciples are well-established
and well-understood single-phase flow measuremethoals. Full descriptions of their
technical designs are detailed in ISO 5167:2003.

Figure 2.11 illustrates the geometry of the Venturi and orifiseserts and their
characteristic flow profiles. In the Venturi sectjaghe reduction in the flow area results
in increased fluid velocity and, consequently, mufluid pressure. The small angle of
the downstream cone facilitates large pressurevezgdoy minimising frictional losses.
In contrast, the abrupt reduction in flow diametethe orifice plate results in creation
of regions of fluid recirculation and the downstre@ressure recovery is hindered by
the disturbed flow pattern induced by the reswicti
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Figure 2.11 — Differential Pressure Measurement 3gsté&) Venturi (b) Orifice

The use of orifice plates tends to be restricted/¢d gas measurements owing to their
poor pressure recovery properties. The gas phaserdite can be determined from the
two phase mixture pressure drop through the appdicaf either the Murdock43] or
Chisholm B4] correlation.

Murdock: Q, =1+le (Eq. 2.28)
Chisholm:  Q, = \/1+C(>3+CX2 (Eq. 2.29)

Where,Q denotes the wet gas flow rate derived from thicerplate pressure drop and
C is the Chisholm constant aXds the Lockhart-Martinelli parameter:

(p 025 pg 025
C=|— — . 2.30
(ng +(p|] K<1) (Eq )

23



_Q ~lA
x_—D/— Eqg. 2.31
Q, 10, (Eq )

In order to determine the flow rate of the homogersegas-liquid mixture using a
Venturi, an experimentally determined correctededéntial pressure formula must be
applied, such as that proposed by Hammer and Ndtd¥é]: the volumetric liquid
flow rate can be obtained from a measured prestoge (1P) for a known gas volume

fraction and liquid density.
Hl—aiAP
Q= T (Eq. 2.32)
|

The Venturi method has many advantages includingdost, good pressure recovery,
familiarity, and simple operation. Furthermore, thigccuracy velocity measurements
(relative error <1%) can be obtained as long amth&iphase flow mixture maintains
homogeneity. On the other hand, the multiphase fMllvrequire pre-conditioning in
order to induce a state of homogeneity. In addjtiba differential pressure lines of the
Venturi meter require regular purging and scalenfition can yield excessively high-
pressure drops

2.2.2.2.3 Cross-Correlation

The cross-correlation method is a commonly usedniqale for determination of phase
velocities in multiphase flow measurement systeigo sensors are mounted on the
conduit to monitor the fluid flow, one at a knowistdnce () downstream of the other,

Figure 2.12
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Figure 2.12 — Principle of Cross-Correlation

The upstream and downstream sensors will recordirdestices in a specified fluid
property (e.g. density, permittivity or conductiitand produce time-varying output
signalsx(t) andy(t) respectively. The cross-correlation function isred as:

R,(1)= = [ X(Oy(t -yt (Eq. 2.33)
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Where, Ry(7) describes the value of the cross-correlation fanctvhen the upstream
signal outputy(t) has been delayed with a time lagvhile T denotes the duration of the
sensor data. The transit time of the flow betweenttyo sensors is found by observing
the time lag at which the cross-correlation functexhibits its maximum valué&igure
2.13

Knowing the distance between the senshysafid the time lagray, the velocity V) of
the tracer signal, and thus the flow velocity, bardetermined.

v=—— (Eq. 2.34)

The cross-correlation method has been successfofffemented utilising a variety of
sensors, from microwave to capacitance. The unogytamplicated in the velocity
values obtained is highly dependent on the validitythe relationship applied to
connect the inferred velocities from the mean Jgloof the flow. However, in oil-

water-gas multiphase systems the presence of alipresult in the occurrence of
significant measurement errors.

Figure 2.13 — Cross-Correlation Function

Methods to overcome these errors induced by theepee of slip have been developed.
The simplest solution involves homogenisation of flogv upstream of the sensors.
This process attempts to ensure that there is aramivelocity profile across the pipe.
Twin-cell rotational type mixers are employed asvamtional in-line mixers offer an
insufficient mixing performance over the phase tiac ranges encountered in
multiphase flow measurement application6]]

Alternatively, two sets of capacitance sensorslmmnitilised to determine the velocity
of the gas and liquid phases individuaky/]. One set of sensors monitors the velocity
of the large gas bubbles which are assumed to fresentative of the velocity of the
dispersed phase. The remaining set of sensors dstasmeasure the velocity of the
small gas bubbles. These small gas bubbles are eddorbe representative of the non-
dispersed liquid phase.
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Becket al [48] published some general procedures that shouappked to obtain good
accuracy with a cross-correlation system:

1. To maximise correlation response to flow noise tlehce, the sensor
bandwidth Bs) should be as large as possible. White noise pesia perfectly
narrow correlation spectrum which could dominatee tbross-correlation
function output if the sensor bandwidth is itselh harrow.

2. The distance between the sensdrsshould be minimised to reduce the
possibility of flow evolution between the senso@n the other hand, if this
length is too small relative spacing uncertainignal quantisation errors and
signal crosstalk error will be produced. For a hgermeous flow, Ong and Beck
[49] suggest a sensor separation ef3pipe diameters.

2.2.2.3 Artificial Neural Networks

Application of artificial neural networks (ANNSs) tmultiphase flow measurement is a
recent development in the field. A neural netw®kaidata processing paradigm that
was inspired by the way biological nervous syst@muxess data. The real strength in
the application of neural networks to multiphasavflmeasurement problems lies in
their ability to represent both linear and non-éineelationships and their capability to
learn these relationships directly from the datandpenodelled $0]. A more detailed
discussion of ANNs, and other pattern recognitioethnds, as applied to multiphase
flow measurement is given (@hapter 2.4.

2.2.2.4 Tomography Systems

Electrical capacitance tomography (ECT) is a norusite technique for obtaining
distribution data of the contents of closed corglbif measurement of the variations in
the dielectric properties of the fluid inside trenduit (1]. Typical information yielded
includes cross-sectional images of the conduit esdstand the measurement of the
phase fraction and velocities of the contents pégifor multiphase flows. A basic ECT
system comprises a capacitance sensor, a cap&ecitamsuring unit and a control
computer. The pipe cross-section to be imaged isosnded by one or more
circumferential sets of capacitance electrodestla@electrical capacitances between all
combinations of the electrodes within each setr@cerded. This data can then be used
to build an image of the pipe contents enclosedhleysensors, based on variations in
the permittivity of the material inside the measneat area.

2.2.3 Current Commercially Available Multiphase Flov Meters

There are a number of commercially available muétgghflow meters that have been
deployed in the field. These meters employ a divessge of measurement principles
and solutions. Certain types of meters performebétt certain applications than others.
Thus, a detailed comparison and selection processaded to determine the MPFM
best suited to a particular application. A revieWcorrent commercially available
multiphase meters was undertaken as part of tlsigaren work Appendix A. The
information presented was compiled from publishadgrs, sales documentation, third-
party test reports, and author correspondence thighvendors. However, access to
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details of research undertaken pertaining to theeldpment of the measurement
technologies was severely limited owing to its cagneral sensitivity.

2.2.4 Multiphase Flow Meter Performance

Given that multiphase flow metering in field applions is still in its early stages of
development, there are few generally accepted atdadto quantify performance of
meters. At present, industry employs a mixture ahofacture sponsored testing, third
party testing, and end-user field-testing in aemfit to verify the performance of a
multiphase flow meter.

Slijkerman et al [52] specified their desired targets for multiphasewfl meter
performance in order to apply them to a numberpplieations for potential benefits in
their respective operating companies: monitorintaaje well stream throughputs of up
to 5,000 m of liquids and 60,000 frof gas per day; metering of even higher flow rates
in total satellite allocation; handling high gagear fractions (>70% is common);
handling variable water cuts that can range from 90 % over the well life; harsh
meter operating conditions (high pressure and higimperature environments).
Although it was acknowledged that specific requieats would vary from case to case,
the target accuracy levels called for by the othpanies were set at +5 — 10% relative
accuracy in the total liquid flow rate; £5 — 10%atéve accuracy in the gas flow rate
and +2% absolute error in the water cut measurement

In reality, modern MPFMs fail to live up to the tegements for such an instrument.
Babelli [53] argues that an ideal MPFM would fulfil the followg criteria:

« Accurate determine of void fractions and flow rates

* Independent of fluid type, flow regime, pipe sipegssure and temperature;
¢ Non-intrusive measurements;

* Robust and low maintenance;

« Consistent in measurements over long period of;time

» Simple and inexpensive.

To date, there is no one meter on the market tifdsfall the above criteria.

2.3 Gamma Radiation in Multiphase Metering

2.3.1 Gamma Radiation

Unstable isotope nuclei undergo radioactive degais is a set of processes by which
unstable atomic nuclei emit subatomic particlesteAfan alpha or beta radioactive
decay, the nucleus is still often in an ‘exciteidits. Rather than emitting another beta or
alpha particle, this energy can be dissipated bittiegn a pulse of electromagnetic
radiation called a gamma rafigure 2.14
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Figure 2.14 — Gamma Decay of Radioactive Isotope

Like all forms of electromagnetic radiation, gammaaliation has no mass and no
charge. It is emphasised that most alpha and Ipeiidees emit gamma rays as part of
their decay process and that pure gamma-only esiiite not exist.

2.3.2 Photon Interactions

Gamma radiation photons can interact with matenala variety of manners, the
probabilities of which are strong functions of fhteoton energy and the atomic number
of the absorbing materiakigure 2.15illustrates the different interaction probabilgie
(o) plotted as a function of photon energy for hy@mgcarbon, krypton and leab¥)].
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Figure 2.15 — Photon Interaction Probability CroSgctions
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The interaction probabilities are expressed as essons in units of area.
Conventionally, the area is expressed in barnsraviiebarn is equivalent to TOm?.
The interactions of interest, over the photon emsrgexamined, are Raleigh
(elastic/coherent) scattering, Compton (inelaste@herent) scattering, photoelectric
interaction and pair production.

The magnitudes of the interaction cross-section gisiiies increase as a function of
atomic number. At the lowest photon energies, thetqelectric effect dominates the
total cross-section. For higher photon energiesn@on scattering dominates. The
energy at which Compton scattering begins to dotaimaa function of an element’s

atomic number. Heavier elements’ photon interactiooss-sections are dominated by
pair production at photon energies greater tha@QDkeV. A heavy nucleus is required
for pair production which is why there is no paroguction probability cross-section

shown in the hydrogen plot.

2.3.2.1 Photoelectric Effect

In photoelectric effect interactions, the photoremdirely absorbed and its energy used
to ionise the absorbing atom and impart kineticrgynéo an ejected electrofigure
2.16 (a) A photoelectron will be released with an energye)( equal to that of the
incoming photon minus the electron binding enekgy. (

E.=hu-E, (Eq. 2.35)

pe

Where,h andv denote the Planck constant and photon frequerspeotively.

The most probable source of the photoelectron dependhe energy of the absorbed
photon. The most highly bound electrons have thgekdtr absorption cross-section,
provided that the photon energy is in excess ofhineing energy of that shell. For
example, photons with an energy above that of treh&ll binding energy have a K-
shell interaction cross-section approximately ftoufive times larger than that of the L-
shell cross-section. The ejected electron leavesancy in the shell, inducing the atom
to emit a characteristic X-ray or Auger electrossitareturns to its normal state. The
cross-section for photoelectric interactions can dxpressed as a function of the
absorbing material atomic numb&) @nd incident photon energi)(

ZX
photoelectic O E (Eq. 2.36)
Wherex andy are slowly varying functions af andE respectivelyX = 4 andy = 3 can
be used as a rule of thumb). Discontinuities, osogttion edges, occur in the
photoelectric interaction cross-section at photoargies corresponding to the electron
shell binding energies of the absorbing material.

g

2.3.2.2 Compton Scattering

A Compton scattering interaction is an inelastiatszing process. The gamma photon
collides with a loosely bound electron, impartingrtpof its energy before being
deflected through an angfeitself, Figure 2.16 (b) The energy of the scattered photon
can be quantified by the following expression.
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—_ EO
1+ a (L-cosb) (Bq. 2.37)

Where,E, is the original photon energy andepresents the tertm/m,c’> wherem, is
the rest mass arals the velocity of light.

The Klein-Nishina formula for differential scattegincross-section can predict the
angular distribution of the scattered photons. Tifferéntial cross-section for a photon
scattered into the solid angl€ is obtained from the expression:

AT compton _ - 2 1 *(1+cog 8 a’(1-cosh)?
aQ U (1+ a(l—cosﬁ)j ( 2 j( (1+cos G)[1+ a(l—cos@)]j (Eq.2.38)

Where,r, denotes the classical electron radius.

An increasing tendency towards forward peaked exgatf is exhibited by the angular
distribution as the incident photon energy increasad this tendency is independent of
scattering medium. At lower energies, the diffei@ntross-section is inclined to
produce a more symmetrical angular distribution.

The probability of Compton scattering interactiossdependent on the number of
electrons available as targets. Thus, the probglslitlirectly proportional to the atomic
number.

g,

Compton

0z (Eq. 2.39)

As photons can be scattered over all angles iditrateradians, the energies transferred
to the recoll electron can range from almost zedwgn the photon is barely deflected,
to a maximum value obtained when the photon ised&ftl 186 where the energy of
the scattered photon is approximately equal tok286(m,c?/2) andE, >> myc%/2.

2.3.2.3 Pair Production

Gamma-ray photons with energies in excess of 1.e¥ kan interact with an atomic
nucleus to form an electron-positron p&igure 2.16 (c) This amount of energy is the
minimum required to provide the rest masses ofefleetron and positron (0.51 MeV
each). Photons above this energy threshold canapeously convert into an electron-
positron pair in the coulomb field of an atomic lews.

Excess energy is carried away equally by these @vticfes which produce ionisation

as they travel in the material. The positron is é&valty captured by an electron and
annihilation of the two particles occurs. This résuh the release of two photons each
of 0.51 MeV known as annihilation radiation. Thed®tons then lose energy by

Compton scattering or photoelectric interactions.
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The magnitude of the pair production interaction batality, above the energy
threshold, varies approximately with the square¢hef atomic number of the absorber
and linearly with photon energy (up to 100 MeV).

o, 0Z°E (Eq. 2.40)

Although pair production is an important photorenaiction at high energies; the 1.022
MeV threshold means that pair production is of macpcal importance at the gamma
ray energies considered in this study.

2.3.2.4 Rayleigh Scattering

Rayleigh scattering is an elastic scattering prodedween an atomic electron and an
incident photon, where the energies of the incidemt scattered photons are identical.
The oscillating transverse electric field of theident photon induces oscillations at the
same frequency in the atomic electrons and thelexratimg electric charge emits
electromagnetic radiation. This radiation will betlbé same frequency and in phase of
the original incident photon. Therefore, the elettappears to scatter the incident
radiation. The Rayleigh scattering probability cresstion is a function of photon
energy and atomic number of the scattering material

8/3
Z

Rayleigh 00— (Eq 241)

g, =

The Rayleigh scattering interactions never domitiaeotal interaction cross-section.
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Figure 2.16 — Photon Interactions
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2.3.3 Interaction Phenomena Cross-Sectional Probdhies

The relative contributions of the different mechamssto the total interaction cross-
sections of water and oil (assumed to be 86% cadmahl14% hydrogen by mass) for
photon energies up to 100 keV are showRigure 2.17[55].
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Figure 2.17 — Relative Interaction Cross-Sectiangé) Oil and (b) Water

It can be seen that the relative dominance of edcthe interaction phenomena is
broadly similar in both the oil and water; howevear a given photon energy, the
photoelectric effect exhibits a higher fractionadss-section interaction in water. Above
approximately 30 keV, both the oil and water cresstions are dominated by the
Compton scattering effect.

Plotting the linear attenuation coefficients of @rahnd kerosene over the same energy
range indicates how the differences in the photmsogtion can be used to distinguish
the two materialsFigure 2.18.
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Figure 2.18 — Linear Attenuation Coefficients of and Water
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Attenuation is greater in water than in oil. Thishecause oxygen, the dominant
constituent of water, has a higher atomic mass tiagpon, the main constituent of oil.
The higher density of water (~1000 kdjsrcompared to that of most oils (typically 800
— 900 kg/n), is also a contributing factor.

As the photoelectric interaction is a stronger fiorc of atomic number and photon
energy than the Compton interaction, there is bteargreater contrast in the linear
attenuation coefficients of the water and oil ie tiegion where the photoelectric effect
dominates the interaction cross-sections.

Figure 2.19illustrates the relative difference in the linedrenuation coefficients as a
function of photon energy for the same energy valerA measurement system relying
on the difference between oil and water attenuati@ndistinguish the two materials
would obtain maximum discrimination employing photenergies below 40 keV.
Nevertheless, a reasonable contrast extends welthe Compton scattering region.
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Figure 2.19 — Contrast between Oil and Water Lindttenuation Coefficients

2.3.4 Gamma Radiation Attenuation

The photon interactions, described above, all douittei with varying probabilities to the
removal of photons from the original beam path theltotal interaction probability is
the sum of the individual probability processes.

JTotaI = UPhotoeIeoﬁc + JCompton+ JPair production + URaerigh (Eq 242)
The loss of incident photons from the original belmmough interactions is known as

attenuation. Important concepts in gamma radiadib@nuation are those of the mean
free path f) and the linear attenuation coefficiep (
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The mean free path is defined as the average destapboton can traverse in a medium
before an interaction takes place. The magnituddeimean free path depends on the
photon energy and the density of the matter: tighdri the energy of the photon the
longer the free mean path of the photon; wherdeshigher the density of the matter
the shorter the free mean path. Linear attenuasialefined as the inverse of the mean
free path and is the sum of the attenuations foln eathe photon interactions involved.

1
E,p)= Eq. 2.43
12 AE. D) (Eq )
y(E, p) = y(absortior) + y(Compton) (Eq. 2.44)

When a mono-energetic gamma radiation beam isntaiéd to a thin beam and
directed at a gamma-detector unit obstructed bgteorber of thickneds the intensity

I (number of photons per second) of the gamma ragnlibsiected can be calculated as
an exponential decay of the original beam interigif$6].

| =1,e" (Eq. 2.45)

Rewriting the attenuation expression in the forntolwe one can observe that the
logarithm of the number of photons striking theed#br decreases in a linear fashion
with respect to the thickness of absorber present.

In(l—j =-)h (Eq. 2.46)

l 0

2.3.4.1 Two-Phase Flow (Gas — Liquid Systems)

In a two-phase measurement system, the gammaicadaisorber comprises the pipe
wall and the working fluids. The gamma source isited on one side of the pipe with
the detector installed diametrically opposite. Thlimator of the source side forces the
gamma rays into a narrow beam that is directed eliacally across the pipdsigure
2.20

Vacuum Pipe Narrow Beam
Source1+—»k = Detector
N S|
Collimator Collimator
Source Sidele »| Detector
D Side

Figure 2.20 — Arrangement of Source, Pipe, Collonsand Detector
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In the first instance, the gamma radiation has dggotiate the pipe wall, leading to
photon-matter interactions, diminishing the numieérphotons that will reach the
detector unit. In practice, this rate of photorsl@sll remain approximately constant as
the pipe wall thickness will not vary with time. weenergy photons are more
susceptible to absorption or scattering interastiby the pipe wall than their higher-
energy counterparts.

Assuming the presence of a vacuum within the pipe, intensity gamma radiation
measured at by the detector unit is defined tolbd-illing the pipe with air, the
intensity measured for a given photon energy caexipeessed by:

|, =1,e7P" (Eq. 2.47)

In this case, the number of transmitted photonsatleti(l,) is the calibration value of
the pipe (internal diamet&) full of air. Owing to the relatively low densitf air, very
little attenuation will be experienced by the gammadiation and, should be very close
to lo. Accordingly, the linear attenuation coefficieat &ir (y,) is almost zero, regardless
of the photon energy. Thulg,can be taken to represent the maximum photon d¢bant
will be recorded by the detector during two-phdew/$.

The detected intensity of a mono-energetic phosanbacross the same pipe filled by a
liquid (I)) is calculated in a similar fashion:

|, =1,e7"P =1 e WP (Eq. 2.48)

The magnitude of; defines the lower count range limit for two-phélsev that will be
obtained when the pipe full of liquid. Owing to theuid phase’s larger density, and
thus higher degree of attenuatibrwill be much smaller thah.

Having obtained the upper and lower limit calibvatvalued, andly, it is possible to
deduce the difference between the linear attermuaefficients of the liquid and air.

1 I

i n(—aj (Eq. 2.49)
For a two-phase flow system, if the absorbancekti@ss of the liquid in the
measurement section is taken tohpethe corresponding air thickness will be given by
D — h. Consequently, the detected photon intensity otaéy:

| = Ioe‘ya(D‘h|)e‘V|h| (Eq. 2.50)
| = |0e—VaDe‘(V| “valhy (Eq 251)
| = Iae—(M ~Ya)h (Eq 252)

Having determined the valuésandl, through calibration measurements, the thickness
of liquid along the measurement path of the gamayabeam If) can be calculated
from the measured intensity
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In(ll—j =~ - y)h =%In(:—'j (Eq. 2.53)
Therefore, the liquid hold-upf can be found.
In iR
g=n- 1k Eq. 2.54
'~ D (Eq. 2.54)

The magnitude of the measured intensityill lie between the calibration valuésand
l;; thus, generating a liquid hold-up value lyingvbetn O (=I,) and 1 (=I)).

2.3.4.2 Three-Phase Flow (Air-Water-Oil Systems)

As the magnitude of radiation attenuation is a fiomc of the photon energy, the
component ratios of a three-component mixture @rebolved through the exploitation
of a gamma source comprising two distinct photogrgies B9).

In an air, water and oil measurement system, thengity presence of the multiphase
fluid in the pipeline will result in the measured the gamma beam diminishing
according to the attenuation law:

| =1, e g s (Eqg. 2.55)

Where,yhx denotes the logarithmic decay constant for thenatteon experienced by
the radiation beam due to compong&nio resolve the individual phase fractions, the
two energy levels from the dual-energy source aeduo measure two of the three
chordal hold-ups in the multiphase mixture. Thedhihordal hold-up is derived from
the fact that the sum of the gamma rays’ pathsutfirathe individual components is
equal to the internal pipe diameter.

h,+h,+h =D (Eq. 2.56)

Employing a dual-energy gamma source,l§etbe the measured intensity of photons
with energy level 1 anth, the measured intensity of photons with energyll@vdhe
calibration values when the pipe is full of air,tefaand oil respectively for each photon
energy level, are given by:

|, =1,e"" (Eq. 2.57)
|, = 1,8 " (Eq. 2.58)
|y =18 " (Eq. 2.59)
I, =18 " (Eq. 2.60)
Iy = I01e_yolD (Eqg. 2.61)

36



oo = 108 %" (Eq. 2.62)

Where, yx1 andyy, are the linear attenuation coefficients of componefor photon
energy levels 1 and 2 respectively.

From the above equationEd. 2.57 — 62, the calibration values for the liquid phases
can be expressed in terms of the air calibratidneva

| =1 8 P (Eq. 2.63)
|, =1 & 7P (Eq. 2.64)
|, = |6 Veee2)0 (Eqg. 2.65)
|, =1 ,e 2P (Eqg. 2.66)

The differences between the linear attenuationficoeits can be determined for the
components at each photon energy level.

Yoo~ Va =iln(lilj (Eq. 2.67)
D la

Voo ™ Va =iln(|ilJ (Eq. 2.68)
D I,

Ve = Vaz :%In(:izj (Eq 269)
w2

Voo = Vaz Z%In(:ﬂj (Eq. 2.70)
02

For an air, oil and water multiphase mixture inipepof diameterD, the detected
photon intensity for photons of energyli) Can be expressed by:

l, = |Ole—yal(D—m—m)e—ymme—ymho (Eq. 2.71)

Substituting in equatiokq. 2.57

- | ale_(ywl_yal)hwe_(yol_yal)ho

(Eq. 2.72)

ly

Rearranging the equation to express attenuatianiasar logarithmic decay:

In(ll_lJ:_(ym_yal)h/v_(yol_yal)ho (Eq 273)

al
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Substituting INEq. 2.67 andEq. 2.68 expresses the attenuation of photons of energy
level 1 in terms of water and oil hold-ups:

In(lljj =%In(1ﬁj+%ln(:—zj (Eq. 2.74)

Similarly, the measured photon intensity for thecs®l energy level{) is given by:

|, = 1,87 ) g et gedh (Eq. 2.75)

Substituting in equationgq. 2.58

|2 - |aze_(ywz_yaz)hwe_(yoz_yaz)ho (Eq 276)
Rearranging the equation to express attenuatianiasar logarithmic decay:

ln(ll_zj:_(yWZ_yaZ)h\N_(VOZ_yaZ)ho (Eq 277)

a2

Substituting inEq. 2.69andEq. 2.70 expresses the attenuation of photons of energy
level 1 in terms of water and oil hold-ups:

I h,, (] h (|
In| —% |=—XIn| 22 |+-2|n| —°2
(2] g o o (Eq. 278
Therefore, the system of two equations expressiegghmma radiation attenuation at

the two distinct photon energy levelsy. 2.70andEq. 2.74 can to be solved to yield
values for the water and oil component hold-upsnde, respectively.

In—2- In—*
|a2 — Ial
| |

Inli2 Inlil

ng%: s e (Eq. 2.79)
|ni2 |n7M
|a2 _ Ial
| |

|ni2 |n;ail
|02 Iol
| |

In—2 In—X
|a2 _ Ial
| |

Inli2 In IWl

g =l lo a (Eq. 2.80)
D |n |02 |n Iol
|a2 — Ial
| |

In-—»2 In -

a2 Ial

Having obtainedh, andh,, one can determintg, and, thus, the air void fractiag
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(Eq. 2.81)

In the three-component multiphase system, the isalus less direct than in the two-
phase case. The measured gamma radiation intestyergy level 1; should have a
value betweenl,; and lyg; while 1, should fall between,, and ly,. The linear
combination of the logarithms of the photon intéesil; andl, should give a value for
h/D in the range of 8 1 for componenk (air, water or oil). The system of equations
for the resolution of a three-component mixturengsiwo energy levels can be
represented in a graphical forfigure 2.21
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Count Hate High Energy Level
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Count Rate Low Energy Level

Figure 2.21 — Composition Triangle on a Log-LogI8ca

To construct the graph, the logarithms of the dettgamma count for each of the pure
components are plotted for each of the photon enégels. The vertices of the
resulting triangle are the pure water, oil and gagration detected gamma intensities,
and any point inside the triangle represents aiqudat multiphase composition of
water, oil and gas defined by the measured hignh@manergy photon intensities.

The contrast between the different phases neetisgghaf such a measurement system
is to be of practical use. The geometric form oé ttiangle depicts the phase
discrimination, as experienced by the gamma ramhatind is a function of the energy
levels employed and the fluid properties. If thergy levels exploited are too close, or
the oil and water densities too similar, the triengill transform into a straight line:
such a system is not suitable for multiphase coftippsneasurement.

2.3.5 Detection of Gamma Radiation

A variety of methods are available to detect gammadiation including gas-filled
counters, solid-state detectors and scintillatietectors. All multiphase flow meters on

39



the market that exploit gamma radiation attenuati®part of their measurement system
employ scintillation type detectors.

In scintillation detectors, the gamma radiatiorkss an organic or inorganic crystal and
interacts with the crystal atoms through the phletiec and/or Compton effects. These
interactions produce a mixture of scattered photorscharged particles. The scattered
photons will travel a finite distance through thigstal and, depending on their energies,
may participate in further interactions. Meanwhitee charged particles travel a
relatively short distance across the crystal, leg\behind a trail of excited atoms. As
these excited atoms return back to their grounid ssmme of them may emit radiation
with a wavelength in the ultra-violet or visible egrum. These ‘scintillations’ are
detected by a photomultiplier attached to the atysfonsequently, materials used as
scintillators need to be transparent to their owghtlso it can be detected. Sodium
iodide (Nal) crystals are commonly used in sciatdl detectors.

The reader is directed to Preposf/][ for a more complete discussion on gamma
radiation detection systems.

2.3.6 Gamma Radiation in Multiphase Flow Measuremes

Early research work in the application of gammaiatoh techniques to multiphase
flow measurement focussed on exploitation of ganattenuation for component ratio
determination in two-phase systena$][and the development of the radiation detector
units [b9]. A comprehensive review of gamma attenuation messent system design
and implementation for multiphase flow hold-up megasent are given by Mareuge
[60] and Chan and Banarje@]].

Jiang and Rezkallal6®] extended work undertaken in two-phase flow vaiakcfion
determination by analysis of the sensitivity of th@mma attenuation measurement
method to the pipe diameter. Experimentation onardvand downward co-current gas-
liquid flows in a 9.525 mm diameter pipe was calraat using a single beam gamma
densitometer system comprising a caesium-137 (@82 kource and a sodium iodide
(Nal) detector crystal. Void fraction measurementsre obtained to within 5%
relative agreement with the reference values yeefdem a quick closing valve system.
The data was then compared to data obtained fgedaliameter pipes and it was noted
that pipe diameter had no significant effect on alseuracy of the gamma attenuation
based void fraction measurement.

Abouelwafa and Kendall 3P] were the first to propose a multi-energy gamma
attenuation technique to resolve three-phase naxtomponent ratios. Various static
mixtures of oil, water and gas were examined inlar diameter pipe section using
cobalt-57 (122 keV) and barium-133 (365 keV) rastbopes and a lithium-drifted
germanium based detector. Gas fraction measuremenésdetected to within +1%; oil
fractions to within £10% and the water fraction it +10%.

More recently, Liet al [63] also analysed static oil, water and gas mixtweisg a

gamma densitometer system comprising two radioadsiotopes, americium-241 (59.5
keV) and caesium-137 (662 keV), a sodium iodidedtet crystal, and a 600 mm long
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square (100 mm x 100 mm) Plexiglas conduit. Thegleyed a modification algorithm
to adjust readings for error, reporting that srealbrs in the intensity measurements can
be transferred to large errors in liquid phase comept resolution owing to the
similarities in the magnitude of the water and attenuation coefficients. After
application of the modification algorithm, all pleaaction readings were calculated to
be within £6% of their true values.

Scheers and Slijkermar®4] have reported on a triple-energy gamma ray nhsdtge
composition measurement that facilitates the detextion of the oil, water and gas
phase fractions and the water salinity. Howevetthia case the gamma measurement
system was intrusive with an americium-241 gammacgoccupying the centre of the
pipe in a concentric installation. Operating theteneén a standard dual energy mode
(and 59.5 keV) to determine the individual phasmpositions yielded measurements
with associated absolute errors of +2%. Utilisingherd energy level (26.3 keV)
facilitated simultaneous water salinity measurenmovided that the dynamics of the
salinity variation could be assumed to have a tapan of hours. The corresponding
phase fractions measurements were defined to bepgable’ but were not quantified.

Abro and Johansen6f] proposed a multi-beam configuration for void fian
measurement using gamma attenuation and comparedstlts of their system against
those obtained from a single-beam gamma densitormBte measurement apparatus
comprised an americium-241 (59.5 keV) gamma sourae,single CdZnTe
semiconductor detector and a pipe with an innemdtar of 80 mm and an outer
diameter of 90 mm. A series of static multiphasmlomations were presented to the
gamma measurement system. For each test, a compkdsurement consisted of
determine the gamma attenuation at 17 differenitipas around the pipe, from 180°
(diametrical position) to 52°. It was reported thia@ multi-beam arrangement yielded
results to within £10% when measurements from fofuthe detector positions were
combined and that the system was less sensitilevioregime than the conventional
single beam technique.

In 2003, Tjugurret al [66] followed up the work undertaken by Abro and Jateanand
produced a multi-beam instrument with an americR4i-(59.5 keV) source and three
detectors all of which were collimated and embedotedhe pipe wall. Two of the
detectors measured the gamma ray attenuation atr@gspe flow while one detector
was installed at a 90° angle for the purpose of itnong the scattered radiation.
Tjugum et al recorded that the multi-beam design with 3 detsctiave more accurate
results than the conventional single beam and ttle@imulti-beam geometry and dual
modality of the gamma system enabled data on twve fegime water fraction salinity
to be obtained.

Tjugumet al [17] proposed a multi-beam gamma-ray densitometryegydb facilitate
void fraction measurement. A 9-beam fan collimatedasurement geometry was
employed using an americium-241 (59.5 keV) souroe a row of 9 CdZnTe
semiconductor radiation detectors on the other sfd® 2-inch pipe. A number of oll,
water and gas flow combinations were tested foe @igction tilt angles of 0°, 45° and
90° (with respect to the horizontal). Improved GMReasurements on non-
homogeneous flows flow, with respect to those oladiusing a conventional single
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beam configuration, were reported, typically tohit£10%. Significant errors were
obtained for test points at high GVFs and at seépdrihows, typically deviations greater
than 25%. The source of these errors was attribiastqubssible backflow (for vertical
tests), slip and unstable flow regimes.

Stahl and von Rohi6[/] investigated the accuracy of void fractions measients in a
horizontal pipe using a single-beam gamma densi@me\ theoretical model to
determine the measurement accuracy for a numbedeaflised flow regimes was
presented. The model described the measurementagas dimensionless function of
the pipe radius and liquid absorption coefficidbtperimental verification of the model
was conducted using air and water in a 21 mm p#esingle beam gamma-
densitometer comprising an iodine-125 (35.5 keVrse and a Nal scintillator detector
crystal was employed as the measuring device. dtfaand that a linear approximation
correction was best suited to flow regimes where pihase interfaces are mainly
orientated parallel to the radiation beam; whilegdrithmic corrections gave better
results for flow profiles with a perpendicular ariation or dispersed flow pattern. The
maximum absolute deviation owing to inaccuracy lme two-phase mixture void
fraction, as determined by the application of tere@ction models was defined to be
one tenth of the product of the pipe internal digeneand the liquid attenuation
coefficient.

Frgysteinet al [68] published results on a dual-gamma tomographyesydor high-
pressure multiphase flows. A barium-133 (31 keV @hdkeV) source was coupled with
a CdZnTe detector and a digital spectrum analyses @mployed to monitor gamma
attenuation for different chordal positions of thi@e cross-section. Results indicated
that the tomography system was able to reconstliffetrent fluid zones for different
flow regimes. However, difficulties were also refgor in discerning between fluid
regions for some configurations where differentdflmixtures with similar attenuation
coefficient values were located next to each other.

Gamma attenuation has also been exploited in nmalsi@ flow pattern recognition
systems §9-73. Pattern recognition techniques in multiphasevflmeasurement are
discussed ilChapter 2.4,

2.4 Pattern Recognition Techniques in Multiphasedw Measurement

2.4.1 Signal Processing

Signal processing involves the design, analysis iamaplementation of systems that
extract information of interest from existing daignals. The continued progress of
digital technology and information theory has stiated the development of

sophisticated signal processing techniques thaegpdited in many different fields,

including speech recognition, audio signal procegsidigital communications and

analysis and control of industrial processes.

Most sensor outputs comprise a continuously varginglogue voltage waveform. In

order to use the signal in further mathematicahaigprocessing techniques on a
computer system, it must first be digitised withaaralog-to-digital converter. Analogue

42



signals are digitised employing a technique know/sampling. Sampling is executed in
two stages: discretisation and quantisation. Ircrdissation, the space of a signal is
partitioned into a series of equivalence classis. quantisiation process then allocates
approximated representative signal values to tloh @h the partitions from a set of
finite values.

The Nyquist-Shannon sampling theorem is a fundaahehieorem in the field of
information theory which stipulates the constraifmisaccurately constructing a signal
from a sampled version of itself. It states that sampling frequencl¢ must be strictly
greater than twice the signal's bandwiBththe difference between the maximum and
minimum frequencies of its sinusoidal compone#§.[

f. > 2B, (Eq. 2.82)

Failure to satisfy the criterion set out in the Nigf-Shannon theorem results in
overlapping frequencies; whereby, frequencies albaethe sampling rate will appear
as frequencies below half the sampling rate. Thesnpmenon is known as aliasing as
the high frequencies are said to be “under analias

2.4.2 Feature Extraction

Having obtained a digital form of a signal of irgst, various parametric representations
can be derived. In applications with time-varyingnsls, in order to exploit all the
available data, it may be possible to use all twped data points in the pattern
recognition analysis. However, this may not be ficat with systems with long
measurement times and/or high sampling frequendese the number of data points
is too large to be efficiently manipulated by atgat recognition system. In these
instances, a set of features that are capablesofideng the signal’s characteristics may
be employed.

Selection of an appropriate feature set to reptasew data signals is crucial if feature
extraction is to be employed successfully. Effextigature selection can be difficult as
it necessitates the selection of a feature setwiibtistinguish between different data

class volumes and there are an infinite numbereafuires and feature combinations
from which to select. If too many features are udeld in the feature set, there is a
tendency for the pattern recognition model to bee@ver-complex and this will result

in a reduced generalisation capability. In practiee pattern recognition or data

visualisation analysis will be conducted on thenirey data using the selected feature
set in order to analyse its effectiveness.

The features employed to represent a signal caredoom a variety of information
domains, e.g. time, frequency, cepstrum or wavélet. most effective domain depends
on the problem being modelled. The goal of featx&action is to reduce a large
complex signal into a small number of manageablarpaters that conserve the key
features of the original signaAppendix B details features that were exploited as part
of this research work.
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2.4.3 Pattern Recognition Models

The purpose of a pattern recognition system idassdy input data (patterns) based on
a priori knowledge or statistical information extractednirdhe patterns. A pattern
recognition system can be thought of comprisingeghmajor parts: gathering the
observations to be classified; computation of thmaric or symbolic information from
the observations; classifying or describing obsgrna based on the extracted features
presented.

Thus, a pattern recognition model has to be ablaap the relationship between input
features and the target outputs. There are seyatérn recognitions techniques
available to implement the mapping process inclgdiartificial neural networks;
statistical models; fuzzy logic; and expert systems

Although these models are distinguished from edbkrpthere is a certain amount of
overlap between them: artificial neural networka && thought of as an extension of
conventional statistical pattern recognition tegless and fuzzy logic employs similar
types of logical rules that can be found in exggstems.

2.4.4 Artificial Neural Networks

An artificial neural network (or neural network)asmathematical computing paradigm
that is based on the operation of a biological alesystem: functions are executed
collectively and in parallel by the nodes, insteadhere being a specific delineation of
sub-tasks to which various nodes are assignedadent of neural networks facilitated
the development of advanced pattern recognitiotesys with non-linear decision
boundaries, through the implementation of simplaintng algorithms, to model
complex multivariate relationships.

A neural network system will learn to classify impuhrough a training process in

which the network is presented with a series otiteaf@and target outputs. Based on this
training data, the neural network will generate apnbetween the inputs and outputs.
Subsequent input data will then be processed usiagelationship derived using the

training process to produce corresponding outprabbke values.

There are many classes and sub-classes of neuvabrike that are widely used in

engineering applications. These have been descekiemsively in published literature

[75, 76. The most widely used neural network classesantlasses are summarised
in Table 2.3

Three major learning paradigms can be applied uralenetwork modelling depending
on learning task: supervised learning; unsupervigsmining; and reinforcement
learning. Pattern recognition and regression problemploy a supervised learning
paradigm whereby a set of example inputs and tsuayet presented to the network and
the aim of the learning process is to determinenatfon that describes the relationship
between the variables. In unsupervised learning,nstwork training is entirely data-
driven and no target results for the input dataorscare provided. A neural network
which exploits unsupervised learning type, suctkkalsonen self-organizing maps, can
be used to cluster the input data and extract feainherent to the problem.
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Neural Network Class Sub-Class

Multi-Layer Perceptron
Feedforward Radial Basis Functions
Kohonen Self-Organising Feature Map (KSOFM)
Simple Recurrent Network
Hopfield Network
Stochastic Boltzmann Machine
Committee of Machines
Associative Neural Network

Recurrent

Modular

Table 2.3 — Neural Network Classes and Subclasses

In the research work undertaken, feedforward maiter perceptron and Kohonen self-
organising feature map neural networks were exagnine

2.4.4.1 The Multilayer Perceptron (MLP)

All types of neural network stem from McCulloch aRidtts’ [77] description of a
processing model comprising a building block knoasa neuron and a networked
interconnection. Rosenblatt7§] expanded on this concept to investigate the
computation of the eye and developed the first tfpgeural network which was known
as a perceptron. However, Minksky and Pap&@ [showed that a single-layer
perceptron neural network was limited to modellingarly separable patterns and was
unable to describe exclusive disjunction (XOR) tiorts and conjectured (incorrectly)
that the same would be true of multilayer perceyroGrossberg 80] later
demonstrated that multilayer perceptron modelsccowdeed resolve XOR problems.

Figure 2.22depicts the multilayer perceptron type neural nekvarchitecture.

Inputs Hidden Layer(s) Output Layer Outputs
r— N ( A [
Wi S11 Y11 W' Sn1
os > f! S f () You
lbl,l lbn,l
P2
S1.2 Yi1.2 Sn.2
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b1,2 bn,2
o 5 Sl.h; (1 Yih 5 Sn.i; ¢ Vol
Wli,h l W', l - O |
\ | \_ b1n Y, \ D ) \ |

Figure 2.22 — Multilayer Perceptron Network
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Each input |;) is connected to all nodes in the first hidderetayf successive hidden
layers are employed, all outputs from the precethygr are input to each node in the
successive layer. For all nodes in the MLP, theiimjare summed), after having been
multiplied by their respective weightw/), a bias I) is added to this total. The resulting
value is used as the input to an activation fumc(fd. Hence, the first hidden layer
output {4 ) from each processing nodes in the for an MLPesyswith| inputs can be
expressed by:

Yin = fl(lZ(Wli,hp. +bLh)J (Eq. 2.83)

i=1

Accordingly, the outputsyg;) from a two layer system (n=2) can be determirechf
the expression:

Yo, = fz[i[wzh, j(fl(lz(wli,hpi + bLh)D +b, ]D (Eq. 2.84)

h=1 i=1

Defining the network architecture is a key stagen@ural network analysis. In most
applications, the number of input and output nesir@nfixed; thus, the problem of
network architecture specification is reduced tec®n of layer function types, the
number of hidden layers and the number of neurogiein.

It has been demonstrated that a two layer MLP vgiggmoid non-linearity can
approximate any function with arbitrary accuracgl][ Consequently, the only
remaining parameter to be defined is the numbeodes to deploy in the hidden layer.
There are no rules for the selection of the nundfdridden nodes but, generally, the
more complex the function one is attempting to mattie greater the number of hidden
nodes required.

However, specifying the number of hidden nodesdslaate balancing act: if too many
nodes are used the network training data will synigd memorised and the system will
exhibit poor generalisation; nevertheless, too fesden nodes will result in a system
with insufficient parameters to model the underyiimnction and severe underfitting
will be experiencedd?).

2.4.4.2 MLP Neural Network Training Techniques

The purpose of MLP training algorithms is the itema adjustment of the network
weights and biases in order to minimise the netvpaiormance function. All training
algorithms use the derivative of the performancection to determine the weight
values that will minimise the performance functi®everal different types of algorithm
have been reported and exploitédple 2.4
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Algorithm Optimisation Technique

Gradient Descent with Momentum Modified Backjpaigation

Variable Learning Rate Maelif Back-propagation
Resilient Back-propagation dvfeed Back-propagation

Scaled Conjugate Gradient Nume@gatimisation Techniques
Fletcher-Powell Conjugate Gradient Numericali@ation Techniques
Polak-Ribiere Conjugate Gradient Numericati@sation Techniques
One-Step Secant Numerical Optimisation Techniques$
Levenberg-Marquardt Naroal Optimisation Techniques
Quasi-Newton mkerical Optimisation Techniques

Table 2.4 — MLP Training Algorithms

2.4.4.2.1 Back-propagation

Back-propagation is the core supervised learnicgrigue employed in feed-forward
neural networks. The errors propagate backwards tite output nodes to the inner
nodes. The error for an output variable is caledaas the difference between the
network output ¥,) and the target value presented to the netwOtkThus, back-
propagation is used to calculate the gradient efaitior of the network with respect to
the network's modifiable weights. An error functisnchosen which will have to be
minimised using gradient descent such as the swsguaEres erroiSSH function.

1 ’
SSE=§Z(yO ~t) (Eq. 2.85)

j=1

The first step is the initialisation of the inpayer. Employing matrix notation, this can
be described as shown in equatieg. 2.82 In this notation, the biases, weights, net
inputs, activations, and error signals for all snit a layer are combined into vectors,
while all the non-bias weights from one layer te tiext are held in a matrij.

V.= P (Eq. 2.86)
For an N-layer system, the activity propagates &difor n=1 to N.
Y, = (W5, +5,) (Eq. 2.87)

The error obtained in the output layer is the défeee between target and actual output
values.

o =t-y, (Eq. 2.88)

The error is back-propagated from layer L—1 tofitst hidden layer.

& = W3, )cr, (e, ) (Eq. 2.89)
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The MLP neural network weights and biases are tipelated accordingly.
AW =3, (Eq. 2.90)
Ab =, (Eq. 2.91)

This process of updating the network weights aadéds is repeated iteratively until the
sum of squares error function is minimised.

2.4.4.2.2 Conjugate Gradient

The basic back-propagation algorithm adjusts théghte in the steepest descent
direction. However, this does not necessarily abyanpduce the fastest convergence. In
conjugate gradient based algorithms a search ferpeed along conjugate directions,

which produces generally faster convergence thegpsst descent directions.

An example of a conjugate gradient technique isstteded conjugate gradient (SCG)
method. A single iteration of the SCG algorithm alwes the computation of two

gradients (second-order technique) and one cdhldcerror function in contrast to one
of each for the standard back-propagation. It lestetermined that a single iteration
of SCG is as complex as approximately 10 — 16titara of standard back-propagation.
Nevertheless, although SCG is computation intengiwgelds quicker convergences

and has been reported to produce better resultstiigastandard back-propagation in
some applications3[].

SCG does not incorporate learning parameters ssicheastep width of the gradient
descent which are used in back-propagation basbditpies and need to be fine-tuned
to achieve optimum performance of the network. Bi@&G algorithm’s parameters are
non-critical and only influence the speed of cogesice, not the outcome.

2.4.4.3 Avoiding Over-fitting

Bad generalisation by a neural network can stemm fower exposure of the network to
the training data set. This problem is known ag-&itting. Deciding when to end the
training algorithm can have a major influence oe #bility of the trained network to
generalise new data sets. Training algorithms araimally terminated when a local
minimum has been attained or when the convergeateeis insignificantly low, i.e.
improvement between successive iterations is zeneegligible after exposure to the
training set for a certain number of epochs (cycl@here are two main routines
employed to avoid over-fitting and improve neuratwork generalisation: cross
validation and regularisation.

2.4.4.3.1 Cross-Validation

Cross-validation (also know as ‘early-stopping’yoives dividing the available data
into three groups instead of two. In addition te ttonventional training and test data
sets, a validation set is produced. During theningi process, the training data set is
used to compute the network weights and biasesul&ineously, the validation set is
used to produce a validation error for the netwakfiguration. The validation error is
monitored and when the validation error continuguistreases for a specified number
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of iterations, the training process will be terntethand the weights and biases present
at the minimum validation error will be implementied testing with test data set.

Although good results can be obtained using cradigiation, it is not particularly
suited for applications with limited data. As nétad the data is used to train the model,
and the training is terminated before attaining thenimum training error, the
information contained in the selected data is rgitneal and the network may suffer
from under-constrained training.

2.4.4.3.2 Bayesian Regularisation

Bayesian techniques exploit probability to quangfyors in inferences and produce a
distribution presenting the beliefs of how likelifdrent predictions are. The Bayesian
approach offers a tool for control of neural netwonodel complexity as it can be

exploited to select the optimal number of neuranshie hidden layer, thus avoiding

over-fitting, and offers an alternative approaclemmr minimisation technique84.

Bayesian regularisation involves modifying the ehbje function, normally the mean
sum of the squared errors. The aim of the moditcats to improve the model’s
generalisation capacity. As seen below, the objedtinction Eg) is expanded with the
addition of a ternk,, which is the sum of squares of the network weights

F(w) = aE, + /&, (Eq. 2.92)

Where, o and f denote control parameters which are to be optonisghin the
Bayesian framework of MacKag}] which has been successfully applied to a number
of practical engineering problems.

Employing the modified performance function, ddsed in Eq. 2.92 will yield a
network with smaller weights and biases, thus fig@ smoother network response that
is less likely to over-fit. It is assumed that theights and biases are random variables
with a Gaussian distribution. The regularisationapzeters are related to the unknown
variances associated with these disturbances. 8isalyas shown that the optimal
regularisation technique requires the determinatodnthe Hessian matrix which
necessitates intensive computation.

Alternative approximation techniques which are leakulation intensive have been
developed such as Bayesian regularisation witruieeof Levenberg-Marquardt (LM)
algorithm B6]. The key steps in this algorithm are:

1. Initialisation of thex andp control parameters, network weights, and biases.

2. Execute a single iteration of the LM algorithm tanimmise the objective
function described ikq.2.92

3. Determine the effective number of parameters using the Gauss-Newton
approximation to the Hessian matrix available i i algorithm.

y=N-2aTr(H)™ (Eq. 2.93)
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Where, N denotes the number of parameterdHadenotes the Hessian matrix.

4. Calculate new estimates for the objective functiontrol parameterg andp.

a= ZE:(W) (Eq. 2.94)
_ N-y
B= 2E.(W) (Eq. 2.95)

5. Repeat steps 2 — 4 until convergence is attained.

Examining the number of effective parameters féfedent numbers of hidden layer
neurons will optimise the neural network architeetulf the effective number of
parameters is very close to the total number thightianal hidden layer neurons may
be required. However, if the expanded network wedd identical number of effective
parameters, the previous smaller configuration haegge enough.

2.5.4.4 Kohonen Self-Organising Feature Maps (KSOEM

In 1982, Kohonend7] described an unsupervised learning techniqueitivaived the
use of self-organising feature maps to classifa.déhe objective of a KSOFM network
is to map the natural structures inherent in theutindata vectors, of an arbitrary
dimensionN, onto a discrete map with just 1 or 2 dimensiéingure 2.23

2-Dimensional
Kohonen

Weight
Matrix

T XX X B

Figure 2.23 — Kohonen Self-Organising Feature Map

Patterns exhibiting similarities in the input spat®uld be topographically arranged
close to one another in the output map. These mksnare particularly useful where
complex high dimensional data needs to be presentexh understandable format.
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KSOFMs have been successfully applied to a numbempractical engineering
applications 88].

The KSOFM learning process comprises the follovatages:

1. Initialisation of output node weights.
2. Looping of the following stages until node weigbtswverge:
2.1 For each data point:
2.1.1 Present the input feature vector
2.1.2 Calculate the similarity
2.1.3 Determine the winning output node
2.1.4 Locate all nodes in the neighbourhood ofathmner
2.1.5 Update the weight vectors of neighbourhoatkso
2.2 Reduce the size of the neighbourhood (if regl)ir
3. End learning process.

Similarity of a data point is normally determineg d¢alculating the Euclidian distance
between the input pattern and the weight vectoe fdtwork weights are exploited in a
different manner to that experienced in MLP neuratworks: the weights are not
multiplied with the input vector.

Thus, the Euclidean distana)(is calculated for an input vectq and each™ output
node which has a corresponding weight veiar

d =y(p-w) dp-w) (Eq. 2.96)

The winning output unit, or best matching unit (BMUs simply the unit with the
weight vector that has the smallest Euclidean decgtdo the input pattern, i.e. the most
similar.

The neighbourhood of a node is defined as all nedtsn a specified distance of the
node on the grid. For example, in a square geomgtry, if the size of the
neighbourhood is 1 then all units no more thantlieeihorizontally or vertically from
any unit fall within its neighbourhood. The weiglufsevery node in the neighbourhood
of the winning node, including the winning nodee apdated according t8q. 2.97
thus, moving each node in the neighbourhood clastre input data point.

W~ W +(p-w) (Eq. 2.97)
Where,n denotes the step size.
As time progresses, the learning rate and the beigiood size are reduced. If the

parameters are well chosen the final network shoaftture the natural clusters in the
input data.
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2.4.5 Pattern Recognition in Multiphase Flow Measwment

Pattern recognition techniques have previously besployed for multiphase flow
measurement and analysis. The most prominent workhis field documented in
published literature is the pioneering researchkvy Imperial College researchers in
developing the ESMER multiphase measurement sy@empendix A.12).

Darwich [B9] proposed that time-varying characteristics of tiphbse flow are
reproducible and this fact could be exploited téeduine the individual phase flow
rates of a multiphase flow. A 2-inch horizontal m@@ment spool piece comprising
radially mounted pressure transducers and axiallpunted capacitance and
conductance sensors was constructed to perfornphase tests with air and water. It
was determined that 8 features were effective sratterising the multiphase flow: 3
amplitude features (standard deviation, skewnedskartosis) and 5 linear prediction
coefficients. All 8 features were extracted fornreggsure transducer signals but only the
amplitude features were found to be discriminatfny the conductance/capacitance
sensors. Template matching was employed as therpaticognition method whereby
the individual phase flow rates were identifiedrbgtching measured vectors to those in
a reference database. A measurement accuracy &b #lds reported for each of the
individual phase flow rates with a confidence lewe90%.

Toral et al [90] introduced an orifice plate to the horizontal gppiece set up by

Darwich, described above, to study its ability toogquce effective features for
multiphase flow classification. It was reportedtthi@e presence of the orifice plate led
to the production of enhanced discriminability fioe extracted features.

Beg et al [69] incorporated a gamma densitometer device intonteasurement spool

piece for the resolution of oil, water and gas flates in a multiphase flow. However,
the gamma densitometer was just one of an arrageators employed with their

system: pressure, conductance and capacitancersemsce also exploited to predict
flow regimes and individual phase flow rates inadid 16” diameter multiphase pipes.
From each sensor, 24 feature vectors were extradteaever, these were limited to the
mean, variance, minimum, maximum and a 20-bin aog histogram of each sensor.
Accuracies of £10% were reported employing the gandensitometer and £18% from
the pressure sensor for horizontal gas and lidais.

Arkartuna P1] undertook an experimental campaign with a 2-inlcbrizontal
measurement spool piece with strip type capacitaansors and pressure transducers in
the slug flow regime for both two and three-phdew/$. Two additional features were
employed to those originally studied by Darwichugsfrequency and slug length. The
template matching classification technique was cmegb and contrasted with an MLP
neural network employing the SCG training algorittkkartuna reported that the MLP
neural network system yielded superior classifozatproperties when pressure and
capacitance sensor fusion was employed: 97% ofrveatie 90% of air velocity, and
90% of liquid velocity measurements were predid¢tedithin £10% relative error.

Cai [92] proposed the development of a flow regime spegéttern recognition model

using a Kohonen self-organising feature map tosdiaslata point flow regimes and
then employing a separate MLP neural network fowfrate determination for each
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flow regime. An F-ratio feature saliency technigquas applied to facilitate the selection
of an effective feature set. Phase flow rate memsent accuracies for the multi-level
hierarchical system were reported to be +5% forka@d oil continuous data points and
95.2% of water continuous samples. In terms of dige velocity determination,
99.3% of gas and 100% of liquid phase superficgbeities were calculated to within
19%.

Beg [93] built upon previous work undertaken by Darwichngsradially and axially
mounted absolute and differential pressure traredum 2, 3, and 4-inch horizontal
multiphase flows. A new feature set was employemprtsing the mean and variance
from the amplitude domain, and 5 features from @epstrum domain. Template
matching was the pattern recognition techniqueieg@nd it was reported that 100%
of liquid phase and 93% of gas phase measuremeuls be obtained to within £10 %
through feature combinations. Comparisons made dmivwthe feature maps for the
different pipe sizes revealed that different tuemgle signatures were obtained for the
same flow conditions. Accordingly, a method of suglwas proposed based on the
hydrodynamic coordinates and feature vectors. Measent accuracy with the scaling
technigue was reported to be poorer than that méxdathroughn-situ calibration.

Toral et al [94] and Wood 95 have described the commercial version of the EBRME
multiphase flow meter developed through the aforgioeed studies. Stochastic
features are extracted from three differential gues sensors (one top axial, one bottom
axial and another radially mounted), impedance @sn@xially mounted on top) and a
temperature sensor and input to an MLP neural n&twide neural network system is
trained and then validated, using the cross-vatidatechnique to avoid over-fitting,
before being subjected to tests. The individualsphiéow measurements made by the
ESMER meter were reported to match those yieldedhbytest separators to within
+10%.

A number of pattern recognition studies in multiphdlow measurement have been
conducted outside of the ESMER development programm

Goudinakis 96] investigated the feasibility of using an MLP nalunetwork for flow
regime identification in a horizontal pipeline aad S-shaped riser for air-water flow
using capacitance sensors and pressure transdrespsctively. Stratified smooth,
stratified wavy, bubble and slug flow regime cléisations were identified using raw
time-series data (fixed length window) as the imjputhe system. The S-shaped system
was determined to accommodate long sever slugdavg dycles up to 230 seconds;
while the horizontal system cycles did not take entbran 10 seconds. It was reported
that a delay window of 200 inputs (20 seconds dhd# 10 Hz) was required for
horizontal pipe regime classification; while 10@uns (100 seconds of data at 1 Hz)
was adequate for identification of the S-shapeet’sslow pattern. Nevertheless, it was
identified that the excessive training time reqadir® enable classification would
prevent this technique from being suitable for pcat applications

Jama 97] reported on the use of pattern recognition tephes using absolute and

differential pressure signals from a Venturi met@rmeasure wet gas flow rates. A
Bayesian MLP network was implemented using feaextaction from the pressure
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sensor signals. It was reported that, employingssensor data fusion of amplitude
features, all test data points predicted the gdsligaid superficial velocities to within
5% relative error.

Ibrahim 98] studied the application of a single back-propagaMLP neural network
to multiphase slug flow measurement in a horizopipéline. A horizontal spool piece
with capacitance and pressure sensors was emplggeidus amplitude and frequency
domain features were extracted from these sensafsuaed as inputs to the neural
network. Slug length and slug frequency featuresewaso included as part of the
study. Feature fusion from both the pressure apaatance sensors were reported to
give the best classification results. In two-phassts, 100% of liquid superficial
velocities and 93% of gas superficial velocitiesravelassified to within £10%. In
multiphase flow tests, 90% of both liquid and gapesficial velocities and 97% of the
water cuts were predicted to within £10% relativee

Wylie et al[99] proposed the use of an electromagnetic cavityna®r based sensor to
determine multiphase flow rates. Low power radexgtrencies were transmitted across
a pipeline carrying a multiphase flow and the phagetions calculated by monitoring
the shift in the resonant frequencies with différélnid properties. Neural networks
were exploited to overcome the modelling complmadi induced through the
application of the system to different flow veloes#, temperatures, pressures,
installations etc. Measurement accuracies of +10%phase fractions were reported
and a measurement repeatability of 4% was claingd on the experimental data
presented.

Several publications have reported the use of gamaypattenuation measurements as
part of part of their pattern recognition systerolunliing Beget al [69] detailed earlier
in this section.

Sheppard and Russelr(] investigated the ability of a neural network t@assify
horizontal gas and liquid flow rates from the rasg® of a gamma densitometer. No
information was provided on the gamma densitomsigmtem employed but it is
reported that standard statistical parameters weracted from the raw signals for use
as the system inputs. The neural network was tlabmel2 time series covering a range
of flow regimes. The pattern recognition model iestly evaluated using unseen data
from the 12 time series used to train the netwoik produced gas and liquid flow rates
to within a root mean square error of 13%. A secphdse of analysis was undertaken
using data from previously unseen flow rates: thgsification accuracy was reduced to
a root mean square error of 15%.

Bishop and Jame§ ], and Bishop T2], proposed a technique using gamma attenuation
based on the use of three vertical and three haatdual-energy gamma densitometer
beams installed in a parallel configuration acragspe section. The input features to
the neural network were the six path lengths mealshy the gamma densitometers and
the target outputs were the volume fractions of dheand water phases. The Quasi-
Newton training algorithm was employed in thesed&s. It was concluded that a
neural network technique based on gamma attenuatoad provide a practical
solution in determining component phase fractisomfthe gamma densitometer data.
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Abro et al [73] documented their findings using an amercium-2ddree and a multi-
beam configuration with a neural network to identifie flow regime and the void
fraction. A computer simulation model of the gamemaission and detection system
was employed to create training data sets for #grai network. The input to the
network was an energy spectrum for the photon r&tge 68 keV (i.e. 38 bins of 1
keV) for single sensor investigations and an enspgctrum for the photon range 55 to
64 keV for the multi-detector experiments. Fourtemnput neurons were used to
represent the void fraction in10% increments amdtiinee flow regimes (homogeneous
stratified or annular) whereby an output of +1 watirned by the network for the
identified regime and void fractions while all othmutputs returned a value of 0. Test
data was collected on an 8 cm aluminium pipe usiigt mCi americium-241 source
and a CZD detector from eV Products Inc. Usingnglsi detector position at 180° to
the source an average error of 15.8% was obtawmrethé void fraction measurements
with a standard error deviation of 8%. Using a ivddtector setup, the inputs were
parts of spectra at detector positions of 180°,°1%%d 140°. The multi-detector
configurations yielded average void fraction errofgust 3% and a reduced standard
error deviation of 4.2%.
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Chapter 3: Experimental Set Up and Data Acquisition

This chapter describes the experimental set up tesstlidy the exploitation of gamma
radiation for multiphase flow measurement. An mdliof the multiphase flow loop
facility at Cranfield University is provided as weds descriptions of the gamma
densitometer instrument’'s operation, data acqarsiaind processing, installation and
calibration, and signal characteristics. Finallgtadls of the experimental campaign
undertaken are documented.

3.1 Cranfield University Multiphase Flow Test Fady

The Cranfield University multiphase flow test fagilcomprises an air, water, and oil
delivery section, a test section, and a fluid sajrag sectionFigure 3.1 The test
facility is used for flow assurance, multiphase eneg and control systems research. It
is designed to process continuous flow of airaaill water. The facility has a maximum
operating pressure of 25 barg and the test fluataprise air, tap water (doped with
biocide) and BP-7269 lubricating ojp € 815 kg/ni andp = 0.004 Pa.s at 20 °C). The
reader is referred to Lo (Q for a detailed description of the multiphase tesility
and its full operating procedures.

VLV303 S V(504

NR\10¢

Figure 3.1 — Cranfield University Multiphase Flowedt Facility
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3.1.1 Fluid Delivery

Air is supplied from an Atlas Copco Electonikon GAZompressor (C01), capable of
supplying a maximum flow rate of 1275 free air delivery at up to 7 barg. Air from
the compressor is passed to a 2.5% receiver (R300) to dampen the compressor
loading and unloading cycle pulsations. The aithen available to enter the metering
section where it passes through either the %-iich 100 SrYh) or 1-inch (95 — 1275
Snt/h) pipeline, controlled by valves VC302 and VC384&pectively.

Oil from a 8 ni oil reservoir tank (T200) is pumped to the testtisa by a Grundfos
CRN 90-5 multistage inline centrifugal pump (P02)ieth has a maximum delivery of
90 ni/h. An inverter is employed to control the pumpespéo prevent overworking and
overheating of the equipment. There are two oilveey lines: low flow rates (0 — 1
kg/s) are controlled using control valve VC202 ofi-each line; whereas, higher flow
rates (>1 kg/s) are controlled by VC201 in a 2-ihoh.

Water from a 10 rhwater reservoir tank (T100) is pumped to the sesttion by a
second Grundfos CRN 90-5 multistage inline cengafypump (P01). Similar to the oll
delivery system, there are two water supply pisinow flow rates (0 — 1 kg/s) are
controlled using control valve VC102 on a l-inaheli whereas, higher flow rates (>1
kg/s) are controlled by VC101 in a 2-inch line.

3.1.2 Test Section

The test section comprises a 55 m long, 2° downwarithed, 4-inch NB schedule 10
(internal diameter = 108.2 mm) steel pipeline jdin@ 10.5 m high catenary riser with a
vertical topside separator where the gas and ligphiases are separated. The gamma
densitometer instrument is installed at the tothefriser's vertical sectiofrigure 3.2".

i N D« Gamma Densitometer
Installation

Nc | X Coorc Y Coorc
-1 -340 12

C C 0

1 640 158

2 162E 654

3 1868 1782

4 2795 4130

5 3105 5382

€ 3360 7658

7 3520 9934

8 7238 10483 —

Figure 3.2 — Multiphase Flow Loop Test Section Rasal Separator

! Riser co-ordinates are in millimetres with (0,@ndting the riser base.
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Although the gamma densitometer is installed onwéeical section of the catenary
riser, it is recognised that the upstream pipetigemetry will affect the fluid flow
characteristics with the gas phase having a terydemdavour the side of the riser.
However, the gamma densitometer was installed itstimeasurement path in parallel
with the topside separator inlet pipe work to miisienthe instrument’s exposure to
biases in the fluid distribution from riser inducasiymmetries.

3.1.3 Fluid Separation

Air, water and oil are separated by gravity in eethphase separator vessel (GS500).
The air is vented to atmosphere while the oil aratew phases are passed to their
respective coalescers (CW500 and CO500) to und@éngoseparation before being
returning to their respective reservoir vessel€hBuid return comprises two lines (1-
inch and 3-inch) enabling split range flow contimImaintain stable fluid interfaces in
the three-phase separator.

3.1.4 Reference Instrumentation

The multiphase flow facility is equipped with a tstaf-the-art process control and
management system, the Emerson Process Managemiéa Rutomation system. All

instrumentation in the multiphase flow test fagiig interfaced with the DeltaV system
which was configured to record instrument outputi@a at a rate of 1 Hz. Historical
data could be downloaded from the DeltaV cache aftperimental work for reference

purposes.

The multiphase flow test facility fluidelidery and test section

instrumentation is detailed ifable 3.1

Description Details Range Accuracy
Inlet Water Flow Meter | Coriolis — 2” o
FIR102 (high flow rate) Foxboro CES 20 0.12 - 11.6 kg/s +0.15%
Inlet Water Flow Electromagnetic — 1" o
FIR104 Meter(low flow rate) Rosemount 8742 0.005-5.0 kg/s *0.20%
Inlet Oil Flow Meter Coriolis — 2" o
FIR202 (high flow rate) Foxboro CES 20 0.12 - 11.6 kg/s +0.15%
Inlet Oil Flow Meter Coriolis — 17 o
FIR204 (low flow rate) Micro Motion CF3M 0.02 -3 kg/s *0.50%
Inlet Air Flow Meter Differential Pressure — 1" o
FIR302 (high flow rate) Rosemount Mass Probar 90 — 4250 stifh *0.90%
FIR305 Inlet Air Flow Meter Differential Pressure —0.5 0 — 100 srih +0.90%
(low flow rate) Rosemount Mass Probar
Topside Separator Gas | Vortex — 1" o
FIR404 Outlet Flow Meter Rosemount 8800D 13 - 134 stiih +0.65%
Topside Separator Liquid Coriolis — 2” o
FIR406 Outlet Flow Meter Micro Motion CF3M 0.12-116kg/s *0.15%
PIRC403| | 0PSide Separator Rosemount 3051 0 — 7 barg +0.15%
Pressure Transducer
PIR40y | RISer Base Pressure | pocemount 3051 0 -7 barg +0.15%
Transducer
PIR312 | Al Flow Line Pressure | e mount 3051 0 -7 barg +0.15%
Transducer

Table 3.1 — Multiphase Flow Test Facility Instrurtagion
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3.2 Gamma Densitometer

A clamp-on fast sampling gamma densitometer ung sugpplied by Complex Resource
Ltd (Russia) for use in the experimental campaifine instrument comprises three
parts: a gamma source block, a detector block andumting bracket for installation on
a vertical length of pipdsigure 3.3

Detector
Block

Mounting
Bracket

Figure 3.3 — Gamma Densitometer Installation at Tlog of the Riser

The unit was enclosed in a area clearly identifis@¢ontaining radioactive material with
restricted access. Operation of a mechanical falidod’ type lock at the side of the
source block (not visible irFigure 3.3 enabled the gamma source to be moved
between its safe ‘dormant’ and ‘active’ positioad. all times, a large colour coded
panel located in the enclosed area indicated whdtiee gamma source was in its
‘active’ open (red) or closed (green) position. ingrthe test campaign, the source was
retained in its active position to ensure sourcgtfpming was identical for all tests.

3.2.1 Gamma-Source Block

The gamma-source block consists of a gamma radideusource capsule surrounded
by a lead body to shield the surrounding environnfrem the gamma radiation emitted
by the source. The outer casing of the source hk¢abricated from stainless steel to
add mechanical strength and rigidity to the leathy. A collimating passage has been
machined to provide an outlet that produces amapat conic beam of gamma radiation
with an angle of 7° to be directed across the gipmeter. The intensity of the gamma
radiation beam is controlled through the insertdrbrass discs of various thicknesses
in the collimated beam’s outlet path. The comboratdf brass discs employed varies
according to the size and thickness of the ingtafigoipe and the activity of the source.
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A 6.6x10 Bq caesium-137 source was employed as the radidatic the source block
in the form of a VZ-1508 type capsule. The nucletishe caesium-137 undergoes a
radioactive decay mechanism which yields gammaatiaah, Figure 3.4.

CSlS'/

B (92%)

B (8%) 662 keV

v Ba™*' ground state

Figure 3.4 — Caesium-137 Decay

The caesium-137 emits an electr@ &nd an antineutrino. This increases its nuclear
charge from 55 to 56 by changing a neutron intocdop. As shown, 92% of the decays
result in only 514 keV being transferred to thecetn and neutrino, leaving the
barium-137 in a metastable, excited state. This fwther decay by either emitting a
662 keV gamma (90% of cases result in this outcamdy ‘internally converting’ the
gamma before it leaves the barium atom and ejeetikegshell electron instead.

Figure 3.5illustrates the measured caesium-137 spectrumnagtdor an empty pipe
using the gamma densitometer instrument.

The x-axis of the spectrum plot represents the mblanfrom the multiple channel
analyser used to classify the gamma photon eneigyibdition, where the channel
number is directly proportional to the gamma phatoergy. The y-axis represents the
number of counts per second. The main featureBeotaesium pulse height spectrum
have been labelled:

A. This is the complete absorption of 662 keV gamnidss energy usually is
derived from a Compton scatter followed by a seeondscatter and/or
photoelectric absorption. The detector side collonalirects all the incoming
gammas to the centre of the scintillator crystatrsd they are unlikely to be
able to escape the crystal without further inteoact

B. This is the ‘Compton Edge’ of the spectra. Heregammas which have been
scattered once and then escape can transfer a ommaxah478 keV if they are
scattered backward8 € ).

C. This plateau corresponds to the Compton scattetts @vk 6 < n. The region
extends from the ‘Compton Edge’ all the way to zemergy.

D. This peak arises from scatterings at 0 <z which originated outside of the
crystal. This can occur when a 662 keV gamma phfston the source strikes
the lead at the cavity at the back of the sourddenoA 662 keV photon can
be scattered forward with 182 keV and pass intodétector where it will be
detected.
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Figure 3.5 — Measured Caesium-137 Spectrum

There are a number of interactions at the lowetghenergies including the return of
excited electrons to their K-shells in the leacekled can yield X-rays of 75 keV and
32 keV X-rays from Ba-139 after internal conversiblowever, these are not shown in
Figure 3.5as the lower limit of detection is set to igndnege.

The gamma densitometer unit employed in the expariat work exploited both the
direct high-energy photons in the range 550 — 9\ &nd the lower energy Compton
scattered photons in the 100 — 550 keV range. Tout this study, the high and low
energy photons ranges are also referred to byedmast ‘hard’ and ‘soft’ spectrum
respectively.

3.2.2 Gamma-Detection Block

The gamma-detection block comprises four key cormaptm scintillation crystal,

photomultiplier tube, amplifier electronics and twgle-channel analysers (SCA),
Figure 3.6. The detection block also contains a temperategelating circuit to ensure
that the internal detector temperature does notbilbw 20 °C; thus, minimising the
influence of temperature on the detection elect®ni
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A 30 mm x 60 mm sodium iodide (Nal) scintillatiorystal doped with thallium was
employed in the gamma-detector system. This crystaduces a pulse of visible light
with an energy proportional to that of the incidgatnma photon.

The light pulses are detected by a FEU-115M phottphier which converts the light
pulses into voltage pulses of proportional ampkdPropriety electronic circuits are
employed to amplify and condition the voltage psiseéhich are then passed on to
channel analysers for classification.

SCA
/\/ Photomultiplier Tube Amplifier {
Incident Radiation SCA

Scintillation
Crystal

Figure 3.6— Gamma Detection Block Components

The single-channel analysers effectively act aswt@a of the voltage pulses produced
that originate from gamma-photons with an energyirdérest. The SCAs were
configured to measure the gamma count of the 5840-keV hard energy spectrum and
the gamma count for all photon energies of interé80 — 940 keV. The soft energy
spectrum count (100 — 550 keV) was determined bgutating the difference between
the two measured ranges. The accuracy of the gatemstometer count measurements
is quoted as +0.5% by the manufacturer Complex &esd_td (Russia).

3.2.3 Data Acquisition and Processing

The gamma densitometer detection unit was connetted RS-485 serial interface to
an ICP 1-7188D PLC where the raw densitometer $igr@s processed into a gamma
count signal and passed to a local PC workstatimugh an RS-232 serial connection.

During data collection, gamma count measurements wade at a rate of 250 Hz and
passed from the PLC to the local PC through the2B&Sserial connection and stored in
a text file for offline data processing. For eachasurement, two text files were created:
one to record the hard-energy count and the otheedord that of the soft-energy
gamma count. Raw data text files were imported M#&TLAB and transformed into
workspaces for further processing.

All data and signal processing operations were daken on a 1700 MHz Intel
Pentium 4 desktop system with 1024 MB RAM. MathWsoitkc MATLAB version
7.1.0.246 (R14) was the platform used for all digiignal processing and neural
network simulations performed as part of this reseaork.

62



3.2.4 Installation and Calibration

The gamma-source and detection blocks are moumdaaetrically opposite each other
on a vertical pipe section using a clamp-on mognkiracketfFigure 3.7. Caution was
exercised to align the source and detection unitis the centre of the pipe. The unit
distance from pipe wall should be approximatelyli®and 0.07 m for the detector and
source blocks respectively. Once physical insiallabf the unit has been completed,
the caesium-137 pulse height spectrum detected Ineuahalysed to ensure installation
has been successful. A bespoke program suppligd thé instrument was used to
produce a pulse height spectrum for gamma densiernrestallation.

Gamma-Source Block Gamma-Detector Block
— | ~0lm
\ 4
\ 0.07 m}
\ ” ; '{
0170 m { I L 0.146 m.

0.175m 0.356
1" Pipe

Figure 3.7 — Gamma Densitometer Instrument Instalia

The pulse height spectrum obtained is showRigure 3.5 The spectrum produce is
examined to ensure that the characteristic featass®ociated with a caesium-137
spectrum are present in the detected spectrumaytba required to adjust the physical
installation of the unit if distinct features aretproduced in the detected spectrum.

Prior to undertaking experimental data collecticor imultiphase flow mixtures,
reference gamma count values for the individual fiesds were determined in static
conditions in the multiphase flow facility. For deituid (air, water and oil) the catenary
riser section (internal diameter of 0.1082 m) wilasded and the flow stopped so that
the test fluid formed a continuum in the gamma denmseter measurement section.
Gamma densitometry data was collected for a pesfidd hour and the mean count for
each of the two energy levels determined. This exynt was repeated three times for
each fluid and the average value calculated. Thenngamma count and corresponding
mass attenuation coefficients, based on the assumibiat the attenuation air at 1 atm
is negligible, are summarised Tiable 3.2

Mean Gamma Count Linear Attenuation Coefficients (m™)
Spectrum . . . :
Air Water Ol Air Water Ol
Hard 179.7 78.7 90.1 0 7.63 6.38
Soft 490.3 262.5 291.2 0 5.77 4.81

Table 3.2 — Mean Gamma Count and Attenuation Qoeffis for Test Fluids
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The linear attenuation coefficients illustrate thithe water attenuates the gamma
radiation to a greater degree than the oil phasbdth energy levels owing to its higher
density. However, the ratio of attenuation impobkgdhe water and oil phases differ for
the two energy ranges analysed: 1.196 and 1.199tHer hard and soft ranges
respectively.

The mean gamma count values for the calibratiorx@nts were correlated with the
attenuating material densitidsgure 3.8
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Figure 3.8 — Gamma Attenuation as a Function oféviat Density

The gamma densitometer exhibited an approximatebat decrease in gamma count
with increasing attenuating material density fottbtne hard and soft signals. The hard
and soft energy gamma counts experienced diffegtes of attenuation with increasing
density. Consequently, the installed dual-energgsicen-137 gamma densitometer
demonstrated that it was functioning correctly artibited the expected discriminatory
response to materials of differing densities tdilirc®nfidence in the reliability of the
instrument for data analysis purposes.

3.2.5 Radiation Safety

In order to comply with Heath and Safety legislatid was necessary to measure the
radioactivity levels around the installation eacbti. Figure 3.9illustrates the gamma
count measurements taken around the source.
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Position 1 is 90° to the right of the 4-inch nonhibare pipe, position 2 is diametrically
opposite the source and position 3 is 1 metre dveay the pipe. The working area is
approximately 2 m away southeast of the pipe.
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Figure 3.9— Radiation Level Measurement Points

Gamma count readings were taken when the sourceewpassed. The results are
summarised iable 3.3

Position Average Dose Rate

1 5QuSv/hr
2 50QuSv/hr
3 uSv/hr

Table 3.3 — Radiation Level Measurements

Additional readings were taken near the workingianed below the platform:

1 1.5 meter away in the working area av/hr
2 Mid way between working area and source (58/hr
3 Under the platform at ground level 0.03v/hr

The unit of effective dose is the Sievert (Sv). Timaximum effective dose for
radiological workers is set at 20 mSv per year (&hlbody dose). This figure is
averaged over a 5-year period and no single yeaergaeed 50 mSv. The installation
radiation levels and control measures met the Bnuient Agency and Health
Protection Agency criteria. Nevertheless, perstmaimoluminescent dosimetry (TLD)
radiation detectors were worn at all time in thieolatory to record exposure during
experimentation with instrument; thus, ensuring ffersonnel exposure did not breach
the specified limits.

65



3.2.6 Signal Characteristics

Radioactive phenomena are random and discrete @ thature. Accordingly,

measurements made with a gamma detection instrumentsubject to statistical
fluctuations. This variation cannot be eliminatbdt its significance can be diminished
by increasing the number of measurements (i.e.elomgta collection periods). An
analysis of the gamma densitometer’s signal charmgtits was performed to ensure
that the proposed data gathering procedure emplingedptimal data collection period.

The mean gamma count for both the hard and sofggm#otons was monitored with
respect to time in order to ascertain the optimahsaurement period. The mean count
value was calculated after each cumulative minfitgata collection and its percentage
variation plotted to track the stabilisation of theean value with time. Analysis of
gamma count measurements in static air, water drwbifigurations revealed that the
high-energy hard spectrum was less affected bisstal fluctuations. The percentage
change in the mean gamma count for both the hatdsaft energy levels for static oll
are shown irFigure 3.10Q
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Figure 3.10 — Count Stability for Static Oil

The hard spectrum demonstrates very low fluctuatiarthe static oil: after 19 minutes
of data collection the variation in the mean vdileto +0.01%. The soft energy level's
mean value stabilises to within reasonable linfitsrahe same measurement time as the
hard energy level but it is prone to larger vaoias: up to £0.02%. Similar trends were
observed for tests undertaken with static air daaticswater.

The high-energy hard gamma photon count will bgesiibd to less severe statistical
fluctuation owing to its narrower window range alaiger transmission rate. The
increased detection frequency results in a lowaandsrd statistical error as it is known
that the standard error is inversely proportiomakite square root of the number of
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samples. Consequently, the hard spectrum was ¢sglon subsequent statistical
analyses of the output signals to attain the mamirdata collection period required.

Figure 3.11illustrates the effect of the fluid on the sofesppum mean gamma count
stabilisation.
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Figure 3.11 — Hard Energy Count Stability for Stafluids

Initially, the gamma count on the static water ei@ees the largest variation in its

mean value but stabilisation to within £0.01% wekiaved after only 8 minutes of data

collection. For static air, the hard spectrum meane converged to stability of +0.01%

within 7 minutes. Thus, it can be stated with cdefice that taking a measurement time
of 20 minutes for static fluid test will enable Bcient stabilisation of the gamma count

to give a stable count value representative oflthe.

The stability of the hard spectrum mean value walsssquently investigated for
dynamic multiphase flowdrigure 3.12 exemplifies the range of results obtained from
analysis of the statistical stability of the gamowunt for a range of different GVFs.
From the results obtained, it was concluded thiiairievel of variation in the mean
measurement could not be correlated to any of thiiphase flow properties as large
and small variations were witnessed for all flowngmsitions and types. However, the
time taken to attain an acceptably stable valueO{®o) is relatively low for low GVF
data points (16 minutes for a GVF of 23%); wherdagh GVF data points required a
longer time to establish the prescribed level ab#ity (35 minutes for GVF of 89%).
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As a result, a measurement time of 40 minutes waglayed for all data points to

ensure that the gamma counts of both energy lestdsned stable mean values
regardless of the test fluid mixture GVF. Test liciflows were monitored to ensure

steady flow conditions were maintained throughdut gamma densitometer data
collection period.

0.800%

—H¥—GVF=89% ——GVF=76%
—&—GVF=47% —#—GVF=23%

0.600%

0.400%

0.200%

0.000% -

Percentage Change in Mean

-0.200% -

-0.400%

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35
Measurement Time (min)

Figure 3.12 —Hard Energy Count Stability for Muhigse Flow Tests

3.3 Experimental Campaign

Gamma count data for 126 different multiphase flodhditions was collected across
the full operating range of the Cranfield Univeysihultiphase flow test facility to
expose the gamma densitometer instrument to a raitge of different flow regimes,
Figure 3.13
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Figure 3.13 — Test Matrix

Technical difficulties with the gamma densitometsit necessitated its removal for
repair at the beginning of the collection of data das superficial velocities of 1 ths
resulting in a reduced data set than originallycgrdated. However, all data points at
gas superficial velocities of 0.12, 0.3, 0.6 an8 ths' had been collected before the
densitometer failure and this was considered gaffticfor analysis. The multiphase
flow conditions are expressed in terms of the dipak phase velocities and the liquid
phase water cut. The superficial gas velocity v&albave been corrected for pressure
and temperature to account for conditions at thetmd measurement. For the purposes
of this research work, it was assumed that theeidiffce between the water and oil
phase velocity were negligible and that their vities could be represented by a
common value for the total liquid phase.

Each test point involved the setting and the momi¢pof the flow parameters in the test
facility on the DeltaV system. Gamma count recagdivas initiated when steady-state
conditions had been attained over a period of 2@utes. For each data point, gamma
densitometer data collection was undertaken foereog of 40 minutes so as to obtain
statistically stable count information.
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Chapter 4: Signal Analysis

This chapter summarises the signal analysis wonldacted on the gamma count data
collected from the gamma densitometer as desciib€thapter 3. The response of the
gamma-densitometer unit to different multiphasewfleonditions was examined.
Various statistical parameters were extracted ftbentime-varying signals and were
investigated to establish their correlation withakdcteristic parameters of the
multiphase flows which produced them. Analysis tté signals was also conducted in
the frequency domain. Furthermore, wavelet analysgs employed to facilitate
simultaneous analysis of the signals’ time anddezgy domain characteristics.

4.1. Sensor Response

The response of the gamma densitometer’s outpuotlsigas a function of time when
subjected to different multiphase flow conditionasnexaminedrigure 4.1 In each of
the test points illustrated, the water cut of tiepuid phase was 100%; thus, the
responses observed are functions of the gas aud ligterphase interactions with no
dependency on intraphase phenomena.

(a) Veg= 0.15 m3, V5 = 0.79 m§ andWC= 100% (b)Vsg= 0.13 m3, V5 = 0.12 m§ andWC = 100%

=
£

=
i
=
t 3

bbbl

I I I I I L I I I
1030 1031 1032 1033 1034 1035 1036 1037 1038 1039 104 1030 1031 1032 1033 103 1035 1036 103 1038 1039 1040
Measurement Time (s) ment Time (s

(C) Vgg= 1.32 m&, V5 = 0.79 m& andWC= 100% (d)Vs,= 0.99 m&, Vg = 0.12 m3 andWC= 100%

I I I I I I 1 I I I I 1 I I I I I I
1030 1031 1032 1033 1034 1035 1036 1037 1038 1039 104 1030 1031 1032 1033 1034 1035 1036 1037 1038 1039 1040
Measurement Time (s) Measurement Time (s)

Figure 4.1 — Gamma Count Data Signals
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The gamma photon count variations for the hard soff energy gamma photons
exhibited complementary time-varying responsesntlieation of density fluctuations
in the multiphase flows is obvious from the senépeaks and troughs in the amplitude
of the output signals. For high-density, liquidkiicfluid segments, the number of
gamma photons absorbed by the fluid increases. rAoagly, the magnitude of the
detector unit’'s output signal decreases. Conversledy signal magnitude will increase
for low-density, gas-rich, fluid segments where tluenber of photons absorbed by the
multiphase mixture decreases.

When analysed over a short period (e.g. 10 — 30msks3, the raw signal traces provide
a useful visual indication of the flow features g@et in the multiphase flow pipeline.
As the gas loading increases, the peaks producéldebgassing gas elements increase
first in amplitude and then in width. The peakssprd in the signals’ amplitude
represent the passage of gas structures throughegbsurement section: the greater the
amplitude of the signal peak, the larger the magitof the gas structure’s length in
the radial direction, with large peaks inferringigh local gas void fraction. Peak width
provides an indication of the gas structure lengttine axial direction: longer structures
will induce wider peaks. However, the width of akewill also be dependant on the
structure’s velocity and a wide peak could represbe passage of more than one
gaseous structure in close proximity to each other.

For data points with identical gas and liquid phasess flows, visual examination of
the sensor response to changes in the liquid pliat® cuts was not possible owing to
the much smaller scale variations they inducedhénsignals compared to the gas phase
induced variations: the component density ratigas:oil:water for the test fluids was
1:679:831 at 26C.

Figure 4.1 (a)— (d) exhibit flows with increasing GVF values: 16%, 5168% and
89% respectivelyFigure 4.2 illustrates the location of the data points orupesficial
phase velocity flow regime map composed employimg Taitel-Dukler bubble-slug
flow regime boundarj28].

The flow regime map classification compliments tieservations made on the raw
signal tracesFigures 4.1 (a)and(b) have sharp, narrow peaks characteristic of the
passage of small, discrete gas structures and wassified as bubble type flows.
Similarly, Figures 4.1 (c)and (d) comprise higher and wider peaks suggesting the
passage of larger gas structures that could beslimp type features predicted to
dominate by the flow regime map.

Examination of the full data set revealed that etst point's gamma count signal
differed from its counterparts in terms of amplgudime and frequency features and
correlated well with the Taitel-Dukler flow regimelassifications. Flow regime

classification of data points located near to fbe fregime boundary was not possible
as traits of both regimes were evident and anysiflagtion would have been

subjective.
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Figure 4.2 — Taitel-Dukler Flow Regime Classificatiof Test Points

Nevertheless, the sensor response analysis revdaé¢dclear indications as to the
characteristics of the multiphase flow present ipigeline could be obtained through
the extraction of appropriate features from the g@ncount output signals

4.2. Statistical Analysis

4.2.1 Statistical Parameter Dependence on Flow Chagteristics

A number of statistical parameters were calculétech the hard energy output signals
to analyse their relationship with key multiphasewf characteristics. The central
moments, linear prediction coefficients (LPCs), &ndar spectral frequencies (LSFs)
were plotted against the multiphase flow gas veoadtion (GVF),Figures 4.3— 4.17,
and the gas-oil ratio (GORJigures 4.18 — 4.32Definition of the statistical parameters
employed in the investigation is providégypendix B.

The mean gamma count was observed to increaseimdgtbasing GVF due to the
decreasing average mixture denskigure 4.3 At low GVFs the water cut influences
the mean count in a manner one would expect: tmedbwater cuts yielding higher
mean values. However, at GVFs in excess of 60%nthesnce of the water cut on the
mean value diminishes as high and low water cu daints intermingle.

The standard deviation also increases with GVHhasrteasurement range increases for
test points,Figure 4.4. In general, increasing the water cut led to iases in the
standard deviation. However, the largest standawlatons were obtained for test
points with a water cut of 40%. It is hypothesighdt phase inversion in the liquid
phase may induce this increased variation in thesorements.
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The skewness and kurtosis exhibited a linear deeregth GVF until GVFs of 75% or
greater were attained, at which point further iases in GVF had led to an increase in
both the skewness and kurtosis as the probabiktyiloutions become dominated by a
high count peak structures and start to narfeignire 4.5and4.6. In general, both the
skewness and kurtosis increased with increasingrveatts. However, test points with a
water cut of 40% did not follow this tend and extatl lower values of skewness and
kurtosis than expected. Again, liquid phase-inwgrsat water cuts of 40% was
hypothesised as the source of these discrepancies.

Increasing the GVF had little effect on the maghtwf the LPC2 and LPC3 values but
the variation between different data points wite fame GVF but different water cuts
diminished,Figure 4.7 and4.8. The magnitudes of the LPC2 and LPC3 values are a
function of water cut. The data points producedeasing LPC2 and LPC3 magnitude
values for water cuts in the following order: 09892 100%, 80%, 60% and 40%.
From the data, it was hypothesised that liquid gbagith significant water/oil content
were susceptible to phase inversion that produd®aeacteristic response to the gamma
signal depending on the water cut.

LPC4, LPC5, and LPC6 yielded similar reactions he tdifferent multiphase flows,
Figure 4.9 — 4.11 As observed for LPC2 and LPC3, the magnitudeshef LPCA4,
LPC5, and LPC6 values displayed no significant ddpace on the GVF value but the
variation between the data points for differentevaiut decreased with increasing GVF.
The water cut was the major influence on the LP@mitades, with phase inversion
effects again prominent. However, the response theasnverse of that seen with the
LPC2 and LPC3 parameters, decreasing magnitudesvdter cuts in the following
order: 0%, 20%, 100%, 80%, 60% and 40%.

The linear prediction coefficient error {E demonstrated an approximately linear
relationship with the GVF, increasing in magnitwdi¢h increasing GVFFigure 4.12
The water cut influences the error yielded in theedr prediction operation. Large
variability for water cuts was observed for GVFghe range 24 — 80%. At GVFs <25%
and >80%, a significant decrease in the influericthe® water cut was observed. The
LPC residual error magnitude increased with wategs of 100%, 0%, 20%, 80%, 60%
and 40% respectively for constant GVF values.

A decrease in magnitude of the LSF1 parameter wasreed with increasing GVF,;
particularly for GVFs in excess of 40%igure 4.13 Water cut was observed to exhibit
a significant influence on the LSF1 magnitude. L$@tameter exhibited successively
increasing magnitudes for water cuts in the follogvorder: 0%, 20%, 100%, 80%, 60%
and 40%.

LSF2 and LSF4 yielded similar responses to the iphdse flows demonstrating no
detectable reaction to variations in the GVWgures 4.14and4.16 The parameters’
magnitudes showed sensitivity to the liquid phasgewcut with increasing values for
waters cuts of 40%, 60%, 80%, 100%, 20% and 0%erts@ly. The variation between
parameter magnitudes with water cut for data pahexjuivalent GVFs decreased with
increasing multiphase flow GVFs.
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The LSF 3 and LSF 5 coefficients decreased in ntadei with increasing GVF,
Figures 4.15and4.17. In this instance, the variation between data tgoaf different
water and equivalent GVF was observed to be atremmim for GVF <25 % and GVF
>75% and increase significantly for GVFs betweet2thd 75%. Parameter magnitude
was again a strong function of water cut with iasiag parameter magnitudes obtained
for data points with water cuts of 40%, 60%, 80%) And 20% respectively.

GOR is defined as the volume of gas produced plem of oil produced at for a given

temperature and pressure. For the purpose oftinily,sGOR values were calculated at
the measurement section pressure and temperatureafth test point to enable

comparison of data points taken at different flamditions.

Figure 4.18depicts the mean count’s relationship with the GARa fixed water cut,
the mean value increases in a linear fashion foR&0p to 5, at which point the rate of
change of the mean with GOR begins to decreaseagnitude with increasing GOR
values. The data plot suggests that, for fixedidiquhase water cuts, operating above a
critical GOR value vyields no further influence dretmean gamma count as the liquid
content decreases below the minimum threshold cdraten required to produce a
measurable attenuation effect on the gamma beam.

The standard deviation was found to increase imalas fashion to the mean with
increasing GOR values;igure 4.19 However, the water cut exerted a different effect
on the magnitude of the standard deviation paramgtereasing standard deviations
were obtained from water cuts in the order: 0%, 28086, 60% and 40%. This agrees
with the results obtained for the standard devmati@riation with the GVF. The
presence of a larger standard deviation at a wateof 40% was attributed to phase
inversion effects in the liquid phase.

Both the skewness and kurtosis were observed tease with increasing multiphase
flow GOR, Figures 4.20and 4.21 A sharp decrease in skewness and kurtosis was
obtained for GOR of up to 4. Increasing the GORvabb had little effect on the
magnitude of the kurtosis or skewness coefficients.

The linear prediction coefficient (LPC) and lineespral frequency (LSF) coefficients
were analysed with respect to the GOR but no qii=ioié response was observed.
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4.2.2 Probability Distribution Analysis

Analysing the probability mass function (PMF) ofetlsignal output from a sensor
subjected to multiphase flow conditions is an dshbd technique for flow regime
identification[16]. PMF plots were produced for the hard energy $sgaad analysed
with respect to the raw data plots and the stesisproperties of this data, in an attempt
to rationalise the variations in the PMF distribatigeometry with respect to the flow
conditions and statistical property variations.

A number of different PMF shapes were witnesseth winumber of test points sharing
a common geometry. the differences between the smmals for different flow
conditions are conserved in the PMF representatioough the PMFs’ geometries.
Figure 4.22 (a) — (d)depicts the corresponding probability mass funsti@MFs) of
the hard spectra raw signals feature&igure 4.1

(@) Veg= 0.15 md, V5 = 0.79 m& andWC=100% (b)Vsg= 0.13 mg Vg = 0.12 mg andWC= 100%

Figure 4.22 — PMF of Output Signals

Figure 4.22 (a)is typical of a low GVF test point: there is a igroportion of low
counts in the signal, owing to the high fluid déypsbut a narrow band is observed for
counts between 110 and 190 induced by the pasdaggatvely small quantities of
gas. The Cranfield University test facility doeg faxilitate visual identification of flow
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regimes during testing. As a result, the flow reggnwere inferred from raw signal
analysis and published flow regime maps. Examif@ajures in the raw output signal,
and plotting the test conditions on a Taitel-DuKlew regime map, indicated a bubble
type regime was preseriiigure 4.1 (a)and4.2).

Figure 4.22 (b)illustrates that as the liquid load is reduce@, basic bubble flow PMF
shape is conserved. The main differences obserbdraspect to (a) is that the main
peak has moved slightly to the right to accommodategher mean value and the count
variation is larger, giving rise to a wider peakrefluced amplitude. The proportion of
high counts increases with the increased gas preserd the narrow band in the 110 to
190 count range is more prominent. Analysis of rda@ output signal, in conjunction
with the plotting of the test point conditions onTaitel-Dukler flow regime map,
indicate a bubble type regimeigure 4.1 (b)and4.2).

Figure 4.22 (c)shows the PMF for a data point with the same didoading as seen in
Figure 4.22 (a)but for a higher gas content. In this case, th&Rgometry is distinctly
different to that observed ifa) and(b). The proportion of low counts that formed the
dominant peak structure (a) and(b) has been significantly reduced. The increased gas
content enables a higher proportion of counts énréinge 110 to 190 and the formation
of a second peak structure in this range is evidenb-peaked PMF have been shown
to be characteristic of slug type flows with onalpeepresentative of the passage of
liquid slugs and the other of the gas dominated.ldgirthermore, both raw signal
analysis and plotting the test point conditionstio@ Taitel-Dukler flow regime map,
indicated a slug type regimBigure 4.1 (c)and4.2).

Figure 4.22 (d) depicts the PMF for a gas dominated multiphasev.flohe PMF
geometry is somewhat different to the other teshtpaas the major peak is migrating
towards the high-count range. The liquid loadingstdl sufficient to produce a
significant proportion of lower counts. As a resuwdtwider, flatter distribution than
observed inFigure 4.33 (c) is obtained. Analysis of the raw output signal, in
conjunction with the plotting of the test point diions on the Taitel-Dukler flow
regime map, indicates that the multiphase flow leix#islug type structures , albeit
larger than those observedfigure 4.22 (c)(Figure 4.1 (b)and4.2).

PMF analysis of the full data set yielded resutissistent with the above analysis: PMF
geometries were found to give a reliable indicatdrihe test point flow regime, with
reference to raw signal and published flow reginsg@si Using the PMF, raw data plots
and the test points were classified into their flmgime: bubble or slug. Scatter plots
for a host of statistical parameters were produaedl their suitability for flow regime
identification purposes was analysed.

It is known that the first four statistical momendgscribe certain features of a
probability distribution. Consequently, scatter itheof the first four moments were
produced to examine their potential for flow regiot@ssification Figures 4.23 — 4.28
The multiphase flow data points illustratedrigures 4.1and4.22 have been identified
on each plot for reference purposes.
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All of the plots generated yielded data point @ustwith similar PMF geometries and
displayed a clear boundary between bubble and fidugregime pointsFigure 4.26
and4.27 did not exhibit clear trends in PMF geometry tidoss and produced widely
scattered data points not suitable for classifcatiThese diagrams showed the
relationships between the PMF asymmetry and spraad, peakedness and spread
respectively. Thus, it can be concluded that thehlspation of these parameters alone
are insufficient to describe the PMF geometry difety.

Figures 4.23 4.24 4.25 and 4.28 all illustrated a clear trend in the PMF geometry
transition. Furthermore, the data pointd=igures 4.24 4.25and4.28 can be described
effectively using regression trend functions widasonable accuracy. Approximating
the scatter plots as a function enables flow regotassification to be carried out
through the calculation of two key statistical paeders.

Consequently, it was concluded that scatter plbtskewness and mean; kurtosis and
mean; and skewness and kurtosis provide usefuinrg#tion about the expected PMF
geometry of a test point and thus, its likely fleegime. Nevertheless, flow regime
boundary conditions still have to be specified ucls a case and around these borders
some data points exhibited features of both sluglarbble regimes. It was recognised
that this technique has limitations in flow regimkassification for flow conditions
operating close to designated flow regime boundarie

As visual identification of the flow regime was npossible during data collection,
verification of the signal analysis findings wasdartaken using a multiphase flow
simulation code. There are three main commercidtipmase flow simulation codes:

PLAC, TACITE and OLGA 101]. For the purposes of this study OLGA 2000,
developed by Scandpower AS, was used owing tdcaénse availability at Cranfield

University.

Using the OLGA 2000 software, a model of the CmdfiUniversity multiphase test
facility was developedAppendix C. A series of steady state simulations were
undertaken to model some of the multiphase flowslistl during the experimental
campaign. The simulation output enables theoretmpahntification of the fluid
conditions in the test section that would have beltained during experimental data
collection. A host of different multiphase flow paneters were available for analysis
including the dominating flow regime and the sujpgaf phase velocities.
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Figure 4.29illustrates the OLGA 2000 flow regime classificatiof the air —water data
points on the test matrix. Discrepancies were olesebetween the Taitel-Dukler data
point classification in the definition of the bubkbdlug regime boundary. The OLGA
simulations predicted that slug regimes would bmidant in the test phase facility at
lower superficial gas velocities.

Figure 4.30illustrates a scatter plot of the mean gamma cagainst the coefficient of
kurtosis with the OLGA flow regime classificatiomsdicated. In contrast t&igure
4.25 there is a discontinuity in the flow regime triios between the OLGA identified
slug and bubble regimes employing the scatter pfothe mean gamma count and
coefficient of kurtosis. Discrepancies arose fotadpoints located near to the flow
regime boundary. It was recognised that not ondhef flow regime classification
methods would yield a definitive answer. At flownclitions close to the flow regime
boundaries, the bubble and slug description of fesnhts breaks is merely for
convenience as fluid will exhibits properties oftib@nd none of these classifications.
One possible explanation for these inconsistensigbat the OLGA model took into
account the sight deviation from the vertical oé thfamma densitometer installation
point on the riser.

Nevertheless, the theoretical comparison of theexpental flow regime classifications
did agree for test conditions where clear iderdifian of a dominating regime was
expected. Consequently, it was concluded thatenattsence of visual verification, the
statistical scatter plot method proposed for flegime identification can be used as a
tool as long as caution is exercised with pointssified in the proximity of the
imposed regime boundaries.

4.2.3 Interim Summary: Statistical Analysis

A host of statistical parameters were extractednftbe time-varying gamma count
signals and their correlation with characterist@rgmeters of the multiphase flow
composition investigated. Parameters demonstratisgrimination for different flow
conditions were observed to be complex functionthefgas and liquid phase loadings
and the water cut. The probability mass functiatpprovided a good indication of the
prevailing flow regime. A scatter plot of the mehard gamma count against the
coefficient of kurtosis produced a quantifiable dyadic relationship which enabled
classification of the flow regimes. Nevertheleskgssification was subjective when
operating in the proximity of the defined flow rew boundary as traits of more than
one regime were evident and discrepancies wereingtain classifications from
experimental data with published flow maps and e¢hdsom multiphase flow
simulations.

4.3 Frequency Domain Analysis

4.3.1 Dependency of Signal Dominant Frequencies &fow Parameters

Dynamic fluctuations are inherent in all multiphds®v systems. The time-varying
gamma count signals were analysed in the frequelocyain. Fourier analysis was
conducted on the raw output signals using a fasti€o transform (FFT) algorithm
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based on Cooley and Turke$(2Z. From preliminary investigations it was observed
that the frequency response of the hard and sajhals were intrinsically
complementary. Accordingly, the detailed frequeranalysis work undertaken was
restricted to the hard energy densitometer signals

Power spectral density (PSD) diagrams were comgii@a the FFTs employing the
Welch technique. The PSD describes how the powea signal is distributed with
frequency. Welch's technique calculates a signalierage FFT spectrum across a
number of overlapping split sections to increaseabcuracy of the frequency spectrum
obtained.

For each gamma densitometer signal, a 15,000 dait# plamming window was
employed to undertake a 15,000 data point FFT eyimgoa fixed overlap between
windowed sections of 50% of the window sizagure 4.31 (a) — (d)depicts the
corresponding PSD plots of the hard spectrum rawads featured ifrigures 4.1and

4.6.
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Figure 4.31 — PSDs of Output Signals for VariougwrIConditions

The region of interest was the signals’ frequenogitent between 0.5 Hz and 2 Hz
which was identified from the raw signals as beimg dominating frequency range for
the multiphase flow mixtures investigated. It candeen that above approximately 10
Hz the spectra were identical irrespective of fbefconditions. The flat nature of the
spectra in this region suggests that it stems fileenwhite noise floor inherent in the
gamma decay process; thus, it was deduced that flitbv parameter information is
likely to be obtained from it.
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Between 0.5 Hz and 2 Hz, a discernable differencdee PSD geometries was identified
for the different flow conditions. Exploiting theath yielded by the PSDs of the raw
gamma data signals, the major frequency compors@néach signal were identified.
The dominant signal frequency data was extracteldtlaen plotted on a contour plot to
exhibit the variation in the magnitude of the sigalominating frequency with
changes in the multiphase fluid’s superficial pheslecities,Figure 4.32
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Figure 4.32 — FFT Dominant Frequency Contour Plot

Employing the superficial phase velocities as tlasid for the contour plot axes
facilitates the designation of the bubble-slug flmgime boundary; thus, enabling the
flow regime sensitivity of the dominating signaledquency data generated to be
ascertained. The Taitel-Dukler definition of thevil regime boundary was employed in
all cases.

In general, the magnitude of the dominant frequeweg observed to increase with
decreasing gas superficial velocity and increadiqgid superficial velocity. The
influence of the liquid phase loading decreaseh witreasing gas loads. The maximum
dominant signal frequency values were obtained atimum liquid phase loading for
liquid superficial velocities of approximately 0r8s*. Nevertheless, the dominant
signal frequencies provide insufficient discrimioat to phase loading variations to
facilitate classification on a global scale.

Examining the flow regime classified regions of teatour plot independently; it was
observed that the dominating signal frequency énlthibble regime exhibited a complex
response to variations in the flow’s phase loadirigse magnitude of the dominant
frequency did not demonstrate any evidence of attfieble underlying dependence on
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either of the phase loadings. In contrast, the skgime region demonstrated a more
uniform response with significantly less sensijivib variations in the liquid phase
loading. At gas loadings above 0.5 Tshe magnitude of the dominant frequency
exhibits a strong dependence on the gas superfighdcity. However, at lower

superficial gas velocities, the liquid phase exeats increasing influence and the
resulting response is complex, although with lemsation as observed with the bubble
regime.

The influence of the liquid phase water cut onrtfegnitude of the dominant frequency
yielded by the PSDs of the gamma densitometer signas evaluated by compiling
individual contour plots for data points with commwater cutskigures 4.33 (a) — (d)
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Each of the individual liquid phase water cut valwan be seen to exert a different
dominant frequency feature response to the vansatio the multiphase fluid phase
loadings on both a global and flow regime spedifisis. In general, the magnitude of
the dominant signal frequency increased with destngawater cut as the density of the
liquid phase increases. Larger than might be erpleftequency magnitudes were
observed at water cuts of 60% where it was hypatbdsthat phase inversion

phenomenon in the liquid phase could e contributinthe increased dominating signal
frequency. However, based on the results, it wascloded that the liquid phase

composition provides an additional layer of comfilexo the relationship between the
phase loadings. However, even when the water ocaitisolated the relationships

between the dominant frequency and superficial @katocities do not lend themselves
to quantification.

Analysis of the passage frequency of gas structurebe measurement section, as
identified by the large temporal fluctuations ire thamma densitometer output signals,
was also conducted and compared with the conveaaitioiRT based frequency analysis
technique.

4.3.2 Dependency of Gas Structure Frequencies onokt Parameters

A MATLAB function was created to identify the numbef maximum peaks, of a
defined minimum amplitude, were induced by the pgs<f gas structures within each
of the gamma count signals; thus, facilitating tetermination of the gas structure
frequency for each of the multiphase flow mixturdsyariety of different minimum
amplitude criteria were set and the gas structejpeating frequencies determined were
analysed to quantify their dependence on key mhdsp flow parameters.

The gas structure frequency calculations were uakien for minimum peak amplitude
magnitude thresholds of 50, 30, 20 10, 5 and 1 suf the hard-energy gamma
photons. The results were plotted on a series wifoco plots to exhibit the variation in
the gas structure frequency magnitude with changéise superficial phase velocities,
Figures 4.34 (a) — (f) The Taitel-Dukler flow regime boundary has beepesimposed
to facilitate determination of the flow regime séingy of the gas structure frequency
data generated.

At the upper (50 counts) and lower (1 count) thodsghimits examinedFigures 4.34
(a) and (f) respectively no quantifiable correlation was otwsdr between the gas
structure frequency and the superficial phase wt#sc Nevertheless, the gas structure
frequency magnitude did exhibit distinctly flow mege specific responses.

In the bubble regime, it was observed that thesgagture frequency of the large gas
peaks (threshold = 50 counts) was dominated byg#sesuperficial velocity: the gas
structure frequency increases with increasing ggeeréicial velocity and the liquid
loading having a comparatively negligible influent® contrast, the total gas structure
frequency, determined through the application ofaamplitude threshold of a single
count, was found to increase with decreasing ga#oamecreasing liquid superficial
velocities.
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Figure 4.34 — Variation in Multiphase Flow Gas Sfture Frequency
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In the slug regime designated area of the plots,ldhge gas structure frequency was
observed to increase with increasing gas supdrfielacity and remain insensitive to
the liquid loading; meanwhile, the unit count threlsl gas structure frequency analysis
showed an increasing sensitivity to the gas supalfivelocity, and a decreasing
dependence on the liquid superficial phase veloeig produced with increased gas
loading.

Employing peak amplitude thresholds of 30, 20, 4@ & countsFigures 4.34 (b) (c),

(d) and(e) respectively, it can be seen that strong flowmegdependent relationships
were exhibited between the gas-structure frequenmeasured and the superficial
phase velocities. However, in these cases onelusaree that the magnitudes of the gas
structure frequency contours are largely segregatesks the flow regime boundary. In
general, the magnitude of the gas structure freqjuemas found to increase with
increased gas loading and/or decreased liquid ngadihe sensitivity of the gas
structure frequency to the gas loading diminisheth vincreasing gas superficial
velocities as the liquid phase velocity dominates magnitude of the gas structure
frequencies observed. Within the slug regime, éright-hand side of the Taitel-Dukler
boundary, the relationship between the gas stredtaguency and the phase superficial
velocities is more distinct than that observed initithe bubble regime. In addition, the
contours in these plots demonstrated a quasi-umitistribution, especially in the slug
flow regime, in contrast to those obtained at tkiFeenes of the amplitude threshold
range considered.

Consequently, although the discrimination of the gaucture frequency parameter is
not sufficient to classify superficial phase vetms, it could be exploited to indicate the
prevailing flow regime of a multiphase flow. Nevestess, as with all methods of flow
regime identification, designation of the geometfiom of the dominating flow
conditions in proximity to the defined classificatiboundaries remains nebulous.

In order to analyse the effect of the multiphasavf liquid phase water cut on the gas
structure frequency, contour plots were producledtiiating the influence of the liquid
phase water cut at different liquid loadings anxled’ gas flow ratesFigures 4.35 (a)

— (d) show the gas structure frequency variation withtewacut and liquid phase
superficial velocity for a minimum peak amplitudeeshold of 10 counts.

It was observed that the influence of the wateratuthe gas structure frequency was a
complex function of the peak amplitude thresholas guperficial velocity and liquid
superficial velocity. All of the amplitude threskolalues analysed yielded contour plot
of comparable geometric forms. However, the congmametries exhibited by the 5, 10
and 20 count thresholds were more clearly pronadiacel exhibited superior contour
distribution forms for analytical purposes. No datas available for the high gas
superficial velocity — low liquid superficial velilg combination owing to the test data
set examined; hence, the reduced contour pleigare 4.35 (d)

At fixed gas loadings, the gas structure frequas@yfunction of both the liquid loading
and the liquid phase water cut. At gas superfigibcities between 0.13 and 0.16 s
it can be observed that the maximum gas structecgiéncy is obtained for low liquid
loading-low water cut flow combinations, i.e. tloaver liquid phase density the greater
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the gas structure frequency. It can be seen tleatotiier the liquid loading the more
sensitive the gas structure frequency will be toat@ns on the water cut. As the gas
loading is increased, the liquid loading begindaminate.
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Figure 4.35 — Influence of Water Cut on Gas Strieterequency

At gas superficial velocities in excess of 0.59™tscan be seen that the maximum gas
structure frequencies are obtained for pure liquiihse mixtures with the minimum
frequencies being observed for water cuts in tingeaof 40 — 60%. It is hypothesised
that increased shear forces between the oil anerwatmponents due to phase inversion
in these flows results in the prevention of a digant proportion of the larger gas
structure formations.
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4.3.3 Interim Summary: Frequency Domain Analysis

Frequency domain analysis of the signals using pieVed unsuccessful in decrypting
the relationship between the frequency spectraitieisand the dominating signal
frequencies, with respect to the multiphase flowapweters on both a global and flow
regime specific basis. Investigation of the gasedtre frequency relationship proved
more fruitful with the passage frequency of gasittires demonstrating exhibiting a
strong flow regime specific dependency on the dasse loading. Correlation with the
liquid phase was observed to increase with incebgses loading while the water cut
exerts a significant influence on the gas strucftequency at low liquid loadings. It
was hypothesised that analysis of the time-frequeistng wavelet analysis may result
in increased discriminability between data points.

4.4 Wavelet Analysis

The use of Fourier analysis for signal analysisdres major drawback: it loses all time
domain information. Accordingly, it is impossible tell when a particular event
occurred. A modified version of the Fourier tramsfowas developed to enable the
determination of both signal time and frequencyrabiristics: the short-time Fourier
transform (SFFT). However, the SFFT has its ownitéitions, namely information
domain resolution trade-off. The SFFT employs &dixvindow size to analyse the
frequency content of small segments of the sigtmais, it provides a fixed resolution
analysis. As a result, using a narrow SFFT windoiv yeld high-resolution time
domain information but poor frequency resolutioon@ersely, employing a wide SFFT
window, detailed frequency information is obtainadthe expense of the temporal
resolution.

Wavelet analysis is a technique that facilitatedtimnesolution analysis of a signal’s
frequency and time domain characteristics. In thve frequency sections one obtains
high-resolution time information; whereas, in thghhfrequency part one will get low-
resolution time informatiorfrigure 4.36[103.
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Figure 4.36 — Wavelet Analysis
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A wavelet is defined as a waveform of finite duvatthat has an average value of zero.
There are a number of different types of waveksigh with their own specific strengths
and weaknesses, some common examples are illastirateéigure 4.37. A detailed
review of wavelet family properties and selectioitetia is available in the MATLAB
Wavelet Toolbox User Guidd.04].
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Figure 4.37 — Wavelet Functions

Wavelet transformation of a signal involves decosipg the signal into a number of
coefficients C) based on the correlation of the original sigi@ with a series of scaled
and translated wavelets based on a single motheglgtdunctiony.

+o0

1 t-r
C(r,9) = x(t)—¢[—jdt (Eq. 4.1)
PO

Where,z ands represent the translation and scale of the motlaselet respectively,
and z is the complex conjugate af

These coefficients can then be exploited to andlysesignal energy distribution in a
time-scale plot: the-axis displaying the position along the originajral (i.e. time),
the y-axis showing the corresponding wavelet scale,thaccolour allocated to the x-y
intersections depict the magnitude of the assatiaterelet coefficient.

It should be emphasised that the wavelet coeffiqgits have time-scale and not time-
frequency axes. The term frequency is term reseesgicitly for use with Fourier
analysis procedures. In wavelet analysis, the veavieinctions correlated with the
original signal are not purely periodic, so itngorrect to directly interpret the results in
terms of frequency. However, one can examine laguency features present in a
signal using high scaling factors on the mother ele@vfunction and vice versa. Abry
[105 proposed a technique to link the scal® signal frequency content based on the
following expression.

F
F =—c¢ Eq. 4.2
“ sIA (Eq )

Where,F;. andA denote the wavelet centre frequency and sampknigg respectively.
The frequencies determined are not true valueshmatretical pseudo-frequency based
on the approximation of scaled wavelet functioréastee frequency. Caution should be
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exercised when comparing analyses undertaken empglqurely period frequency
with those employing pseudo-period frequency.

There are two categories of wavelet transform: iooous and discrete. Although both
these procedure operate on discrete signals, thtehaous transform is defined as such
that wavelet coefficients are determined at allessdrom that of the original signal up
to the defined maximum, and translation is undemakcross the full domain of the
signal being analysed. On the other hand, disctetesformation calculates the
coefficient terms at a chosen subset of scalepasitions.

4.4.1 Wavelet Transform Coefficient Analysis

Investigation of continuous wavelet transform pagtars revealed that the use of a
special type of continuous transform called thedityavavelet transform facilitated
accurate representation of the original signakscttal properties with considerably less
computer processing. Dyadic wavelet analysis ipexial case of continuous wavelet
analysis whereby discrete scale parameters basetheorpower of 2 series, and
continuous parameters in the spatial domain, argamad with no appreciable loss of
information [LOG. Preliminary analysis exhibited that utilisingettDaubechie db3
wavelet and a raw signal length of 2750 sampless@donds of collected data), the
continuous wavelet transform enables good distinctoetween the frequency-time
characteristics of the gamma densitometer sighaisire 4.38

Figures 4.38 (a) — (ddelineate the corresponding continuous waveletficteit plots
for the hard spectrum densitometer signals featumeHBigures 4.1 4.22 and 4.31
(signal response, probability mass function and grovspectral density plots
respectively). The wavelet coefficients at eachhef dyadic scale-sample intersections
have been coloured according to their magnitudateWight-pink regions represent
large magnitude coefficients; while, black areadidate points with small magnitude
wavelet coefficients. Irregularities can be obsdna the wavelet coefficient plot
boundaries: data in these regions should not be feseanalysis is it is produced from
extrapolated data and it cannot be guaranteed tohheacteristic of the signalhe
wavelet coefficient plots gave a good visual intdara of the fractal properties of the
density fluctuations in the multiphase flows foffelient gas and liquid loadings. The
liquid phase water cut was 100% in for each ofahalysis illustrated.

It can be seen that as that the gas void fractfaiheo multiphase flow increases from
Figure 4.38 (a) through to(d), there is an increasing presence of high-scalecigiv
coefficients indicating an increase in the low freqcy content of the gamma signal
(pseudo-frequency < 4 Hz). This corresponds tor#tve signal trace indicating low
frequency slug features. The high frequency confesgudo-frequency >12 Hz) of the
signals was largely similar for all gas-liquid comditions. The intermediate pseudo-
frequencies showed larger prominence and time lméitlafor data points lying close to
flow regime boundaries.
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Figure 4.38 — Continuous Wavelet Transform CoeffitPlots

96



(C) Vsg= 1.32 m&, Vg = 0.79 m§ and WC = 100%

(d) Vsg=0.99 m&, Vg = 0.12 m& and WC = 100%

Sanple

Figure 4.38 — Continuous Wavelet Transform CoeffitPlots
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The influence of the GVF on the low frequency coniaf the signal was reinforced in
extending the analysis to the full data set. Initald the liquid phase water cut was
observed to exert a significant influence on thevelet coefficients. The fractal
properties induced by the liquid phase water cueweost significant for water cuts of
40% and 60% where one would expect phase invegienomena in the liquid phase.
The degree of variation introduced in the waveletfficient transform for different
water cuts is a complex function of the gas andidigphase loadings, coefficient scale
and time. The relationship between the waveletfments and fluid flow properties
were examined in more detail using wavelet packatyasis.

The wavelet coefficient plot scale values can bantjtied in terms of periodic pseudo-
frequencies, as determined frd&iq. 4.2 Figure 4.39

Pseudo-Frequency (Hz)

Scale

Figure 4.39 — Scale against Pseudo-Frequency foval¢a Coefficient Plots

4.4.2 Wavelet Packet Analysis

Wavelet packet analysis is a generalised form sfrdie wavelet decomposition that
involves splitting the original sign&8into a series of low-frequency approximatioA$ (
and high-frequency detail®] coefficients through the employment of a serielsamd-
pass filtersFigure 4.4Q The reader is directed to Misét al[104] for information on
wavelet packet analysis theory and applications.
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Figure 4.40 — Two Level Decomposition Wavelet Pagskalysis

A four-level decomposition was performed on the @8ample signals employing the
db3 wavelet. The Shannon non-normalised entropgdasiterion was exploited to
determine the optimal level of signal decomposifibdi7].

Figures 4.41 (a) — (d)llustrates the resulting wavelet decompositiohef signals used
in previous illustrations: exhibiting their fourtlevel approximation and each of the
approximation levels’ associated detail coefficgent

The fourth level approximation of the signalg)(gields a smooth noise-free signal
enabling clear distinction of the low-frequency+@.8 Hz) fluctuations induced by the
passage of large gas structures. Discrepanciealsarbe observed in the level 4 detalil
coefficients (d) for the different flow conditions. However, examation of any
discrimination existing between the detail coe#fids at each of the higher levels was
not possible by visual means owing to their comipjexConsequently, analysis of the
statistical properties of all wavelet packet caméints was undertaken with respect to
multiphase flow superficial phase velocities angill phase water cuts.

The statistical parameters from all wavelet packe¢se extracted after performing
level 4 wavelet decompositions on the full lengtimals, Appendix D. The statistical
properties of the wavelet packetsHigure 4.41are detailed ifable 4.1

The relationships exhibited between the waveletitevefficient statistics and the flow
parameters were complex and dependent on the dudivipacket involved. The gas
phase parameters (superficial gas velocity and GaR)bited the strongest correlation
with the standard deviation; however, their relasioip was not sufficiently
interdependent to derive a quantifiable relatiopsfiihe liquid superficial velocity
displayed no obvious dependence on any of thesstati parameters analysed.
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(c) Veg= 1.32 mg, Vg = 0.79 mg andWC = 100%
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Extending the analysis to the full data s&pgendix D), it was observed that the fourth
level approximation signals retain the discrimimgatstatistical characteristics of the
original signals. Again, the strongest correlatiorese obtained between the gas phase
parameters and the standard deviation of wavelgtgbacoefficients with all packets.
However, these correlations offer no improvement thnse that were obtained
employing the original gamma count signals. Both liquid phase superficial velocity
and water cut exhibited poor correlations with statistical parameters extracted from
the wavelet packet coefficients.

The wavelet packet statistics were also subjecnalysis on a flow regime specific
basis employing the Taitel-Dukler definition of thmibble-slug regime boundary.
Nevertheless, the individual flow regime data sethibited weaker correlations with
the same statistical parameters as observed gdhtrdata as a single data set.

Standard Coefficient of Coefficient of Coefficient of

SR Deviation Variance S GIESS Kurtosis

(a) | 83.78 10.895 1.3E-01 1.6E+00 4.812
Original ~ (b) | 90.71 15.395 1.7E-01 1.6E+00 2.854
Signal (c) | 117.28 20.697 1.8E-01 5.4E-01 -0.665
(d) | 135.07 20.148 1.5E-01 -1.7E-01 -0.620

(a) | 84.19 7.606 1.1E+01 2.0E+00 5.094

Level4  (b) | 90.65 13.562 6.7E+00 2.1E+00 3.995
(aw) (c) | 117.43 18.860 6.2E+00 6.4E-01 -0.896
(d) | 135.01 18.061 5.5E+00 -2.7E-01 -0.883

(a) - 4.287 -1.4E-05 4.2E-02 2.554

Level4  (b) - 2.650 1.8E-06 -7.8E-03 1.568
(dy) (c) - 3.787 -5.4E-06 3.8E-03 0.584
(d) - 3.615 6.6E-06 2.4E-04 0.711

(a) - 3.020 -7.0E-07 -3.6E-03 1.323

Level 3  (b) - 2.591 -8.8E-06 5.5E-04 0.381
(ds) (c) - 3.573 -1.1E-05 9.5E-04 0.397
(d) - 3.609 -1.8E-06 9.1E-04 0.329

(a) - 3.531 -6.8E-07 2.0E-06 0.017

Level2  (b) - 3.451 -8.0E-07 1.1E-03 0.327
(d2) (c) - 4.069 -1.1E-06 6.2E-06 0.048
(d) - 4.338 -7.1E-08 -1.1E-03 0.226

(a) - 4.952 -5.1E-07 1.2E-02 0.026

Level1  (b) - 5.098 1.0E-06 1.3E-02 0.051
(dy) (c) - 5.719 -1.1E-06 1.4E-02 0.096
(d) - 6.054 7.2E-07 1.2E-02 0.073

Table 4.1 — Statistical Analysis of Wavelet Packegfficients
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4.4.3 Interim Summary: Wavelet Analysis

Wavelet analysis indicated the intricate relatiopgietween the time-frequency content
of the signals was a complex function of the gas laquid phase flow rates, and the
liquid phase water cut. Discriminatory fractal peojpes were observed in the
continuous wavelet transforms but it was not pdssib determine any quantitative
relationship between these fractal properties dmed multiphase flow parameters on
either a global or flow regime specific basis. Hoer from the results obtained, it was
determined that any potential discriminatory infatran observed in the fractal

properties of the wavelet transform of the gamngmas is complex in its nature.

However, it was hypothesised that the wavelet foansdata would lend itself better to

analysis using pattern recognition signal procesgchniquesGhapter 6.6).

4.5 Summary

This chapter analysed the characteristics of thanga densitometer’'s response to a
number of multiphase flow conditions in a numbemddrmation domains.

The output signals exhibited fluid density flucioas characteristic of the flow regimes
predicted by published flow regime maps. A host stéitistical parameters were
extracted from the time-varying gamma count signahgl their correlation with
characteristic parameters of the multiphase flompaosition investigated. Parameters
demonstrating discrimination for different flow atitions were observed to be complex
functions of the gas and liquid phase loadingsthedvater cut.

The probability mass function plots provided a gaadication of the prevailing flow
regime. A scatter plot of the mean hard gamma cagainst the coefficient of kurtosis
produced a quantifiable quadratic relationship Wwheaabled classification of the flow
regimes. Nevertheless, classification was subjeatikien operating in the proximity of
the defined flow regime boundary as traits of mitv@n one regime were evident and
discrepancies were obtained in classifications fexperimental data with published
flow maps and those from multiphase flow simulasion

Frequency domain analysis of the signals using pieVed unsuccessful in decrypting
the relationship between the frequency spectraitiefisand the dominating signal
frequencies, with respect to the multiphase flomapweters on both a global and flow
regime specific basis. Investigation of the gasedtre frequency relationship proved
more fruitful with the passage frequency of gasittires demonstrating exhibiting a
strong flow regime specific dependency on the desse loading. Correlation with the
liquid phase was observed to increase with incebg@ses loading while the water cut
exerts a significant influence on the gas structigguency at low liquid loadings.

Wauvelet analysis indicated the intricate relatiopdietween the time-frequency content
of the signals was a complex function of the gas laquid phase flow rates, and the
liquid phase water cut. Discriminatory fractal peopes were observed in the
continuous wavelet transforms but it was not pdssib determine any quantitative
relationship between these fractal properties hadiultiphase flow parameters.
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Based on the signal analysis conducted, two appesawere investigated to infer the
determination of key multiphase measurement paesietfrom the gamma
densitometer signals.

A mechanistic approactChapter 5) was undertaken which aimed to utilise the degree
of attenuation from the two gamma energies to ekiphase fraction information. In
addition, it was hypothesised that the fractal props of the gamma densitometer
signals could be exploited to infer phase veloitifgrmation.

Concurrently, the exploitation of pattern recogmititechniques Ghapter 6) was
considered the most suitable means to investigaiderlying correlations in the
complex relationships exhibited by a number of istiaal parameters and key
multiphase flow parameters.
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Chapter 5: Mechanistic Determination of Flow Parameers

This chapter reports the investigative work undemato develop a mechanistic
approach to establish multiphase flow parametens fthe gamma densitometer data.
Based on the inferential mass flow measurement mddeas attempted to infer the

flow mixtures’ individual phase volume fractionsdawmelocities. Determination of the

individual phase fractions of the dynamic multiphd®w gamma count data collected
was investigated through the exploitation of thenge attenuation information. Quasi-
periodic waveforms identified in the multiphaseidlwensity were analysed for their
dependence on the gas and liquid superficial phalseity parameters.

5.1 Determination of Phase Fractions

The main limitations of directly applying gamma ietthn attenuation based equations
(Chapter 2.3.9 is that they do not take into account the cincgleometry of the pipe,
the prevailing flow regime or the presence of phsigg thus, the calculated phase
fractions could contain significant errors depegdon the flow conditions. The fluid
composition measured by a single sensor exposeuilitphase flow mixtures can vary
significantly from the actual compositioRigure 5.1

Figure 5.1 — Sensor’s View of Multiphase Fluid Casipon

In Figure 5.1, the actual air volume fraction of the mixture28%; whereas, owing to
the annular flow regime and the limited measurernzent, the sensor will detect an air
volume content of 48% in the pipe. If the air cas&s to be moved off-centre the sensor
will observe yet another fluid composition.

Resolution of the individual phase fractions frohe tdata generated by the gamma
densitometer’s response to a series of verticatipiase flows in the multiphase test
facility was investigated employing the gamma radra attenuation principles
described irChapter 2.3.4
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5.1.1 Two-Phase (Air-Water) Model

A two-phase model was developed exploiting thenaiter flow data collected in the
multiphase flow test facility. To resolve the phasactions of a two-component
mixture, only one energy level of gamma photon tomformation was required.
However, the two energy levels available from tlaesium-137 were exploited as a
means of verification. The gamma attenuation equoatiin Chapter 2.3.4.1 were
employed. The measured gas and liquid phase fractis determined from the hard
energy spectrum, and their deviations from the ftasility reference values, are
illustrated inFigure 5.2
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Figure 5.2 — Air-Water Component Fractions usingdti&nergy

The reference phase fractions values employed én ahalysis were the non-slip
equivalent phase fractions at the gamma densitomat@surement point in the riser.
These were calculated using the reference inpuisfland the riser base and top side
separator pressure and temperature measuremergsteiftperature was assumed to
constant throughout the test section and a linesgspre gradient from the riser base to
the. Reference phase fractions were calculatecbahbelow the riser top.

Significant errors were yielded in the calculatminthe component fractions in the air-
water tests. These errors can be attributed to maungces. However, it is thought that
the dynamic nature of the tests; thus, the presehghase slip, the sensor’s limited
view of the pipe cross-section, and differing floegimes were the most significant
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error sources. From the phase fraction deviatiotspit can be seen that the deviation
in the air fraction’s calculated value tends tor@ase from the reference GVF with
increasing multiphase flow gas fraction. Conversé¢he deviation present in liquid
phase fraction measurement diminishes with incngasctual liquid content.

Repeating the calculations using the soft energgnga count yielded almost identical
results to those obtained employing the high-eneggynma count. However, the
discrepancy between the calculated GVF values Wasreed to be a function of the
multiphase fluid GVFFigure 5.3
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Figure 5.3 — Difference in Calculated GVF Valuesadsunction of Actual GVF

The deviation between the hard and soft energywtzbkd GVF values was observed to
demonstrate an approximately linear relationshighwhe actual multiphase mixture
GVF. At GVFs less than 35%, the hard-energy gamouatcprovides GVF values up
to 0.4% greater than GVFs obtained from the softrgyn gamma count. At GVFs
greater than 35%, the soft-energy calculated GVkieg were less than GVFs
determined exploiting the hard gamma count. At higMFs (>85%), the difference
between the calculated GVF values using the diftespectra count data was as large as
1%.

The hard energy signal yielded GVF measuremente @b% more accurate than those
from the soft energy signal at actual multiphasevfi GVFs between 0% and 25%. At
GVFs in excess of 45%, the soft energy derived GWasurements outperformed the
hard energy measurements by up to 1%. Between GMF25% and 45% the
measurement performance from the two signals weriéas, Figure 5.4
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Figure 5.4 — Hard and Soft Energy GVF Measuremenrg against Actual Flow GVF

The hard energy photon attenuation is entirely ddpet on photoelectric effect
absorption of the direct 662 keV radiation beam hasl been shown to be statistically
the more stable of the two signals. In contrast, gbft energy signal monitors photons
which have undergone Compton scattering acrossgerlaross-sectional area of the
pipe. Accordingly, at low GVFs, where deviations the fluid distribution are
insignificant, the superior stability of the harjyreal yields a more accurate phase
fraction measurement. However, as the GVF incretisephase distribution becomes
less uniform and the scattered soft energy photolhgive a measurement marginally
more representative of the flow structure. Nevédes® the results from both signals
contain large errors owing to the measurement gysténability to account for the
dominating flow regime and phase slip effects.

The results of the statistically more stable hamdrgy signal determined GVFs were
compared against published results of similar erpmmts by analysing their
dependence on the superficial phase velocitieBeofest fluidsFigure 5.5

The results obtained show that the void fractionreases with increases in the
superficial gas velocity; whereas, it decreaseh witreasing superficial liquid velocity

magnitude. This is consistent with published datavoid fraction measurement in

upward flows in pipes of various diameted8-111. The concurrence of the data
collected using the current densitometer unit yitiblished findings demonstrates that
a high level of confidence can be instilled in test facility and test procedures
employed in this research work.
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Based on the observed gas superficial phase wela@pendency of the GVF

measurement, the calculated air fractions can peesged as a set of linear functions of
the gas superficial velocit¥igure 5.6
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For a fixed gas superficial phase velocity, an apjpnately linear response was
exhibited between the calculated and reference GMkies. Accordingly, linear
correction factors were developed for the GVF veldetermined from the gamma
attenuation. The dependence of the gradiemtand interceptd) parameters of the
linear correction factor on the reference supeafigas velocity was investigated,
Figure 5.7.

The linear correction factors were then employederalculate the GVF using the
expression:

GVE _ GVFcaIcuIated —C (Eq 51)
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Figure 5.7 — GVF Linear Correction Factor Correlatis

Employing a correction factor based on the gas réicfa@ velocity, the gas volume
fraction of the multiphase flow can be calculateahf the gamma count attenuation
data to within +5% relative error of the test fagireference values with a confidence
of 79%,Figure 5.8

Therefore, it can be seen that the application slipacorrelation coefficient based on
the gas phase superficial velocity yields a gogat@amation to the actual gas volume
fraction. Nevertheless, this method of phase foactiorrection assumes that accurate
gas velocity data can be obtained and is only ValicGir-water mixtures.
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Figure 5.8 — GVF Values Corrected For Superficiad3/elocities

5.1.2 Three-Phase (Air-Water-Oil) Model

Utilising the dual-energy gamma attenuation equatioseeChapter 2.3.4.3 to resolve
three-component mixtures, the gamma count datéheohard and soft energy photons
were exploited to determine the air, water and elie@ctionsFigure 5.9
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Results illustrate that attempting to resolve tive¢ components using the two gamma
energy levels yields large errors in each of theponent’s calculated fraction values,
particularly the liquid phase parameters. The d@snabetween the calculated and
reference GVF was observed to a strong functiothefmultiphase mixture GVF, as
was seen with the two-phase tests. However, al {iXéFs, the magnitude of deviation
obtained with the three-phase data was signifigdathjer than the deviation witnessed
with the two-phase data.

The largest errors were observed in the liquid ph@etermination. The caesium-137
radionuclide source employed exploits gamma phetoergies which seem to be too
high to distinguish clearly between the oil and evgihases. Literature work revealed
that photon energies less than 40 keV are requiréakcilitate clear distinction between
the agueous and organic phasB§|.[ The caesium-137 direct and scattered energy
levels permit high-resolution detection of tempoflaw features. However, this is
achieved at the expensive of the oil-water disaration due to the high photon
energies required for high-resolution measuremeintsaddition, the organic phase
employed in the Cranfield University is relativéight (815 kg/m); thus, the oil-water
distinction will be even more problematic in heanil production situations where oil
densities can range from 920 — 1000 ky/m

Accordingly, it was attempted to resolve the gad Bauid phase fractions only from
the three-component multiphase mixture systemsdafihg as a two-phase system. The
output from the high-energy hard spectrum was usecalculations as this energy
level makes the least distinction between the i water phases allowing them to be
treated effectively as a single liquid phasigure 5.1Q
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Figure 5.10 — Multiphase Tests Treated as Two-Plsystem (Hard Spectrum)
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The results indicate that modelling the three-congmd systems as a two-phase system
yields phase fraction predictions in accordanceh liiose obtained for the air-water
tests. Although the deviation for the gas phasetifva calculated value decreased in an
approximately linear fashion with the test facilVF, as was observed for the two-
phase air-water tests, a much wider range of dewiafhe liquid phase water cut is
increased deviation was induced by the varying gdaiat liquid phase water cut values.
Figures 5.11-5.14 depict the effect of the liquid phase water cutlmngas superficial
velocity correlations developed.

At Vgq = 0.15 m3, increasing the water cut from 0% to 100% produsedncreased
deviation in the calculated GVF from the test fiagiteference GVFFigure 5.11
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Figure 5.11 — Influence of Water Cut on GVF g ¥0.15 m&

Each of the water cut series can be trended usingnear function that runs
approximately parallel alongside the base case Q8R4 water cut. This facilitates
correction of the calculated GVF values if water data from a separate correlation can
be derived or from physical sampling of the muléipé fluid.

Increasing the gas superficial velocity to 0.32'nthe influence of the water cut on the
GVF value was much less marké&tigure 5.12

Data points for water cuts between 40% and 100%&jgdroximately on the same plane
and should be able to be corrected using the darredeveloped for the two-phase
flow. Data points for water cut of 20% yielded maecurate calculated GVF values.
Ignoring the outlying data point, a linear correatifactor can be applied to the GVF
results obtained for water cuts of 20%.
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At superficial gas velocities of greater than OrGg?, it was observed that the data
points formed two distinct groupingsigures 5.13and5.14

1.0
*WC=20% AWC=40%
09 H xwc=60% X WC=80%
-WC=100% ~ ~ +10%
0.8
0.7
w06
>
O]
=}
205
<
>
9
©
§oa
) /
0.2
0.1+ / =
0.0 : : : : : : : : .
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

GVF Test Facility

Figure 5.13 — Influence of Water Cut on GVF g ¥0.62 ms

114



1.0

*WC=20% AWC=40% 7
09 11 xwc=60% X WC=80%
-WC=100% £10% P —
/
0.8
0.7
/ // . "
u 0.6 - o
X
5 / /‘ - -* oK
o L™ S
gos ax
Soa —
/ /
/
0.3
/
0.2
/
0.1 —
0.0 ‘ ; ‘ ‘ ‘
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

GVF Test Facility

Figure 5.14 — Influence of Water Cut on GVF gf¥1.32 m§

Exploiting the responses obtained Figures 5.11 — 5.14a set of linear correction
factors were developed for the multiphase data G&lies. The dependence of the
gradient (n) and interceptd) parameters of the linear correction factors @réierence
superficial gas velocity and liquid phase water was determinedrigures 5.15and
5.16 The measured GVF values for the multiphase dat& when corrected employing
the linear correction parameters determined in ®wgh5.1
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Figure 5.15 — Multiphase Data GVF Linear Correctibactor: Gradient
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The performance of the GVF slip correction techeideveloped was compared against
well-established published correlations by Armah#,[Chisholm [L3], Smith [14] and
Premoliet al[15], Figure 5.17.
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Again, the reference GVFs employed were the ngn-shjuivalent at the gamma

densitometer measurement point in the riser. Thase calculated using the reference
input flows and the riser base and top side separptessure and temperature
measurements. The temperature was assumed to rotihstaighout the test section and
a linear pressure gradient from the riser baskd¢oReference GVFs were calculated at
1.5 m below the riser top. The root mean square SR&tror and standard deviation of

each of the correlations are listedTiable 5.1

Correlation RMS Error  Standard Deviation
Homogeneous 25% 10%
Armand 14% 11%
Chisholm 12% 6%

Smith 6% 4%
Premolietal 15% 5%
Current Work 7% 6%

Table 5.1 — Classification Accuracy of Phase FractCorrection Correlations

All phase fraction correction methods examined waeserved to improve upon the
initial GVF measurement which assumed homogenditiie@ multiphase flow mixture.
The Armand correlation assumes a slip of 1.2 fofl@alv mixtures which yields a more
accurate GVF measurement. Chisholm’s method dearesproved approximation for
the slip ratio (1.1 — 3.2) based on the measuredr @Nd the gas and liquid phase
reference densities. The best overall performanas wbtained applying the Smith
correlation to obtain the slip ratios (1.1 — 18wever, this correlation necessitated the
tuning of an entrainment factdf & 0.685) which is data set dependent.

The relatively poor performance of the Prenatlial correlation can be attributed to its
reliance on supplying accurate physical propertoesthe liquid phase. To apply the
Premoliet al correction to the multiphase data, the oil andewatere treated as a single
pseudo-liquid phase with parameters extrapolatedrding to the water cut. Applying
the correction technique proposed in the currenkvemabled multiphase GVFs to be
determined to within without the need to tune arraenment factor. However,
successful exploitation of this technique requasr information about the gas phase
velocity and the liquid phase water cut.

5.1.2.3 Liquid Phase Water Cut

Water cut determination through the applicationdoBl energy gamma attenuation
equations was shown to be unfeasilfligure 5.9 From the literature review, it was
determined that gamma photon attenuation coeffisiare a function of photon energy
and attenuating material’s atomic number. It wagdtlyesised that at a fixed GVF, the
changes in the liquid phase water cut not only pcecchanges in both the hard and soft
mean gamma counts, but the relative difference émtwthe two energy levels should
exhibit a quantifiable variation.

Figure 5.18 shows the difference between the mean gamma ec@nes for the hard
and soft spectra against the test point referenédEsGEach multiphase data point has

117



been annotated with its water cut so as the relstip between the differences in the
spectra mean gamma values and associated multifibasevater cut, at fixed GVFs,
can be examined.
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Figure 5.18 — Dependence of Water Cut on Energyn€Cbifference and GVF

At GVFs up to 40%, there is a definite trend foifedience between the hard and soft
energy mean gamma count of the data points, abappately fixed GVFs, to increase
with decreasing water cuts in a coherent mannerGXFEs greater than 40%, the
predictability of the water cut distribution of thiata points diminishes. However, it
was observed that the 100% and 20% water dataspteéntled to be located in close
proximity to each other; while all other intermeeiavater cuts tended to be clustered
too. Only a small number of air-oil data points #erollected so no definitive
conclusion was able to be formed on their response.

5.2 Determination of Phase Velocities

In multiphase flows the oil, water and gas compadsenll travel at different velocities.
Multiphase measurement usually assumes that tferehite between the water and oil
liquid phases is negligible compared to the retatifference between the liquid phase
velocities and that of the gas phase. Thus, thél@mo in ascertaining the phase
velocities is reduced to determining two variablgas phase velocity and liquid phase
velocity.

A well-established technique in multiphase meteimtp determine the velocity of the

gas phase based on the velocity of large diametsrbgibbles and the liquid phase
velocity is derived from the velocity of small diater, liquid entrained, gas bubbles
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which are assumed to be travelling at the samecitglas the liquid phase4}]. No
published information was found in the public doman the determination of
multiphase flow phase velocities employing a sirsgasor.

5.2.1 Gas Structure Peak Analysis

The passage of a gas structure through the gammstalmeter measurement section
induces a peak in the raw gamma count sigriglre 5.19
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Figure 5.19 — Gas Structure Induced Gamma CounkPea

The gamma count peak’s characteristics are inHgrdinked to those of the gas
structure that induced it. The maximum count vdtaen the bubble-induced peal.§y)

is representative of the gas structure’s maximutiatdength. If one assumes that the
gas structures can be considered to be sphergalradial length equates to the gas

bubble diameterd).
)
In I -yD

d= Eg. 5.2
V-V, (Ea.5.2)

Where,D denotes the internal pipe diametglis the empty pipe count, apglandy, are
the gas and liquid linear attenuation coefficiaetgpectively. The internal pipe diameter
of the Cranfield University multiphase flow facylitest section is 0.1082 m.

The peak width represents the transit time) (of the gas bubble through the
measurement section and is a function of the gasgtste’s axial lengthl) and
velocity. Gamma count peak characteristics, indunethe passage of the principle gas
structures in air-water flows, were investigatedgteantify their dependence on the
phase velocities. Peak information from the ravagdots were analysed over 2 minute
periods and the mean gas structure properties ndieied for each of the flow
configurations. The mean bubble diameter and medblb transit time information is
detailed inFigure 5.20andFigure 5.21respectively.
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Figure 5.20 — Mean Diameter of Principal Gas Stures in Air-Water Flows

At constant gas loadings, the mean bubble diameter observed to decrease with
increasing liquid superficial velocities. Conveksahcreasing the gas loading at fixed
liquid superficial velocities resulted in increagimmean bubble diameters. The
sensitivity of the mean bubble diameter to theitigoading decreased with increased
liquid loading. Gas superficial velocity influenoa the magnitude of the mean bubble
diameter increases with increased liquid loading.
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Figure 5.21 — Mean Transit Time of Principal Gasugtures in Air-Water Flows
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The bubble transit time was found to decrease dettreasing gas superficial velocities
and increasing liquid loading. Increasing the gasling, increases the sensitivity of the
mean bubble transit time to the liquid superfiphbse velocity; while, increasing the
liquid phase loading decreased the influence ofjteephase loading.

Determination of the gas bubble’s velocity necessg knowledge of the time it takes to
travel a known distance. If one has knowledge efgeometric form of the gas bubbles,
the length of the bubbld)(can be inferred from the bubble’s axial diamef).
Assuming that the bubble is spherical, the axisfagice travelled by the bubble for the
peak duration is equal to the bubble’s diameter,li= d. Thus, the bubble’s axial
velocity component through the measurement sectnrbe calculated.

I
ub =E (Eq 53)

The average bubble velocity was calculated fordinevater data points modelling the
gas structures as spherical bubbkegure 5.22

Treating the large gas structures as purely spdienigjects, the bubble velocities were
observed to increase with increasing liquid supgtfivelocities and decrease with

increasing gas superficial velocities. The relalip between the calculated bubble
velocities and the gas phase superficial velocisesomewhat counterintuitive but this

relationship is obtained due to the fact that the gtructures were approximated as
spherical objects.
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Figure 5.22 — Average Bubble Velocity of Princi@as Structures in Air-Water Flows
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However, as the gas bubble diameter approachesfttia¢ internal pipe diameter, slug
regime flow dominates and the gas structure’s g&oerferm takes on that of a Taylor
bubble [L12 and the length of theses Taylor bubble is a fionmcof the pressure, pipe
diameter, superficial phase velocities and the ekegf flow developmentlfL3.

Increasing Taylor bubble lengths are obtained witlreasing gas superficial velocity
and deceasing liquid superficial velocity. As thperficial gas velocity increases, the
transit time of the gas structure increases, Butiameter is restricted to that of the
internal pipe diameter. Consequently, modelling fheylor bubbles as spherical
structures will lead to an apparent decrease inbtiteble velocity. Determination of
Taylor bubble velocity necessitates knowledge ef Tlaylor bubble length. However,
these lengths cannot be determined without priomkkadge of the phase velocities.

Thus, independent determination of the gas phakeitse by modelling the large gas
structures as spherical bubbles is not a feasyiyeoach as these characteristics were
observed to be functions of the liquid phase logdao.

Previous work Chapter 4.3.2 showed how the frequency of gas structure deldaye
the gamma densitometer was phase velocity dependéwis, it was proposed to
analyse the periodic properties of the multiphakev fgas structures for their
dependence on the phase velocities.

5.2.2 Investigation of Quasi-Periodic Waveforms

Fokin [114 reported the presence of distinct quasi-periodiave features in

hydrodynamic parameters that appeared to be syraetidted to the spatial-temporal
structure of two phase (air-water) flows. It waspbthesised that the observed
appearance of regulated spatial-temporal structfroea the chaotic disorder of the
multiphase mixture was driven by the system’s neqnent to dissipate energy in self-
organisation to attain its state of minimum potgngnergy with minimum entropy
production.

Examining the gamma count output plotsFigure 4.1, the passage of gas structures
are seen to induce characteristic peaks in the gaegoant signals whose geometry
reflect the magnitude and velocity of the passinglide. Quasi-periodic waveforms can
be observed for the appearance of the gas struatdreced peaks in the gamma
densitometer's response to the multiphase flow.

It was hypothesised that the quasi-periodic otmites of the large gas structures could
be correlated with the gas phase velocities; medewhnalysis of quasi-periodic
waveforms for the smaller, liquid entrained gasdtres were investigated with respect
to the liquid phase velocities.

An eight-level wavelet packet decomposition withe tdb3 mother wavelet was
employed to create an extensive bank of bandphlsssfio facilitate the separation of
the raw gamma signals into their high and low fesgry components for analysis. The
filtered signals were then autocorrelated and asalyto obtain a pseudo-period for the
fluctuations induced by the gas structures in thenma count signal. Cubic spline

122



interpolations were employed to interpolate smgotigtween the autocorrelation data
points obtained from the filtered signals.

5.2.2.1 Gas Phase Velocity

The normalised autocorrelation response of theflequency approximation signals for
the first eight levels of wavelet packet decompositwvas determined for each of the
multiphase flow gamma count signals. Autocorrelaseghal traces for the example
signals employed througho@hapter 4 are illustrated inFigure 5.24 (a)— (d). The
filtered signal’s frequency range at each decontjposievel (L) is detailed ifTable
52

(@) Ve = 0.15 m#, Vg = 0.79 ms andWC = 100% (bVse = 0.13 M8, Vg = 0.12 m& andWC = 100%
1.000 1.000
0.995 B_g 0.995
0.990 H——— 0.990 \\
0.985 0.985 \\ \\/
g 5
% 0.980 1 % 0.980 -
o =3
o o
'y '
2 0975 2 0975 v
0.970 4 0.970 —
—Level 1 — Level 2| —Level 1 —Level 2
Level 3 Level 4 Level 3 Level 4
0.965 1 —Level 5 —Level | 0.965 —Level 5 —Level §
) —Level 7 —Level §| - —Level 7 —Level §
0.960 : T T T T 0.960 . - T T T
0 05 1 15 2 25 3 0 0.5 1 15 2 25 3
Lag (s) Lag (s)
() Vg = 1.32 M3, Vg = 0.79 m& andWC = 100% (dVs = 0.99 M3, Vg = 0.12 md andWC = 100%
1.000 1.000
0.995 | \/X’_’_—\ 0.995 |
0.990 0.990

0.985

o
©
@
S

0.985 \\\ /\\/—\—,’f\
0.980 1
0.970
0.070 —Level 1 —Level 2 —Level 1 —Level 2
Level 3 Level 4 Level 3 Level 4
—Level 5 —Level § 0.965 —Level 5 —Level 6|
0.965 v —Level 7 —Level § )

—Level7 —Level §
0.960

ACF Coefficient
ACF Coefficient

o
©
<
a

0.960

0.5 1 15 2 25 3
Lag (s)

w
o

0 0.5 1 15 2 25
Lag (s)

Figure 5.23 — Autocorrelation of Low Frequency Amgmation Signals

The autocorrelation response of the filtered gamsignals exhibited a clear
discriminability for the first seven decomposititevels based on the liquid and gas
flow parameters of the multiphase flow. At the eigHevel decomposition, the
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autocorrelation response becomes devoid of chaistateeatures to facilitate effective
discrimination between data points.

Approximation Signal Frequency Range
Wavelet Packet [L O]

Decomposition Level (L)

1 0-62.5Hz
2 0-31.2Hz
3 0-15.6 Hz
4 0-7.8Hz
5 0-39Hz
6 0-2.0Hz
7 0-1.0Hz
8 0-0.5Hz

Table 5.2- Wavelet Packet Approximation Signal Frequency Rang

The geometric form of the autocorrelated signals walaserved to be intrinsically linked
to the flow regime of the vertical multiphase flowsat induced the gamma count
signals. Data points identified as belonging to blaéble regime demonstrated a sharp
reduction in the autocorrelation coefficient ovhe tinitial stages of the lag increase
followed by gradual increasing of the coefficierits a local maximum and then
stabilisation to an approximately constant value fbe autocorrelation function
coefficient with changes in the lagjgure 5.23 (a) Slug regime data points were
characterised by exponentially decaying cosine Veawes. The distinctive oscillations
formed in these signals as repeating slug uniteetade to induce local maximums in
the signal with changing lag-timEigure 5.23 (c)and(d). Data points lying close to the
flow regime boundary exhibited characteristics oftbthe bubble and slug regime ACF
forms,Figure 5.23 (b)

The pseudo-period of the gas structures was defasethe lag time at the first local
maximum in the ACF coefficients which is represénta of the average repeating
period of the gas structures in the whole signatlie frequency range analysed. In all
cases, the lag time to the ACF minimum feature alss recorded for analysis.

Increasing the wavelet decomposition level was sk to result in increased

autocorrelation coefficients for the signal as fileered signals move increasingly

towards uniformity. There was no difference betwées pseudo-periods of the first
four levels of wavelet decomposition which can bseyved to increase with decreasing
gas superficial velocity. The pseudo-periods calmd in the higher levels wavelet
packets were observed to increase with the paeked but still exhibited increasing

magnitudes with decreased gas loadings.

Accordingly, the relationship between the pseudaepds determined by the
autocorrelation functions of the fourth, fifth, gixand seventh level wavelet packet
decomposition signals and the gas phase superfie@bcity were analysed.
Investigation of the extracted pseudo-period detealed that autocorrelation function
features became indistinct for the seventh levebd®osition signals for low GVF data
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points (<40%). The ACF pseudo-period data for therth, fifth and sixth levels are
illustrated in contour plotFigure 5.24 (a) (b) and (c) respectively with their
corresponding ACF minimum feature time lag inforimatshown inFigure 5.24 (d)
(e) and(f).

The ACF pseudo-period was observed to be a comfplegtion of both phase
superficial velocities and the flow regime. No cle@antifiable relation was exhibited
by the pseudo-period on the gas phase velocity. Magimum pseudo-period was
obtained at minimum gas and liquid loading; white tminimum pseudo-period was
obtained for a number of liquid loadings at the immm gas loading. The bubble
regime pseudo-period exhibited a distinctly morenptex relationship with the phase
superficial velocities with a number of local maximand minima; while the slug regime
pseudo-period contours exhibited a more stableoresy with the pseudo-period
increasing with decreasing liquid superficial vetpc

The fourth and fifth level plots exhibited almosientical contour responses for the
pseudo-period, the only exception being the magdeitnf the ACF pseudo-period were
determined to be slightly greater employing thehfifevel wavelet approximation

signal. The sixth level approximation signal ACFepdo periods exhibited a similar
response; however, there was no maximum pseudoepeggion in the high liquid —

low gas loading region.

The ACF-minimum lag time exhibited a slightly mayaantifiable response than that
obtained with the pseudo-period. Maximum parametagnitudes were obtained at
medium range gas loadings and minimal liquid logdjrwith an increased sensitivity to
the liquid loading being exhibited with increasimgs superficial velocities. The
magnitude of the ACF-minimum lag time variable vadiserved to increase with level
of the wavelet approximation signal. However, tegponses of both the pseudo-period
and minimum lag time were determined to be insigfitto enable inference of the gas
phase superficial velocity.

The effect of the liquid phase water cut on theupseperiod was investigated. The
ACF pseudo-period data from the fifth level waveglatket approximation signals was
utilised to compile contour plots on a water cuédfic basis.Figure 5.25 (a) — (e)
illustrate the water cut specific responses obthifee the fifth level decomposition
signals.

It can be observed that the pseudo-period of thiéphase flow large gas structures is a
strong function of the liquid phase water cut waidich water cut specific contour plot
yielding a different response. For fixed water cutsvas observed that the pseudo-
period of the large gas structure was still depahdéthe on both the phase superficial
velocities, although this relationship was notrasgular.

In general, the largest pseudo-periods were olddiorelow water cuts with minimum
gas superficial velocity and maximum liquid loadinBhe influence of the liquid
loading on the magnitude of the pseudo-period canobserved to increase with
increasing gas loading varies and is also a comifpiegtion of the liquid phase water
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(a) ACF Pseud-Period: WC=20%[5 0]

(b) ACF Pseud-Perioc: WC=4(%, [5 0]
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cut. Accordingly, an independent, reliable infereiod the gas superficial velocity from
the large gas structure pseudo-period was deemeel itapractical.

The water cut specific study was extended to aeati®e ACF-minimum time lag
parameterFigure 5.26 (a) — (e) This parameter also exhibited irregular water cut
specific relationships with both phase velocititsis, it was not able to be exploited to
facilitate independent determination of the gasesiigial either.

5.2.2.2 Liquid Phase Velocity

The relationship between the pseudo-periodicitythef small, higher frequency gas
structures and the liquid phase superficial vejoaias investigated. The autocorrelation
functions of the gamma signal detail wavelet packeere more complex than those
obtained for the low frequency dominated approxiamasignals. A typical ACF output
is shown for wavelet packet [4 1] (7.8 — 15.6 Hntemt of original signal) illustrates
that a number of smaller, equally dominant autadation peaks are detectdegure
5.27.

1
\ (a) Vsg = 0.15 m/s, Vsl = 0.79 m/s and WC = 100%
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Figure 5.27 — Autocorrelation of Wavelet Detail i&ads from Packet [4 1]

The ACF plots of the detail signal exhibited noigaon with flow regime and the
pseudo-periods obtained were typically one ordermagnitude lower than those
obtained in the low frequency signals. The autadation coefficients attained at the
pseudo-periods were also approximately 4 — 5 tiloeer than those exhibited by the
large gas structure analysis.

Visual identification of the dominant pseudo-perioodm the all the ACF plots of the

different test points was not feasible. Conseqyemtburier analysis of the ACF data
was undertaken to facilitate the determination thmminant underlying pseudo-
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repeating frequency for each data point in eacth@fwavelet packets. A 256-window
Fourier transform was employed to produce powectsgledensity plots to facilitate the
resolution of the ACF peak informatioRigure 5.28

0.5

(a) Vsg = 0.15 m/s, Vsl = 0.79 m/s and WC = 100%)

0.45 —(b) Vsg = 0.13 m/s, Vsl = 0.12 m/s and WC = 100%—
A (c) Vsg =1.32 m/s, Vsl = 0.79 m/s and WC = 100%
04 / \ —(d) Vsg = 0.99 /s, Vsl = 0.12 m/s and WC = 100%
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Figure 5.28 — PSD of Autocorrelated Wavelet DeSagnals from Packet [4 1]

The PSD analysis of the ACF data determined theimkimg underlying pseudo-
frequency in the signal. Discrimination between dtaga point pseudo-frequencies can
be observed based on their flow parameters. Theegmonding data point pseudo-
periods were calculated by taking the reciprocather pseudo-frequency.

The pseudo-period determined from the autocormiatunction of the detail signal
wavelet packets from the eight-level decompositiata were compiled into a series of
contour plots to facilitate analysis of their degence on the superficial phase
velocities. Analysing the contour plots, it was etved that the greatest liquid phase
discrimination exhibited for the pseudo-period dates obtained in the frequency range
up to 62.5 Hz of the original signal.

The contour plots for the detail wavelet packetstlod second, third and fourth
decomposition level are illustrated Figure 5.29 The wavelet packet detail signals’
frequency ranges for the contour plots shown atildd in Table 5.3 At higher
decomposition levels the pseudo-period discrimamatdeteriorated owing to the
narrowing frequency ranges of the packets.

The pseudo-period of the small gas structuresemihltiphase flows were observed to
be complex functions of both the liquid and gasesfipial velocities in each of the

wavelet packets. The maximum pseudo-period magaitlid not tend to be localised
for specific flow conditions and were observed &abfunction of the wavelet packets’
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(a8) ACF Pseudt-Period: WC=20%[4 1]

(b) ACF Pseud«-Period: WC=40%][4 1]
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Wavelet Packet [L D] Detail Signal Frequency Range

[2 1] 31.2 — 62.5 Hz
[3 1] 15.6 — 31.2 Hz
[3 2] 31.3-46.9 Hz
[3 3] 46.9 — 62.5 Hz
[4 1] 7.8 — 15.6 Hz
[4 2] 15.6 — 23.4 Hz
[4 3] 23.4-31.2 Hz
[4 4] 31.2-39.1 Hz
[4 5] 39.1 - 46.9 Hz
[4 6] 46.9 — 54.7 Hz
[47] 54.7 — 62.5 Hz

Table 5.3- Wavelet Packet Detail Signal Frequency Ranges

frequency range. As with the large gas structureugs-period data, flow regime
specific response were obtained with the contoordhe bubble regime exhibiting
complex unclassifiable geometric forms.

Good liquid superficial velocity discrimination wa$tained in the slug regime regions
for both the lower and higher frequency detail wawvpackets in the range studied: [2
1, [3 1], [3 3], [4 1], [4 2] and [4 7]. Intermeate frequency based wavelet packets
offered poor discrimination properties based on ghperficial phase velocities. The
phase velocity parameter discrimination exhibitgddwer and higher frequency detalil
wavelet packets was superior to that demonstrajethé large gas structures in the
analysis of the low frequency approximation signalevertheless, the relationship
exhibited between the ACF pseudo-periods and thediphase superficial did not lend
itself to quantification to facilitate independesiétermination of the multiphase flow
liquid phase velocity parameters.

The influence of the liquid phase water cut onghmll gas structure pseudo-period was
investigated. The ACF pseudo-period data from tla@elet packet details exhibiting
good liquid phase velocity discrimination signalasautilised to compile contour plots
on a water cut specific basiBigure 5.30 (a) — (e)illustrate the water cut specific
responses obtained for [4 1] wavelet packet whiels vepresentative of the responses
obtained from all the wavelet packets analysed owater cut specific basis. In
accordance with the analysis conducted on the lgagestructure pseudo-period data,
water cut specific responses were produced forctir@our plots; however, in this
instance the magnitude of the pseudo-period wasrebd to be dominated by the liquid
phase superficial velocity as opposed to that ef glas phase in both flow regime
regions. These relationships were complex anddahegseudo-period was obtained for
a range of liquid velocity conditions with no apgetr underlying trend that could be
exploited to extract reliable liquid velocity infoation.

As with the large gas structure analysis, the AGRimum feature also analysed for its
correlation with the phase superficial velocitielowever, the phase velocity
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discriminability of the data was poor and not shlggafor exploitation to infer the liquid
phase velocity of the multiphase flows.

5.3 Summary

The development of a mechanistic model for multgghfiow measurement based on
the determination of the individual phase volumactions and velocities from the
gamma densitometer attenuation data collected ftbm dynamic flows in the
multiphase riser was investigated.

Phase volume fraction information was interpretedmf the degree of gamma
attenuation induced by the multiphase flows. Dirggplication of gamma attenuation
equation to determine the phase fractions of the-hase (air-water) data yielded
significant errors owing to the presence of phdipeasmid flow geometry considerations.
A linear correction model based on the superfigad velocity was derived for the two-
phase data and yielded air volume fraction measemésrto within £5% at a confidence
level of 79%.

Resolution of the multiphase data phase fractiogqdoéing dual-energy attenuation
resulted in irreconcilable errors. It was concludiealt the best strategy to establish the
individual multiphase fractions was to firstly ttethe system as a two-phase mixture
and determine the gas and liquid phase fractionrbedttempting to resolve the liquid
phase water cut.

Modification of the correction model developed fioe air-water data for the multiphase
flow data facilitated determination of the gas wvokiphase fraction of the multiphase
data to within £10% with a confidence level of 100%@wever, the modified correction
model required input of both superficial gas veipcand water cut information.
Nevertheless, the correction model performance fagsurable in comparison with
published correction correlations.

Investigation of the liquid phase water cut was dtated examining the deviation

between the two different gamma energy counts.as$ wroposed that, owing to the

dependence of gamma attenuation coefficients orgédmema photon energy, at fixed

gas volume fractions the deviation between thetsp@ounts should be representative
of the liquid phase composition. Analysis of theesmental data showed that such a
correlation yielded water cut data for multiphaleevé with gas volume fractions up to

40%. At higher gas volume fractions, there watelitlistinction between data points of

different water cuts.

Phase velocity was investigated through the exaioit of quasi-period waveforms in

the gamma count signals induced by the presenga®fstructures in the multiphase
flow. It was hypothesised that gas phase data doeldxtracted from the quasi-period
oscillations of the large gas structures; wherehs, high frequency quasi-periodic

oscillations of small liquid entrained gas struesiiVavelet packet decomposition was
exploited to separate the gamma densitometer signt@l their high and low frequency

components.
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The autocorrelation function of the wavelet appnaiion signals was employed to
determine the pseudo-period of the large gas sirest The autocorrelation pseudo-
period for the fourth, fifth and sixth level appnmation signal demonstrated the flow
regime specific geometry of the ACF signals. Phastocity discrimination was
exhibited by the pseudo-period information from riboyu fifth and sixth level
approximation signals with flow regime specific peases. Analysing the data for
constant liquid phase water cuts, a strong depaedehthe pseudo-period magnitude
on the gas superficial velocity was exhibited. Heare the underlying relationship
between the two parameters was too irregular tquamtified and did not lend itself to
independent determination of the gas velocity patans through it exploitation.

Liquid phase velocity dependence on the pseudmgef the small, high frequency gas
structures was investigated exploiting the ACF midi pseudo-period of the detall
wavelet packets. Flow regime specific phase disoation was obtained for wavelet
packets with a frequency range of up to 62.5 Hz @oald liquid superficial velocity

discrimination was obtained in the slug regime oagifor both the lower and higher
frequency detail wavelet packets in the range stldihnalysing these wavelet packets
on a constant water cut basis exhibited the depmrdef the high frequency small gas
structure pseudo-period on the liquid phase supatfivelocity; however, the

complexity of the underlying relationship prohilitéhe independent determination of
liquid phase velocity data from the magnitude @ $imall gas structure pseudo-period.

A mechanistic approach to multiphase flow parameaetermination employing a single
gamma densitometer did yield a successful measutem®del. A satisfactory
performance was obtained for the phase fractiorysisabut the model required gas
phase velocity and liquid phase water cut data.eWatt data from period well
sampling may be available, but the provision of gas phase velocity data would still
be required. An investigation of the quasi-periodgcillations in the multiphase flow
did not demonstrate a quantifiable relationshipMeen the pseudo-period of the gas
structures and the phase velocity parameters. Hemyvaleployment of a secondary
sensor such as a pressure transducer, ultrasomeée, raea hydrophone would facilitate
cross-correlation with the gamma signal to fad#itphase velocity measurement. The
utilisation of the aforementioned sensors typesldvaot infringe the benefits yielded
by the clamp-on installation nature of the measmrsolution.

The next chapter considers an alternative apprdacimultiphase flow parameter

determination from the gamma densitometer datanwestigating the potential of
pattern recognition techniques.
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Chapter 6: Pattern Recognition Techniques

This chapter documents the investigation of patteoognition techniques as a vehicle
to infer the individual phase flow rates of vertioaultiphase flows from the variations
they induce in the gamma densitometer count sigiiale neural network models were
developed for comparison: a single feedforward itaykr perceptron and a multilayer
hierarchical flow regime dependent model. The patteecognition systems were
trained to map the temporal fluctuations in the tipbbse mixture density with the gas
and liquid phase superficial velocities and theaiiigphase water cut using statistical
features extracted from the gamma count signaltheis inputs. The use of wavelet
transform features as input vectors to these systeas also examined.

6.1 Feature Extraction and Analysis

Feature extraction is a dimensionality reductioohtéque employed to reduce the
amount of resources required to represent a langety of data. It was employed to
represent the gamma densitometer data for two measo

1. The statistical nature of gamma radiation analgsitated a measurement period
of 40 minutes. This generated a 600,000-dimensimpait space (40 minutes x
60 seconds/minute x 250 Hz). The sheer volume efd#ta being processed
could not be practically handled by a neural neknaystem.

2. Previous studies on the application of pattern gaitmn to multiphase flow
measurement reported that feature extraction isntb&t effective way to isolate
discriminatory information related to the flow catnohs [89-95, 97-98

The hard and soft energy gamma signals were useg@rdduce suitable input
parameters. Features were also extracted fromrd $iynthesised ‘difference’ signal
that recorded the absolute difference between tifieand hard energy counts. The
features extracted are described\ppendix B.

All features were subjected to a contour profilealgsis to determine their
discriminability with respect to key multiphase lgparameters. Features exhibiting
poor discriminability were omitted from further iestigation.

A number of different pre-processing routines wessted with the feature sets to
identify suitable pre-processing techniques to ymplthe pattern recognition systems.
Details of the feature contouring and selectiorcpss, and the pre-processing routines
examined, are supplied Appendix E.

6.2 Data Classification

The gamma count data points collected were claskifito training and test sétigure
6.1 Preliminary investigations demonstrated that rddning points and 35 test points
provided an appropriate training to test data ratio
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Figure 6.1 — Data Set Classification

6.3 Single Feedforward Multilayer Perceptron Model

A universal measurement model was developed emqow single feedforward
multilayer perceptron (MLP) moddFigure 6.2
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Difference

Multiphase Flow

Figure 6.2 — Single Neural Network Model Concept

Three outputs were defined for the model: the digar gas velocity Vs, the
superficial liquid velocity Ys)) and the water cutNC).
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6.3.1 Neural Network Design, Training, and Testing

Figure 6.3 illustrates the mechanism conceived and appliedeign, train, and test
MLP neural network systems in this research work.

Feature/Target »| Pre-processing »| Architecture
Selectior Desigr
A A A
Yes

Already o
Reinitialised Remitialse

Weights? 9

A 4 A

Validation Network | Initialise
Satisfactory? Training Weights

Model .| Repeatability .| Reproducibility
Complete g Testing g Testing

Figure 6.3 — Mechanism for Neural Network Desigraifiing, and Testing

Definition of the model inputs and outputs was sterting point for all investigations.
Input selection involved identifying the featuret $& be examined from each of the
available signals. The outputs are the measuremenés desires to obtain: the
superficial phase velocities and the water cut.

A pre-processing routine is employed to remove lkaadg improve generalisation

properties of the data set. As part of this stidy, different pre-processing techniques
were evaluated for their influence on the neurdvoeks’ performance: zero-mean and
unit variance (ZMUV) and principal component anay$CA). Further details on the

pre-processing routines are provided\ppendix E.

Neural network architecture is user defined andlera specific. Previous work has
determined that a two-layer MLP network comprisangigmoid transfer function in the
hidden layer and a linear transfer in the outpyédacan be used to approximate any
function with arbitrary accuracyBl]. However, some particularly complex non-linear
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processes cannot be sufficiently modelled with oahe hidden layer and require
additional layers to attain the desired level off@enance. Preliminary investigations
with the current data set illustrated that incnegdhe number of hidden layers merely
increased the simulation’s computational time withappreciable benefit in terms of
accuracy. Consequently, it was opted to implememb-layered MLP systems
throughout the course of this study.

Selecting the number of nodes to deploy in the dnddayer is somewhat less
straightforward than the input and output layerirdgbns: the number of nodes will
vary in accordance with the complexity of the umglag function the network is
attempting to model. A system in which the hiddayel contains an excessive quantity
of nodes will tend to memorise the training dataasal exhibit difficulty in accurately
processing previously unseen input data. On therdtland, a system with too few
nodes in the hidden layer will not provide an adgglquantity of mapping parameters
to accurately express the underlying function betwile input and output variables.

Bayesian regularisation was employed to optimigerthmber of nodes in the hidden
layer through monitoring of the number of effectparameters in the systeffigure
6.4 illustrates the effect of increasing the numbemnoéles in the hidden layer on the
number of effective parameters for an input matorprising all features from the hard
spectrum.
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Figure 6.4 — Variation in Effective Parameters wiHidden Nodes

The number of effective parameters increases with iumber of nodes until the
optimum number of nodes is attained (i.e. 11 hidteyer nodes). At this point,
increasing the number of nodes has no influench@mumber of effective parameters.
In this case, it was concluded that 11 nodes irhttiden layer would be an appropriate
selection for a single feedforward two-layer petoap model.
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Prior to undertaking network training, initial vals have to be assigned to the weight
and bias parameters created through the archigeaafinition. The initial values
assigned to these parameters has a strong influanitee learning speed and in the
quality of the solution obtained after training eess attains convergence. An
inadequate initial choice of the weight values ntayse the training process to get
stuck in a poor local minimum or to face abnormaherical problems.

The Nguyen-Widrow 1159 method provides optimal weight initialisation ftwack-
propagation based neural network systems. The melkbgy involves normalisation of
the input vector within the scale of -1 to +1. AalecfactorF for the input vector is then
determined using the following equation.

1
_07hi
R

F (Eq. 6.1)

Where,i denotes the number of inputsjs the number of hidden nodes, d@Rds the
range of the input vector. Having determined thalesdactor, the node biases are
assigned a random value in the rangend . The network initialisation weights are
then designated by assigning random values betw®Brand +0.5 to the weights and
then multiplying these values by the scale faEtor

Neural network training implies the adjusting ofetmetwork’'s weight and bias

parameters in an iterative fashion until the nekmauntput values eventually converge
with the outputs’ target values. A number of tramialgorithms encountered in the
literature survey were tested to evaluate theifoperance in the current research
application. The Levenberg-Marquardt (LM) routin@snvobserved to yield superior
data classification. However, a common problem whtin LM algorithm is that of over-

fitting: poor classification of unseen data.

Over-fitting was experienced in early stages ofirigsbut was overcome by the
implementation of Bayesian regularisation. The snealidation technique was also
considered and was observed to improve data dlzesiin but at the expense of test
data points as the data has to be classified metgroups (training, validation and
test) to facilitate this technique. Bayesian regs&ion offered a significant

improvement in the generalisation properties ofrtbvork at no cost to the number of
test data points available for analysis. As a tedBhyesian regularisation was the
preferred method for surmounting the over-fittinghis work.

Figure 6.5 depicts the training of a single feedforward neaetwork with 11 hidden
nodes. In this example, the hard energy gammalsigaares were used as the inputs.
In training process the network’s weight and biadugs are updated according to
Levenberg-Marquardt optimisation. The training aiifon minimises a combination of
squared errors and weights to determine the bestfigewation for network
generalisation.
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Once trained, the neural network model was asseBseslaluate its repeatability

capabilities. The training input data is presentedthe trained neural network for

testing. Satisfactory classification of the traminata demonstrates good network
repeatability and that the network is suitable festing on previously unseen data
points, i.e. the test data.

The repeatability results show the output varialllegermined by the neural network
simulation plotted against the target outpligyure 6.6 Good linear approximation
was obtained; therefore, indicating that the nenstivork model developed has good
repeatability properties and is suitable for tesfneviously unobserved data.

After definition of the network architecture, therfpormance of the single feedforward
MLP network in predicting the superficial phaseoaties and the liquid phase water
cut from the input features presented was examinlé.input features were input in a
variety of permutations enabling the relationshipgween the different spectrum,
information domains and output variables to be $tigated.
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Figure 6.6 — Repeatability Performance (a) Sup@fiGas Velocity (b) Superficial
Liquid Velocity (c) Water Cut

6.3.2 Architecture Definition

The network architecture was defined as [n — 11 Fi8is notation denotes the number
of nodes in each of the layers:

* n—the number of input feature vectors (variable)

e 11 —the number of nodes in the hidden layer (fixed
* 3 -the number of output nodes: one for each tdfiged)
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6.3.3 Test Parameters

During preliminary testing, it was seen that theménetwork performance varied as a
function of the number of input features: the mimmgut features presented the higher
the quality of the network prediction in terms afcaracy. There are a vast number of
input vector permutations possible with the 63 aotted features.

Previous work in the use of feature extraction withltiphase flow observed that an
efficient method of feature vector construction wagined through combining features
of each of the information domains and this wasifieek through preliminary
investigations 92, 97. This method provides a systematic methodologyctomparing
the discriminatory abilities of the various infortiséd domains across the different
spectra,Table 6.1

Information Domain Training Data Test Data

Amplitude 6 x 91 6 x 35
Linear Prediction Coefficients (LPC) 6 x 91 6 x 35
Line Spectral Frequencies (LSF) 5x91 5x 35
Autocorrelation Function (ACF) 4 x91 4 x 35
All (Amplitude + LPC + LSF + ACF) 21 x 91 21 x 35

Table 6.1 — Input Feature Vector Sets for Analysis

The 126 gamma count data points collected weralédd/so that 91 for neural network
training and the remaining 35 were exploited fatitey purposedsigure 6.7.
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The target accuracy in this work was set at +10%efich of the target outputs. The
measurement error was calculated as a relative ever the range of measurement as
defined by the expression:

E = Yi(calculateg ~ Yi(measured x100% (Eq. 6.2)

.
yrange

Where,y; denotes the variable of interest anghge denotes the measurable range, i.e.
Ymax — Ymin- This modified version of the relative error exgsi®n has been widely used
to express the classification performance of seéveaitern recognition based
multiphase flow measurement syster@g| |

6.3.4 Multiphase Flow Parameter Prediction

6.3.4.1 Gas Superficial Velocity

Figures 6.8 summarises the simulation results obtained witthi@ target accuracy
(x10%) for the gas superficial velocity measurersent can be seen that the
measurement variable’s performance is describewbygraphs: one for zero-mean and
unit-variance normalisation (ZMUV)Figure 6.8 (a) the other showing the results
obtained performing feature set orthogonalisatiod pruning (PCA)Figure 6.8 (b)
This enables direct comparison of the pre-procgssiatines’ influence on the network
performance. Results demonstrated that featureorfugiput vectors provided the
strongest discriminatory abilities for gas supeafiovelocity determination. The LPC
features also showed strong gas velocity classidicacapabilities. In general, the
ZMUV processed features produced better gas serivelocity predictions than
those subjected to the PCA technique.

Figure 6.9 (a) displays the error distribution plot as a functmfingas void fraction for
the feature fusion input vectors. The best ovgratformance was obtained using the
ZMUV pre-processing routine and an input vector pasing feature fusion of the hard
spectrum features: 97% of test data points werdigesl within £10% of their target
values and 71% were within £5%.

Figure 6.9 (b)illustrates the test conditions for the outlyiregal point, test point 9 with
an error of +13.3%. The error is not significantamparison to the results obtained for
the other test points and cannot be attributechyoome particular systematic source and
must be inherent in the network. It is anticipatiegt increasing the quantity of training
data utilised during the training phase would léadan increase in the gas velocity
determination accuracy.

6.3.4.2 Liquid Superficial Velocity

Figures 6.10presents the liquid superficial velocity measureteebtained from the
neural network models. Liquid superficial velocityeasurement accuracies were
significantly poorer than those obtained for thesegais phase. The reduction of the
input vector dimensionality through the applicatminthe PCA pre-processing routine
resulted in a marginal improvement in the liquidoegy predictions.
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In accordance with the gas velocity measurememslinear prediction coefficients and
feature fusion provided the best discriminatory pembies for liquid velocity
determination. Employing PCA, 69% of all liquid suficial phase velocities were
resolved to within £10% for the soft signal LPCsldeature fusion of the hard and soft
signal features. However, the soft spectra LPCsibéed a slightly superior
classification prowess as 51% of liquid velocitiesmpared to 49% from the hard and
soft signal feature fusion, were calculated to imitt6%.

Figure 6.11(a) depicts the liquid superficial velocity error dibtition as a function of
GVF for the LPC input vectors. The best overallfpenance was obtained using the
PCA pre-processing routine and an input vector asimg soft spectrum LPCs. The
data points lying outside the target accuracy Hmeen identified on the plot and can be
seen to be homoscedastic with respect to the GVF.

Figure 6.11 (b)shows the location of the erroneous test pointshentest matrix. As
seen with the outlying gas velocity data pointgyéhwas no apparent systematic reason
that could be attributed to their error source. &ttheless, it was anticipated that the
liquid results would not be as accurate as thoseirmdd for the gas phase. The gamma
count signal is dominated by the passage of gastates. The underlying features of
this data will be more relevant to gas phase caticels than for those of the liquid
phase. It may be that signal conditioning, to reenthe large gas induced fluctuations,
would allow liquid phase sensitive parameters teX@oited to their full potential.

6.3.4.3 Water Cut

The water cut measurement performance obtained framinput feature and signal

permutations examined are summariseérigure 6.12 In this instance, the amplitude
features and the feature fusion input vectors Viewed to provide the optimal output

responses. The ZMUV pre-processing routine was nsaecessful in water cut

classification than its PCA counterpart. The aropli feature fused from all three
signals yielded the best water cut classificatiesutts with 83% of the test data points
meeting the specified target accuracy and 49% witbPo.

Figure 6.13(a) displays the water cut error distribution plotaagunction of gas void
fraction for the amplitude feature input vectorsddfigure 6.13 (b) illustrates the
outlying test point locations on the test matrixrdes were observed homoscedastic
with respect to the GVF magnitude. Examining thet teatrix map, the outlying data
points were not observed to arise for specific famditions.

A variety of parameters were investigated in ofdeimprove the output accuracies of
the single neural network topology. Alternative vmatk configurations were
investigated, including:

» Altering the target outputs to the inlet deliveglues.

» Simplifying the network architecture through remlowd the water cut
determining output node.

» Raw signal differentiation, before feature extractito reduce background
noise.
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Despite these modifications, the results yieldedheysingle feedforward MLP network
were poorer than those obtained from the origimalukations described above. It is
hypothesised that the presence of more than omerfigime with different correlations
between the input features and the outputs couldtidault. If these correlations are
significantly different then a single neural netkwowill not be able to model the
relationships effectively.

As a result, the sensitivity of the input featuce dutput variable correlations to the
dominating flow regime was investigated. This studgs undertaken through the
implementation of a multilayer hierarchical configtion neural network. Kohonen
self-organising feature maps (KSOFM) were emplaygedivide data points into groups
exhibiting common underlying properties in theifideg features.
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6.4 Flow Regime Dependent Multilayer Hierarchical ddiel

6.4.1 KSOFM Flow Regime Classification

Flow regime effects were analysed by constructingudtilevel hierarchical neural
network, Figure 6.14 The data points are classified according to tfiew regime
using a Kohonen self-organising feature map (KSORMJ the identification of the
phase flow parameters is achieved through the emq@ant of a second layer of MLP
neural networks: one for each of the identifiedvfl@gimes.

Raw Data
Output

A 4

Feature
Extraction

A 4
Pre-processing

KSOFM

v \ v

Flow Regime 1 | | Flow Regime 2 | | Flow Regime 3
MLP MLP MLP

Figure 6.14 — Flow Regime Dependent Pattern Re¢amgnModel

If the correlations between the extracted featopaiis and the target outputs are indeed
flow regime dependent then reduced error magnitsbesld be observed for the output
parameters in comparison to those obtained ussigge MLP.

Flow regime identification by visual means was mpaissible owing to restrictions
imposed by the experimental facility. Neverthelessjnitial flow regime classification
was undertaken thorough statistical analysis ofsigeals. Previous analysis revealed
that a scatter plot of the hard signal mean valiottqel against the coefficient of
kurtosis provides a good indication of the likelyeyailing flow regime Chapter
4.2.2). However, although this correlation agrees wethvihe signal time traces, and
published flow regime maps, there was no way oifyiag the classification.

A useful application of neural networks is theiilié§pto classify data. Self-organising

maps can examine a series of data points and gheump according to some underlying
characteristic property. These networks are pdattyu useful in multiphase flow
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measuring where complex high dimensional data ndedde presented in an
understandable format. An overview of KSOFMs isegivsChapter 2.5.4.4

6.4.2 Two-Regime Classification Model

Each input data point to the KSOFM comprised a ibGedsional vector comprising the
hard signal amplitude, linear prediction, and lapectral frequency features. Each data
point was also labelled with their associated fl@gime as identified from statistical
analysis and flow regime map predictions.

An empirical approach was adopted to determineofftenal magnitude for the output
grid. Several grid configurations were analysedwits found that too large a grid
resulted in the creation of redundant nodes duantansufficient quantity of training
data; whereas, too small a grid yielded overlapfimg patterns. It was established that
a 6 x 6 grid was best suited for the data set.

Applying the KSOFM learning algorithm to the datt produced the node topology
shown inFigure 6.15

Labels

Legend
s b b b b b s - slug
b - bubble

Figure 6.15 — Flow Regime Identification by KSOFM

The KSOFM was able to locate different underlyimdgt@rns in the input vectors and the
topological arrangement of the output grid relatesl to the initial flow pattern
classification undertaken with the formation twecstitict areas being formed in the
output grid: one for bubble flow points and the estHor slug flow. The relative
distances between these nodes can be represergednified distance matriXgigure
6.16
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The unified distance matrix (or U-matrix) visualsine distances between the nodes in
the output grid. The distance between the adjanedes is calculated and presented
with different colorings between the adjacent nod&sred colouring between the
neurons corresponds to a large distance and tiyap detween the codebook values in
the input space. A blue colouring signifies tha thata points contained within these
nodes are close to each other in the input spdues,Tblue areas can be thought as
clusters and red areas as cluster separators. theitd-matrix produced from the test
data, one can observe two main clusters: one irigjhdeft hand corner and the other
running along the right-hand side of the grid.

Figure 6.17shows the distribution of the data points in thépat grid according to the
best matching unit (BMU) classification. The BMUiudata enables the identification
of each test point within the output grid. The greshading indicates data points
previously identified as slug flow regimes; whileetblue denotes those points thought
to be in the bubble regime. The relative area @fdsiy observed in each node is
proportional to the number of data points residaitin the node. It can be seen that at
the boundary between the slug and bubble regimegqusly identified there is some
overlap in the nodes. In this case, the node ¢ieason is assigned depending on
relative quantity of slug and bubble points. Frdma KSOFM analysis it is possible to
obtain the location of each data point on the outpid. Thus, data points occupying
the boundary between bubble and slug regime wete &b be classified more
appropriately by associating the data points witieothat exhibited similar patterns in
their input vectors.
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Figure 6.17 — KSOFM Labelled with Best Matching tgni

Following analysis using a KSOFM, each data poiat weclassified according to the
arrangement proposed by the self-organising rAggure 6.18
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The original Taitel-Dukler classification is illuated on the flow regime map. It can be
seen that the KSOFM classified a significant praiparof the original slug data points
as have characteristic properties of bubble datatgpoThe data set was subsequently
split into three distinct groups: bubble regimartirag data, slug regime training data
and test data. The test data set comprised a raigfuslug and bubble regime points.

After training the neural network on one set ofrtireg data, the classification of data

points for both flow regimes could be compared emkrasted. It was hypothesised that
if relationship between the input features and outyariable is flow regime dependent,

good classification would be seen for test pointewghared a common flow regime

with the training data, whilst poor performance Vablie withessed for test points of the
unseen flow regime.

6.4.2.1 Bubble Regime MLP Neural Network

The bubble regime MLP network was trained on thigbltel regime training data. Based
on the results obtained from extensive preliminapeatability tests, the architecture of
the bubble flow MLP network was defined to be [B — 3]. All other parameters were
as per the original single feedforward MLP model.

6.4.2.1.1 Gas Superficial Velocity

Figures 6.19and6.20display the gas superficial velocity measuremesilte obtained
from the bubble regime Bayesian MLP neural netwasing a range of different input
signal, feature and pre-processing routine comiwingt Figure 6.19 illustrates the
network performance for the bubble test points; leviitigure 6.20 depicts the
classification results for the slug regime tesnpmi

In general, the ZMUV pre-processing algorithm yegldhigher accuracy predictions
than obtained employing PCAgigure 6.19 100% of the bubble test point gas
superficial velocities were predicted within theesiied target accuracy of £10% using
the following combinations:

» Soft signal — linear spectral frequencies

e Hard and soft signals — feature fusion

e Hard and difference signals — feature fusion
« Soft and difference signals — feature fusion
« All signals — linear spectral frequencies

Further analysis of the successful input featunmlboations revealed that the feature
fusion of the hard and difference signals yielded best classification of the bubble
superficial gas superficial velocity with 88% ofliile test points determined to within
1+5%.

Figure 6.20 illustrates the comparatively poor classificatierhibited for the slug
regime test points. The network had been trainedassify input features according to
the function derived in a learning process conduetairely with bubble regime points
and classified the slug points according to thiacfion. This comparatively poor
performance illustrates the flow regime dependeofcéhe relationship between the
extracted features and the target outputs.
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Figure 6.21 (a)displays the errors associated with each of thied&ta points for neural
network simulations conducted employing featuraciusas the input features and the
ZMUV normalisation. The hard signal data pointsibiting errors in excess of +10%
are labelled. One can observe the heteroscedatdtonship between the measurement
error and the GVF: as the test point GVF increasdbe less bubble like the flow
regime — the larger the probability and magnitufi¢he error in the gas superficial
velocity classification. A significant majority @fl gas velocity measurements at GVFs
greater than 70% were under-predicted with resjoettteir target.

The location of the outlying test data points dfeéess out with the target accuracy are
shown on the test matri¥kigure 6.21 (b) It can be seen that all of the bubble regime
test points were accurately classified while onhe slug test point was successfully
predicted to within £10%. Test point 14 can be seereside in close proximity to the
KSOFM defined regime boundary. As the transitioriwleen flow regimes is not
distinct, test point 14 could be exhibiting traitsmmon to the bubble regime points,
enabling classification by the bubble MLP network.

6.4.2.1.2 Liquid Superficial Velocity

Figures 6.22 and 6.23 depict the liquid superficial velocity measuremeesults
obtained from the bubble regime Bayesian MLP nenealvork for the bubble and slug
test data points respectively.

Figure 6.22illustrates that liquid velocity bubble regime sd#ication accuracies were
significantly poorer than those obtain for the gasse measurement. This observation
agrees with what was witnessed for the single-MhBtesn, where liquid phase
measurements were observed to be less accurate thieargas phase parameter
determination. In this instance, the pre-processogine employed did not exert a
large influence on the simulation results. Nevdes® the best classification results
were obtained from the ZMUV pre-processing routifeature fusion proved to be the
strongest input feature group. Optimal classifmatof the liquid superficial velocities
was obtained exploiting feature fusion of the safjnal: 65% of bubble test points
classified within £10% and 54% to within £5%.

Figure 6.23shows the classification results for the slugmegdata points. Again, slug

point classification by the bubble-trained netwavias considerably poorer than the
bubble test results reinforcing the hypothesis thaiit feature — output correlations are
a strong function of flow regime. The liquid veltycclassification for the slug test data
points were more accurately mapped according tdtibdle regime training regression
than the gas phase velocities.

Figure 6.24 (a)presents the measurement errors obtained foradhble test data points

using the feature fusion group as the input featared ZMUV pre-processing routine.
The soft signal data points exhibiting errors ircess of +10% have been labelled.
Significant errors were obtained across the GVFyeafor both bubble and slug test
points. There is a definite increase in error magid with increasing GVF but this
increase was much less pronounced than that olasefee the gas velocity

measurements.
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Figure 6.24 (b)illustrates the location of the outlying data feion the test matrix. In
this instance, although the network was trainedwloble data, errors were yielded for
both bubble and slug test data points. The fact thdbble test points exhibiting
significant errors were not restricted to thosendyclose to the flow regime boundary
suggests that the neural network was unable tacgrffly map the liquid superficial
velocity within the target accuracy using the ingeatures examined. As the raw
gamma count signal is dominated by the passaga®fsfuctures, features extracted
from the signal will encode mainly data reflectimgluced by the passage gas fluid
elements. Features representative of the liquids@hmoperties are likely to exhibit
smaller variations that are drowned out by the nawminant gas structure induced
signal features.

6.4.2.1.3 Water Cut

Figures 6.25and 6.26 display the water cut measurements observed empldpe
bubble MLP network for the bubble and slug teshfmrespectively.

Figure 6.25indicates that the hard signal autocorrelatiorcfiom coefficients and the

fused amplitude features provided the strongestopeances. PCA pre-processing
reduces the classification performance for all Uezd in water cut classification,
indicating that salient information resides withglatively small parameter variations.
Employing the ACF features extracted from the haighal and the ZMUV pre-

processing algorithm, 77% of the bubble test datiatp were successfully resolved
within the +10% target accuracy and 46% to withb9a:

Figure 6.26illustrates that the slug test data points werewsll classified using the
function derived by the bubble point network trami demonstrating the flow regime
dependent nature of the water cut parameter ctioelaTlhis trend was seen for all
three output variables suggesting that the supairighase velocities and the water cut
have a strong flow regime specific relationshiphwibhe statistical features extracted
from the raw signals.

Figure 6.27 (a)shows the errors obtained for all of the test gaiats. As expected, an

increasing frequency and magnitude of error, oatsiitarget specification, was seen
with increasing test point GVF as the test poiowflregime shifted from bubble to slug.
The recurrence of this phenomenon reinforces the flegime sensitivity of the non-

linear regression modelled by the network. Newdess, significant errors in the
bubble test data points were also attained actessvhole GVF range of the bubble
regime.

Figure 6.27 (b) illustrates that the vast majority of the slugineg test data points
exhibited significant errors. The bubble test pouatter cut predictions did yield some
results with errors in excess of £10%. These ewosebubble test points were seen
scattered across the bubble region of the flowmnegmap. It is hypothesised that
classification of all data points into just two ma@s may be an over-simplification of
the system and may not facilitate accurate reptagsen of underlying relationships
owing to the presence of more than two characteristput feature — output
interactions.
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6.4.2.2 Slug Regime MLP Neural Network

Based on the repeatability results obtained froteresitve preliminary repeatability test,
the slug regime MLP neural network architecture waned to be [n — 6 — 3]. All
other parameters were as per the original BayeBiBR. The trained network was
presented with same test data set, a mixture dflbuand slug flow regime test points.

6.4.2.2.1 Gas Superficial Velocity

Figures 6.28and6.29display the gas superficial velocity measuremesiilte acquired
from the slug regime MLP neural network using aetgrof different input signal and
feature combinations for the ZMUV and PCA pre-pssieg routines respectively.
Feature fusion results employing PCA pre-processwege unobtainable when using
two or more input signals owing to the sparse qgtamf slug training data points
available: the number of input features becametgrehan the number of slug training
data points.

Figure 6.28illustrates the network performance for the skest points. Employing the
PCA routine, the LSF features provided good ga®digml velocity predictions: 89%
of data points achieved measurement predictiortsim4i10% for the hard signal, fused
soft and difference signals, and all signals peatits. However, the best performance
was yielded using the ZMUV pre-processing algorimma exploiting the feature fusion
features of the hard signal: 100% of slug data tgoivere predicted within the target
accuracy of £10% and 89% of data points to witht®%at Furthermore, 100% of slug
point gas velocities were also obtained for fus&dF lfeatures of the soft and difference
signals and the fused LPC from all signals. Howewaty 78% of slug points were
classified to within £5% using the LSF and LPC itgpdescribed.

Figure 6.29 presents the bubble test point results for thg shgime trained network.
As anticipated, the bubble point classificationerved was relatively poor reinforcing
the hypothesis that different underlying relatiapshexist between features and flow
parameters for each of the flow regimes. In alesatess than 47% of bubble test points
were predicted within the specified target accuracy

Figure 6.30 (a)displays the errors associated with each of thied&ta points for neural
network simulations undertaken employing featuidn as the input features and the
ZMUV pre-processing routine. The hard signal dateis exhibiting errors in excess of
+10% have been identified. One can observe th#lhesest point GVF increases, the
more slug-like the flow regime, the number of meament errors out with the target
specification decreases.

The location of the test data points out with thgét accuracy on the test matrix, and
their flow regime classification are shownkigure 6.30 (b) It can be seen that all of

the slug regime test points were accurately predidBubble test points located near to
the KSOFM defined regime boundary were classifiéthivw the target accuracy despite
the network being trained on slug regime data ofilyis suggests that data points
located close to the regime boundary exhibit regduality that enables them to be
classified according to their slug or bubble cherastics.
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6.4.2.2.2 Liquid Superficial Velocity

Figures 6.31and6.32show the liquid superficial velocity measuremersutts obtained
from the slug regime MLP neural network for the gsland bubble test points
respectively.

Figure 6.31illustrates that the slug regime liquid superiisialocity classification was
significantly better than that obtained for the blebpoints in the bubble MLP: 100% of
slug data points were predicted within £10% thargét outputs employing ZMUV and
the feature fusion input vectors of the hard antl Signals (78% of calculations were
within +5%). Based on the results obtained, it wioappear that the liquid phase exerts
a larger influence on the signal in the slug flegime than the bubble flow regime.

Figure 6.32 exhibits the liquid measurement results for theldbe regime test points.
Although accurate predictions were obtained for #heg test points, this model
obviously does not transfer well to bubble datantsitypically, 75% of bubble test
points produced errors outside the target threshold

Figure 6.33 (a)presents the measurement errors obtained foradhke test data points
using the feature fusion group as the input featwed ZMUV pre-processing. The
hard-soft signal data points exhibiting errors ktess of £10% have been identified.
One can see that at high GVFs (>62%) liquid supeaifivelocity classifications were
within the desired +10% target accuracy range. &ssing the GVF of the test point,
thus increasing its bubble regime type charactesistresults in increased error
frequency and magnitud€&igure 6.33 (b)indicates the location of the erroneous test
points on the test matrix and reinforces the flegime sensitivity of the slug trained
network: all off-specification measurements resigleéhe bubble flow regime sector.
Bubble test points successfully classified werated near to the KSOFM boundary.

6.4.2.2.3 Water Cut

Figures 6.34and6.35display the water cut measurements observed eimpgldlye slug
data trained MLP for slug and bubble test poinspeetively.

Figure 6.34 illustrates the improvement in the performancddgd in the water cut
determination through the employment of a flow negidependent model. Exploiting
the amplitude features of the hard signal and {GA Bre-processing routine, 100% of
slug test points were measurement to within +10%hefr target output and 78% to
within +5%. Strong water cut classifications wergnwssed for all input signals studied
using the amplitude features.

Figure 6.35 demonstrates the poor water cut determination umeasent yielded for
bubble regime points from a slug regime trainedvoek reiterating the flow regime
specificity of the models developed in the multdevhierarchical neural network
system.

Figure 6.36 (a)reveals that water cut measurements tended to be pnone to error as
the test point flow conditions deviated from thes@erienced during training, i.e. slug.
One can see that points in the slug flow regime smwe bubble points near to the
boundary were less prone to exhibit errors outdiddarget thresholdigure 6.36 (b)
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Figure 6.31 — Slug MLP: Percentage Measurement psagufor the Superficial Liquid
Velocity of Slug Test Points (a) ZMUV (b) PCA

175



(@)

100%

O Amplitude ELPC
OLSF OACF

90% B Feature Fusion ml

80%
>
Q
S 70%
=
o
Q
< 10/
= 60%
(]
§
S 50% -
2]
©
(]
> 40% -
[}
[=2]
8
£ 30%
[}
1<)
[3]
O 20% -

10% -

0%
Hard Soft Difference Hard-Soft Hard-Difference Soft-Difference All

(b)

100%

O Amplitude mLPC
90% OLSF OACF 7
B Feature Fusion

80%

70%

Percentage Measurement Accuracy
w » o D
) ) 1) )
K K K K

20% 1

10% 4

0%
Hard Soft Difference Hard-Soft Hard-Difference  Soft-Difference All

Figure 6.32 — Slug MLP: Percentage Measurement dsagufor the Superficial Liquid
Velocity of Bubble Test Points (a) ZMUV (b) PCA
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Figure 6.34 — Slug MLP: Percentage Measurement peagufor the Water Cut of Slug
Test Points (a) ZMUV (b) PCA
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Figure 6.35 — Slug MLP: Percentage Measurement eagufor the Water Cut of
Bubble Test Points (a) ZMUV (b) PCA
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6.5 Pattern Recognition Model Classification Result

Output variable classification accuracy for thegggnMLP and multilevel hierarchical
pattern recognition models are summarisetidhle 6.2

Single MLP Two-Regime Multilevel Hierarchical Model
el Bubble Slug Overall
+10% 5% @ +x10% 5% £10% 5% £10% 5%
Gas Velocity | 9700 7105 | 1000 88% 100% 89%  100%  89%
(Superficial)
Liquid Velocity | - gq00 5105 | 6506  54%| 100%  78%  74%  60%
(Superficial)
Water Cut 83% 49% 73% 54% 100% 78% 78% 60%

Table 6.2 — Summary of Pattern Recognition Flows€ifecation Accuracies

The single MLP neural network model classified 9@#all test point gas superficial
velocities to within £10% and 71% to £5%; howevire liquid parameter predictions
were not of the same standard. This suggests hieagxtracted features yielded good
correlation with the multiphase flow gas phase props across the measurement range
studied and discrepancies in the correlations batvilew regimes could be sufficiently
modelled by a single neural network model. Howeweth the current feature set, it is
not possible to obtain satisfactory liquid parametedictions using only a single MLP
neural network.

The multi-level hierarchical neural network moddthamlow regime dependent MLPs
yielded an overall improvement in measurement aurAn increased proportion of
test points’ superficial phase velocities were sifeesd within the target accuracy
employing the multilevel hierarchical model. Howewe reduction in the number of test
point water cuts measured to within the £10% tawgas observed but an increase was
observed for those classified to within £5%. Fumthere, the liquid phase parameter
classification in the slug regime MLP was signifitg better than that obtained in the
bubble regime MLP suggesting that features in @& count signal in slug flow
regimes have stronger correlations with the liquihse parameters than those present
in bubble regime flows.

Table 6.3 summarises the feature input vector and signah@) gave the optimal
response for each of the output targets. It wasrmbkdg that each multiphase flow
parameter offered a variety of responses basetlemput features-signal combination
presented. Each parameter exhibited a preferenceafdifferent input feature
configuration.

The performance of the LPC and LSF parameters wasas. However, the author
recognises that the LPC transforms (and by extantie LSF representations) were
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perhaps determined for too small an order to ektdiscriminatory data for the
relatively high sampling rate. Accordingly, the LM@uld be representative of the high
frequency signal features whereas the majorityhef discriminatory information was
found to be in the low frequency range. For futsitedies, the author recommends the
use of a higher-order LPC of the application of line order LPC to a down-sampled
version of the signal.

Examining the results of both models, it was obsérthat the ZMUV pre-processing

routine outperformed that of the PCA. This indisatieat trimming features from input

set owing to their relatively small variability ot particularly helpful in multiphase

flow studies. Indeed, it appears though saliena dady be encoded within these small
variations and that they can be exploited to yslghificantly more accurate output
predictions.

Single MLP Two-Regime Multilevel Hierarchical Model
el Bubble Slug
Superficial Amplitude Fusion Fusion
Gas Velocity Hard Signal | Hard & Difference Signals Hard Signal
Superficial LPC Fusion Fusion
Liquid Velocity Soft Signal Soft Signal Hard and Soft Signals
Amplitude ACF Amplitude
Water Cut All Signals Hard Signal Hard Signal

Table 6.3 — Summary of Input Feature-Signal Contimna Yielding Optimal
Classification

Table 6.4summaries the response of the flow regime depemdeRs when presented
with input data from the alien flow regime.

‘ Bubble Slug

‘ +10% 5% +10% 5%
Superficial Gas Velocity 44% 44% 31% 27%
Superficial Liquid Velocity 56% 44% 46% 46%
Water Cut 44% 33% 38% 38%

Table 6.4 — Flow Regime MLP Performance with Akow Regime Data

Comparing the MLP results ihables 6.2and6.4 it can be seen that each individual
MLP network yielded good results for test pointstbé same flow regime as the
training data and poor prediction of those tesh{sobelonging to the alien flow regime.
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These findings support the hypothesis that eachv flegime exhibits its own
characteristic correlations between statisticatuiess of the generated gamma count
signal and the multiphase flow parameters.

During testing of the two-regime multi-level hiechical it was seen that test points
located near to the boundary were classified withiir target accuracy by both the
slug and bubble MLPs. It was hypothesised that slath points must exhibit features
of both regimes. If this is so, the presence ohspaints during the training sequence
may hinder the MLP networks capability to developedfective model for one specific

regime. As a result, a separate classification MeRvork for data points exhibiting this

bubble-slug regime duality may lead to an overaipriovement in the test points’

prediction accuracies.

Accordingly, a three-regime multilevel hierarchicabdel was conceived and tested.
The KSOFM was employed to generate three flow regihassifications: bubble, slug
and intermediate. The intermediate flow regime waiuced from the KSOFM nodes
that housed both slug and bubble data points and i@eated along the flow regime
boundary produced in the two-regime flow regimessitication.Figure 6.37 portrays
the KSOFM node classification for three-regimesrfravhich the data points were
reclassified.

Intermediate

S|ug/

Bubble

Figure 6.37 — Three-Regime KSOFM BMUs

Following reclassification using the KSOFM, thewiaoegime boundaries on the test
matrix were redrawn to incorporate the intermedragime,Figure 6.38 The training
and test data points were altered to ensure anasedbi test point distribution.
Consequently, the number of test points has beducesl in order to conserve the
training to test point ratio in each of the flovgimes.
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Figure 6.38 —Three-Regime Classification of DatanBo

Network design yielded the following architectufesthe systems: bubble MLP model
[n — 7 — 3]; intermediate MLP [n — 8 — 3]; and sM¢P [n — 4 — 3]. The classification
results of the 3-regime multi-level hierarchicalaebare summarised ifable 6.5

Bubble Intermediate Slug Overall

+10% 5% +10% +5% +*10% 5% +10% +5%

Gas Velocity | 10000 g5 | 1000 1000  71%  57%  90%  79%

(Superficial)

Liquid Velocity | o0, goon | 10096  71%  71%  71%  72%  66%%

(Superficial)

Water Cut 629  23%| 100% 71%  57%  43%  69%  41%

Table 6.5 — Classification Accuracies for Three-iRegMultilevel Hierarchical Model

Results obtained reinforced the flow regime speityfiof the feature correlations with
the multiphase flow properties. Good classificatvees obtained for test points sharing
a common flow regime with the MLP training data;ilhtest points from a differing
flow regime were poorly classified. The overall foemance of the three-regime model
was not as strong as that observed for the twormegnodel. However, it should be
noted that the capacity to analyse a three-regimeéeinwas hindered by the decreased
training data available to each flow regime spediLP.

184



6.6 Wavelet Transform Feature Inputs

Wavelet analysis of temporal signals exhibited mlisination between data points with
differing flow conditions Chapter 4.4). Wavelet packet decomposition of the signals
facilitated separation of the high and low-frequesomponents. It was hypothesised
that such decomposition may enable better liquasplparameter classification.

A two level decomposition was performed on the ganoount signals yielding six
coefficient packets. To reduce the dimensionalitythe wavelet transform data, Six
moment featured) were extracted from each of the sub-signals sstéichnique has
been successfully applied in similar engineeringlists 116.

Mp = NZ‘[%J Snl,m= 012345 (Eq. 6.3)

n=0 i

WhereS[n] denotes wavelet transform packet sequences A,A),DD, DA and DD.
Two pattern recognition models were constructedgighe wavelet coefficient data: a
single feedforward MLP network and a flow regimeedfic hierarchical model.
Network design yielded the following architectufes the systems: signal MLP model
[n — 15 — 3]; bubble MLP [n — 7 — 3]; and slug M[®— 5 — 3]. Designation of the
point flow regime was undertaken employing a KSORMich yielded the same
classification as detailed in the statistical featmodels. All other parameters were as
per the previous pattern recognition models deeop

Results of the multiphase flow parameter clasdifica accuracies of the wavelet
transform feature models are summarise@iahle 6.6

Single MLP Two-Regime Multilevel Hierarchical Model
Model Bubble Slug Overall
Output +10% #5% @ +10% +5% +10% +5% +10%  +5%
Gas Velocity 71%  51% | 96%  81% 89% = 56%  94%  74%
(Superficial)
Liquid Velocity | yeo 1906 | 46%  23%| 56%  44%  49%  29%
(Superficial)
Water Cut 54%  20%| 73%  50% @ 44%  44%  66%  49%

Table 6.6 — Summary of Wavelet Feature Based FlanarReter Classifications

As observed with previous models, the flow regimpecsfic network exhibited superior
flow parameter classifications than a single feedéwd MLP network. However, the
data point classification from the wavelet featuegamined was less accurate than that
obtained employing the statistical parameters efatiginal signal for both models. Gas
superficial velocity predictions were still reasbteg but those of the liquid parameters
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were disappointing. Nevertheless, it is anticipatidtht these results could be
ameliorated through further examination of wavdigictions and feature extraction
techniques.

6.7 Summary

This chapter analysed the application of pattecogaition techniques to obtain the
individual phase flow rates of a multiphase frone ttaw output signals of a single-
source, dual-energy gamma densitometer.

Feature extraction was employed to represent tihenrgacount signals in a memory
efficient and contour analysis studies observedl ttia features offered discrimination
between different multiphase flow conditions. Exaation of different pre-processing
routines revealed that salient data may be encetteth small signal variations and , in
the majority of instances, feature pruning thropghcipal component analysis resulted
in reduced classification accuracies.

A single MLP neural network system was outperfornrednultiphase flow parameter
classification by a multilayer flow regime speciiicodel. The optimal input vectors
were found to vary for each of the output paransetémwas shown that individual phase
flow measurements to within £10% are possible aithappropriate network set up.

Gas phase parameters exhibited higher predictiocuracies than their liquid
counterparts, for all models, owing to the domimatof the raw gamma count signal’s
properties by the passage of gas structures. Howdgelid sensitivity to feature
correlations was also found to be flow regime depah Good classification of slug
regime liquid parameters was obtained in compartsotinose exhibited in the bubble
regime. It is anticipated that the application ok tflow regime specific pattern
recognition model in flow regimes unavailable dgrithe study (annular flow) will
yield measurement result accuracies similar todhmssented.

Evidence of data point flow regime-duality was alsd in the flow regime specific
model as bubble test points lying close to the ftegime boundary were well classified
by the slug MLP network and vice versa. Classiiaatof the data points in the
KSOFM also indicated that some data points extdbdiearacteristics associated with
both slug and bubble regimes. Accordingly, cautsimould be exercised when
developing flow regime specific models to buildooundary flexibility for flow regime
specific correlations.

Application of wavelet transform based input vestaterived from the statistical

moments of the first two levels packet decompositicere investigated. Reasonable
classifications were obtained for the gas phasdituitl phase parameter classification
was considerably poorer than conventional inputr@ggh. Nevertheless, wavelet
packet decomposition was observed to be a powenmalysis tool and offers a

multitude of new approaches to signal analysis.islt anticipated that further

investigation of wavelet functions and feature aetion should enable improved liquid
phase parameter determination.
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Chapter 7: Conclusions and Future Work

This chapter summarises the original project objest before documenting the
conclusions that have been drawn from undertakiregrésearch work. In addition, a
number of recommendations are presented to theemeadch with the intention of
extending the knowledge and understanding of tipéc tthrough future investigative
work with a view to developing a robust, yet ecomgmclamp-on multiphase
measurement device.

7.1 Conclusions

In the oil and gas industry, multiphase flow measunt is the determination of the
individual flow rates of the oil, water, and gastaibed during production processes.
This research work was concerned with the investigaof the suitability of gamma
radiation methods to provide an economical meanslamp-on multiphase flow
measurement. The reduced hardware and installabets associated with deploying
such units as multiphase flow meters, in conjumctiath increasing oil prices, would
enable economic justification of the industry’simbite goal of a per well MPFM
installation basis.

The objectives of the research work were:

* Conduct a literature review of multiphase flow atedmeasurement, gamma
radiation in multiphase metering and the applicatad pattern recognition
techniques in multiphase measurement.

» Undertake experimental data collection of a gamerasidometer’'s response
to a variety of vertical multiphase flow conditions

* Analyse the gamma densitometer signal charactsisth relation to key
multiphase flow parameters.

* Investigate a mechanistic approach to determinegindividual phase flow
fractions and phase velocities from the gamma tamsiter output data.

* Investigate the suitability of the gamma densit@neita for exploitation in a
pattern recognition based multiphase flow measun¢system.

A review multiphase flow and its metering reitethtee need for the development of a
versatile, low-cost measurement solution to meet til and gas industry’s
requirements. Employing gamma densitometry for ipliétse flow analysis has been
documented by a number of researchers to resodvediume fractions multiphase flow
mixtures or to identify the prevalent flow reginihe use of gamma densitometry in
conjunction with pattern recognition in multiphaew measurement has also been
reported where the gamma-densitometer forms pad eénsor array for horizontal
flow.

Gamma densitometers are already exploited in tloagacities as part of several

commercial multiphase metering systems. Howevee, flow in these meters is
normally ‘homogenised’ employing a blind-tee upatre of the installation or
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deployment of a Venturi constriction in the measwat section, or involves other
intrusive measurement components that do not leechselves to clamp-on multiphase
metering.

No information has been published in the public domon the ability of a single
gamma densitometer unit to provide both phase csitipo and velocity information
for vertical multiphase flows. This research wodsldemonstrated that a single gamma
densitometer unit can be exploited, in conjunctoth pattern recognition analysis, to
infer the superficial phase velocities and theitigphase water cut; thus, enabling the
individual component mass flow rates of the mubltiph flow to be determined to a
degree of accuracy comparable with several comualeesiailable multiphase flow
meters.

A high-speed sampling (250 Hz) gamma densitometérwas installed at the top of
the 10.5 m catenary riser in the Cranfield Uniwgrsnultiphase flow test facility.
Gamma-rays at two pre-defined energy levels ofrésteare detected and logged by the
detection unit. Gamma count data was collectedaferide range of multiphase flow
conditions for analysis. Investigation of the sttal properties of the gamma count
signal revealed that 40 minutes of gamma count datéection are required to
guarantee a statistically accurate descriptionhef multiphase flow conditions being
measured.

Signal analysis of the gamma count signal respoose variety of multiphase flow
conditions was performed. Raw traces of the gamouats signals gave a good visual
indication of the gas and liquid phase distributi@miations with time. Flow geometry
classification was performed using the raw dataasy In general, the signal based
flow regime classification corresponded well witlbfished flow regime maps although
some data points exhibiting characteristics of ntbian one regime were difficult to
assign objectively to one particular regime.

A host of statistical parameters were extracteanfbe time-varying gamma count
signals and their correlation with characterist@rgmeters of the multiphase flow
composition investigated. Parameters demonstratiagrimination for different flow
conditions were observed to be complex functionthefgas and liquid phase loadings
and the water cut.

The geometry yielded by the signal probability massction plots provided a good
indication of the prevailing flow regime. A scatfgot of the mean hard gamma count
against the coefficient of kurtosis produced a giable quadratic relationship which
enabled classification of the flow regimes. Neveldks, classification was subjective
when operating in the proximity of the defined floegime boundary as traits of more
than one regime were evident and discrepancies olaned in classifications from
experimental data with published flow maps and ehdsom multiphase flow
simulations.

Frequency domain analysis of the signals using p#eVed unsuccessful in decrypting

the relationship between the frequency spectraitiehsand the dominating signal
frequencies with respect to the multiphase flowapseters on both a global and flow
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regime specific basis. Investigation of the gasedtre frequency relationship proved
more fruitful with the passage frequency of gasdtires demonstrating a strong flow
regime specific dependency on the gas phase loa@imgelation with the liquid phase
was observed to increase with increased gas loadhilg the water cut was observed to
exert a significant influence on the gas strucftequency at low liquid loadings.

Wauvelet analysis indicated the intricate relatiopdietween the time-frequency content
of the signals was a complex function of the gas lequid phase flow rates, and the
liquid phase water cut. Discriminatory fractal pedjes were observed in the
continuous wavelet transforms but it was not pdssib determine any quantitative
relationship between these fractal properties hadiultiphase flow parameters.

A mechanistic approach to determine the multiphié®& individual phase volume
fractions and velocities was investigated. Phaskinve fraction information was
interpreted from the degree of gamma attenuatidnded by the multiphase flows.

Direct application of gamma attenuation equatioddtermine the phase fractions of the
two-phase (air-water) data yielded significant esrowing to the presence of phase slip
and flow geometry considerations. A linear cor@ttmodel based on the superficial
gas velocity facilitates determination of two-phdag-water) data to within £5% at a

confidence level of 79%.

Employing the dual-energy attenuation equationsrégplution of the multiphase data
phase fraction resulted in irreconcilable errorsodMication of the two-phase linear
correction model for application to the multiphdlesv data facilitated determination of
the gas volume phase fractions of the multiphas tdawithin £10% with a confidence

level of 100%. However, the modified correction rabaecessitated input of both
superficial gas velocity and water cut informatidvevertheless, the phase fraction
measurement performance was favourable in compangth published correction

correlations.

Linear correlations were obtained for the deviatimtween the mean hard and soft
gamma counts and the liquid phase water cut atl fgaes volume fractions. However,
this correlation was only valid for data pointshwgas volume fractions of up to 40%.
At higher gas volume fractions, the correlation dat facilitate sufficient distinction of
the water cut magnitude.

Quasi-periodic waveforms identified in the multisbafluid density were analysed for
their dependence on the gas and liquid superfpiialse velocity parameters. Wavelet
packet decomposition was exploited to separategéimema densitometer signals into
their low and high frequency components. The autetation function of the filtered
data facilitated determination of the gas strucfpseudo-periods for each of the data
points. The geometric form of the autocorrelationdtions was observed to be sensitive
to the data point flow regime for the large gasudtires but was flow regime
independent for the small gas structures.

It was determined that at constant liquid phasesvatts, the large gas structures had a
strong dependence on the multiphase flow gas do@énfelocity; while, the small gas
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structures exhibited a strong correlation with thiguid superficial velocity.
Nevertheless, the underlying relationships betwbergas structure pseudo-period data
and the phase velocities proved to be too compelet quantified and did not lend
themselves to independent determination of theviddal phase velocity parameters.
The availability of data from a secondary sensor fagilitate cross-correlation
determination of the phase velocity data may offex best opportunity for further
development of a mechanistic approach.

Analysis of the gamma-densitometer data in conjanciwith pattern recognition

techniques to correlate the properties of the gpesodic density waveforms with the
individual phase velocities and the liquid phaseewaut of the multiphase flows was
undertaken.

A single MLP neural network system was determinedbé insufficient to model the
complex relationship between the statistical fezgustudied and the multiphase flow
parameters. Each multiphase flow parameter exkilatpreference for a different input
feature configuration.

The single MLP model was outperformed in multiphieer parameter classification
by a multilayer hierarchical model comprising a l€obn self-organising feature to
classify the data points into their respective flegimes in the first layer followed by
individual MLP networks for each identified flowgiene.

Employing a two-regime (bubble and slug) multilaigrarchical model, it was shown
that phase superficial velocities and liquid phasger cut can be determined to within
+10% with appropriate network set up. Liquid phpaeameter classification in the slug
regime MLP was significantly better than that obéal in the bubble regime MLP
suggesting that features in the raw count signatlug flow regimes have stronger
correlations with the liquid phase parameters tihase present in bubble regime flows.
The optimal input vectors were also found to vamydach of the output parameters and
for each regime.

In both models, gas phase parameters exhibitecehigtediction accuracies than their
liquid counterparts owing to the domination of the&v gamma count signal’s properties
by the passage of gas structures. However, ligendisvity to feature correlations was
also found to be flow regime dependent. Good diaasion of slug regime liquid
parameters was obtained in comparison to thosebiedii in the bubble regime.
Furthermore, the successful slug regime water tagstication contrasts with the
mechanistic approach results where good correlatias obtained for bubble regime
range GVFs of <40% and no distinct correlationHiggher GVF data points.

Certain test points located near to the flow reghmendary were observed to exhibit
flow regime duality and were classified within th&rget accuracy by both the slug and
bubble MLPs. The presence of such points duringganre specific training sequence
may hinder the MLP networks capability to developedfective model for one specific
regime. Consequently, caution should be exercisbénwdeveloping flow regime
specific models to build in boundary flexibilityrflow regime specific correlations.
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A three-regime (bubble, slug, and intermediate) trievel hierarchical model was

developed and tested. Results obtained reinforkedflow regime specificity of the

feature correlations with the multiphase flow pndigs. Good classification was
obtained for test points sharing a common flow megiwith the MLP training data;

while, test points from a differing flow regime weepoorly classified. The overall

performance of the three-regime model was notrasgtas that observed for the two-
regime model. However, the capacity to analysereethegime model was hindered by
the decreased training data available to each ftgime specific MLP.

Application of wavelet transform based input vestaterived from the statistical

moments of the first two levels packet decompaositicere investigated. Reasonable
classifications were obtained for the gas phasditpuid phase parameter classification
was considerably poorer than conventional stasistiteature input approach.

Nevertheless, wavelet packet decomposition wasrebdeto be a powerful analysis

tool and offers a multitude of new approaches ¢tmali analysis. It is anticipated that
further investigation of wavelet functions and teatextraction should enable improved
liquid phase parameter determination.

From the results presented, it was concluded tmatuse of gamma-densitometry, in
conjugation with a flow regime based pattern redogm approach offers the best
approach to multiphase flow parameter determinatibis believed that with further

development work, a clamp-on gamma densitometdenpatecognition based system
could offer a cost-effective multiphase meteringhod for the oil and gas industry.

7.2 Future Work

In order to build upon the research work descriipetthis thesis, it is recommended that
a number of elements be subject to further invattg.

* A step-wise approach to mechanistic model developrnsgerecommended as the
phenomena observed during the current research earkl not be attributed a
particular source with confidence. The levels ahptexity in the multiphase fluid
should be introduced gradually. Data collectioraipurely vertical pipe, with a
static mixer installed upstream of the gamma denwter measurement section,
would facilitate the characterisation of the instant’s response to flow mixtures
under non-slip conditions. Flow mixtures shoulditogally restricted to air-water
combinations to determine the gas and liquid pltaseacteristics under non-slip
conditions. The static mixer should then be remawenhtroduce slip and enable
of the slip on the phase characteristics. Repatibiothe steps described for air-oil
systems would enable a detailed comparison of fieeteof liquid phase physical
properties on the gamma response. Finally, anabfsisultiphase flow mixtures
could be undertaken with a clear understandinghefunderlying gamma-fluid
interactions mechanisms.

* Better could have been made of the gamma count atdliected in the pattern
recognition analysis by chopping each of the tirees into two or three separate
reduced duration time series. This would have emsed the quantity of training
and test data available for the pattern recognitimuel development and testing.
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Count measurement periods of 15 — 20 minutes cdedutilised with no
appreciable loss of accuracy. This practise ismenended as a useful approach to
mass data collection for future pattern recognistudies.

Exploration of the discriminability abilities of weinput feature groups for

classification by the pattern recognition model Idoumprove the generalisation
and accuracy of the measurement system througtiskevery of novel features
with strong dependencies on the core multiphase flarameters. Analysis of the
LPCs over a longer timescale may prove to be meeduliin extracting key flow

parameter information. Furthermore, a strong emphakould be placed on
effective extraction of the discriminatory infornaat residing in the wavelet

transform coefficients. In addition, analysis o tpamma densitometer signal’s
time-frequency-energy distribution using the Hilblduang transform could yield

useful input feature parameter. The Hilbert-Huanmgndform derives an

elementary wavelet function from the signal itselhd is adaptive; thus,

facilitating improved signal time-frequency resabuat[117].

Examining a number of new input features will, ionfnction with those

analysed in this thesis, result in a vast numberpofential input feature

parameters. This will yield a large number of petations for the creation of an
input vector group for classification. Accordinglgptimisation of the pattern
recognition system’s input feature group shouldubelertaken so as to obtain
maximal classification accuracy and processinggoerdnce. Branch and bound
algorithms could be employed to achieve this asy tlemable efficient

identification of an optimal parameter sub-setsrfra large pool of potential
candidates.

In its current form, the pattern recognition baseebsurement model developed
will only be valid for the same fluids in identiogperating conditions. Application
of the technique developed to other installatioiis require further development
work. Expansion of the gamma attenuation data ypshould be undertaken to
encompass a wider range of flow conditions. Keyapaaters that should be
considered are oil density, oil viscosity, watelirsgy, operating pressure,
operating temperature, pipe diameter, and pipenti®n. As well as developing
the measurement envelope of the device, the datayi compiled will be able to
act as a look-up reference library for device calilon on new application.

The current pattern recognition approach requiredyais of the flow’s gamma
count statistics over a period of ‘steady-stateifl In reality, a stable period of
steady flow may not always be available to the mesment device, and the
changes in flow conditions will affect the gammaubstatistics. This will result
in erroneous measurement predictions from the syséecordingly, development
to facilitate classification of the flow parametanstransient flow conditions is
necessary to provide a more robust measurementicgollA series of transient
multiphase flow experiments should be conducteddavelop a real-time
measurement system that takes into account hiatostatistical data from the
flow. This could be undertaken employing a recurtgpe neural network. In all
cases of transient flow conditions, the measurensgatem should be able to
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guantify the degree of confidence in its resultd bog unseen conditions for user
analysis and system development purposes.

Sand production is common in a significant numbepreducing oil wells. As
well as having the potential to lead to loss ofdueiion capacity, pipeline
blockage, equipment failure and/or increased pigreosion, the presence of the
sand is also likely to exert an influence on theasueement of the individual
phase flow rates by a clamp-on gamma densitomgsters. The effect of sand at
various concentrations on the classification acoyrand the ability to extract
sand concentration and transportation velocity rmfttion from the gamma
densitometer signal, should be investigated throegberimental analysis on a
laboratory-scale test facility. Once the effecttbé sand on the densitometer
derived measurements has been quantified, the aj@weht of a correction
algorithm for the measurements’ yielded by the gangiensitometer system in the
presence of a measurable sand concentration caradmined. The functionality
of the multiphase measurement system in the presaingand would increase the
robustness and marketability of the system whigegfovision of production sand
information would offer enhanced well productiortiopsation.
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A.1 Abbon Flow Master

The Abbon Flow Master (AFM) comes in two differargrsions, both based on the
Abbon acoustic detector, electronics and softwaahriology. The AFM 300C is a

clamp-on instrument that uses either existing caotbn details (such as a choke
valve) or a simple flow conditioner as a signal gamor with a sensor attached to the
surface. The AFM 300l is an in-line version thatdrporates a flow conditioner that

increases the acoustic signdfsgure A.1 [Al]. It is claimed that the flow conditioner

permits higher accuracy and easier calibration.

Figure A.1 — AMF In-Line Spool Piece

As the oil well’'s multiphase flow passes througle tmeasurement section, acoustic
energy signals are generated which correlate tdloe rates and composition of the
medium. The AFM employs on-line detection, proaggsand interpretation using
multivariate analysis of the acoustic fingerpriatimfer variations in composition and
flow rates. No information was available in the palblomain relating to meter testing
or commercial installations of the AFM multiphaseter.

A.2 Accuflow AMMS

The Accuflow Multiphase Metering System (AMMS) is @atented technology
comprising a pipe separator design to separatel@gphmse flow into a gas-free liquid
stream and a liquid-free gas streaRigure A.2 [A2]. Conventional single-phase
measurement devices are then employed to measthetthe separated streams.

Multiphase fluid from the production flow line emdethe vertical pipe tangentially,
creating a cyclonic action in the vertical pipe weha majority of gas is separated and
flows upward. The downward inclination of the inlpipe promotes liquid/gas
stratification in the inlet pipe that enhances lggsil separation in the vertical separator
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pipe. The remaining gas, mostly in the form of drhabbles, is carried downward with
the liquid stream and enters the horizontal pijptice.

;\L GAS ——= r.._, GAS ——

: ‘ — =

Figure A.2 — Operating Principle of the AMMS

Liquid level in the horizontal separator pipe sewctis controlled in the middle of the
pipe using a control valve located in the gas flave. As the liquid stream flows
through the horizontal pipe, gas bubbles rise ¢ogis/liquid interface and are separated
as the liquid stream flows toward the outlet endhef horizontal pipe. Large gas/liquid
interface area, thin gas-bearing liquid layer, gagkscent flow in the horizontal pipe all
contribute to efficient removal of entrained gablbies from the liquid stream.

Accuflow claim that their patented pipe separatesign can achieve complete gas-
liquid separation and can thus employ conventigmal’en single-phase measurement
devices to measure the separated phase streantsafjyportex or ultrasonic meters for
the gas and a coriolis meter for the liquid).

The AMMS has been employed by Chevron Texaco in Hits and Cymric Fields in
California, USA, since 1996AB]. Chevron Texaco reported AMMS volumetric liquid
measurements to within 2% of those of the testre¢maand agreement to within 3%
was obtained for the liquid phase water cut. No gasse measurements were
performed.

Accuflow Inc. claims to have installed units at §fes, in six countries, with similar
measurement accuracies attained for flow rategpabu30,000 bpd, and at water cuts
and gas fractions up to 99%4].

A.3 Agar MPFM

Agar's MPFM-400 Series is a phase separation tygéemcomprising a patented
Fluidic Flow Diverter (FFD) device and a gas byplasp, Figure A.3. The FFD device
employs the difference in flow momentum in the gad liquid phases to divert most of
the free gas in the multiphase stream into a sesgnoheasurement loop around the
core of the MPFM.
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(b)

.

Figure A.3 — Agar MPFM 400-Series (a) Schematic @n)dskid Mounted (mirrored)

This secondary measurement loop is essentiallytayage metering system and consists

of a Venturi and a vortex shedding flow meter imiese The primary metering loop

comprises three components: a positive displacemeter to determine the total

volumetric flow of the mainly liquid stream; a montem meter (dual Venturi) which

measures the gas fraction of the flow; and a miex@wvater-cut meter. After metering,
the gas in the secondary bypass loop is recombuitbdhe oil, water and gas measured

by the core meter.

The Agar MPFM has been subjected to numerous fedts and is claimed to have

performed to within its quoted specifications: 1366 gas oil and water flow rate
measurements at GVFs up to 99.9% relative to &sirator measuremensg-A7].

A.4 eProduction Solutions Inc. REMMS

The Red Eye Multiphase Metering Syste™
(REMMS) combines compact separatic
technology with conventional liquid and ge
metering. The multiphase fluid enters the me
body through a narrow tangential inlet into tt
vertical separator body. This forces the liqu
and gas to accelerate through the inlet ¢
around the vertical axis of the main bod
creating a vortexrigure A.4 [A8].

Due to the large density difference between 1
gas and liquid phases, the gas migrates quic. _,
to the centre while the denser liquid travels to

Gas Leg

the wall. Once separated, the individual streams Figure A.4 — REMMS MPFM
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are measured with conventional liquid and gas meetgpically coriolis and vortex

meters respectively. The water cut is determinegleying eProduction Solutions

propriety Red Eye 2G Water Cut Meter which exploitdrared absorbance to
determine the relative quantities of water andimikthe liquid phase The separated
phases are then recombined or transported in segdhw lines.

In December 2004, eProduction Solutions compleatsthilation of 18 REMMS MPFM
units in Chad, Africa A9]. There have been no details of the meters’ peréoice
published in the public domain.

A.5 FlowSys TopFlow

The major parts of the FlowSys TopFlow meter are Wenturi insert and the
impedance electrodes incorporated inside the thafathe Venturi insert. The
differential pressure is measured across the iafethe Venturi insert while the
capacitance or conductance of the mixture flowihgough the Venturi insert is
measured by the electrodes inside the Venturi thFdaid velocity is found from cross-
correlation of the high-resolution time signals nfrgpairs of electrodes within the
Venturi insert.

The flow rates of the oil, water and gas are thalouwated based on the measurements
obtained by these sensors as illustratdeiguire A.5.

Capacitance &
Conductance

Water Cut

(1] Flover Eate

Ventari (dF) )
(Fas Fraction

H-Correlation

[welocity)

Figure A.5 — Schematic Diagram of the FlowSys TopH\Weter

Laboratory testing of the FlowSys meter was undteriaat the National Engineering
Laboratory (NEL)[AL1Q]. The test matrix comprised a number of pointhJiquid and
gas flow rates ranging between 0-6&/tmand 0-340 rith respectively. Liquid phase
and oil flow rate measurements obtained were withirelative uncertainty band of
+5%. However, for tests points with a GVF greabart 70%, or water cuts in excess of
75%, large deviations from the reference valuesewasserved. The gas flow rate
measurements were found to be within +20% acrdasga proportion of the operating
envelope.
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Further laboratory testing of the TopFlow MPFM waearried out by Christian
Michelsen Research (CMRAL1L]. The test matrix comprised a number of pointshwit
liquid and gas flow rates ranging between 15-4%hnand 20-90 rih respectively. It
was reported that 99% of the liquid flow rate measents were within a relative
deviation of +10% from reference values; 78% of ftolw rate measurements were
within £10%; and 84% of the gas flow rate measum@seere within +15%.

In 2001, FlowSys’s TopFlow meter was field testgdHni in Trecate, ItalyA12]. It
was documented that the FlowSys meter gave phaserfite measurements within
+10% for GVFs up to 92-93% for the gas flow ratel &VFs of up to 86-87% for the
liquid flow rates. Liquid and gas flow rates randestween 6-35 fith and 35-145 rith
respectively. However, at GVFs in excess of 92-3Béoliquid flow rate measurement
accuracy deteriorated to approximately £20%. Ovimthe limitations imposed by the
test wells, the water cut was only examinable betw41-51%. In this range it was
reported that the meter was able to classify th@ntaof the test points within +5%.

In August 2005 the Gulating Court reversed partstlus decision, concluding
concluded that FlowSys had partly infringed on Rtsxaechnology by using the
knowledge and experience that some key FlowSysopeet have from previous
engagements with Fluenta (now Roxah)llB]. The main conclusions reached by the
Gulating Court were:

* FlowSys were prohibited from manufacturing, mankgtiand selling
TopFlow for a 3-year period with immediate effect.

 FlowSys had to compensate Roxar approximately US$niillion for
damages related to sales and costs for the appsal to the Gulating
Court.

* With respect to the rights to FlowSys unique patdm patent ownership
remains with FlowSys. The decision regarding theeqtaby the Stavanger
City Court, which was fully in favour of FlowSys,as not appealed by
Roxar to the Gulating Court.

In November 2005, the Appeal Committee of the N@iwwe Supreme Court in the
appeal case against Roxar decided not to accempipeal from FlowSys for further
presentation to the Supreme Court of Norway.

A.6 Framo / Schlumberger Vx MPFM

The Vx MPFM makes use of two measurement technigaégenturi with pressure,
temperature and differential pressure sensors fassnflow measurement and dual-
gamma densitometry for phase fraction determinatiéollowing a blind tee, the
multiphase flows vertically upwards through the enietg area. All the measurements
are made in the Venturi throat, i.e. absolute presdemperature, differential pressure
relative to upstream conditions and phase fractieiggire A.6 [A14].
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Phase fractions are measured using a dual-enemgyngadensitometer employing a
barium-133 radionuclide source. The source has ggndevels appropriate for
measurement of gas fraction and water cut (29 ked 80 keV). The gamma
densitometer is located at the narrowest part ef ftow conduit, allowing the low
energy levels employed by the gamma meter to b&ldigaused with a low strength
source.

Laboratory testing of the PhaseWater Vx meter was andertaken at the National

Engineering Laboratory (NEL)A15]. The test matrix comprised a number of points
with GVFs ranging from 0 to 95%. Liquid phase anidflow rate measurements were

produced within a relative uncertainty band of +1@%«d water cut readings had an
associated absolute error of +6%. No quantificatidnthe gas phase measurement
performance was reported.

In 2005, Al-Khafji Joint Operations installed fildhaseWatcher Vx MPFMs in the
offshore-Khafji field for satellite-based monitoginWell tests were referenced against a
test barge comprising a conventional three-phagaraor set up. Measurements
agreements for the PhaseWatcher Vx meters wereteebto exhibit 5-10% relative
error for the oil and water flow rates and in excet 15% for the gas phase flow rate,
with respect to the separator measuremeXis]f

A.7 Haimo MPFM

The Haimo MPFM combines features of inline andipbseparation type MPFMs. The
phase flow rate measurements and the water cutrndetgion are carried out

independently of each other. The gas/liquid twoseh#flow meter consists of a Venturi
and two identical single-energy (59.5 keV) gammasees. The full range three-phase
water cut meter comprises a dual-energy (22 andl kK&V) gamma sensor and a flow
conditioner located upstreamigure A.7 [A17].
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Both the gas and liquid flow rates ai '
measured upstream of the flo
conditioner in the two-phase flow mete

the dual-energy gamma densitomei !
measures the water cut of the condition 3
flow mixture.

In March 2005, Haimo claimed to hav 5

completed well tests on more than 15|
wells and to have over 100 MFM mete
installed in onshore and offshor

o
applications A18]. MLET c_m L“o QUILET

1. Temperature Transmitter 2.Flow Conditioner 3. Mertur Flow hister
4. Differential Pressure Transmitter 5. Single Gamma heter
fi.Oual Gamma hdeter ¥ Pressure Transmitter

Figure A.7 — Haimo MPFM

A.8 Jiskoot Mixmeter

Jiskoot’'s Mixmeter utilises a patented upstream emixo ensure a homogenous
multiphase flow mixture is present in the meter'sasurement sectiorfigure A.8
[A19]. The mixer attempts to equalise the velocityld three phases and removes the
need for complex slip correction calculations. Rhaactions are determined through
the employment of a dual-energy gamma densitomsystem; while the phase
velocities are determined through cross-correlatbsensor data. No data was found
documenting the Mixmeter’'s performance in labonatarfield tests.

?”“"“T
i FIELD
l INTERFACE [~ ——========r° 1
| |
|
| i
:

SAFE
AREA
CONTROLLER

Figure A.8 — Mixmeter MPFM
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A.9 Multi Phase Meters AS mpm

Multi Phase Meters AS’s mpm is marketed as a higitigpmance meter and was
developed through a JIP involving Eni, Hydro, Sh&btal, Statoil and ConocoPhillips
[A20]. The mpm measurement system is based on pat@itBdoadband technology
which measures the dielectric constant in 3-D
calculate the water density, salinity and conduigtjv
and the gas concentration in annular flowgure A.9.
A Venturi section is employed for flow conditioniregd
velocity measurement, while a gamma densitometir |
is exploited for phase composition data. A subs
version of the meter has also been developed.

Field validation tests were undertaken in Janud&g72
on the Gullfaks A field operated by Statoil andaepd
gas and oil flow rate measurement accuracies thimwi
+8% and +£3% respectively across the full range UF&
and WLRs A21]. Figure A.9 — mpm Meter

A.10 Multiphase Solutions Inc VMS.

Multiphase Solutions Inc. take a software-basedagh with their Virtual Metering
System (VMS). The VMS uses measurements from egisgensors in and around the
well and to infer multiphase flow rates. VMS care useveral predictive models to
determine flow rate. It approximates the uncerjaofteach estimate and then combines
these values to achieve the lowest overall uncgytalrwo installations of the Virtual
Metering System have been publicised: one instafidor Eni in the Gulf of Mexico
and another for Shell Philippines Exploration ai&napaya A22].

A.11 Phase Dynamics Inc. CCM

This Compact Cyclone Multiphase meter (CCN
meter) utilises a compact gas-liquid cyclone, 1
separate the liquid and gas phases prior
measurementfFigure A.10 [A23]. Effectively, the
system is a modern version of a traditional twosgha
separator. Coriolis meters are used to measure
separated gas and liquid flow rates. The separal
liquid phase is then routed through a Phase Dyram
full range microwave water cut meter, forming a
integral part of the CCM multiphase meter.

To date, Phase Dynamics have sold and installed
CCM meters in Alaska, Wyoming, Siberia China a
Abu Dhabi. The dates of these have not published
the public domain. In 2001, Phase Dynamics repor e
the field testing of the CCM unit on 1152 wellstie  Figure A.10 — CCM Meter
BP operated Milne field in Alaska using a

215



conventional separator for reference measuremdfgasurement accuracies of +5%
were claimed for the gas flow rate, liquid floweatnd liquid phase water c#Z4].

A.12 PSL ESMER

ESMER exploits advanced signal processing techsiqoedetermine the individual
phase flow rates of a multiphase flow mixture. TBBMER system comprises two
modular sub-spools: the pressure spool and thedamme spool. The pressure spool
contains a differential device (orifice/Venturi/\bite) equipped with differential
pressure and absolute pressure gauges and a témeesansor. The impedance spool
comprises a capacitance sensor for oil externdicgions, a conductance sensor for
water external applications or both for full watert range applications. The spools are
installed in a horizontal orientation.

ESMER is a pattern recognition based meter thabéshes the non-linear relationships
between an array of sensor measurements and thaduel phase flow rates by a
combination of pattern recognition and neural nekwmaining,Figure A.11 [A25].

variable fuzzy on/off

v T
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pipe diameter, density,
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m —— peural net - mass rates
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phaze
distribution

Figure A.11 — ESMER Concept Model

In 2002, ESMER was field tested by Sarawak ShethBe in Malaysia over a 20-
month period A26]. In a series of well tests, the meter's measureameere compared
against those obtained from a conventional testrs¢égr. Good repeatability and
trending of the meter against different productiates and flow patterns were reported
and it was claimed that ESMER measurements matittfeedeparator measurements to
within £10% for wells which were inside the opengtienvelope. However, it was noted
that the accuracy of the meter deteriorated in tesits located at the boundary of the
MPFM’s operating envelope and with the passagerd.t

A.13 Roxar MPFM 1900VI

The Roxar MPFM 1900VI comprises a capacitance sereo inductive sensor, a
gamma-ray densitometer, a Venturi meter and a systamputerfFigure A.12.

216



Wanhiri

Ri232r422
Ind

SENS0Y

1
Cap.
E ey o
o e

Florar

Analogne cutputs

Figure A.12 — Schematic Diagram of the Roxar MPFMQVI Meter

Oil, gas and water fractions are determined bytetad impedance and gamma ray
density measurements. A cross-correlation algoritenused to measure individual
component flow rates. The Venturi meter measuresnixture flow rate and extends
the range of the MPFM 1900V to cover single-phiapgid where the cross-correlation
technique fails to operaté}].

Field tests of the MPFM 1900Vi meter were undenakg Gulf of Suez Petroleum
Company (GUPCO) in Egypt on seven well2f]. During testing, the flow regime
observed was noted to range from severe sluggirgugh to annular owing to the
dynamics of the gas-lift production system emploftbé average GVF ranged between
93 — 98%). It was reported that gas and liquid pHbsv rates were measured to within
+10%, relative to the test separator, for GVFshi@ tange 93 — 96%. Significant errors
were reported for liquid flow rate measurementsests where the GVF was in excess
of 96%.

Saudi Aramco subjected the MPFM 1900VI meter tattaeroseries of field test@\R8].
The MPFM performance was examined at two diffe@rghore gas and oil separation
plants over a range of flow conditions: liquid floates of 1 — 15 mb/d; water cuts of 0
— 80%; and GVFs from 50% up to greater than 90%was$ reported that acceptable
results were obtained by the MPFM 1900VI for welldsth GVFs below 90%.
Acceptable performance was defined to be £10% itpnd flow rates; £15% for gas
flow rates and +15% for water cut determination. @YFs in excess of 90%, the
1900VI's performance was classified as ‘poor’ baisvwmot quantified.
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A.14 TEA Sistemi Spa LYRA

The TEA LYRA multiphase meter is suitable for
multiphase flow measurement when the GVF is les
than 90%. A differential pressure section (Venturi
nozzle or orifice, according to the fluids and mes
specification) is employed to determine the totalsm
flow rate, Figure A.13. The water-cut is determined
using a patented impedance meter which require
input of the mean density of the gas-liquid mixture
The mean density is measured by a gamme
densitometer or, if the liquid fraction is apprédie
(~30%), the pressure drop measurement is used
infer the mean density, negating the need for siolu

of a gamma-densitometer in the metering systen
Interpretation of the measured data into individua
phase flow rates is largely based on propriet
mechanistic models and artificial neural networks
trained with well testing data.

R
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Figure A.13 - LYRA MPFM

LYRA has been marketed in Italy since 1995 and Ibesn installed in three Agip
operated oil fields, (Prezioso, Dirillo and Tregatalthough good results have been
claimed, no figures pertaining to actual measurdraecuracies were availablaZ9].
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B.1 Probability Mass Function

The probability density function (PDF) defines irebability that a sampled data point
will assume a particular value, within a specifange, at any instant in time. The
probability density functiorR(x), is defined by the following expression:

P() = lim probx < )(A(;[() < x+ 0] (Eq. B.1)
1T,
P(x) = lLrPog[l'E‘l?j (Eq. B.2)

WhereP(x) represents the PDF of sample time history reagt) Ty is the total time,
during which the signal will assume a value betweandAx.

B.2 Mean

The mean k) is defined as the arithmetic average value oftta points. It estimates
the value around which a central clustering of dat@nts occurs. It is expressed in
mathematical terms as:

N
2%
X = ;\1 (Eq. B.3)

Wherex is the amplitude value of th8 data point and\ represents the total number of
points in the sampled record.

B.3 Standard Deviation

The standard deviation of the data set is the rmeain square of the amplitude
deviations from the arithmetic mean and is effad{iva measure of the spread of the
data. Mathematically, the standard deviati8®)(can be expressed by:

(Eq. B.4)

B.4 Coefficient of Variance

The coefficient of variance is a non-dimensiongression of the relative scatter in the
data distribution. It is defined as the ratio of 8tandard distribution to the mean.

CV = (Eq. B.5)
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B.5 Coefficient of Skewness

The coefficient of skewness characterises the e@egfeasymmetry exhibited by a
distribution around its mean. A positive coeffidi@orresponds to a distribution with a
greater number of large values for the parametan tbhne would expect if the
distribution was Gaussian. Conversely, a negataieev for the coefficient implies a
higher occurrence of smaller values. For a Gausdiattibution, the coefficient of

skewness is zero. The coefficient of skewn&3S (s defined by the equation shown
below:

2 (% =%)°

B.6 Coefficient of Kurtosis

The coefficient of kurtosis characterises the degoé ‘peakedness’ exhibited by a
distribution in comparison to that of a classicahuSsian distribution. A positive
coefficient corresponds to a distribution with aafer extent of ‘peakedness’ than a
normal distribution. On the other hand, a negatigkie for the coefficient implies a
lesser degree of ‘peakedness’. For a Gaussiarnbdistm, the coefficient of kurtosis is
zero. Mathematically, the coefficient of kurtosSi&) can be expressed as:

Z(& -%)*

It should be noted that both the skewness and tintwdis of a distribution are non-
dimensional moments, unlike the mean and the stdrakviation which have the same
dimensions as the measured parameter.

B.7 Signal Energy

The signals’ total energy is not related to thebpimlity density function but is another
useful amplitude feature that can be extracted ftrensignal time series. In several
applications, the signals being examined are dyedlated to physical quantities
capturing energy in a physical system.

The total energy in a discrete-time sigr@i) over a time intervah; <n <N is defined
as:

E =" (Eq. B.8)
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B.8 Linear Prediction Coefficients (LPCs)

Linear prediction modelling is used extensivelyspeech coding techniques, exploiting
the redundancies of a speech signal by modelliegsgieech signal as a linear filter,
excited by a signal referred to as the excitatioesiual) signal. LPCs contain

characteristic information on the spectral contdra waveform generated by a physical
process. LPCs provide an efficient method of regmmeg different signals using a

small number of parameters facilitating both datenpression techniques and statistical
feature dataB1l].

The linear prediction is modelled in the time domaly minimising the sum of the
squared differences between the actual signal latdpredicted, resulting in a residual
error. In accomplishing this feat, a unique setpcédictor coefficients, which were
employed as the weighting coefficients in the Ime@mbinations, are yielded.

In linear prediction, the present signal samyile) is modelled as a linear combination
of the past outputs and the and the present anidnpags. In mathematical terms, this is
denoted by the following expression:

x(n) :Zp:akx(n—k)+GZq:blu(n—1) (Eq. B.9)

Whereby=1, G is a gain factorg, andb, are the filter coefficients of an unknown input
ur. The variable p denotes the number of past owgpotples being considered by the
model which is also representative of the ordertred linear prediction function.
Applying a z-transform, the transfer function oé thystem can thus be expressed:

q
1+ bz
X(Z) :G 1=1

U(2)

H(2) = (Eqg. B.10)

1-)» az

Mo

=~

=1

Where, X(z) denotes the z-transform »fn), U(z) is the z-transform afi(n) andH(z) is
the transfer function of the system, which is tbkeeyal pole-zero model.

Two special cases exist for the general pole-zevdah Firstly, wheras = 0, for 1<| <

p, H(z) reduces to an all pole model known as the autessgre model. The other
special case occurs whep= 0, for 1< k < p, H(z) transforms to an all-zero or moving
average model.

The autoregressive model is commonly employed duts tcomparative simplicity and
computational efficiency. To utilise the moving eage model it is necessary to solve a
set of non-linear equations; whereas the autorsiygesnodel only requires a set of
linear equations to be solved. The residual ere@n), is a by-product of the linear
prediction techniques and is the difference betwten actual input signal and the
predicted signal. Accordingly, the following refatiship holds:

e(n) :x(n)—iakx(n—k) (Eq. B.11)
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A useful application for above relationship is metselection of the optimal linear
prediction ordemp,. Analysing the variation in the residual error lwjaredictor error,
which is almost ‘flat’ for p > g enables the optimal order to be selected. Focuhent
gamma densitometer data set, a fifth order lineadiption model was determined to be
optimal.

Autocorrelation and covariance are two widely useeéthods employed in the
estimation of LPCsH2]. Both these methods select the short-term fdtegfficients in
such a way as to minimise the residual error usimggleast-squares technique. The
autocorrelation method involves the generation @baplitz matrix, a matrix in which
all the elements along a given diagonal are equaich guarantees the stability of the
filter. This permits the application of the LevimsBurbin recursion algorithm to solve
the set of linear equations produced by the leqis&i®s procedure.

Correlation is a measurement of the average depegpdeetween two random signals.
The correlation between pairs of a single signsdimples is known as autocorrelation
(AC). The autocorrelation functiony, of a signal yields an average measurement of its
time domain properties.

Rl(7) =1i[rg°%_TITX(t)X(t+r)dt (Eq. B.12)

Where,r denotes the time shift or lag.

B.9 Line Spectral Frequencies (LSFs)

LPCs have a multitude of other representationse lgpectral frequencies (LSF),
reflection coefficients (RC), log area ratio (LARgrcsine of reflection coefficients
(ASRC), etc. These parameters all have a direatioalship with the LPCs and will
preserve all information contained within the LPCs.

Publications have reported that LSFs are compuallp efficient and have good
quantisation and interpolation properties, fadilitg improved system approximation.
Compared to other transmission parameters, thedpeetral frequencies have been
found to encode speech spectral data much moreiesftiy [B3]. This enhanced
efficiency is attributed to the close relationstiptween the LSFs and the formant
frequencies. Furthermore, the line spectral freqigsnnaturally lend themselves to
frame-to-frame interpolation, with smooth spectthhnges, owing to their frequency
domain interpolation.

The linear prediction analysis filter can be expegsin terms of LPCs, using the
following equation:

A(2) =1—Zp:akz'k (Eq. B.13)

Where p is the order of the functiom(z) The p+1)" order symmetric and anti-
symmetric polynomial®(z) andQ(z) can be obtained frol(z)
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P(2) = A(2) + z PP Az (Eq. B.14)

Q2 =A2)-z"PAZY (Eq. B.15)

The roots of the two polynomials lie on a unit @rand they form the LSFs. Kabetl al
published an algorithm that enables the LSFs textected from the LPCs using the
Chebyshev polynomial root finding methdsy].
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Appendix C — OLGA 2000 Input File
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| *kkkkkkkkkhhhhhhhhhhkhhhhhhhhhhkkhhhhhhhhhhkhhhirix

I CASE Definition by OLGA-2000

_—

CASE AUTHOR="SB ", \
PROJECT="Multiphase Test Modelling", \
TITLE="AW Simulations"

| *kkkhkkkhkhkkhkhkkhkhhkhkkhkhkhkhkhhkhhhhhkhhkhkhkkhkhkkkhkkkhkkkk *kkkkkkkkkhkkkhkkkhkkkik
I OPTIONS Definition

| *kkkhkkkhkhkkhkhkkhkhhhhkhkhkhkhkhhkhkhhhkhkhhkhkhkhkhkkkhkkkhkkkk kkkkkkkkkkkkkkkkkhkkkk

OPTIONS AXIALHEAT=0OFF, COMPOSITIONAL=0OFF, DEBUG=0ON
PHASE=TWO, POSTPROCESSOR=0N, \
NOSLIP=OFF, SLUGVOID=SINTEF, STEADYSTATE=0N,
TEMPERATURE=WALL, WAXDEPOSITION=OFF, \
DRILLING=0OFF, TABLETOLERANCE=0OFF

|************************************************** *kkkkkhkhkkkkkkkkkkkkk
! FILES Definition

| *kkkkkkkkkhhhhhhhhhhkhhhhhhhhhhhhhhhhhhhhhhkkhhhirik kkkkkkkkkkkkkkkkkkkk

FILES PVTFILE="AWdata 1 and_2kg_waterflows.tab"

| *kkkkkkhkhkhkhkkhkhhhkkhkhkhkhkhhkhhhkhhhkhkhkkhkhkkkhkkkhkkkk kkkkhkkhkkkkkkkkkkkkkk
' INTEGRATION Definition

| *kkkhkkkhkhkkhkhkkkhkhhhkkhkhkhkhhhhkhhhhhkhkkhkhkhkhkkkhkkkhkkkk kkkkkkkkkkkkkkkkkkkk

INTEGRATION CPULIMIT=1000 s, DTSTART=0.01 s, ENDWE=3600 s,
MAXDT=0.5 s, MINDT=0.01s, \
STARTTIME=0 s

| *kkkhkkkhkhkkhkhkkhkhhhkkhkhhhkhkhkhkhhhhhhhkhkhkhkhhkkhkhkhkkkkx *kkkkkkkkkhkkkhkkkhkkkik
I MATERIAL Definition

| *kkkhkkkhkhkkhkhkkhkhhhhkhkhkhkhkhkhkhhhhhkhhkkhkhkhkhkkkhkkhkkkk kkkkkkkkkkkkkkkkkkkk

MATERIAL LABEL=STEEL, CAPACITY=500 J/kg-C, CONDUCIVITY=50 W/m-

K, DENSITY=7850 kg/m3, \

TYPE=SOLID
|************************************************** *kkkkkhkhkkkkkkkkkkkkk
I WALL Definition

| *kkkkkkkkkhhhhhhkhhhkhhhhhhhhhhkhhhhhhhhhhhkhhhirikx kkkkkkkkkkkkkkkkkkkk

WALL LABEL=WALL-1, MATERIAL=STEEL,
THICKNESS=0.0030480006766562 m

| *kkkkkkhkhkkhkhkkhkhhhkkhkhkhkhkhhkhhhhhhhkhkhkkhkhkkkhkkkhkkkk *kkkkkkkkkhkkkhkkkhkkkik
I GEOMETRY Definition

| *kkkkkkhkhkkhkhkkhkhhhhkhkhkhkhkhhkhhhhhkhhkhkhkkhkhhkkhkkkhkkkk kkkkkkkkkkkkkkkkkkkk

GEOMETRY LABEL=GEOMETRY-1, XSTART=0 m, YSTART=0 m
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PIPE LABEL=PIPE-1, DIAMETER=108.2 mm, NSEGMENTS=3,
ROUGHNESS=2.8e-005 m, WALL=WALL-1, \

XEND=10 m, YEND=-0.349 m
PIPE LABEL=PIPE-3, DIAMETER=108.2 mm, NSEGMENTS=1,
ROUGHNESS=2.8e-005 m, WALL=WALL-1, \

XEND=10.98 m, YEND=-0.203 m
PIPE LABEL=PIPE-4, DIAMETER=108.2 mm, NSEGMENTS=1,
ROUGHNESS=2.8e-005 m, WALL=WALL-1, \

XEND=11.965 m, YEND=0.293 m
PIPE LABEL=PIPE-5, DIAMETER=108.2 mm, NSEGMENTS=1,
ROUGHNESS=2.8e-005 m, WALL=WALL-1, \

XEND=12.208 m, YEND=1.421 m
PIPE LABEL=PIPE-6, DIAMETER=108.2 mm, NSEGMENTS=2,
ROUGHNESS=2.8e-005 m, WALL=WALL-1, \

XEND=13.135 m, YEND=3.769 m
PIPE LABEL=PIPE-7, DIAMETER=108.2 mm, NSEGMENTS=1,
ROUGHNESS=2.8e-005 m, WALL=WALL-1, \

XEND=13.445 m, YEND=5.021 m
PIPE LABEL=PIPE-8, DIAMETER=108.2 mm, NSEGMENTS=2,
ROUGHNESS=2.8e-005 m, WALL=WALL-1, \

XEND=13.7 m, YEND=7.297 m
PIPE LABEL=PIPE-9, DIAMETER=108.2 mm, NSEGMENTS=2,
ROUGHNESS=2.8e-005 m, WALL=WALL-1, \

XEND=13.86 m, YEND=9.573 m
PIPE LABEL=PIPE-11, DIAMETER=108.2 mm, NSEGMENTS=1
ROUGHNESS=2.8e-005 m, WALL=WALL-1, \

XEND=13.86 m, YEND=10.122 m
PIPE LABEL=PIPE-10, DIAMETER=108.2 mm, NSEGMENTS=5
ROUGHNESS=2.8e-005 m, WALL=WALL-1, \

XEND=17.578 m, YEND=10.122 m

R R R e e T R R R R e e e T R R R R R e R R R R e e e e kkkkkkkkkkkkkkkkkkkk

! NODE Definition

!************************************************** *kkkkkhkhkkkkkkkkkkkkk
NODE LABEL=INLET-N, TYPE=TERMINAL

NODE LABEL=OUTLET-N, TYPE=TERMINAL

| *kkkkkkhkhkkhkhkkhkhhhkkhkhkhkhkhkhkhhhhhkhhkhkhkhkhhkkhkkkhkkkk *kkkkkkkkkhkkkhkkkhkkkik
I BRANCH Definition
| *kkkkkkhkhkkhkhkkhkhhhkkhkhkhkhkhkhkhhhkhkhhkhkhkhkhkkkhkkkhkkkk *kkkkkkkkkhkkkhkkkhkkkik

*kkkkkkkk

BRANCH LABEL=BRANCH-1, FLUID="a20w1", FROM=INLET-N
GEOMETRY=GEOMETRY-1, TO=OUTLET-N

| *kkkkkkkkhhhhhhhhhhhkhhhhhhhhhhkhhhhhhhhhhhkhhhirix kkkkkkkkkkkkkkkkkkkk

! BOUNDARY Definition

R R R e e T R R R R e e e T R R R R R R e R R R R e e e e kkkkkkkkkkkkkkkkkkkk
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BOUNDARY NODE=INLET-N, TYPE=CLOSED
BOUNDARY GASFRACTION=(-1,-1) -, NODE=OUTLET-N,
PRESSURE=2:2.263 bara, TEMPERATURE=2:20 C, \

TIME=(0, 3600 ) s, TYPE=PRESSURE, WATERRRAON=(0,0) -

| *kkkhkkkhkhkkhkhkkhkhhhhkhkhkhhkkhhkhhhkhkhhkhkhkkhkhkkkhkkhkkkk kkkkkkhkkkkkkkkkkkkkk
' HEATTRANSFER Definition

| *kkkhkkkhkhkkhkhkkhkhhhhkhkhkhkhkhhkhhhkkhkhhkhkhkkhkhkkkhkkkhkkkk kkkkkkkkkkkkkkkkkhkkk

HEATTRANSFER HOUTEROPTION=AIR, TAMBIENT=20 C

|************************************************** *kkkkkhkkkkkkkkkkkkkk
! SOURCE Definition

R R R R e e T R R R R e e e T R R R R R e R R R R e e e e kkkkkkkkkkkkkkkkkkkk

SOURCE LABEL=SOURCE-1, BRANCH=BRANCH-1, GASFRACTN>-1 %,
MASSFLOW=1.006667 kg/s, \

PIPE=PIPE-1, SECTION=1, TEMPERATURE=20 C, BN s,
WATERFRACTION=0 %

|************************************************** *kkkkkhkhkkkkkkkkkkkkk
! OUTPUT Definition

| *kkkkkkkkhhhhhhhhhhhkhhhhhhhhhhhhhhhhhhhhhhkhhhirix kkkkkkkkkkkkkkkkkkkk

OUTPUT BRANCH=BRANCH-1, DTOUT=1 s, PIPE=PIPE-9, GHON=2,
VARIABLE=( UG, UL, HOL, \

ID)
| *kkkhkkkhkhkkhkhkkhkhhhkkhkhkhkhkhhkhhhhhhhkhkhkhkhkkkhkkhkkkk *kkkkkkkkkhkkkhkkkhkkkik
I TREND Definition

R R e e T R R R R e e e T R R R R R R e R R R R e e e e kkkkkkkkkkkkkkkkkkkk

TREND BRANCH=BRANCH-1, DTPLOT=1 s, PIPE=PIPE-9, GHON=2,
VARIABLE=( TM, PT, HOL, \

ID, UG, UL)
| *kkkhkkkhkhkhkhkkhkhhhkkhkhkhkhkhhkhhhhhkhhkhkhkkhkhkkkhkkkhkkkk *kkkkkkkkkhkkkhkkkhkkkik
I PROFILE Definition

| *kkkkkkhkhkkhkhkkhkhhhkkkhkhkhkhkhkhkhhhhhkhhkhkhkhkhhkkhkkkhkkkk kkkkhkkhkkkkkkkkkkkkkk

PROFILE BRANCH=BRANCH-1, DTPLOT=1 s, VARIABLE=( TpQLT, HOL,

UG, UL)
| *kkkkkkhkhkkhkhkkhkhhhkkhkhkhkhkhhkhhhhhhkkhkhkhkhkkkhkkkhkkkk *kkkkkkkkkhkkkhkkkhkkkik
I PLOT Definition

| *kkkkkkhkhkkhkhkkhkhhhkkhkhkhkhkhkhkhhhkhkhhkhkhkhkhkkkhkkkhkkkk kkkkkkkkkkkkkkkkkkkk

PLOT DTPLOT=1s, VARIABLE=( UG, UL, HOL, ID)
I

ENDCASE

ID,
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Appendix D — Wavelet Packet Coefficient Statistics
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D.1 Wavelet Packet Decomposition Notation

The original signal [0 0] was decomposed into vietvpackets up to its fourth level.
For each packet, the level of decomposition is tehby the packet’s first digit and its
sequence in the level is given by the second dhgits identifying label. The wavelet
packet notation employed in compiling the tablecaéfficient statisticsAppendices
D.2 — D.§ is illustrated inFigure D.1.

[00q

Detail e
/\ Approximation
[1 0] 1 1]
[2 0] 2 1] 2 2] [2 3]
[3 0] [3 1] 3 2] [3 3] [3 4] [3 5] [3 6] 37

40 [41) [42] [43] [44 [45 [46] [47] [48 [49) [410] [411][4 12] [4 13] [4 14] [4 15]

Figure D.1 — Wavelet Packet Decomposition Tree
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D.2 Wavelet Packet Coefficient Statistics: Packii®] — [3 1]

Experiment 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Vs (m/s) 0.13 0.30 0.58 0.99 0.13 0.30 0.59 1.32 0.13 0.30 0.59 1.32 0.13 0.31 0.59 1.29
Packet Vg (m/s) 0.12 0.12 0.12 0.12 0.24 0.24 0.24 0.24 037 037 0.37 0.37 0.49 0.49 0.49 0.49
WC (%) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Mean 90.65 103.50 117.06 135.01 87.35 99.45 112.08 128.73 85.62 97.30 109.08 127.03 83.95 94.72 106.34 123.04
Median 86.39 95.85 112.34 136.82 84.10 92.36 105.46 130.21 83.38 91.09 101.57 128.89 82.06 89.31 98.96 122.93
10 Standard dev. 14.48 19.85 20.65 19.26 12.63 18.98 0.122 19.69 10.50 17.61 19.81 23.22 9.66 16.47 19.28 22.74
Variance 6.3E+00 5.2E+00 5.7E+00 7.0E+00 6.9E+00 2E800 5.6E+00 6.5E+00 8.2E+00 5.5E+00 5.5E+00 SBE+ 8.7E+00 5.8E+00 5.5E+00 5.4E+00
Skewness 1.9E+00 1.1E+00 4.7E-01 -2.3E-01 2.1E+00 .3E+DO 6.9E-01 -7.1E-02 2.2E+00 1.6E+00 9.1E-01 2E92 2.2E+00 1.7E+00 1.1E+00 1.1E-01
Kurtosis 3.429 0.290 -0.852 -0.734 4.880 0.896 08.6 -0.941 6.164 1.640 -0.257 -1.089 7.024 2.425 160.1 -1.123
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.007 -0.007 -0.004 -0.021 -0.015 0.000 0040. -0.013 -0.022 -0.008 -0.027 -0.011 -0.007 .01 -0.021 -0.002
11 Standard dev. 5.098 5.349 5.646 6.054 5.015 5302 .5585 5.926 4.973 5.199 5.489 5.868 4.901 5.176 45.45 5.803
Variance 1.0E-06 8.0E-07 -1.4E-06 7.2E-07 1.2E-06 .0E7 -7.2E-07 -3.6E-06 1.5E-07 -2.8E-06 8.3E-07 4.3E-07 2.9E-07 -1.4E-07 8.2E-07 3.6E-0f
Skewness 1.3E-02 7.9E-03 1.2E-02 1.2E-02 1.5E-02 5E-02 1.2E-02 6.9E-03 9.5E-03 1.9E-02 1.7E-02 N03E- 1.0E-02 1.6E-02 7.1E-03 -1.7E-0
Kurtosis 0.051 0.117 0.087 0.073 0.055 0.132 0.087 0.070 0.065 0.086 0.107 0.111 0.082 0.097 0.096 170.1
Mean 90.653 103.505 117.059 135.006 87.348 99.448 12.084 128.726 85.624 97.299 109.083 127.035 83.947 94.719 106.340 123.039
Median 86.025 95.200 112.129 137.095 83.804 91.768 104.844 130.404 83.153 90.585 100.847 129.108 91.83 88.890 98.289 123.052
20 Standard dev. 14.059 19.490 20.261 18.770 12,163 .6218 19.735 19.228 9.941 17.233 19.431 22.835 9.057 16.079 18.898 22.348
Variance 6.4E+00 5.3E+00 5.8E+00 7.2E+00 7.2E+00 3E800 5.7E+00 6.7E+00 8.6E+00 5.6E+00 5.6E+00 S6E+ 9.3E+00 5.9E+00 5.6E+00 5.5E+00
Skewness 2.0E+00 1.2E+00 4.8E-01 -2.6E-01 2.3E+00 .4E+DO 7.1E-01 -9.0E-02 2.5E+00 1.6E+00 9.4E-01 7ES2 2.7E+00 1.8E+00 1.1E+00 1.1E-01
Kurtosis 3.736 0.273 -0.934 -0.806 5.526 0.916 0.6 -1.028 7.480 1.721 -0.304 -1.157 8.817 2.580 80.0 -1.195
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.003 0.003 0.008 0.012 -0.006 0.004 -0.007 -0.001 0.004 0.005 0.006 0.010 0.001 0.002 0.001 0.002
21 Standard dev. 3.451 3.738 3.998 4.338 3.406 3.655 .9323 4.259 3.381 3.613 3.865 4.213 3.362 3.565 03.83 4.183
Variance -8.0E-07 -1.4E-06 -1.2E-06 -7.1E-08 -308E- -5.4E-07 3.6E-06 3.0E-06 -3.2E-06 1.5E-06 -108E- 5.4E-06 -4.6E-07 -4.4E-06 -1.8E-06 1.0E-06
Skewness 1.1E-03 -3.9E-04 -4.4E-03 -1.1E-03 -949E-0 -2.8E-03 3.8E-03 -2.3E-03 -2.3E-03 -2.5E-03 603E-  3.1E-03 2.8E-03 -5.7E-04 3.6E-04 2.4E-0B
Kurtosis 0.327 0.313 0.267 0.226 0.250 0.275 0.244 0.241 0.251 0.283 0.291 0.264 0.218 0.292 0.279 080.2
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.004 -0.008 0.008 -0.008 0.012 0.004 $.00 0.008 0.003 0.002 0.000 -0.001 0.002 -0.002 0.002 -0.006
22 Standard dev. 3.632 3.811 4.027 4.299 3.590 3.780 .9473 4.190 3.556 3.715 3.930 4.164 3.509 3.692 73.89 4.123
Variance -2.4E-07 3.0E-07 7.8E-07 7.9E-07 8.6E-07 5.9E-07 4.5E-07 -3.0E-07 3.8E-07 1.1E-06 3.8E-07 .1E&7 -4.6E-07 1.2E-06 1.2E-06 -1.1E-0p
Skewness 8.1E-07 -9.8E-07 -2.1E-06 -4.1E-06 -38E-0 1.9E-06 -1.5E-06 2.1E-06 -8.9E-07 -3.3E-06 -10BE-  2.5E-06 1.7E-06 -4.0E-06 -3.4E-06 3.5E-06
Kurtosis 0.062 0.100 0.098 0.064 0.049 0.073 0.056  0.032 0.073 0.077 0.113 0.093 0.064 0.098 0.070 770.0
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.003 -0.013 -0.005 -0.001 -0.001 -0.015 .000 -0.002 -0.006 -0.015 -0.012 0.001 -0.018 0.005 -0.009 -0.003
23 Standard dev. 3.578 3.752 3.957 4.262 3.501 3.718 .9133 4.191 3.476 3.636 3.832 4.134 3.422 3.627 63.81 4.084
Variance 1.7E-06 8.4E-07 -2.8E-06 2.1E-07 8.7E-07 .OEL6 -1.5E-06 -4.8E-06 -1.8E-07 -5.2E-06 8.0E-07 2.0E-07 8.8E-07 -1.4E-06 -3.6E-08 1.6E-06
Skewness 1.6E-02 1.1E-02 2.6E-03 1.3E-02 1.1E-02 3E-02 9.3E-03 6.3E-03 9.6E-03 1.3E-02 3.1E-03 $3E- 6.6E-03 -2.5E-04 5.9E-03 -4.3E-0
Kurtosis 0.205 0.276 0.258 0.253 0.238 0.278 0.252  0.266 0.214 0.279 0.252 0.292 0.180 0.262 0.257 410.2
Mean 90.653 103.505 117.059 135.006 87.348 99.448 12.084 128.726 85.624 97.299 109.083 127.035 83.947 94.719 106.340 123.039
Median 85.792 94.865 111.911 137.140 83.602 91.500 104.518 130.455 82.981 90.273 100.501 129.167 81.71 88.608 97.913 123.060
30 Standard dev. 13.819 19.267 19.983 18.420 11.891 3958 19.457 18.893 9.596 17.001 19.174 22.557 8.658 15.819 18.631 22.065
Variance 6.6E+00 5.4E+00 5.9E+00 7.3E+00 7.3E+00 4E800 5.8E+00 6.8E+00 8.9E+00 5.7E+00 5.7E+00 S06E+ 9.7E+00 6.0E+00 5.7E+00 5.6E+0
Skewness 2.1E+00 1.2E+00 4.9E-01 -2.7E-01 2.4E+00 .4E+DO 7.3E-01 -9.4E-02 2.7E+00 1.7E+00 9.7E-01 1E@2 2.9E+00 1.9+00 1.2E+00 1.1E-01
Kurtosis 3.932 0.260 -0.982 -0.857 5.890 0.929 B.7 -1.083 8.284 1.785 -0.317 -1.190 9.511 2.685 9@.0 -1.235
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.004 0.006 -0.003 -0.010 0.006 0.002 0.004 -0.002 0.000 -0.001 0.002 -0.002 0.005 -0.006 08.0 0.002
31 Stal_'ldard dev. 2.591 2.941 3.346 3.609 2.560 2.893 .2963 3.572 2.596 2.815 3.148 3.551 2.661 2.880 23.16  3.543
Variance -8.8E-06 3.7E-06 -1.9E-06 -1.8E-06 -9.0E-0 -3.7E-06 9.9E-06 -9.6E-07 1.2E-06 1.2E-05 -8.6E-0 -1.7E-05 4.7E-06 1.0E-05 4.6E-06 -5.9E-06
Skewness 5.5E-04 3.7E-03 4.2E-03 9.1E-04 5.7E-03 .7E-23 1.9E-03 3.5E-04 -4.0E-03 5.1E-04 -2.4E-03 4E33 -3.2E-03 -3.2E-03 -2.5E-03 -2.5E-0B
Kurtosis 0.381 0.567 0.352 0.329 0.536 0.511 0.310 0.286 0.473 0.540 0.349 0.339 0.599 0.630 0.446 180.3
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Experiment 17 18 19 20 21 22 23 24 25 26 27 28 29 03 31 32
Vg (M/s) 0.15 0.30 0.59 1.32 0.15 0.31 0.59 1.33 0.15 0.30 0.59 1.32 0.15 0.30 0.59 1.00
Packet Vg (m/s) 0.61 0.61 0.61 0.61 0.73 0.73 0.73 0.73 0.79 0.79 0.79 0.79 0.13 0.13 0.13 0.13
WC (%) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.80 0.80 0.80 0.80
Mean 84.10 92.76 104.29 119.99 82.65 90.65 104.23 20.52 85.19 90.58 101.33 117.43 95.96 106.25 119.94 133.59
Median 82.02 88.11 97.18 116.41 80.76 86.50 97.38 14.62 83.35 86.52 94.88 111.24 90.53 98.19 116.37 35.52
10 Standard dev. 10.15 15.14 18.77 20.01 9.71 14.36 .5818 20.49 9.85 14.19 17.83 20.00 16.47 20.86 22.78 24.15
Variance 8.3E+00 6.1E+00 5.6E+00 6.0E+00 8.5E+00 3E-€00 5.6E+00 5.9E+00 8.6E+00 6.4E+00 5.7E+00 SOE+ 5.8E+00 5.1E+00 5.3E+00 5.5E+00
Skewness 2.3E+00 1.8E+00 1.2E+00 3.5E-01 2.4E+00 OE+RO 1.3E+00 5.1E-01 2.3E+00 2.0E+00 1.4E+00 BYE- 1.7E+00 1.1E+00 3.8E-01 -1.1E-0L
Kurtosis 7.009 3.044 0.536 -1.030 7.787 3.731 0.871 -0.904 7.304 3.954 1.064 -0.825 2.529 0.162 -0.949 -0.957
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.002 -0.007 -0.006 -0.011 -0.007 0.002 064. -0.011 -0.002 -0.006 -0.025 -0.011 -0.004 9.01 -0.024 -0.001
11 Stapdard dev. 4.887 5.108 5.399 5.746 4.862 5.069 .3705 5.751 4.952 5.064 5.336 5.719 5.186 5.443 5%.71 6.013
Variance -4.8E-07 -8.0E-07 4.1E-06 -2.9E-07 -9.9E-0 1.9E-06 -1.7E-06 -3.5E-06 -5.1E-07 2.1E-06 2.YE-0 -1.1E-06 1.5E-06 -3.6E-06 -1.4E-06 -5.9E-(07
Skewness 8.4E-03 5.7E-03 7.0E-03 4.8E-03 1.4E-02 1E-02 2.4E-03 1.1E-02 1.2E-02 8.9E-03 1.2E-02 D2E- 5.9E-03 8.9E-03 1.3E-02 1.0E-07
Kurtosis 0.055 0.036 0.117 0.068 0.023 0.074 0.101  0.078 0.026 0.063 0.087 0.096 0.113 0.085 0.086 010.1
Mean 84.101 92.757 104.286 119.991 82.650 90.649 4.23Q 120.539 85.194 90.578 101.329 117.428 95.964 106.246 119.940 133.587
Median 81.798 87.727 96.581 116.129 80.590 86.144 6.80% 113.961 83.158 86.145 94.314 110.487 90.093 7.499 116.303 135.735
20 Stapdard dev. 9.574 14.714 18.374 19.569 9.110 1839 18.183 20.058 9.238 13.744 17.433 19.566 16.084 20.513 22.409 23.757
Variance 8.8E+00 6.3E+00 5.7E+00 6.1E+00 9.1E+00 5E-600 5.7E+00 6.0E+00 9.2E+00 6.6E+00 5.8E+00 60E+ 6.0E+00 5.2E+00 5.4E+00 5.6E+00
Skewness 2.7E+00 2.0E+00 1.3E+00 3.6E-01 2.8E+00 1E+R0 1.4E+00 5.3E-01 2.7E+00 2.2E+00 1.5E+00 BOE- 1.8E+00 1.1E+00 3.8E-01 -1.2E-01
Kurtosis 8.588 3.302 0.537 -1.124 9.768 4.109 0.901 -0.987 9.182 4.371 1.111 -0.901 2.695 0.134 -1.023 -1.016
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.001 -0.001 -0.003 0.003 0.001 -0.003 ©.00 -0.003 -0.001 0.009 0.000 0.008 -0.002 0.002 2.00 0.006
21 Standard dev. 3.379 3.566 3.811 4.184 3.361 3.533 .8163 4.192 3.427 3.543 3.755 4.167 3.556 3.783 14.07 4.324
Variance 1.6E-06 1.5E-06 -5.2E-06 1.4E-06 1.9E-06 2.4E-06 2.0E-06 5.8E-06 -1.3E-06 -2.3E-06 -1.7E-06 1.9E-06 2.1E-06 -2.7E-06 4.9E-07 2.9E-06
Skewness 4.8E-05 -2.0E-03 -3.8E-04 -2.5E-03 1.2E-04-1.6E-04 1.5E-04 1.4E-03 1.2E-03 -1.2E-03 5.1E-04 4.4E-03 4.0E-04 -8.8E-04 2.3E-03 2.2E-06
Kurtosis 0.272 0.264 0.266 0.218 0.238 0.271 0.294 0.217 0.249 0.291 0.333 0.249 0.284 0.328 0.278 000.3
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 -0.004 0.002 0.005 -0.002 -0.001 .00 0.003 -0.004 0.001 0.005 -0.001 -0.002 -0.005 0D.0 -0.002
292 Standard dev. 3.495 3.643 3.845 4.089 3.469 3.596 .8233 4.087 3.531 3.608 3.798 4.069 3.692 3.879 34.07 4.287
Variance -3.2E-07 -1.2E-06 4.5E-07 5.6E-07 -1.9E-07 -9.6E-07 -3.8E-07 -1.1E-06 -6.8E-07 7.0E-07 -90E- -1.1E-06 -8.5E-07 1.6E-07 -3.1E-07 -9.5E-Q7
Skewness 1.0E-06 4.4E-06 -1.2E-06 -2.0E-06 5.3E-07 3.6E-06 1.1E-06 3.8E-06 2.0E-06 -2.2E-06 3.2E-06 2E&6 5.0E-06 -7.5E-06 1.3E-06 3.0E-0
Kurtosis 0.057 0.022 0.071 0.034 0.005 0.018 0.090 0.086 0.017 0.046 0.086 0.048 0.078 0.096 0.053 170.1
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.010 0.004 -0.009 -0.002 -0.017 0.002 09.0 0.001 -0.007 0.014 -0.011 0.004 -0.005 -0.006 .02® 0.005
23 Standard dev. 3.416 3.580 3.791 4.036 3.407 3.559 .7713 4.047 3.472 3.554 3.748 4.019 3.641 3.818 .00 4.216
Variance -3.6E-07 8.7E-08 5.4E-06 -9.8E-07 -1.2E-06 3.6E-06 -2.0E-06 -3.8E-06 -3.4E-08 2.3E-06 1.2E-06 -4.5E-07 3.0E-06 -5.3E-06 -1.7E-06 1.2E-0f
Skewness 8.5E-03 -1.5E-03 1.0E-02 9.9E-03 1.5E-02 1.1E-03 7.0E-03 8.1E-03 6.7E-03 -5.1E-04 9.1E-03 7E4D3 1.4E-02 9.0E-03 2.1E-02 1.2E-02
Kurtosis 0.227 0.241 0.281 0.227 0.199 0.214 0.251  0.227 0.184 0.248 0.189 0.269 0.274 0.273 0.275 520.2
Mean 84.101 92.757 104.286 119.991 82.650 90.649 4.23Q 120.539 85.194 90.578 101.329 117.428 95.964 106.246 119.940 133.587
Median 81.652 87.470 96.232 115.913 80.478 85.919 6.429 113.674 83.061 85.971 93.993 110.063 89.804 7.239 116.115 135.860
30 Standard dev. 9.173 14.422 18.115 19.238 8.641 003.6 17.898 19.735 8.731 13.402 17.144 19.237 15.848 20.274 22.116 23.465
Variance 9.2E+00 6.4E+00 5.8E+00 6.2E+00 9.6E+00 7E-600 5.8E+00 6.1E+00 9.8E+00 6.8E+00 5.9E+00 @0E+ 6.1E+00 5.2E+00 5.4E+00 5.7E+00
Skewness 2.9E+00 2.0E+00 1.3E+00 3.7E-01 2.9E+00 2E+R0 1.4E+00 5.5E-01 2.7E+00 2.2E+00 1.5E+00 ®2E- 1.9E+00 1.1E+00 3.8E-01 -1.3E-01L
Kurtosis 9.142 3.499 0.569 -1.167 9.959 4.390 0.948 -1.019 9.091 4.622 1.173 -0.923 2.782 0.118 -1.064 -1.050
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.005 -0.005 -0.008 -0.005 0.005 -0.001 00.0 0.001 0.006 0.003 0.002 0.004 0.006 -0.005 0.002 -0.001
31 Stal_'ldard dev. 2.741 2,921 3.078 3.581 2.887 2.961 .2063 3.585 3.020 3.046 3.163 3.573 2.742 3.127 13.61 3.719
Variance 7.7E-06 -2.3E-05 9.6E-07 8.7E-06 2.8E-06 .0E37 -2.9E-06 -8.3E-06 -7.0E-07 5.5E-06 -4.2E-06 -1.1E-05 -5.7E-06 -2.4E-06 1.0E-05 3.9E-06
Skewness -8.5E-03 -8.7E-03 1.2E-03 2.7E-03 -1.0E-023.3E-03 2.4E-03 -2.6E-03 -3.6E-03 7.3E-04 -1.2E-02 9.5E-04 -2.9E-03 2.1E-03 -6.8E-03 1.6E-08
Kurtosis 0.616 0.717 0.423 0.345 1.220 0.830 0.558 0.389 1.323 0.988 0.554 0.397 0.476 0.604 0.476 950.2
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Experiment 33 34 35 36 37 38 39 40 a1 2 43 a4 45 6 4 47 18
Vg (Ms) 0.15 0.30 0.59 1.00 0.15 0.30 0.59 1.00 015 0.30 0.59 1.00 0.15 0.31 0.59 1.33

Packet | Vs (M/s) 0.13 0.13 0.13 0.13 0.14 0.14 0.14 0.14 014 0.14 0.14 0.14 0.25 0.25 0.25 0.25
WC (%) 0.60 0.60 0.60 0.60 0.40 0.40 0.40 0.40 020 0.20 0.20 0.20 0.80 0.80 0.80 0.80
Mean 95.39 104.40 116.46 130.27 96.70 105.70 118.60 129.88 102.15 111.41 122.81 134.82 88.03 97.01 7807 12457
Median 90.85 97.81 113.64 131.66 89.70 97.07 114.81 131.33 99.27 107.21 120.84 135.66 83.87 89.92 1802,  126.48

1o | Standarddev. 14.86 19.51 22.21 23.93 19.70 2310  6.042 24.36 11.93 15.24 16.59 17.25 14.16 18.66 205 20.24
Variance 6.4E+00  54E+00  5.2E+00  5.4E+00  4.9E+00 6E400  4.6E+00  5.3E+00  8.6E+00  7.3E+00  7.4E+00  WBE+ 6.2E+00  5.2E+00  5.3E+00  6.2E+0p
Skewness 1.6E+00  1.0E+00 3.9E-01  -65E-02  1.8E+00 .OE+D0  4.1E-01  -7.7E-02  1.6E+00  1.0E+00  3.8E-01 4EN2  1.9E+00  1.3E+00  6.1E-01  -1.4E-01
Kurtosis 2.412 0.282 -0.832 -0.893 2.856 0.143 6.9  -0.908 3.255 0.625 -0.625 -0.725 3.691 0.691  68D. -0.899
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.011 -0.007 -0.010 -0.008 -0.004 -0.014  000. 0.003 -0.021 -0.018 -0.004 0.002 -0.009 -0.007 0.000 -0.022

11 | Standard dev. 5.167 5.400 5.652 5.950 5.194 5412 6715 5.923 5.319 5.556 5.793 6.039 5.018 5.243 45.46 5816
Variance -1.8E-06  -1.5E-06  8.3E-08  2.1E-06  1.3E-06-1.0E-06  -1.0E-06  1.4E-06 7.8E-07  82E-07  3.4E-07 2ED6  -3.86-07 10E-06  2.2E-07  -1.9E-0B
Skewness 1.4E-02 1.6E-02 9.4E-03 11E-02  9.2E-03 8E-02  8.3E-03  1.5E-02 176-02  1.3E-02  1.1E-02 D2E- 10E-02  6.0E-03  5.1E-03  1.0E-0
Kurtosis 0.060 0.084 0.115 0.094 0.101 0.128 0.165 0.086 0.063 0.066 0.070 0.091 0.089 0.102 0.096  790.0
Mean 95.392 104.405 116.462  130.270 96.696 105.698118.597  129.882  102.149  111.405  122.809  134.823 0288.  97.014 107.778 124571
Median 90.388 97.308 113.609  131.763 89.110 96.574 114.854  131.455 98.889 106.751  120.726 135782 3835 89.371 101.673  126.771

» o | Standard dev. 14.426 19.145 21.844 23.540 19.365 7802  25.718 23.971 11.352 14.740 16.080 16.720 3837 18.310 20.149 19.795
Variance 6.6E+00  55E+00  5.3E+00  55E+00  5.0E+00 6E400  4.6E+00  5.4E+00  9.0E+00  7.6E+00  7.6E+00  €OE+ 6.4E+00  5.3E+00  5.3E+00  6.3E+0p
Skewness 1.7E+00  1.1E+00  4.0E-01  -8.0E-02  1.9E+00 .1IE+D0  4.1E-01  -9.1E-02  1.9E+00  1.1E+00  3.9E-01 5E®M2  2.1E+00  1.3E+00  6.2E-01  -1.6E-Of
Kurtosis 2.637 0.265 -0.897 -0.947 2.993 0.119 70.9  -0.961 3.839 0.667 -0.718 -0.814 4.040 0.697  75@. -0.968
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 -0.003 0.006 -0.005 0.004 -0.010 0.008  0.000 0.012 0.000 0.005 0.004 0.006 -0.001 0.003 .00

, 1 | Standard dev. 3.574 3.755 4.012 4281 3.594 3.825 0584 4341 3.669 3.857 4.091 4253 3.438 3.622 63.87  4.207
Variance 32E-06  -5.8E-07 -54E-06 -5.1E-06 -1.BE-0 5.3E-07  2.3E-06 -24E-06  20E-06  3.2E-06 1.4E-06 -2.5E-06  2.8E-06  -1.3E-06  6.6E-07  6.9E-0p
Skewness 3.2E-03 2.1E-03 1.2E-03  9.2E-04  2.9E-03 .1E-B4  3.1E-03  25E-03  4.2E-03  -22E-03 -1.86-03 .2ED3  2.2E-03  20E-03  35E-03  6.5E-0
Kurtosis 0.217 0.315 0.293 0.260 0.326 0.378 0.303  0.279 0.223 0.202 0.222 0.195 0.243 0.298 0.294  0%0.2
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.008 -0.007 -0.005 0.004 0.000 0.000 0.005 -0.006 0.006 -0.007 -0.004 0.004 -0.004 -0.001 000  0.003

, , | Standard dev. 3.680 3.845 4.025 4.239 3.711 3.857 .0304 4217 3.808 3.971 4123 4.300 3.587 3.734 53.89 4.128
Variance 1.3E-06 1.2E-06 6.7E-07  -1.4E-06  -8.0E-085.8E-08  -6.7E-07 -7.5E-07  -6.7E-08  -6.4E-07 -1.$E-0 -9.8E-07 -3.2E-07 -8.8E-07 3.6E-07  -1.2E-06
Skewness -40E-06  -3.7E-06  -2.2E-06  6.2E-06  -4BE-0 6.8E-07 1.7E-06  25E-06  -2.2E-07  22E-06  5.3E-06 3.1E-06  9.7E-07  51E-06  -8.3E-07  4.1E-0p
Kurtosis 0.057 0.085 0.097 0.088 0.104 0.181 0.142  0.067 0.036 0.050 0.020 0.084 0.057 0.082 0.046  580.0
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.014 -0.007 -0.008 0.000 -0.007 -0.004 180  -0.003 -0.007 -0.016 0.005 0.011 -0.001 -0.004 0.0+ 0.013

, 3 | Standard dev. 3.627 3.791 3.968 4176 3.633 3.796  .9903 4.159 3.714 3.886 4.070 4.241 3.509 3.681 .83 4.09
Variance -3.9E-06  -3.3E-06 -5.7E-07  4.4E-06  1.9E-06 -15E-06  -7.7E-07  2.8E-06 1.2E-06  1.8E-06  24E-06 2.7E-06  -2.2E-07  24E-06  -6.0E-08  -1.6E-06
Skewness 7.6E-04 1.5E-02 7.6E-03  6.6E-03 14E-02 9E-02  2.0E-02  8.4E-03  7.3E-03  56E-03  7.9E-03  4ZE- 6.6E-03  6.3E-03  7.7E-03  -5.6E-08
Kurtosis 0.198 0.243 0.254 0.269 0.239 0.275 0.287  0.247 0.215 0.205 0.222 0.200 0.219 0.264 0278 570.2
Mean 95.392 104.405 116.462  130.270 96.696 105.698118.597  129.882  102.149  111.405  122.809  134.823 0288.  97.014 107.778 124571
Median 90.174 97.080 113.381  131.799 88.850 96.481 114563  131.478 98.671 106.547  120.609  135.800  083.3 89.108 101.438  126.804

30 | Standard dev. 14.121 18.854 21.527 23.219 19.136 5232  25.428 23.621 10.979 14.393 15.721 16.351 7534  18.059 19.860 19.444
Variance 6.8E400  55E+00  5.4E+00  56E+00  51E+00 7E400  4.7E+00  55E+00  9.3E+00  7.7E+00  7.8E+00  €PE+ 6.5E+00  5.4E+00  5.4E+00  6.4E+0p
Skewness 1.8E+00  1.1E+00  4.0E-01  -8.1E-02  1.9E+00 .IE+D0  4.2E-01  -8.8E-02  2.0E+00  1.2E+00  4.1E-01 8E®M2  2.2E+00  1.3E+00  6.3E-01  -1.6E-O1
Kurtosis 2.836 0.280 -0.929 -0.979 3.119 0.127 88.9  -0.990 4.309 0.738 -0.762 -0.876 4.273 0.724  78Q. -1.017
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 0.009 -0.004 0.003 -0.001 -0.003 £©.00 0.005 0.001 -0.007 0.001 0.001 -0.005 -0.001 09.0  0.006

31 | Standard dev. 2.948 3.328 3.712 3.876 2.971 3.414 8483 4.078 2.888 3.178 3.380 3.496 2.648 3.021 03.40 3.707
Variance 5.0E-06 4.9E-06 79E-06  21E-05  7.4E-06 .7E®6  3.5E-06  9.8E-07  -1.1E-05 -9.7E-06  1.1E-07 .7ED6  -1.8E-06  -1.8E-06  7.9E-06  -9.7E-0p
Skewness -3.9E-04  -1.1E-02  22E-03  -29E-03  20E-03-1.7E-03  3.1E-04  -2.3E-03  3.0E-04  9.3E-03  -1.1E-04-1.3E-03  -4.1E-03  6.6E-03 1.2E-05  -3.0E-03
Kurtosis 0.365 0.370 0.404 0.408 0.618 0.521 0.405 0.438 0.209 0.190 0.217 0.226 0.524 0.364 0.362  360.3
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Experiment 49 50 51 52 53 54 55 56 57 58 59 60 61 2 6 63 64
Vg (Ms) 0.15 0.23 0.60 1.31 0.15 0.31 0.59 1.32 015 031 0.59 1.32 0.15 0.31 0.59 1.34

Packet | Vs (M/s) 0.27 0.27 0.27 0.27 0.28 0.28 0.28 0.28 029 029 0.29 0.29 0.38 0.38 0.38 0.38
WC (%) 0.60 0.60 0.60 0.60 0.40 0.40 0.40 0.40 020 0.20 0.20 0.20 0.80 0.80 0.80 0.80
Mean 88.04 92.80 106.85 122.75 89.76 97.30 107.14 22.16 93.67 101.77 111.71 127.40 86.11 94.76 105.26 120.86
Median 84.22 88.24 102.50 124.21 83.32 89.52 101.79 124.24 91.57 98.37 108.94 128.67 82.61 88.40 98.41 121.75

1o | Standarddev. 13.28 14.86 20.44 20.53 18.81 20.66 3.072 21.13 10.05 13.06 15.00 16.05 13.01 17.59 7200 2041
Variance 6.6E+00  6.2E+00  5.2E+00  6.0E+00  4.8E+00 7E400  4.6E+00  5.8E+00  9.3E+00  7.8E+00  7.4E+00  WOE+ 6.6E+00  5.4E+00  52E+00  5.9E+0p
Skewness 1.8E+00  1.4E+00 53E-01  -1.3E-01  2.0E+00 .2E+D0  57E-01  -1.7E-01  1.8E+00  12E+00  56E-01 5ED1  21E+00  14E+00  7.8E-01  7.8E-0%
Kurtosis 3.285 1.576 -0.729 -0.819 3.378 0.602 17 -0.826 4.399 1.276 -0.376 -0.732 4.624 1.230  429. -1.027
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.011 -0.011 -0.004 -0.014 0.005 0.015  000. -0.025 -0.016 -0.007 0.001 -0.005 -0.003 -0.015 0.001 0.004

11 | Standard dev. 5.035 5.145 5.430 5.807 5.068 5246 4405 5.788 5.162 5.330 5.548 5.908 4.985 5.189 75.43 5776
Variance 1.2E-06 7.6E-07 3.1E-07  -3.8E-06  -1.0E-06-9.0E-07  -1.9E-06  2.8E-06 1.2E-07  -1.5E-06  -1.0E-06 2.5E-06  2.3E-06  -14E-06  4.4E-08  2.1E-0p
Skewness 2.4E-02 9.0E-03 10E-02  7.5E-03  -1.2E-03 5E-83  16E-02  6.3E-03 1.7E-02 15E-02  84E-03  DAE 85E-03  9.2E-03  7.6E-03  1.3E-0
Kurtosis 0.082 0.078 0.120 0.087 0.134 0.136 0.131 0.108 0.045 0.042 0.067 0.095 0.051 0.095 0135  0%0.1
Mean 88.043 92.802 106.847  122.748 89.761 97.303 7.140  122.163 93673 101.774  111.708  127.400 86.114 94.761 105257  120.861]
Median 83.804 87.782 102.269  124.350 82.764 88.962 101.604  124.416 91.284 97.904 108.659  128.887 82.30 87.857 97.862 121.958]

» o | Standard dev. 12.827 14.429 20.069 20.092 18.478 3300  22.729 20.700 9.411 12.535 14.474 15.497 2255 17.215 19.701 19.981
Variance 6.9E+00  6.4E+00  5.3E+00  6.1E+00  4.9E+00 SE#00  4.7E+00  5.9E+00  1.0E+01  8.1E+00  7.7E+00  €PE+ 6.9E+00  55E+00  5.3E+00  6.0E+0p
Skewness 1.9E+00  1.5E+00 54E-01  -15E-01  2.1E+00 .2E+D0  58E-01  -1.9E-01  2.1E+00  1.3E+00  6.1E-01 8ED1  23E+00  15E+00  8.0E-01  -1.3E-08
Kurtosis 3.669 1.713 -0.794 -0.880 3.546 0.599 68.7 _ -0.886 5.519 1.435 -0.442 -0.829 5.194 1.285  48D. -1.109
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 0.003 0.002 0.001 -0.006 0.003 0.006 0.002 -0.003 0.004 -0.006 -0.006 0.000 -0.005 0.00 0.009

, 1 | Standard dev. 3.438 3.564 3.879 4235 3.503 3.673 .9553 4.250 3.531 3.683 3.923 4193 3.422 3.601 4383  4.169
Variance 7.9€-07 1.1E-07 1.3E-06  7.4E-06  2.6E-06 BEM6  10E-06  -41E-06 -20E-06  4.8E-06 -1.1E-06 .OE€D6  -2.8E-06  4.0E-07  A7E-06  -7.7E-Of
Skewness 2.1E-03 5.8E-03  -1.3E-03  3.4E-04  4.4E-04 2E-23  50E-03  18E-03  2.9E-03 11E-03  -6.2E-03 2ED3  -1.9E-03  2.1E-03  27E-03  4.2E-04
Kurtosis 0.301 0.318 0.232 0.163 0.335 0.371 0.314 0.235 0.208 0.237 0.180 0.200 0.244 0.261 0279  250.2
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 0.001 -0.003 0.004 -0.001 0.006 0.004 0.009 0.006 0.006 0.006 -0.008 -0.001 0.004 -0.002 0.001

, , | Standard dev. 3.599 3.665 3.874 4134 3.615 3.751  .8593 4.093 3.688 3.810 3.939 4198 3.570 3.721 63.86 4.110
Variance 7.0E-07 -75E-08  4.9E-07  13E-06  1.1E-07 .5E@7  -4.9E-07 5.8E-07  -6.7E-07  1.8E-08  -1.9E-06 .3EM7  -3.2E-07  -2.7E-08  -8.5E-07  3.2E-0
Skewness -21E-06  25E-07  -1.9E-06 -8.7E-06  -2BE-0 -2.4E-06  17E-06  -1.7E-06  2.4E-06  -5.9E-08  6.5E-0 -3.2E-06  9.0E-07 -14E-07  24E-06  -14E-Q7
Kurtosis 0.085 0.070 0.111 0.035 0.062 0.124 0.111 0.053 0.033 0.028 0.049 0.072 0.027 0.059 0.090  960.0
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.005 -0.012 0.005 -0.017 -0.006 0.003 ®.00 -0.013 -0.013 -0.012 -0.007 -0.006 -0.003 -0.014 -0.012 0.002

, 3 | Standard dev. 3.521 3.611 3.805 4.078 3.552 3.667 .8343 4.092 3.612 3.727 3.908 4.156 3.479 3.617 8.82 4.058
Variance 1.0E-06 1.2E-06  -5.1E-08  -6.8E-06  -1.6E-06-1.9E-06  -2.2E-06  3.4E-06  8.6E-07  -2.2E-06  53E-07 2.9E-06  3.6E-06 -2.0E-06  9.2E-07  3.0E-0p
Skewness 1.1E-02 9.6E-03 70E-04  15E-02  -8.8E-033.2E-03  1.5E-03  5.5E-03 12E-02  9.3E-03  7.1E-03 E€8  11E-02  -31E-03  12E-02  8.2E-04
Kurtosis 0.273 0.235 0.231 0.231 0.283 0.291 0.256  0.257 0.195 0.197 0.209 0.213 0.234 0.286 0.250  340.2
Mean 88.043 92.802 106.847  122.748 89.761 97.303 7.140  122.163 93673 101.774  111.708  127.400 86.114 94.761 105257  120.861]
Median 83.664 87.600 102.029  124.286 82.512 88.905 101.385  124.452 91.157 97.726 108.405  128.929 82.06 87.614 97.577 121.898]

30 | Standard dev. 12.507 14.092 19.741 19.721 18.237 0530  22.414 20.301 8.992 12.138 14.079 15.119 12.25 16.953 19.408 19.640
Variance 7.0E400  6.6E+00  5.4E+00  6.2E+00  4.9E+00 OE#00  4.8E+00  6.0E+00  1.0E+01  8.4E+00  7.9E+00  €OE+ 7.0E+00  5.6E+00  5.4E+00  6.2E+0p
Skewness 2.0E+00  1.5E+00 5.6E-01  -1.5E-01  2.1E+00 .3E+D0  6.0E-01  -1.8E-01  24E+00  14E+00  6.5E-01 8ED1  24E+00  1.5E+00  8.2E-01  1.9E-0
Kurtosis 3.989 1.882 -0.819 -0.926 3.717 0.653 7.7 0918 6.498 1.640 -0.451 -0.902 5.561 1.347  490. -1.160
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.004 0.009 0.000 0.003 -0.002 -0.004 -0.006 0.011 -0.002 -0.008 -0.009 -0.001 -0.005 -0.007  .002 -0.007

31 | Standard dev. 2.846 3.101 3.613 3.843 2.973 3.334 7673 4.045 2.777 3.127 3.361 3.399 2.714 2.994 63.38 3.670
Variance -7.4E-06  -1.2E-05  -7.2E-06  -4.0E-06  -20BE- -4.1E-06  1.2E-05  -1.2E-05 -9.1E-06 -1.0E-05 EO  57E-06  4.0E-07  8.8E-06  4.8E-06  6.6E-06
Skewness 2.8E-03 4.6E-03 1.9E-03  29E-03  3.2E-05 .6E-83  56E-04  9.7E-04  7.8E-03  -1.7E-05 20E-03 8ED3  -25E-04  53E-03  -3.5E-03  -4.7E-0B
Kurtosis 0.417 0.326 0.358 0.364 0.704 0.431 0.484  0.499 0.306 0.246 0.205 0.202 0.614 0.472 0.444  650.3

234



Experiment 65 66 67 68 69 70 71 72 73 74 75 76 7 8 7 79 80
Vg (M/s) 0.15 0.29 0.59 1.33 0.15 0.31 0.59 1.32 0.16 0.31 0.59 1.33 0.15 0.31 0.59 1.34
Packet Vg (m/s) 0.40 0.40 0.40 0.40 0.41 0.41 0.41 0.41 043 043 0.43 0.43 0.51 0.51 0.51 0.51
WC (%) 0.60 0.60 0.60 0.60 0.40 0.40 0.40 0.40 0.20  0.20 0.20 0.20 0.80 0.80 0.80 0.80
Mean 87.18 93.84 104.41 119.85 88.39 95.21 104.77 19.42 91.60 99.65 109.31 124.22 85.01 92.95 103.04 118.12
Median 83.73 88.45 98.86 121.08 83.62 88.66 98.96 21.0b 90.05 96.39 106.04 124.86 82.01 87.09 95.79 17.78
10 Standard dev. 12.61 16.15 19.81 20.67 15.02 18.34 1.592 21.61 8.84 12.55 14.46 15.93 11.90 16.84 19.60 20.53
Variance 6.9E+00 5.8E+00 5.3E+00 5.8E+00 5.9E+00 2E£00 4.9E+00 5.5E+00 1.0E+01 7.9E+00 7.6E+00 T8E+ 7.1E+00 5.5E+00 5.3E+00 5.8E+00
Skewness 1.9E+00 1.3E+00 6.9E-01 -5.8E-02 1.8E+00 .3E+DO 6.5E-01 -8.8E-02 1.9E+00 1.4E+00 7.6E-01 4ED2 2.2E+00 1.6E+00 9.1E-01 1.4E-01
Kurtosis 3.820 1.257 -0.485 -0.947 3.285 0.919 19.6 -0.978 5.418 2.090 0.018 -0.802 5.255 1.776 80.1 -1.057
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.009 0.001 -0.005 0.000 -0.004 0.004 0.005 -0.009 -0.011 -0.005 0.004 0.012 -0.004 -0.011 0249. -0.009
11 Stal_'ldard dev. 4.992 5.157 5.421 5.748 5.013 5.209 .4265 5.738 5.086 5.294 5.520 5.834 4.943 5.133 5.35 5.714
Variance -1.1E-06 8.4E-07 -1.8E-06 -8.4E-07 -4.ZE-0 -9.5E-07 -2.3E-07 2.4E-06 -1.8E-06 -4.6E-07 30¥E- -1.6E-06 -2.4E-06 9.3E-07 1.1E-06 2.0E-0f7
Skewness 1.6E-02 4.0E-03 9.3E-03 3.6E-03 7.2E-03 1E-@3 6.5E-03 6.5E-03 8.0E-03 1.0E-02 6.0E-03 DRE- 1.6E-02 1.3E-02 1.4E-02 5.9E-03
Kurtosis 0.071 0.085 0.103 0.095 0.088 0.108 0.106  0.102 0.030 0.049 0.056 0.075 0.069 0.112 0.091 060.1
Mean 87.181 93.838 104.405 119.853 88.392 95.209 4.760 119.416 91.597 99.654 109.312 124.222 85.005 92.948 103.038 118.117
Median 83.347 87.917 98.493 121.163 83.144 88.116 8.598 121.167 89.812 95.952 105.617 125.047 81.709 86.613 95.088 117.855
20 Stal_'ldard dev. 12.132 15.744 19.428 20.229 14.610 .97Q7 21.228 21.185 8.121 12.000 13.921 15.369 71.40 16.463 19.224 20.098
Variance 7.2E+00 6.0E+00 5.4E+00 5.9E+00 6.1E+00 3E£00 4.9E+00 5.6E+00 1.1E+01 8.3E+00 7.9E+00 &OE+ 7.5E+00 5.6E+00 5.4E+00 5.9E+00
Skewness 2.0E+00 1.4E+00 7.1E-01 -7.2E-02 2.0E+00 .3E+DO 6.7E-01 -1.0E-01 2.3E+00 1.6E+00 8.3E-01 1EM2 2.4E+00 1.7E+00 9.5E-01 1.4E-01
Kurtosis 4.330 1.336 -0.536 -1.021 3.590 0.956 64.6 -1.047 7.310 2.419 -0.001 -0.916 6.036 1.877 2249. -1.143
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.004 0.003 0.006 -0.005 -0.001 0.007 -0.006 0.011 0.002 -0.003 0.006 0.001 0.003 0.001 -0.008 0.004
21 Standard dev. 3.437 3.613 3.892 4.232 3.490 3.683 .9213 4.272 3.485 3.686 3.918 4.181 3.401 3.564 03.84 4.166
Variance 2.6E-06 4.8E-07 2.9E-06 -1.1E-06 -2.7E-06-2.5E-06 -1.2E-07 -2.4E-06 7.6E-06 2.1E-06 -3.0E-06 3.3E-07 2.1E-06 -3.2E-06 -4.4E-06 -1.3E-08
Skewness 3.0E-03 1.9E-03 -2.0E-03 5.3E-03 1.5E-04 4.3E-03 1.3E-03 3.3E-03 -9.6E-04 -2.4E-03 2.0E-03 1.7E-03 -1.1E-03 6.1E-05 2.3E-03 1.8E-08
Kurtosis 0.281 0.249 0.233 0.242 0.244 0.295 0.295 0.203 0.215 0.240 0.248 0.204 0.248 0.312 0.266 250.2
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.002 0.003 0.003 0.007 -0.004 -0.007 .00 0.000 -0.001 -0.008 0.006 -0.006 0.002 0.003 02.0 -0.003
29 Standard dev. 3.556 3.671 3.857 4.070 3.576 3.716  .8653 4.075 3.633 3.784 3.946 4.159 3.536 3.666 73.80 4.039
Variance 9.1E-07 8.9E-08 -1.3E-07 1.7E-06 1.5E-06 .3E®7 -1.1E-06 -1.5E-07 -1.7E-07 -1.4E-06 -6.6E-07 2.8E-07 -1.8E-06 -1.3E-06 -1.6E-06 -6.8E-07
Skewness -2.9E-06 -3.6E-07 1.3E-07 -6.6E-06 -58E-0 -2.0E-06 3.3E-06 5.1E-07 4.8E-07 3.9E-06 2.2E-06 -9.1E-07 5.3E-06 4.8E-06 4.7E-06 2.5E-06
Kurtosis 0.025 0.046 0.093 0.038 0.043 0.069 0.103  0.042 0.008 0.041 0.023 0.071 0.043 0.068 0.062 570.0
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.008 -0.014 -0.022 -0.008 -0.008 -0.004 010. -0.016 -0.005 0.003 -0.005 -0.001 0.009 0.001 0.017 -0.004
23 Standard dev. 3.504 3.622 3.809 4.059 3.513 3.651 .8093 4.039 3.560 3.702 3.859 4.091 3.455 3.593 53.76  4.041
Variance -2.4E-06 1.1E-06 -2.5E-06 -2.9E-06 -2.8E-0 -2.0E-06 8.2E-07 3.6E-06 -2.3E-06 7.3E-07 1.2E-06 -2.6E-06 -1.6E-06 2.7E-06 3.2E-06 9.7E-0f
Skewness 1.4E-02 1.0E-02 8.3E-03 7.4E-03 1.2E-02 8E-83 6.9E-03 4.6E-03 1.1E-02 3.1E-04 3.0E-03 MBE- 1.4E-03 2.8E-03 5.5E-03 -2.1E-04
Kurtosis 0.229 0.190 0.258 0.247 0.244 0.237 0.276  0.264 0.201 0.218 0.201 0.234 0.210 0.233 0.290 720.2
Mean 87.181 93.838 104.405 119.853 88.392 95.209 4.760 119.416 91.597 99.654 109.312 124.222 85.005 92.948 103.038 118.117
Median 83.220 87.760 98.256 121.111 83.026 88.077 8.31% 121.006 89.702 95.828 105.369 125.034 81.558 86.365 94.908 117.843
30 Standard dev. 11.769 15.410 19.090 19.860 14.281 .6247 20.872 20.784 7.641 11.580 13.491 14.973 81.08 16.182 18.921 19.761
Variance 7.4E+00 6.1E+00 5.5E+00 6.0E+00 6.2E+00 4E+£00 5.0E+00 5.7E+00 1.2E+01 8.6E+00 8.1E+00 &BE+ 7.7E+00 5.7E+00 5.4E+00 6.0E+0D
Skewness 2.2E+00 1.5E+00 7.4E-01 -6.8E-02 2.1E+00 .4E+DO 6.9E-01 -9.0E-02 2.6E+00 1.7E+00 8.9E-01 7ED2 2.5E+00 1.7E+00 9.8E-01 1.5E-01
Kurtosis 4.830 1.480 -0.521 -1.064 3.904 1.077 40.6 -1.077 8.656 2.775 0.060 -0.987 6.518 1.980 10.2 -1.180
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 -0.001 -0.009 0.008 0.001 0.009 -0.002 -0.006 -0.001 0.006 0.003 0.004 0.005 0.011 -0.007 -0.005
31 Stal_'ldard dev. 2.943 3.229 3.610 3.844 3.082 3.509 .8713 4.107 2.750 3.149 3.433 3.468 2.680 3.032 43.39  3.667
Variance -6.7E-06 -2.6E-09 1.4E-05 3.8E-06 1.3E-05 -2.1E-06 1.3E-05 -1.4E-05 -9.2E-06 3.6E-06 -3.4E-07 7.2E-06 3.3E-06 -1.2E-06 6.6E-06 -3.6E-06
Skewness 5.0E-03 3.5E-03 3.4E-03 2.9E-03 3.0E-03 .8E-23 -2.5E-03 8.9E-03 -6.9E-05 9.4E-04 -4.2E-03 .6E103 -1.1E-03 -2.4E-03 3.3E-03 1.8E-0:
Kurtosis 0.468 0.446 0.430 0.425 0.505 0.520 0.412  0.508 0.366 0.384 0.342 0.337 0.683 0.664 0.404 530.3
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Experiment 81 82 83 84 85 86 87 88 89 90 o1 92 93 19 95 96
Vg (Ms) 0.15 0.24 0.59 1.34 0.16 0.31 0.59 1.34 0.16 035 0.66 1.33 0.15 0.31 0.60 1.32
Packet | Vs (M/s) 0.53 0.53 0.53 0.53 0.55 0.55 0.55 0.55 057 057 0.57 0.57 0.64 0.64 0.64 0.64
WC (%) 0.60 0.60 0.60 0.60 0.40 0.40 0.40 0.40 020 0.20 0.20 0.20 0.80 0.80 0.80 0.80
Mean 86.20 90.25 102.43 116.87 87.51 93.03 102.57 17.40 9314 82.99 106.76 121.06 83.88 91.37 101.31 116.10
Median 83.04 86.05 96.64 117.17 82.39 87.06 95.73 18.3B 92.27 82.94 103.28 120.91 81.28 86.09 93.97 13.91
1o | Standarddev. 12.05 14.00 19.14 20.76 15.79 18.49  1.462 19.63 7.31 4.61 13.94 15.75 11.12 15.98 19.22 20.80
Variance 7.2E400  6.4E+00  5.4E+00  56E+00  55E+00 1EE00  4.8E+00  6.0E+00  1.3E+01  1.8E+01  7.7E+00  WOE+ 7.5E+00  5.7E+00  5.3E+00  5.6E+0p
Skewness 1.9E+00  1.6E+00 7.8E-01  6.7E-02  20E+00 3E+D0  7.4E-01  -2.0E-02  16E+00  4.1E-02  9.1E-01  D1E 22E+00  17E+00  1.1E+00  2.7E-0
Kurtosis 4.266 2.438 -0.294 -1.007 3.459 1.045 00.5  -0.992 5.079 0.065 0.366 -0.823 5.899 2.336 011 -1.075
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.004 -0.001 -0.007 -0.016 0.000 0011  018. -0.011 -0.012 -0.014 -0.015 -0.017 -0.019 201 -0.001 -0.009
11 | Standard dev. 4.979 5.072 5.375 5.715 5.012 5143 3795 5.709 5.162 4.897 5.466 5.793 4.902 5.119 5.32  5.679
Variance 1.3E-06 15E-06  -3.8E-07  4.9E-07  26E-07 .OE®7  -1.0E-06 56E-07 -1.5E-06 56E-07 -40E-06 .6EW6  -16E-06 1.7E-07  -22E-06  -6.0E-Of
Skewness 4.2E-03 1.8E-02 1.0E-02 16E-02  53E-03 5E-02  1.6E-02  7.1E-03 16E-02  1.0E-02  8.3E-03 D2E-  21E-02  11E-02  57E-03  8.6E-0
Kurtosis 0.016 0.081 0.097 0.073 0.094 0.100 0.129  0.093 0.047 0.005 0.052 0.070 0.046 0.067 0.099  880.0
Mean 86.203 90.254 102.432  116.869 87.513 93932 2518  117.398 93.137 82.987 106.756  121.059 83.875 91.368 101.308  116.098
Median 82.700 85.653 96.251 117.248 81.903 86.518 5.279 118.366 92.161 82.972 102.824  121.044 81.027 85.642 93.322 113.879
» o | Standard dev. 11.534 13.536 18.731 20.329 15397 .1138  21.097 19.178 6.411 3.222 13.371 15.182 10.586 15.574 18.835 20.381
Variance 75E400  6.7E+00  5.5E+00  5.7E+00  5.7E+00 2EH00  4.9E+00  6.1E+00  15E+01  2.6E+01  8.0E+00  SOE+ 7.9E+00  5.9E+00  5.4E+00  5.7E+0p
Skewness 21E+00  1.7E+00 8.1E-01  63E-02  21E+00 4E+D0  7.6E-01  -2.9E-02  22E+00  2.3E-02  1.0E+00 -D1E 25E+00  1.8E+00  1.1E+00  2.7E-0
Kurtosis 4.923 2.710 -0.336 -1.083 3.732 1.093 405  -1.073 8.270 0.058 0.411 -0.944 6.976 2.510 10.09  -1.161
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.003 0.000 -0.004 0.009 -0.010 -0.004 0.0  -0.010 0.009 0.006 -0.010 0.004 -0.001 -0.002  .00® 0.003
, 1 | Standard dev. 3.474 3.574 3.920 4.224 3.506 3.692 .9443 4201 3.506 3.295 3.928 4192 3.390 3.581 6.82 4155
Variance 3.2E-07 -1.9E-06  -2.4E-06  3.9E-06  6.0E-07 2.2E-07 11E-06  -1.8E-06  4.1E-06  -2.9E-06  5.9E-06 .1E@7  25E-06  2.6E-06  4.2E-06 1.9E-0
Skewness -2.1E-03 20E-03  -65E-05  3.2E-03  3.4E-03-1.2E-04  96E-04  15E-03  -1.0E-03 -3.1E-04  83E-04 41E-03  -11E-03  3.2E-03 1.3E-03  2.5E-0f
Kurtosis 0.222 0.239 0.306 0.252 0.296 0.294 0.239  0.227 0.195 0.211 0.213 0.230 0.264 0.336 0276 030.2
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.001 -0.010 -0.005 0.002 -0.002 0.004 00.0  -0.001 0.003 0.002 0.006 0.001 0.000 0.007 20.00 0.004
, , | Standard dev. 3.565 3.636 3.830 4.040 3.584 3.653 .8163 4.042 3.687 3.513 3.895 4.109 3.499 3.655 7377 4.029
Variance -1.2E-06  5.1E-07 1.7E-06  25E-07  -2.0E-06 1.2E-07 1.1E-06  9.1E-07 1.8E-06  5.8E-07  1.1E-06 4E®7  -9.2E-07  8.6E-07  2.2E-08  -1.7E-0p
Skewness 38E-06  -1.9E-06  -7.4E-06 -7.9E-07  6.5E-06-3.7E-07  -8.2E-06  -3.2E-06  -5.3E-06  -2.3E-06 -4®E 26E-06  4.2E-06 -2.6E-06 -2.4E-08  4.9E-06
Kurtosis 0.034 0.049 0.089 0.084 0.077 0.103 0.079 0.061 -0.017 -0.006 0.053 0.062 0.039 0.063 0.061 070
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.012 0.002 0.000 0.009 -0.002 -0.007 0.000 -0.007 -0.013 0.006 -0.013 -0.015 -0.001 -0.011 .00 -0.009
, 3 | Standard dev. 3.475 3.536 3.772 4.042 3.503 3.621 .7903 4.031 3.613 3.412 3.836 4.083 3.433 3.584 .75 4.002
Variance 3.2E-06 16E-06  -2.2E-06  4.5E-07  24E-06 2ED6  -2.5E-06  -1.2E-07  -4.0E-06  2.1E-07  -6.9E-06 3.1E-06  -14E-06  -6.3E-07 -3.2E-06  8.6E-Of
Skewness 8.8E-03 4.5E-03 58E-03  32E-04  3.2E-03 9E-63  11E-02  1.4E-02 14E-02  7.3E-03  7.9E-03  ®YE- 15E-02  B86E-03  2.7E-03  8.4E-03
Kurtosis 0.199 0.199 0.250 0.249 0.281 0.268 0.265 0.255 0.199 0.183 0.208 0.193 0.207 0.249 0.294 2.2
Mean 86.203 90.254 102.432  116.869 87513 93932 2518  117.398 93.137 82.987 106.756  121.060 83.875 91.368 101.308  116.098
Median 82.581 85.553 96.112 117.106 81.781 86.520 5.139 118.353 92.101 82.974 102.655  121.050 80.890 85.400 93.070 113.657
30 | Standard dev. 11.123 13.123 18.356 19.948 15051 7517  20.726 18.796 5.824 2.263 12.894 14.772 10.214 15.281 18.528 20.042
Variance 7.8E400  6.9E+00  5.6E+00  59E+00  5.8E+00 3EE00  4.9E+00  6.2E+00  16E+01  3.7E+01  8.3E+00  €PE+ 8.2E+00  6.0E+00  5.5E+00  5.8E+0p
Skewness 2.3E+00  1.8E+00 8.5E-01  7.3E-02  21E+00 5E+D0  8.0E-01  -21E-02  26E+00  24E-02  1.1E+00 -PE 27E+00  19E+00  1.1E+00  2.9E-0
Kurtosis 5.569 3.058 -0.293 -1.118 4.021 1.242 08.5  -1.116 9.876 0.062 0.567 -1.004 7.573 2.639 €0.13  -1.194
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.002 -0.001 0.001 0.003 0.002 0.003 0.001 0.000 0.002 -0.004 0.002 0.001 -0.005 0.000 0.000 0.007
31 | Standard dev. 3.053 3.317 3.730 3.915 3.246 3.612 .9393 3.810 2.681 2.293 3.540 3.506 2.782 3.007 8.38 3.701
Variance 49E-06  -5.8E-06 -1.8E-06 -59E-06 -8.6E-0 -9.8E-06  9.2E-06  1.4E-05  23E-06 8.1E-06  -6.1E-06-7.1E-06  9.3E-06  1.9E-06  2.0E-06  -6.7E-0p
Skewness 4.9E-03 7.9E-03 48E-03  -6.8E-03  3.6E-03 4.6E-03  20E-04  -9.4E-04 -22E-03 -3.8E-04  65E-03-54E-03 -1.0E-03  1.3E-03  -4.6E-04  9.7E-O4
Kurtosis 0.574 0.486 0.422 0.457 0.926 0.478 0.474 0.450 0.417 0.108 0.266 0.253 0.908 0.687 0.487  080.4
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Experiment 97 98 99 100 101 102 103 104 105 106 107 108 109 110 111 112
Vg (Ms) 0.15 0.59 1.31 0.16 0.31 0.60 1.34 0.16 032 061 1.25 0.15 0.30 0.60 1.33 0.15
Packet | Vs (M/s) 0.66 0.66 0.66 0.69 0.69 0.69 0.69 0.72 072 072 0.72 0.76 0.76 0.76 0.76 0.80
WC (%) 0.60 0.60 0.60 0.40 0.40 0.40 0.40 0.20 020 0.20 0.20 0.80 0.80 0.80 0.80 0.60

Mean 85.32 100.83 114.83 86.22 92.38 100.81 11510 88.20 9471 104.29 118.50 83.07 89.98 99.58 11429 84.37

Median 82.43 94.70 114.29 83.19 87.94 95.76 115.23 87.19 92.21 100.84 117.69 80.78 85.20 92.61 110.64 81.69

1o | Standarddev. 11.58 18.80 20.86 11.81 14.73 17.17  9.191 7.48 10.87 13.39 15.58 10.38 15.15 18.46 2053 11.11
Variance 74E+00  54E+00  55E+00  7.3E+00  6.3E+00 OEE00  6.0E+00  1.2E+01  8.7E+00  7.8E+00  7.6E+00  &OE+ 59E+00  5.4E+00  5.6E+00  7.6E+0
Skewness 2.0E+00 8.9E-01 1.6E-01  20E+00  15E+00 2E-91  8.6E-02  1.6E+00  17E+00  1.0E+00  21E-01  2BE+ 1.8E+00  1.2E+00  3.8E-01  2.1E+0

Kurtosis 4.911 -0.060 -1.011 4.894 2.269 0.149 80.9  5.094 3.362 0.753 -0.795 6.293 2.911 0.447 @00  5.239
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.00

Median 0.004 -0.018 0.008 -0.014 -0.008 0.001 .02 -0.011 -0.019 -0.010 -0.022 -0.009 -0.005 0.000  .00D -0.016

11 | Standard dev. 4.928 5.300 5.649 4971 5.125 5322 6885 5.038 5.167 5.402 5.731 4.891 5.050 5.289 55.62  4.968
Variance -1.1E-06  57E-07  -1.3E-06  -1.3E-06 -1.BE-0 9.6E-07  24E-06  24E-06  18E-06 -52E-06  23E-06-14E-06  4.7E-07  4.1E-07 1.5E-06  -5.3E-0
Skewness 1.1E-02 8.1E-03 1.1E-02 1.7E-02  2.0E-02 SE-83  12E-02  1.1E-02 1.3E-02  21E-02  15E-02  ®8E- 11E-02  1.7E-02  26E-03  1.6E-0
Kurtosis 0.065 0.111 0.089 0.093 0.082 0.075 0.108  0.049 0.048 0.037 0.044 0.069 0.091 0.149 0.087  670.0
Mean 85.319 100.833 114.833 86.222 92.376 100.805 15.101 88.197 94713 104.286  118.496 83.074 89.979 99.582 114.290 84.368
Median 82.130 94.239 114.251 82.905 87.509 95.357 15.2B3 87.039 91.924 100.441  117.624 80.557 84.792 92.005 110.410 81.424

» o | Standard dev. 11.053 18.391 20.430 11.287 14.258 7136  18.730 6.617 10.231 12.801 15.004 9.811 14.732 18.073 20.106 10.557
Variance 7.7E400  55E+00  5.6E+00  7.6E+00  6.5E+00 OE600  6.1E+00  1.3E+01  9.3E+00  8.1E+00  7.9E+00  €BE+ 6.1E+00  55E+00  5.7E+00  8.0E+0
Skewness 2.3E+00 9.4E-01 1.6E-01  23E+00  1.7E+00 8E-91  8.4E-02  23E+00  19E+00  1.2E+00  22E-01  208E+ 1.9E+00  1.2E+00  3.9E-01  2.4E+0

Kurtosis 5.763 -0.077 -1.084 5.718 2.525 0.161 70.0  7.914 4.154 0.883 -0.914 7.636 3.146 0.450 a.08  6.240
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.00

Median 0.004 -0.003 0.000 0.004 0.005 0.009 0.003  0.007 0.002 0.007 -0.003 0.004 -0.003 -0.003 0.001 0.012

, 1 | Standard dev. 3.462 3.907 4212 3.486 3.701 3.042 1834 3.485 3.671 3.911 4217 3.388 3.546 3.780 14.15  3.467
Variance -22E-06  -1.0E-06  -2.2E-06  4.0E-06  2.8E-06 -7.1E-07  -4.8E-06  -6.4E-06  -4.2E-06  6.1E-06  -10BE- 3.5E-06  14E-07  -1.5E-06  -3.3E-06  -4.4E-(
Skewness 2.5E-03 4.6E-03 1.6E-03  3.8-03  -5.0E-043.1E-03  2.7E-03 1.9E-03  -1.2E-03  -4.6E-04  3.1E-03 52E-04 -1.2E-03  1.0E-03 -1.7E-03  5.3E-0
Kurtosis 0.264 0.273 0.215 0.231 0.270 0.234 0.225 0.186 0.213 0.207 0.185 0.233 0.306 0.251 0.240  750.2
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.00

Median -0.001 -0.003 -0.003 -0.002 -0.004 0.002  .008 -0.003 0.002 -0.006 -0.005 0.003 0.005 0.002  .00D 0.002

, , | Standard dev. 3.507 3.786 4.014 3.539 3.667 3.787 0374 3.604 3.688 3.854 4.063 3.490 3.603 3.777 %.98 3.559
Variance 9.7E-08  -8.2E-07  85E-07  -2.0E-06  23E-07-2.7E-07  13E-07  -42E07 57E-07  12E-06  -9.3E-07 55E-07  -1.9E-06 -1.1E-06  7.8E-07  -2.6E-0
Skewness -3.9E-07 2.9E-06  -3.3E-06  9.9E-06  -5.7E-078.5E-07  -25E-07  1.3E-06  -1.8E-06  -4.3E-06  4.3E-06 -1.7E-06  7.7E-06  3.4E-06  -2.6E-06  1.7E-0

Kurtosis 0.044 0.108 0.094 0.069 0.058 0.024 0.082 -0.002 0.023 0.016 0.027 0.037 0.057 0.135 0.094  034.
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.00

Median 0.000 -0.010 -0.024 -0.014 -0.004 0.004 0.0  -0.004 -0.005 -0.020 -0.001 -0.007 0.008 -0.007 -0.009 0.003

, 3 | Standard dev. 3.462 3.709 3.975 3.491 3.580 3.740 0074 3.520 3.619 3.784 4.042 3.427 3.539 3.703 53.96  3.466
Variance -1.6E-06 17E-06  -2.7E-06  2.0E-07  -2.7E-06 1.6E-06  3.2E-06  3.8E-06 1.9E-06  -8.7E-06  4.2E-06 2.5E-06  2.6E-06 1.7E-06 14E-06  -4.9E-0
Skewness 1.5E-02 1.1E-02 6.6E-03  22E-02 1.1E-02 7E-83  15E-02  1.3E-02  41E-03  20E-02  -9.9E-04 WOE -3.86-03  12E-02  3.6E-03  2.9E-04
Kurtosis 0.218 0.264 0.285 0.213 0.265 0.234 0.210  0.223 0.163 0.229 0.209 0.212 0.226 0.300 0.234  210.2
Mean 85.319 100.833 114.833 86.222 92.376 100.805 15.100 88.197 94713 104.286  118.496 83.074 89.978 99.582 114.290 84.368
Median 82.026 94.185 114.076 82.850 87.579 95.277 15.174 86.968 91.823 100.348  117.505 80.419 84.573 91.722 110.206 81.328
30 | Standard dev. 10.597 17.977 20.027 10.810 13.780 2436  18.335 5.925 9.707 12.265 14.555 9.369 14.413 17.758 19.750 10.062
Variance 81E+00  56E+00  5.7E+00  8.0E+00  6.7E+00 2E600  6.3E+00  1.5E+01  9.8E+00  8.5E+00  8.1E+00  &@E+ 6.2E+00  5.6E+00  5.8E+00  8.4E+0
Skewness 2.4E+00 9.8E-01 1.8E-01  24E+00  1.8E+00 OE+D0  9.5E-02  2.4E+00  21E+00  1.3E+00  24E-01  200E+ 20E+00  1.3E+00  4.0E-01  25E+0

Kurtosis 6.463 -0.013 -1.109 6.485 2.918 0.275 0.1  7.878 4.852 1.100 -0.964 7.747 3.357 0.512 4.10  6.767
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.00

Median 0.002 0.005 -0.004 0.008 0.000 -0.003 -0.007 0.006 0.002 -0.003 -0.004 -0.005 0.003 -0.007 ®.00 0.003

31 | Standard dev. 3.143 3.878 4.039 3.247 3.662 3.944 8313 2.945 3.233 3.664 3.642 2.909 3.049 3.362 53.76  3.196
Variance 53E-06  -7.5E-07  -7.0E-06  5.3E-06  1.7E-05-16E-05  4.3E-06  6.8E-06 6.5E-06  19E-05  -1.1E-06 1.86-06  6.9E-06  -1.5E-07  4.4E-06  -3.5E-0)
Skewness 2.7E-03 5.6E-03 48E-03  -6.2E-04  53E-03 2E-84  43E-03  7.7E-03 1.26-03  81E-03  5.6E-04 MBE 7.E-03  28E-03  7.2E-03  27E-03
Kurtosis 0.674 0.438 0.510 0.590 0.385 0.342 0.404 0.757 0.500 0.273 0.279 0.911 0.765 0.505 0517  620.8
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Experiment 113 114 115 116 117 118 119 120 121 122 123 124 125 126
Vg (Ms) 0.23 0.62 1.32 0.16 0.32 0.60 1.33 0.15 0.32 066 1.32 0.15 0.31 0.60
packet | Vs (M/s) 0.80 0.80 0.80 0.83 0.83 0.83 0.83 0.86 0.86 0.86 0.86 0.15 0.15 0.15
WC (%) 0.60 0.60 0.60 0.40 0.40 0.40 0.40 0.20 020 0.20 0.20 0.00 0.00 0.00
Mean 90.58 99.23 113.47 85.90 91.43 99.67 11367 2587  93.68 103.44 116.16 100.70 109.83 12015
Median 85.77 92.87 112.09 83.24 87.19 94.50 112.96 86.30 91.32 99.88 114.52 98.38 106.62 118.56
1o | Standarddev. 15.05 18.45 20.91 11.12 14.18 16.93 9.121 7.33 10.54 13.48 15.03 10.69 12.84 13.39
Variance 6.0E+00  54E+00  5.4E+00  7.7E+00  6.4E+00 OEE00  5.9E+00  1.2E+01  8.9E+00  7.7E+00  7.7E+00  WAE+ 8.6E+00  9.0E+00
Skewness 1.6E+00 9.8E-01 23E-01  21E+00  16E+00 OE+D0  1.8E-01  16E+00  1.7E+00  1.1E+00  3.6E-01  10DE+ 1.1E+00  4.4E-01
Kurtosis 2.258 0.121 -1.013 5.315 2.592 0.348 P97 5141 3.610 0.934 -0.617 3.710 0.973 -0.37p
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000
Median -0.015 -0.020 -0.011 -0.015 -0.008 -0.005 020 -0.010 -0.009 -0.004 -0.010 -0.010 -0.027 8.00
11 | Standard dev. 5.084 5.300 5.680 4.967 5.104 5.325 6505 5.011 5.135 5.405 5.696 5.310 5.538 5.73p
Variance 16E-06  -8.8E-07  -5.0E-07 -52E-08  -1.5E-0 2.4E-06 1.8E-06  -1.8E-06  -2.9E-09  -2.3E-06  -ABE- 24E-06  -2.7E-06  5.6E-07
Skewness 1.6E-02 2.0E-02 9.1E-03 1.5E-02 1.2E-02 3E-02  16E-02  1.1E-02  86E-03  14E-02  1.4E-02 DQE- 5.6E-03  8.4E-03
Kurtosis 0.098 0.133 0.107 0.061 0.081 0.063 0.085 0.015 0.078 0.087 0.055 0.058 0.040 0.093
Mean 90.575 99.230 113.472 85.896 91.426 09666 6693  87.248 93.678 103442  116.157  100.698  109.828120.147
Median 85.318 92.325 112.042 82.977 86.826 94.084 12.908 86.179 91.026 99.447 114.303 98.078 106.168118.330
5o | Standard dev. 14.595 18.024 20.474 10.552 13.689 4506  18.641 6.459 9.879 12.881 14.421 10.046 12.256 12.774
Variance 6.2E400  55E+00  5.5E+00  8.1E+00  6.7E+00 1E600  6.1E+00  1.4E+01  95E+00  8.0E+00  8.1E+00  100E+ 9.0E+00  9.4E+00
Skewness 1.7E+00  1.0E+00 24E-01  24E+00  18E+00 1E+D0  1.9E-01  2.2E+00  2.0E+00  12E+00  3.9E-01 200+ 1.2E+00  4.8E-01
Kurtosis 2.494 0.127 -1.088 6.407 2.920 0.389 4.05  8.008 4.506 1.094 -0.716 4.574 1.117 -0.460
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000
Median 0.012 -0.001 0.001 -0.006 -0.002 -0.001 06.0  0.006 0.006 0.001 0.003 0.003 0.003 0.00
, 1 | Standard dev. 3.664 3.938 4.239 3.509 3.718 3.096 2344 3.468 3.673 3.961 4245 3.650 3.819 3.99p
Variance -3.0E-06  4.7E-06 3.3E-06  -1.3E-06  -4.6E-07-4.0E-06  -57E-06  4.2E-06  -3.9E-07  3.5E-06  50E-07 -4.2E-06  3.3E-06  2.6E-06
Skewness -1.8E-03  -3.9E-03  3.4E-05 1.6E-03  -2.8E-044.6E-03  -2.0E-03  6.1E-04  3.6E-03  -2.0E-03  -1.8E-03 2.0E-03  5.1E-04  -7.6E-04
Kurtosis 0.262 0.244 0.235 0.281 0.249 0.244 0.232  0.197 0.261 0.237 0.214 0.238 0.222 0.204
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000
Median 0.007 0.007 0.001 0.007 0.003 0.000 0.003  00M. 0.011 0.005 -0.002 0.003 0.000 0.001
5 5 | Standard dev. 3.624 3.754 4.021 3.550 3.618 3.799 0034 3.586 3.673 3.849 4.027 3.787 3.942 4.078
Variance 7.7E-07 1.1E-06  -1.1E-06  -7.4E-08  -2.0E-06 3.1E-07  -1.3E-06  -9.3E-07  -9.0E-07  -4.1E-07  -9BE- -7.2E-07 -6.5E-07  3.7E-07
Skewness -49E-06  -3.4E-06  3.6E-06 -2.7E-06  7.4E-06-8.1E-07  4.7E-06  6.6E-06  3.6E-06  11E-06  3.5E-06 .9EN6  2.1E-06  -1.2E-06
Kurtosis 0.088 0.090 0.079 0.031 0.039 0.042 0.076 _0.000 0.065 0.097 0.025 0.023 0.045 0.029
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000
Median -0.008 -0.009 -0.002 -0.006 -0.008 -0.008 018 -0.018 0.000 0.010 -0.008 0.000 -0.011 0.003
53 | Standard dev. 3.566 3.742 4.012 3.475 3.600 3.731 3.988 3.500 3.589 3.794 4.028 3.722 3.890 4.038
Variance 1.6E-06 -2.4E-06  3.7E-07 95E-10  1.7E-06  3.1E-06  3.9E-06 -1.6E-06 9.1E-07 -2.9E-06 3.2E-07  4.2E-06 -3.1E-06  4.3E-07
Skewness 14E-02 12E-02  -52E-04 53E-03  96E-03  1.8E-02  1.2E-02 1.2E-02 4.2E-03 51E-05 6.4E-03 9.1E-03 9.1E-03 -4.5E-03
Kurtosis 0.249 0.250 0.240 0.255 0.245 0.244 0.248 0.165 0.216 0.234 0.213 0.190 0.182 0.210
Mean 90575  99.230 113472  85.896 91.426 99.666  113.669  87.248 93678  103.442  116.157  100.698  109.828  120.147
Median 85.267 92309  111.985  82.950 86.907 94.060  112.822  86.146 90.930 99.399 114198  97.884 105976  118.093
30 | Standard dev. 14130  17.581 20.061 10.033 13.178 15.934 18.222 5.693 0.333 12.328 13.934 9.677 11.882 12.359
Variance 6.4E+00 5.6E+00  5.7E+00  8.6E+00  6.9E+00  6.3E+00  6.2E+00  1.5E+01  1.0E+01  8.4E+00 8.3E+00 1.0E+01  9.2E+00  9.7E+00
Skewness 1.8E+00 1.1E+00  25E-01  25E+00  1.9E+00  1.1E+00  2.0E-01  2.3E+00 2.1E+00 14E+00  4.2E-01  2.2E+00 1.3E+00  5.2E-01
Kurtosis 2.808 0.224 -1.103 7.127 3.409 0.563 -1.084 7.731 4.992 1.361 -0.745 5.161 1.265 -0.500
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.004 0.007 -0.009 0.002 -0.002 0.004 -0.008 0.005 0.008 -0.007 0.004 -0.003 0.004 0.005
31 | Standard dev. 3.655 3.969 4.092 3.268 3.705 4.088 3.930 3.051 3.236 3.733 3.717 2.700 3.007 3.227
Variance -47E-06 -2.1E-05 -9.3E-06 -5.0E-06 -3.4E-06 -4.0E-06 21E-06 -1.4E-05 6.7E-06 -1.7E-06 7.1E-06 -1.6E-06  3.2E-06  -3.9E-06
Skewness 75E-03 20E-04  89E-03 -14E-03 1.3E-02 8.1E-03 3.8E-03 9.5E-03 -24E-03 -14E-03 2.7E-03 4.1E-03 -54E-03 2.1E-04
Kurtosis 0.571 0.502 0.486 0.722 0.474 0.446 0.411 1.021 0.516 0.346 0.292 0.227 0.258 0.133
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D.3 Wavelet Packet Coefficient Statistics: Pack@] — [4 1]

Experiment 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Vs (m/s) 0.13 0.30 0.58 0.99 0.13 0.30 0.59 1.32 0.13 0.30 0.59 1.32 0.13 0.31 0.59 1.29
Packet Vg (m/s) 0.12 0.12 0.12 0.12 0.24 0.24 0.24 0.24 037 037 0.37 0.37 0.49 0.49 0.49 0.49
WC (%) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 0.000 0.001 0.000 0.002 -0.001 0.000 0.003 0.001 -0.001 0.002 -0.002 -0.005 0.002 0.002 -0.001
32 Standard dev. 2.463 2.618 2.794 3.018 2.409 2575 7292 2,971 2.403 2.562 2.695 2.929 2.394 2.501 2,67 2892
Variance -7.7E-06 -1.6E-06 1.9E-06 1.9e-07 -5.8E-06 -1.5E-06 1.4E-07 5.3E-06 9.3E-07 4.7E-06 -2.3E-06-2.3E-06 -3.2E-06 6.6E-07 -3.7E-06 2.2E-06
Skewness -3.8E-05 4.7E-06 4.3E-06 -7.3E-07 -5.9E-064.3E-06 -8.9E-07 9.7E-06 -7.0E-06 -1.2E-05 -5.8E-0 5.4E-06 7.3E-06 -2.1E-06 6.3E-06 -3.2E-06
Kurtosis 0.874 0.770 0.778 0.765 0.720 0.782 0.782 0.752 0.701 0.757 0.824 0.731 0.729 0.793 0.810 060.7
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.002 0.000 0.003 0.004 0.002 0.002 0.000 .009 0.003 -0.002 0.003 -0.001 0.003 -0.001 0.001 .00
33 Standard dev. 2.417 2.668 2.861 3.116 2.407 2593 8312 3.052 2.379 2.548 2,771 3.028 2.361 2.541 52.74  3.022
Variance 6.7E-06 -3.9E-07 -3.5E-06 -2.8E-07 7.9E-07 6.9E-07 4.9E-06 -9.1E-07 -5.5E-06 -2.5E-06 -3.7E-0 9.7E-06 2.6E-06 -6.9E-06 1.2E-06 -7.2E-(7
Skewness 6.0E-05 1.8E-06 -9.3E-05 3.6E-06 -9.6E-051.3E-04 1.9E-04 -7.4E-05 5.1E-05 1.0E-04 -4.8E-05 .2E404 8.6E-05 1.1E-04 3.7E-05 -5.1E-0p
Kurtosis 0.171 0.227 0.187 0.144 0.168 0.212 0.179 0.147 0.191 0.254 0.172 0.202 0.120 0.187 0.247 560.1
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 0.001 -0.003 -0.001 -0.007 0.002 0.00 0.001 -0.001 -0.002 0.001 0.000 0.001 0.001 0.000 -0.002
34 Stal_'ldard dev. 2.569 2.690 2.858 3.056 2.556 2.696 .8082 2.962 2.524 2.641 2.788 2.947 2.491 2.628 12.76  2.908
Variance -4.3E-07 -1.6E-07 -2.7E-07 3.3E-07 5.3E-07 3.8E-07 -2.5E-07 -2.9E-07 6.6E-07 5.4E-07 -1.1E-06 -6.8E-07 4.2E-07 -1.0E-06 -4.7E-07 3.8E-0y
Skewness 1.3E-06 5.1E-07 8.3E-07 -9.9E-07 -1.6E-06-1.2E-06 4.8E-07 8.5E-07 -1.9E-06 -1.6E-06 3.2E-06 2.1E-06 -1.3E-06 2.9E-06 1.4E-06 -1.1E-06
Kurtosis 0.069 0.036 0.097 0.092 0.076 0.028 0.059 0.051 0.047 0.041 0.093 0.054 0.042 0.078 0.084 840.0
lean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.006 0.001 0.004 0.011 -0.003 0.002 -0.002 0.002 -0.004 -0.004 -0.005 -0.006 0.001 0.004 0.004 -0.006
35 Standard dev. 2.568 2.700 2.837 3.023 2.521 2.650 .7742 2.963 2.505 2.613 2.770 2.943 2.472 2.592 R.74 2922
Variance 9.7E-08 5.8E-07 1.4E-06 8.0E-07 7.0E-07 .2EP6 8.9E-07 -1.4E-07 -1.2E-07 1.0E-06 1.6E-06 .6E407 -1.1E-06 2.7E-06 2.1E-06 -2.0E-0p
Skewness -1.9E-07 -1.5E-06 -3.5E-06 -7.5E-06 -BDRE- 3.9E-06 -2.7E-06 2.2E-06 7.6E-07 -3.3E-06 -408E-  8.5E-07 3.0E-06 -8.7E-06 -6.3E-06 5.7E-06
Kurtosis 0.153 0.158 0.122 0.202 0.110 0.183 0.165 0.107 0.188 0.140 0.153 0.141 0.122 0.181 0.194 680.1
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.005 0.000 0.001 0.002 0.000 -0.006 -0.003 0.003 0.008 0.000 0.004 -0.001 0.002 0.003 0.004 .009
36 Standard dev. 2,513 2.648 2.785 2.987 2.461 2599 7542 2.955 2.419 2.543 2.702 2,922 2411 2.551 1270 2871
Variance 2.5E-06 1.6E-06 -4.1E-06 -1.0E-06 2.0E-06 -1.1E-06 -1.0E-06 -7.2E-06 -7.5E-07 -6.8E-06 4.%E-0 -1.3E-06 7.1E-07 -1.2E-06 1.4E-06 7.4E-07
Skewness -4.2E-06 1.0E-06 1.0E-05 1.5E-05 -5.2E-06-2.5E-05 7.1E-07 -3.8E-05 2.2E-06 1.6E-05 2.0E-05 .0ED6 -1.4E-06 2.2E-06 -2.6E-06 -1.7E-0p
Kurtosis 0.769 0.887 0.799 0.802 0.782 0.859 0.775 0.784 0.715 0.796 0.763 0.804 0.704 0.795 0.772 160.7
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.003 -0.003 0.000 0.009 -0.004 -0.008 10.0 -0.009 -0.008 0.003 -0.004 0.006 -0.003 -0.001 .00® -0.014
37 Standard dev. 2.547 2.658 2.812 3.041 2.490 2.659 .7802 2,972 2.497 2.600 2.717 2,924 2.427 2.579 62.69 2.905
Variance -1.2E-07 -3.8E-07 1.5E-07 1.3E-06 -7.5E-07 2.5E-06 -1.1E-06 3.3E-07 4.7E-07 -5.8E-07 -3.3E-06 1.6E-06 5.4E-07 -7.5E-07 -1.4E-06 1.6E-0p
Skewness 8.8E-03 4.0E-03 -7.2E-03 2.3E-04 1.1E-02 .4E-02 2.3E-02 7.6E-03 1.7E-02 1.5E-02 4.2E-04 N8E  -4.7E-03 1.1E-02 1.5E-03 6.7E-03
Kurtosis 0.138 0.167 0.151 0.147 0.130 0.144 0.200 0.124 0.164 0.170 0.155 0.178 0.136 0.160 0.160 990.1
Mean 90.653 103.504 117.059 135.006 87.348 99.448 12.084 128.726 85.624 97.299 109.083 127.035 83.947 94.719 106.340 123.039
Median 85.669 94.777 111.735 137.263 83.517 91.422 104.475 130.413 82.953 90.177 100.478 129.062 81.75 88.544 97.906 122.721
40 Standard dev. 13.562 18.997 19.639 18.061 11.531 .1108 19.096 18.519 8.932 16.718 18.845 22.240 7.770 15.509 18.316 21.745
Variance 6.7E+00 5.4E+00 6.0E+00 7.5E+00 7.6E+00 S5E€00 5.9E+00 7.0E+00 9.6E+00 5.8E+00 5.8E+00 0PE+ 1.1E+01 6.1E+00 5.8E+00 5.7E+0
Skewness 2.1E+00 1.2E+00 4.9E-01 -2.7E-01 2.3E+00 .4E+DO 7.4E-01 -9.4E-02 2.3E+00 1.7E+00 9.9E-01 9EH2 2.3E+00 1.9+00 1.2E+00 1.1E-01
Kurtosis 3.995 0.250 -1.006 -0.883 5.384 0.955 2D.7 -1.119 5.874 1.903 -0.293 -1.196 5.904 2.739 42.1 -1.238
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.004 0.000 0.005 -0.004 0.008 0.006 0.010 0.007 0.013 0.006 -0.001 0.006 0.015 0.001 -0.002 0.005
41 Stal_'ldard dev. 2.650 3.217 3.695 3.615 2.905 3.226 .7333 3.739 3.507 3.090 3.538 3.767 3.817 3.115 43.41 3.745
Variance 1.8E-06 3.2E-05 -2.2E-05 6.6E-06 3.0E-06 .4EL5 -3.1E-05 6.5E-06 -5.3E-07 -4.2E-05 -1.4E-05 3.4E-06 -2.0E-05 4.0E-06 -6.4E-06 3.1E-06
Skewness -7.8E-03 -1.1E-03 -1.1E-03 2.4E-04 -22E-0 -8.6E-04 4.7E-03 1.8E-02 2.3E-02 3.6E-03 9.1E-03 9.8E-03 3.5E-02 -2.6E-02 -5.5E-03 1.3E-02
Kurtosis 1.568 1.188 0.515 0.711 2.180 1.276 0.764 0.463 2.507 1.447 0.744 0.711 2.544 1.461 0.789 530.6
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Experiment 17 18 19 20 21 22 23 24 25 26 27 28 29 03 31 32
Vg (M/s) 0.15 0.30 0.59 1.32 0.15 0.31 0.59 1.33 0.15 0.30 0.59 1.32 0.15 0.30 0.59 1.00
Packet Vg (m/s) 0.61 0.61 0.61 0.61 0.73 0.73 0.73 0.73 0.79 0.79 0.79 0.79 0.13 0.13 0.13 0.13
WC (%) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.80 0.80 0.80 0.80
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.001 -0.005 0.002 0.002 -0.001 0.001 $.00 0.003 0.003 0.005 0.000 0.002 -0.002 -0.003 49.00 0.001
32 Standard dev. 2.393 2.503 2.655 2.899 2.375 2.465 .6542 2.899 2.386 2.473 2.603 2.858 2.519 2.656 42.83  3.006
Variance 1.3E-06 2.9E-06 -9.8E-06 2.6E-06 2.3E-06 4.1E-06 2.6E-06 6.8E-06 1.6E-06 2.6E-07 2.2E-06 E®2 -1.4E-06 5.7E-06 -3.1E-07 2.8E-0
Skewness -1.6E-07 -7.2E-06 1.9E-05 -2.9E-06 -58E-0 -6.2E-06 -2.6E-07 7.8E-05 -3.5E-06 9.2E-06 -606E-  3.4E-06 2.8E-06 1.6E-05 6.2E-06 -8.8E-Q7
Kurtosis 0.732 0.740 0.778 0.752 0.705 0.748 0.794 0.705 0.733 0.755 0.787 0.779 0.779 0.873 0.756 950.7
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.003 0.001 -0.001 -0.001 -0.004 0.001 00.0 -0.007 -0.004 -0.005 0.001 -0.003 -0.004 -0.001 0.000 -0.001
33 Stapdard dev. 2.387 2.540 2.734 3.017 2.378 2531 7422 3.028 2.461 2.538 2.707 3.032 2511 2.693 32.92 3.108
Variance 1.0E-06 -6.6E-07 2.3E-06 -5.0E-07 3.7E-07 5.6E-07 2.0E-07 1.6E-06 -3.4E-06 -3.5E-06 -4.5E-06 2.6E-06 4.4E-06 -9.4E-06 9.8E-07 1.3E-06
Skewness -1.8E-04 4.4E-05 1.5E-04 1.2E-04 -1.1E-047.1E-05 -2.7E-05 -2.5E-06 -6.9E-05 -7.8E-05 4.9E-05 -1.7E-04 2.7E-04 1.0E-05 -3.9E-05 -3.9E-05
Kurtosis 0.160 0.246 0.248 0.170 0.160 0.244 0.201  0.222 0.176 0.229 0.225 0.223 0.179 0.216 0.241 520.2
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 0.002 0.000 0.000 0.002 0.000 0.001 .00D 0.001 0.000 0.001 0.001 0.003 0.003 0.000 40.00
34 Stapdard dev. 2471 2.594 2.739 2.907 2.450 2532 .6992 2.897 2.503 2,571 2.703 2.873 2.614 2.756 52.86 3.038
Variance -9.6E-07 6.6E-07 1.1E-06 -2.2E-07 -1.3E-06 -1.0E-06 -1.6E-07 1.8E-06 -1.2E-06 1.7E-06 1.7E-07 8.3E-07 6.6E-07 -1.4E-06 2.9E-07 -5.9E-07
Skewness 2.8E-06 -2.0E-06 -3.3E-06 6.9E-07 3.8E-06 3.0E-06 5.1E-07 -5.3E-06 3.6E-06 -5.0E-06 -4.9E-07 -3.0E-06 -2.0E-06 3.8E-06 -7.8E-07 1.7E-06
Kurtosis 0.062 0.020 0.053 0.054 0.016 0.081 0.043  0.052 0.033 0.079 0.077 0.071 0.090 0.080 0.057 660.0
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.002 -0.003 -0.006 0.004 0.004 -0.001 D.00 0.003 0.004 0.002 0.001 -0.002 -0.002 -0.002 0D.0 -0.004
35 Standard dev. 2.472 2.558 2.699 2.876 2.455 2553 .7072 2.882 2491 2.531 2.669 2.881 2.607 2.730 62.89 3.025
Variance 5.0E-07 -2.4E-06 -5.0E-07 1.0E-06 1.0E-06 -3.5E-07 -3.7E-07 -3.3E-06 2.3E-07 -7.2E-07 -1.56-0 -2.4E-06 -1.9E-06 1.6E-06 -7.2E-07 -7.5E-07
Skewness -1.4E-06 9.9E-06 1.9E-06 -5.0E-06 -3.7E-061.2E-06 1.2E-06 1.2E-05 -5.5E-07 2.3E-06 5.2E-06 .1EL5 1.2E-05 -3.1E-05 2.0E-06 2.7E-0
Kurtosis 0.124 0.102 0.177 0.072 0.141 0.091 0.164 0.179 0.106 0.105 0.100 0.185 0.192 0.201 0.173 010.2
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.002 0.004 -0.003 0.001 0.003 -0.002 -0.001 0.001 -0.001 0.003 -0.003 -0.001 0.003 0.005 0.003 -0.003
36 Standard dev. 2.375 2.527 2.672 2.860 2.388 2498 .6532 2.849 2.439 2.492 2.644 2.820 2.563 2.688 62.82 2.992
Variance -1.8E-06 -3.3E-06 9.1E-06 -2.6E-06 1.5E-06 4.1E-06 -4.6E-06 -8.0E-06 -8.5E-07 4.9E-06 -1.8E-0 -6.6E-07 3.1E-06 -8.3E-06 -2.4E-06 -2.6E-(6
Skewness -2.5E-06 1.9E-06 2.3E-05 -1.2E-06 1.6E-05-9.8E-06 -2.3E-05 -5.3E-05 3.9E-06 -9.4E-06 4.4E-06 1.9E-06 -4.0E-06 1.1E-05 -6.4E-07 3.3E-06
Kurtosis 0.694 0.746 0.817 0.771 0.699 0.784 0.773  0.677 0.711 0.715 0.679 0.768 0.723 0.781 0.773 700.7
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.002 -0.003 0.003 -0.003 0.000 0.004 -0.001 0.001 -0.001 0.008 -0.001 0.000 0.002 -0.011 ®.01 -0.005
37 Starldard dev. 2.455 2.535 2.688 2.848 2.430 2.534 .6802 2.874 2471 2.533 2.656 2.864 2.586 2711 32.84 2970
Variance 1.2E-06 3.4E-06 -1.4E-06 1.2E-06 -3.1E-06 1.1E-06 1.7E-06 2.5E-06 7.9E-07 -1.6E-06 3.2E-06 4E&9 1.2E-06 7.6E-07 -1.9E-08 2.8E-0
Skewness 2.9E-03 -2.0E-03 -3.9E-03 4.6E-03 8.2E-03-9.0E-03 5.4E-03 -9.2E-03 1.0E-02 1.9E-03 3.2E-03 .1ED2 1.0E-02 6.0E-03 1.0E-02 1.1E-02
Kurtosis 0.139 0.166 0.192 0.174 0.080 0.143 0.235 0.150 0.133 0.126 0.109 0.173 0.170 0.195 0.181 070.2
Mean 84.100 92.757 104.286 119.991 82.650 90.649 4.23Q 120.539 85.194 90.578 101.329 117.428 95.964 106.246 119.941 133.587
Median 81.701 87.417 96.118 115.875 80.537 85.944 6.382 113.797 83.189 86.001 93.924 110.095 89.757 7.438 115.722 135.784
40 Standard dev. 8.256 14.030 17.795 18.864 7.543 363.0 17.560 19.351 7.606 12.744 16.781 18.860 15.569 19.912 21.710 23.072
Variance 1.0E+01 6.6E+00 5.9E+00 6.4E+00 1.1E+01 OE#00 5.9E+00 6.2E+00 1.1E+01 7.1E+00 6.0E+00 @PE+ 6.2E+00 5.3E+00 5.5E+00 5.8E+00
Skewness 2.2E+00 2.0E+00 1.4E+00 3.8E-01 2.2E+00 OE+R0 1.5E+00 5.7E-01 2.0E+00 1.9E+00 1.5E+00 ®4E- 1.9E+00 1.1E+00 3.8E-01 -1.2E-01
Kurtosis 5.346 3.123 0.653 -1.166 5.723 3.322 1.083 -1.004 5.094 3.291 1.308 -0.896 2.871 0.128 -1.082 -1.058
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.018 0.010 -0.011 0.006 0.025 -0.004 -0.006 -0.001 0.015 -0.016 0.005 0.000 0.005 0.007 0.000 -0.017
41 Stal_'ldard dev. 3.999 3.340 3.386 3.774 4.216 3.875 .4603 3.872 4.287 4.147 3.508 3.787 2.960 3.811 4422 4274
Variance 1.2E-05 5.7E-05 1.6E-05 -4.1E-06 5.6E-07 .0E&6 -6.6E-06 9.5E-06 -1.4E-05 -3.1E-05 2.3E-05 5.4E-06 -4.0E-05 -2.0E-05 -2.9E-05 9.4E-06
Skewness 3.8E-02 -2.5E-02 6.3E-03 5.8E-03 6.5E-02 1.7E-02 -2.7E-03 1.4E-03 4.2E-02 -4.4E-03 -1.2E-02 3.8E-03 6.3E-03 -1.8E-03 -5.2E-03 6.9E-08
Kurtosis 2.672 1.638 0.790 0.704 2.896 1.764 0.870 0.758 2.554 1.882 1.011 0.584 1.746 0.905 0.447 7%0.6
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Experiment 33 34 35 36 37 38 39 40 a1 2 43 a4 45 6 4 47 18
Vg (Ms) 0.15 0.30 0.59 1.00 0.15 0.30 0.59 1.00 015 0.30 0.59 1.00 0.15 0.31 0.59 1.33

Packet | Vs (M/s) 0.13 0.13 0.13 0.13 0.14 0.14 0.14 0.14 014 0.14 0.14 0.14 0.25 0.25 0.25 0.25
WC (%) 0.60 0.60 0.60 0.60 0.40 0.40 0.40 0.40 020 0.20 0.20 0.20 0.80 0.80 0.80 0.80
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 0.001 0.002 0.000 0.001 0.002 -0.003 .00® -0.002 0.000 0.001 0.003 0.001 0.001 -0.003 001

3 o | Standard dev. 2.526 2.633 2.761 2.980 2.550 2.666 .7992 2.988 2.593 2.715 2.864 2.967 2.429 2.543 269 2.89
Variance 6.2E-06 6.0E-06 20E-06  -41E-06  -2.0E-06 2.0E-06  52E-06  -3.0E-06  55E-07  7.9E-07 11E-07 2ED6  11E-06  -3.8E-06 -15E-06  3.5E-0
Skewness -1.1E-05  -6.9E-06  -6.9E-06  -8.7E-06  6AE-0 1.6E-06  52E-05  6.8E-06  3.6E-06 -1.1E-06  3.8E-06-1.1E-05  4.0E-07  7.6E-06  3.2E-06  -6.2E-06
Kurtosis 0.703 0.797 0.776 0.740 0.842 0.884 0.808  0.849 0.791 0.694 0.754 0.714 0.724 0.792 0781 820.6
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.004 0.001 -0.005 -0.002 -0.003 -0.003 0D.0  0.000 -0.002 -0.001 0.002 -0.004 -0.003 0.000  00D. -0.008

33 | Standard dev. 2.529 2.677 2.911 3.073 2.533 2.742 9392 3.149 2.597 2.740 2.922 3.047 2.433 2,579 278  3.052
Variance -1.7E-06  -6.7E-06  -9.4E-06  -3.1E-06  -39E- -1.2E-06 -1.8E-06  -5.1E-07  2.3E-06  3.7E-06  108E- -3.5E-07  2.9E-06  1.9E-06  2.3E-06  6.1E-06
Skewness -8.0E-05  7.2E-05 3.7E-05 1.4E-04  -1.2E-047.6E-05 1.8E-04  -32E-05  3.1E-05  23E-05 -7.7E-06 1.9-05  -15E-04  1.0E-04  13E-04  -7.0E-05
Kurtosis 0.217 0.201 0.230 0.189 0.260 0.360 0.292  0.230 0.111 0.139 0.143 0.118 0.175 0.259 0174  730.1
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.003 0.003 0.001 0.004 -0.005 -0.005 0.003  0.000 -0.001 0.001 0.002 0.004 0.003 0.003 -0.003 -0.001

3 4 | Standard dev. 2.624 2.722 2.863 3.020 2.629 2.745 8662 2.980 2.695 2.824 2.928 3.052 2.543 2.652 12.75  2.927
Variance 1.0E-06  -7.2E-07  3.5E-07  9.4E-07  -4.8E-07 6.9E-08  -15E-06  -7.3E-07  -3.6E-07  -8.4E-07 -29E-0 -1.1E-07  1.3E-06  1.8E-06  -6.5E-07  3.3E-0f
Skewness -2.8E-06 22E-06  -1.0E-06  -2.8E-06  15E-06-1.3E-07  45E-06  2.2E-06 11E-06  26E-06  B8.9E-07 .2E®7  -40E-06 -4.2E-06  1.9E-06  -1.0E-0B
Kurtosis 0.006 0.048 0.118 0.079 0.076 0.185 0.149 0.065 0.009 -0.002 0.018 0.082 0.052 0.103 0.085  097.
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 0.003 0.002 -0.003 -0.009 0.000 -0.007 0.001 -0.001 -0.008 -0.004 0.006 -0.002 -0.001 09.0  -0.006

35 | Standard dev. 2.581 2.716 2.829 2.974 2.619 2710 8332 2.984 2.690 2.792 2.902 3.028 2.531 2.629 ®.75 20911
Variance 8.3E-07 2.4E-06 6.1E-07  -29E-06  3.7E-07 .3E08  58E-07  -3.3E-07  27E-07  -6.3E-08  -2.4E-06 1.3E-06  -1.8E-06  -3.0E-06  12E-06  -2.0E-06
Skewness -3.0E-06  -6.9E-06  -4.8E-06 14E-05 -28E-0 2.8E-06  -2.1E-06  1.6E-06  -29E-06  B8.6E-07  7.3E-06 45E-06  5.1E-06  1.3E-05  -3.4E-06  8.3E-0p
Kurtosis 0.136 0.205 0.166 0.159 0.169 0.208 0.205 0.202 0.145 0.164 0.143 0.166 0.124 0.148 0.143  260.1
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.005 0.000 -0.001 0.002 0.004 -0.006 0.000 0.001 0.007 -0.002 0.001 -0.004 -0.001 0.000 $.00 -0.003

3¢ | Standard dev. 2.541 2.664 2.817 2.932 2.553 2.665 .8102 2.936 2.615 2.725 2.858 3.000 2.458 2,577 7270 2.887
Variance -5.4E-06  -4.2E-06  1.2E-06  53E-06  3.4E-06 -2.3E-06  -3.5E-07  2.4E-06 1.3E-06  15E-06  7.2E-07 .5E46  -3.9E-07  1.6E-06 1.4E-06  -3.5E-0B
Skewness 89E-06  -4.1E-06  -2.6E-06 -3.4E-06 -8BE-0 1.3E-05  -42E-05 -4.3E-06 -49E-06 1.8E-06  3.8E-0 -9.1E-06 -25E-05 -1.1E-06  -3.9E-06  2.6E-0p
Kurtosis 0.674 0.787 0.719 0.783 0.693 0.746 0.857 0.741 0.759 0.733 0.708 0.700 0.715 0.800 0.807  320.8
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 0.000 -0.009 0.009 -0.011 -0.004 £©.02 -0.009 -0.010 -0.005 0.004 -0.002 0.006 -0.005  .00D 0.013

3 7 | Standard dev. 2.589 2.698 2.794 2.975 2.585 2703 .8332 2.946 2.638 2.771 2.897 2.998 2.504 2.628 271 2.906
Variance -1.3E-07  -5.9E-07  -2.0E-06  10E-06 -6.98-0 1.1E-07  -7.3E-07  1.5E-06  3.8E-07 1.1E-06  2.7E-06-6.2E-07  6.9E-08 1.8E-06  -1.5E-06  1.3E-0p
Skewness -3.2E-03 1.4E-02 50E-03  3.4E-03 1.2E-02 OE-02  3.2E-02  5.3E-03 1.0E-02 16E-02  -3.9E-03 6EN6  50E-03  35E-03  -1.2E-03  -5.4E-0B
Kurtosis 0.119 0.143 0.179 0.206 0.178 0.195 0.189  0.147 0.129 0.148 0.196 0.105 0.171 0.183 0140  70.1
Mean 95.392 104.405 116.462  130.270 96.696 105.698118.597  129.882  102.149  111.405  122.809  134.823 0288.  97.014 107.778 124571
Median 90.373 97.516 113172 131.825 89.221 96.870 114.177  131.312 98.811 106.761  120.393 135716  383.2 89.268 101.606  126.785

40 | Standard dev. 13.621 18.345 21.012 22.778 18.758 0522  24.941 23.093 10.498 13.895 15.258 15.965  583.1 17.675 19.419 19.027
Variance 7.0E400  5.7E+00  55E+00  5.7E+00  5.2E+00 SE#00  4.8E+00  5.6E+00  9.7E+00  8.0E+00  8.0E+00  €ME+ 6.7E+00  5.5E+00  5.5E+00  6.5E+0p
Skewness 1.8E+00  1.1E+00  4.1E-01  -7.4E-02  2.0E+00 .1IE+D0  4.4E-01  -7.5E-02  2.1E+00  1.2E+00  4.4E-01 9E®2  2.2E+00  1.3E+00  6.4E-01  -1.6E-01
Kurtosis 2.921 0.334 -0.926 -0.979 3.372 0.207 58.9  -0.975 4.680 0.895 -0.767 -0.925 4.216 0775 774. -1.051
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.005 0.012 0.001 -0.001 -0.003 0.007 0.011 0.001 0.003 0.000 0.002 0.000 0.005 0.002 -0.004 .01

41 | Standard dev. 3.724 4351 4679 4503 3.784 4584 9524 4.967 3.214 3.753 3.786 3.530 2.908 3.707 84.15  4.008
Variance -5.6E-06  9.2E-06  -14E-05 -1.4E-05 -1.8E-0 1.0E-05 1.7E-05  -8.0E-06  -4.8E-06  21E-05 -7.3E-0 1.2E-05 -19E-06 -3.7E-06  4.3E-06  -9.9E-07
Skewness 1.8E-03 6.3E-03 7.1E-03  -2.1E-03  8.0E-03 .5E-83  -2.8E-03  4.4E-03  9.9E-03  -6.7E-03  -3.3E-03 1.6E-02  -1.3E-02  3.0E-03  3.7E-03  7.5E-08
Kurtosis 0.774 0.533 0.343 0.411 1.295 0.732 0.546 0.438 0.786 0.454 0.462 0.499 1.732 1.037 0577 3.4
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Experiment 49 50 51 52 53 54 55 56 57 58 59 60 61 26 63 64
Vg (M/s) 0.15 0.23 0.60 131 0.15 0.31 0.59 1.32 0.15 0.31 0.59 1.32 0.15 0.31 0.59 1.34
Packet Vg (m/s) 0.27 0.27 0.27 0.27 0.28 0.28 0.28 0.28 029 0.29 0.29 0.29 0.38 0.38 0.38 0.38
WC (%) 0.60 0.60 0.60 0.60 0.40 0.40 0.40 0.40 0.20  0.20 0.20 0.20 0.80 0.80 0.80 0.80
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.002 0.001 -0.004 0.001 0.004 -0.004 0.000 0.000 -0.002 -0.004 0.002 0.006 0.006 -0.005 0.003 0.004
32 Standard dev. 2414 2.505 2.668 2.906 2.469 2547 7282 2.895 2.507 2.587 2.728 2.901 2.430 2,521 32.66 2.870
Variance -8.3E-06 -2.4E-06 3.8E-07 4.3E-06 5.1E-06 -8.5E-07 4.8E-06 -5.8E-06 1.4E-06 6.2E-06 6.7E-06 4.3E-06 -6.7E-06 2.8E-07 -7.3E-08 -3.5E-06
Skewness 1.7E-05 7.1E-06 3.7E-07 2.0E-05 6.2E-08 5E-87 -1.3E-05 1.3E-05 4.4E-06 -1.5E-05 -3.3E-06 3ED6 1.3E-05 -1.8E-06 -4.3E-08 8.3E-0
Kurtosis 0.776 0.707 0.736 0.722 0.863 0.835 0.810 0.762 0.703 0.790 0.670 0.728 0.768 0.787 0.753 640.7
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.004 0.002 0.000 0.007 -0.002 0.003 -0.002 0.002 0.004 0.002 -0.006 0.005 0.000 0.002 0.002 0020.
33 Stal_'ldard dev. 2.449 2.535 2.816 3.082 2.485 2.646 .8642 3.111 2.487 2.621 2.819 3.028 2.409 2.572 R.75 3.023
Variance 9.3E-06 2.6E-06 1.5E-06 6.1E-06 -1.5E-06 .8ED6 -3.1E-06 -2.2E-07 -4.3E-06 5.4E-07 -8.0E-06 -5.4E-06 2.8E-06 2.9E-07 6.6E-06 2.2E-06
Skewness -1.4E-04 8.0E-05 3.0E-05 5.3E-05 -2.0E-05-2.9E-05 1.5E-04 5.3E-05 1.1E-04 -7.8E-05 1.1E-04 .5E04 -8.9E-05 2.0E-05 9.4E-06 2.0E-04
Kurtosis 0.232 0.225 0.179 0.091 0.267 0.276 0.202 0.157 0.117 0.080 0.155 0.125 0.222 0.231 0.197 340.1
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.002 0.003 0.002 0.000 0.002 -0.003 0.002 0.000 0.000 0.001 0.001 0.001 0.001 -0.002 0.000 0030.
34 Stal_'ldard dev. 2.549 2.600 2.744 2.935 2.559 2.667 .7312 2.906 2.620 2.694 2.772 2.968 2.524 2.638 276 2914
Variance -3.5E-07 -7.8E-07 4.4E-07 -3.0E-07 4.1E-08 7.2E-07 2.9E-07 1.1E-07 4.9E-07 -4.8E-07 -1.5E-06-1.9E-07 -8.5E-07 8.4E-07 -2.6E-07 -8.7E-08
Skewness 9.8E-07 2.3E-06 -1.3E-06 9.4E-07 -1.1E-07-2.4E-06 -8.6E-07 -3.3E-07 -1.5E-06 1.6E-06 5.0E-06 6.3E-07 2.4E-06 -2.6E-06 7.4E-07 1.4E-0f
Kurtosis 0.073 0.030 0.126 0.072 0.058 0.083 0.112 0.099 -0.013 0.069 0.065 -0.002 0.044 0.052 0.123  .109
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.002 -0.003 -0.007 0.001 -0.004 -0.003 04.0 -0.002 -0.001 -0.009 0.002 -0.004 0.003 -0.002 .009 0.006
35 Standard dev. 2.541 2.584 2.735 2911 2.553 2.637 7272 2.883 2.595 2.695 2.799 2.970 2.524 2.624 4270 2.898
Variance 1.3E-06 6.8E-07 2.5E-07 2.2E-06 1.1E-07 9EN7 -9.8E-07 7.2E-07 -1.4E-06 5.1E-07 -1.2E-06 2E206 4.0E-07 -8.8E-07 -9.5E-07 9.2E-0
Skewness -4.1E-06 -2.5E-06 -1.2E-06 -1.8E-05 -RBE- -1.6E-06 3.7E-06 -2.1E-06 5.1E-06 -2.4E-06 SBE- -5.1E-06 -1.3E-06 3.3E-06 2.6E-06 -3.1E-Q7
Kurtosis 0.130 0.143 0.186 0.151 0.174 0.209 0.221 0.131 0.151 0.141 0.134 0.172 0.100 0.181 0.180 180.2
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.002 0.000 -0.002 0.002 -0.001 0.003 0.003 0.001 -0.002 -0.002 -0.003 0.000 0.003 -0.003 .00 0.005
36 Standard dev. 2.460 2.536 2.683 2.889 2.485 2.584 7062 2.890 2.529 2.618 2.744 2.920 2.436 2.550 42.68  2.860
Variance 3.5E-06 1.9E-06 -2.3E-07 -7.7E-06 -2.2E-06 -1.8E-06 -4.9E-06 6.2E-06 3.6E-07 -4.2E-06 -1.BE-0 4.8E-06 4.9E-06 -2.2E-06 2.0E-06 4.9E-0p
Skewness -9.6E-06 1.1E-07 6.1E-07 -4.7E-05 6.4E-06 3.3E-06 5.8E-06 4.6E-06 -4.9E-07 1.2E-05 3.3E-06 .4ED6 -7.8E-06 -3.6E-05 -4.4E-06 -1.1E-0p
Kurtosis 0.805 0.778 0.704 0.726 0.835 0.761 0.809 0.777 0.748 0.739 0.714 0.688 0.734 0.828 0.752 330.7
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.001 -0.007 -0.011 -0.005 0.012 -0.002 02.0 -0.002 -0.009 -0.002 0.005 0.003 -0.007 0.005 .01:D 0.011
37 Standard dev. 2,518 2571 2.699 2.879 2.539 2.603 .7172 2.897 2.579 2.653 2.782 2.957 2.485 2.565 272 2879
Variance -2.0E-06 -2.3E-07 1.6E-07 -1.9E-06 -4.8E-0 -9.6E-07 1.8E-06 -1.4E-06 8.5E-07 1.1E-06 2.4E-06 -7.2E-07 2.6E-07 -6.2E-07 -6.6E-07 -7.1E-Q7
Skewness 5.2E-03 5.5E-03 -1.2E-03 1.0E-02 -1.1E-021.4E-02 -3.8E-03 8.8E-03 5.7E-03 1.8E-03 2.9E-03 7E®3 7.0E-03 -1.9E-03 1.0E-02 -5.1E-0B
Kurtosis 0.205 0.115 0.113 0.145 0.189 0.185 0.159 0.177 0.113 0.126 0.152 0.110 0.144 0.211 0.128 800.1
Mean 88.043 92.801 106.847 122.748 89.761 97.303 7.120 122.163 93.673 101.774 111.708 127.400 86.114 94.761 105.257 120.861
Median 83.879 88.079 102.246 124.006 82.728 89.585 101.506 124.009 91.220 98.010 108.311 128.881 82.07 87.761 97.886 121.772
40 Standard dev. 11.951 13.498 19.220 19.235 17.844 5409 21.861 19.693 8.397 11.549 13.569 14.768 21.77 16.556 18.962 19.220
Variance 7.4E+00 6.9E+00 5.6E+00 6.4E+00 5.0E+00 OE+£00 4.9E+00 6.2E+00 1.1E+01 8.8E+00 8.2E+00 86E+ 7.3E+00 5.7E+00 5.6E+00 6.3E+0D
Skewness 2.0E+00 1.6E+00 5.6E-01 -1.4E-01 2.2E+00 .3E+DO 6.2E-01 -1.7E-01 2.2E+00 1.5E+00 6.9E-01 8E1 2.2E+00 1.6E+00 8.4E-01 7.6E-0:
Kurtosis 3.942 2.089 -0.787 -0.937 4.048 0.814 0.7 -0.903 5.756 1.969 -0.390 -0.949 4.819 1.516 439. -1.188
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.005 0.007 0.006 0.000 0.004 0.007 0.015 009. 0.005 -0.008 -0.010 -0.002 0.004 -0.001 0.000 .009
41 Stal_'ldard dev. 3.687 4.048 4.505 4.354 3.767 4515 9484 4.933 3.217 3.736 3.754 3.242 3.414 3.644 84.13 4.042
Variance 2.2E-05 2.3E-05 2.2E-06 -1.9E-05 2.2E-06 2.2E-05 9.2E-06 -1.4E-05 4.6E-05 -1.0E-05 2.9E-05 .9ED6 8.9E-06 -2.0E-05 1.5E-06 -1.2E-0p
Skewness 5.1E-03 1.7E-02 -1.2E-03 -1.2E-02 1.4E-027.7E-03 3.4E-03 5.4E-03 2.6E-03 1.3E-02 -1.0E-03 .2ED3 -3.6E-03 4.6E-03 1.2E-02 3.2E-0
Kurtosis 0.913 0.627 0.388 0.462 1.465 0.682 0.500 0.567 1.191 0.539 0.492 0.563 1.962 1.212 0.651 160.5
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Experiment 65 66 67 68 69 70 71 72 73 74 75 76 77 8 7 79 80
Vg (Ms) 0.15 0.29 0.59 1.33 0.15 0.31 0.59 1.32 0.16 031 0.59 1.33 0.15 0.31 0.59 1.34
Packet | Vs (M/s) 0.40 0.40 0.40 0.40 0.41 0.41 0.41 0.41 043 043 0.43 0.43 0.51 0.51 0.51 0.51
WC (%) 0.60 0.60 0.60 0.60 0.40 0.40 0.40 0.40 020 0.20 0.20 0.20 0.80 0.80 0.80 0.80
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 -0.001 0.001 0.007 -0.001 -0.002 .00 -0.001 0.005 -0.001 0.005 -0.001 -0.002 0.002 0m.0  0.002
3 o | Standard dev. 2.413 2.530 2.698 2.899 2.439 2.546 .6882 2.912 2.468 2,595 2.712 2.902 2.394 2.480 62.65 2.864
Variance 126-06  -1.1E-06  -16E-06 -2.4E-06  16E-06 1.1E-06  -1.3E-06  -3.2E-06  7.9E-06  2.6E-06  -1.9E-06 5.0E-06  7.4E-06  -2.7E-06  -1.2E-06  -5.0E-(f7
Skewness 33E-06  -5.8E-06  12E-06 -3.2E-05  7.5E-07-2.4E-06  -45E-06  15E-06  -8.1E-06  7.4E-07  -1.7E-06 1.4E-05  2.2E-06  5.4E-06  -3.2E-05  5.3E-0p
Kurtosis 0.750 0.740 0.772 0.722 0.770 0.771 0.771 0715 0.737 0.721 0.778 0.691 0.695 0.761 0798 030.7
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 -0.003 -0.001 -0.002 0.002 0.000 0.005 0.003 -0.003 -0.001 0.000 0.003 -0.001 0.003 0.000 -0.002
33 | Standard dev. 2.448 2.580 2.805 3.083 2.496 2662 .8552 3.126 2.460 2.618 2.828 3.010 2.415 2.559 .77 3.025
Variance 2.4E-06 1.8E-06 56E-06  6.8E-07  -5.3E-06 44E-06  10E-06  -2.9E-07  2.8E-06  4.0E-07  -2.3E-06 4.3E-06  -4.3E-06 -1.9E-06  -4.9E-06  4.6E-Of
Skewness 2.0E-05 85E-05  -5.7E-05  10E-04  -1.2E-049.2E-05 -1.0E-04  8.0E-05  51E-05  -1.6E-04  2.8E-05-9.5E-05  8.6E-06 1.3E-04  -7.8E-05  -6.6E-05
Kurtosis 0.202 0.227 0.186 0.185 0.214 0.213 0.248  0.226 0.134 0.166 0.120 0.095 0.189 0.259 0.184 9.1
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.002 -0.003 0.001 0.000 0.002 0.002 -0.001 0.000 -0.002 -0.001 -0.003 -0.002 0.001 -0.001  004. -0.006
3 4 | Standard dev. 2.501 2.598 2.755 2.872 2.534 2640 7362 2.866 2.580 2.691 2.801 2.950 2.495 2.583 62.70 2.861
Variance 6.2E-07 6.2E-08 3.8E-07  -14E-09  5.8E-08 8.4E-07  -3.7E-07  4.6E-07 10E-06  -1.4E-07  9.3E-07 .8E47  6.3E-07  -9.6E-07 -3.7E-07  1.7E-0
Skewness -1.8E-06  -2.0E-07  -1.2E-06  -1.1E-08 -DIE- 3.0E-06  1.1E-06  -1.4E-06 -2.9E-06  4.7E-07  -28E- -15E-06 -2.0E-06  2.5E-06 1.1E-06  -5.3E-06
Kurtosis 0.036 0.036 0.085 0.020 -0.002 0.067 0.100 0.087 -0.007 -0.004 -0.018 0.022 0.043 0.038 0.037 0.052
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.004 0.004 -0.005 -0.006 -0.006 -0.002 ©.00 0.002 0.002 0.000 -0.003 0.001 -0.003 0.001 000 0001
35 | Standard dev. 2.527 2.593 2.700 2.884 2.523 2615 7292 2.896 2.558 2.659 2.780 2.933 2.505 2.602 ®.67 2851
Variance 6.6E-07 6.4E-08  -5.7E-07  24E-06  20E-06 .8ED6  -12E-06 -6.7E-07 -1.3E-06 -1.8E-06  -1.9E-06-9.1E-08  -3.2E-06 -8.8E-07  -2.0E-06  -2.6E-06
Skewness -1.2E-06  -4.1E-07  15E-06  -12E-05 -86E-0 -41E-06  3.4E-06  2.0E-06  3.4E-06  5.1E-06  6.9E-06 49E-07  9.2E-06  3.3E-06  5.2E-06  7.6E-0p
Kurtosis 0.152 0.167 0.148 0.166 0.108 0.124 0.165 0.145 0.118 0.184 0.103 0.166 0.125 0.166 0.230  380.1
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 0.002 -0.002 0.001 -0.001 0.000 -0.002  0.000 -0.005 0.002 0.005 0.002 -0.001 0.003 -0.004 -0.001
3¢ | Standard dev. 2.458 2.539 2.691 2.862 2.463 2562 6742 2.859 2.503 2.617 2.714 2.873 2.421 2,517 265 2.864
Variance -1.3E-06 1.36-06  -4.4E-06  -2.2E-06  -1.BE-0 -1.0E-06  7.2E-07  3.3E-06  -2.6E-06  9.5E-07  -9.7E-0 -4.2E-06 -55E-06  6.4E-07 3.1E-06 1.2E-0p
Skewness 1.7E-05 2.7E-05 5.8E-06  55E-06  -3.5E-06 .1E-66  3.5E-05  -7.2E-06  4.9E-06  -1.9E-05  24E-06 1EH05  -2.7E-06 -1.5E-05 -9.5E-06  3.5E-O
Kurtosis 0.704 0.680 0.775 0.826 0.692 0.779 0.707 _0.736 0.661 0.746 0.706 0.754 0.680 0.755 0.830  850.7
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.005 -0.001 -0.006 0.000 -0.004 0.000 ©.00 -0.011 -0.008 -0.018 -0.001 -0.006 -0.003 -0.008 -0.011 -0.002
3 7 | Standard dev. 2.497 2.583 2.696 2.878 2.506 2601 7132 2.854 2,531 2.619 2.743 2.912 2.465 2.564 267 2851
Variance 2.1E-06  3.2E-07 94E-07  -20E-06  -1.8E-06-1.8E-06  4.4E-07  18E-06  -7.2E-07  B8.6E-08  25E-06 5.6E-07  3.2E-06  3.1E-06 14E-06  1.3E-0f
Skewness 6.4E-03 8.2E-03 1.9E-04  9.1FE-04  7.3E-03 .6E-83  53E-03  1.1E-02  3.2E-03 18E-02  -12E-02 ED2  1.1E-02 1.2E-02 20E-03  -6.2E-08
Kurtosis 0.135 0.149 0.147 0.135 0.119 0.100 0.235  0.214 0.119 0.153 0.159 0.147 0.144 0.096 0.116  660.1
Mean 87.181 93.838 104.405  119.853 88.392 95209 4.760  119.416 91597 99.654 100312 124.222 85.005 92.948 103.038  118.117
Median 83.479 88.289 98.810 120.993 83.430 88.914 8.77% 120.448 89.781 96.063 105.395  124.993 81.549 86.417 95.265 117.625
40 | Standard dev. 11.090 14.818 18.507 19.353 13.674 9866  20.238 20.185 6.837 10.971 12.910 14.599 00.42 15.798 18.454 19.319
Variance 7.9E400  6.3E+00  5.6E+00  6.2E+00  6.5E+00 6EE00  5.2E+00  5.9E+00  1.3E+01  9.1E+00  8.5E+00  €BE+ 8.2E+00  5.9E+00  5.6E+00  6.1E+0p
Skewness 2.0E+00  1.5E+00 75E-01  -6.4E-02  2.1E+00 .4E+D0  7.2E-01  -7.6E-02  2.2E+00  18E+00  95E-01 7ED2  22E+00  1.7E+00  1.0E+00  1.6E-01
Kurtosis 4.314 1.678 -0.447 -1.070 4.280 1.366 39.5  -1.050 6.312 3.011 0.210 -1.028 4.693 2.135 201 -1.193
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.004 0.006 -0.017 -0.002 0.008 0.005 -0.003 0.003 0.013 0.000 0.002 -0.010 0.006 0.008 -0.009 0.012
41 | Standard dev. 3.940 4.229 4681 4.458 4121 4698 1045 4.952 3.412 3.706 3.917 3.326 3.790 3.503 M17 4157
Variance -5.8E-06  3.9E-06  -1.7E-05  -20E-05  1.1E-05-2.1E-05  -1.3E-05  -3.3E-06  -6.9E-06  1.0E-05  -508E- -7.0E-06 -24E-06  25E-06  8.0E-06  2.2E-06
Skewness 29E-03  -15E-04  17E-02  7.4E-03 1.36-02 .2E-02  -35E-03  1.9E-03 1.86-02  6.4E-03 15E-02 EDR 11E-02  -1.4E-03  1.0E-02  2.1E-0
Kurtosis 1.045 0.720 0.584 0.454 0.946 0.647 0.374 0555 1.719 0.715 0.483 0.435 2.051 1.120 0.788  730.5
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Experiment 81 82 83 84 85 86 87 88 89 90 o1 92 93 19 95 96
Vg (Ms) 0.15 0.24 0.59 1.34 0.16 0.31 0.59 1.34 0.16 035 0.66 1.33 0.15 0.31 0.60 1.32
Packet | Vs (M/s) 0.53 0.53 0.53 0.53 0.55 0.55 0.55 0.55 057 057 0.57 0.57 0.64 0.64 0.64 0.64
WC (%) 0.60 0.60 0.60 0.60 0.40 0.40 0.40 0.40 020 0.20 0.20 0.20 0.80 0.80 0.80 0.80
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.002 0.003 0.000 -0.002 -0.002 -0.004 ©.00 0.002 -0.002 -0.002 -0.002 0.000 0.003 -0.004  00%. 0.000
3 o | Standard dev. 2.437 2.482 2.687 2.885 2.458 2.545 6642 2.876 2.492 2.352 2.728 2.894 2.384 2,511 263 2846
Variance -3.1E-06  -3.3E-06  -5.1E-07  -1.4E-07  -208E- -1.2E-06  3.9E-06  -8.6E-07  3.4E-06  -1.3E-06  6E- -3.1E-06  4.8E-06  -1.2E-06  1.6E-06  9.5E-07
Skewness -9.3E-07 2.4E-06 2.3E-06  -4.1E-07  7.1E-0625E-06  -4.0E-06  -1.4E-05  -9.6E-06  3.4E-06  2.9E-05-1.7E-05  -1.1E-05  3.4E-06 7.2E-06  6.9E-0f
Kurtosis 0.746 0.731 0.834 0.735 0.762 0.733 0.766  0.742 0.672 0.728 0.702 0.733 0.809 0.770 0.768  460.7
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 -0.004 -0.002 0.001 0.001 -0.002 £.00 -0.001 -0.003 0.000 0.000 -0.001 -0.002 0.002  004. -0.001
33 | Standard dev. 2.477 2,572 2.855 3.085 2.500 2675 .9092 3.063 2.466 2.307 2.827 3.034 2.410 2.552 277 3.027
Variance 3.5E-06 6.3E-07  -2.8E-06  55E-06  3.4E-06 .5EN6  -2.1E-06  -1.6E-06  24E-06  -2.8E-06  -9.1E-07 42E-06  -1.2E-06  4.8E-06  4.3E-06  1.7E-0p
Skewness -9.5E-05  -7.2E-06  -1.4E-04  7.6E-07 1.9E-0415E-05  1.2E-05  -1.7E-04  3.0E-05  -2.4E-04  -65E-05-1.0E-04  -1.4E-04 -12E-04  -8.3E-05  1.2E-Op
Kurtosis 0.182 0.165 0.220 0.197 0.258 0.249 0.234 0.200 0.104 0.138 0.151 0.141 0.135 0.277 0212 37.1
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.004 0.002 0.003 -0.002 0.003 0.002 0.001 0.003 -0.001 -0.001 0.003 -0.001 0.001 0.000 0.001 0.000
3 4 | Standard dev. 2.528 2,577 2.709 2.894 2.562 2598 6952 2.861 2.615 2.485 2.758 2.914 2.499 2.589 8266 2.859
Variance -1.8E-07  -1.1E-06  -1.0E-06  6.2E-07  6.9E-07 1.2E-06  3.5E-07  -4.4E-07  14E-07  53E-07  -9.1E-07 7.4E-07 1.1E-06  -1.3E-06  7.1E-07  1.1E-0f
Skewness 5.7E-07 3.2E-06 3.1E-06  -2.0E-06  -2.1E-063.9E-06 -1.2E-06  15E-06  -41E-07 -1.6E-06  2.6E-06 -2.3E-06  -3.2E-06  3.8E-06  -2.4E-06  -3.3E-06
Kurtosis 0.066 0.015 0.086 0.133 0.031 0.138 0.076 0.056 0.021 -0.005 0.081 0.054 0.053 0.077 0.066  017.
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.004 -0.001 0.000 -0.001 -0.003 0.007 0.003 -0.007 0.000 0.001 0.002 0.003 0.002 -0.002 0.001 0.000
35 | Standard dev. 2.514 2.565 2.707 2.819 2.507 2568 7022 2.856 2.599 2.483 2.750 2.897 2.448 2.580 .67  2.840
Variance -1.6E-06 1.9E-06 34E-06  -2.86-07  -3.6E-06-1.1E-06  11E-06  1.7E-06  24E-06  29E-07  25E-06 1.9E-06 -24E-06 25E-06  -6.8E-07  -3.5E-06
Skewness 57E-06  -7.1E-06  -1.6E-05  1.4E-06 1.2E-054.0E-06  -9.6E-06  -5.0E-06  -6.5E-06  -2.4E-06 -9.3E-0 6.6E-06 1.26-05  -7.3E-06  1.8E-06  9.2E-0B
Kurtosis 0.174 0.126 0.188 0.161 0.133 0.199 0172 0171 0.123 0.101 0.125 0.161 0.115 0.187 0.166  360.1
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.002 0.005 -0.003 0.006 -0.002 0.000 0.002 0.001 0.000 -0.007 0.003 -0.001 -0.003 -0.001 D00 -0.006
3¢ | Standard dev. 2.438 2.479 2.649 2.850 2.454 2539 6622 2.857 2.545 2.384 2.694 2.878 2.418 2,510 263 2822
Variance 1.5E-06 29E-06  -5.9E-07  6.3E-07  -3.1E-07 34E-08  -1.6E-06  1.7E-06  -4.3E-06  2.4E-06  -9.0E-06 3.0E-06  -8.0E-07 -5.0E-07 -3.4E-06  3.6E-0f
Skewness 31E-06  -3.8E-06  4.6E-06 -52E-06  8.2E-07-3.6E-07 -1.0E-06  4.6E-06  -1.4E-05  1.1E-06  -1.9E-06 2.7E-06  -8.8E-06  -1.8E-05 -2.7E-05  -3.0E-06
Kurtosis 0.643 0.608 0.806 0.750 0.840 0.788 0.777 _0.740 0.653 0.700 0.711 0.725 0.700 0.836 0.735  240.7
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.014 -0.006 -0.001 0.002 -0.001 -0.006 08.0  -0.009 -0.010 0.000 0.002 0.007 0.005 -0.009  00®. -0.002
3 7 | Standard dev. 2.477 2.521 2.685 2.867 2.500 2581 .6982 2.844 2.566 2.442 2.730 2.897 2.437 2.558 8.66 2.838
Variance 3.0E-06  -6.0E-07  -2.6E-06  9.8E-09  3.7E-06 1.6E-06  -1.9E-06  -1.9E-06  -14E-06  -2.0E-06 -7.78-0 14E-06  -12E-06  -3.9E-07 -1.1E-06  8.5E-OF
Skewness 3.1E-02 3.7E-03 54E-03  -41E-03  3.9E-03 4E-02  7.1E-03  8.6E-03  20E-02  -1.1E-04 -7.6E-03 .BEED3  4.9E-03  4.8E-03 1.2E-02  8.3E-0
Kurtosis 0.142 0.136 0.131 0.149 0.121 0.193 0.154  0.199 0.117 0.118 0.111 0.105 0.098 0.173 0191  240.1
Mean 86.203 90.254 102.432  116.869 87513 93932 2518  117.398 93.137 82.987 106.756  121.060 83.875 91.368 101.308  116.098
Median 82.919 86.061 96.860 116.894 82.166 87.350 6.019 118.237 92.111 82.968 102.915  120.958 80.976 85.412 93.379 113.380
40 | Standard dev. 10.255 12.304 17.678 19.412 14.391 0697  20.042 18.332 5.002 1.585 12.220 14.354 0.307 14.864 18.051 19.595
Variance 84E+00  7.3E+00  5.8E+00  6.0E+00  6.1E+00 S5EE00  5.1E+00  6.4E+00  19E+01  5.2E+01  8.7E+00  €OE+ 9.0E+00  6.1E+00  5.6E+00  5.9E+0p
Skewness 20E+00  1.7E+00 8.7E-01  85E-02  21E+00 5E+D0  8.3E-01  -1.0E-02  20E+00  3.4E-02  1.2E+00 -D#E 2.1E+00  1.8E+00  1.2E+00  3.0E-0
Kurtosis 4.341 2.852 -0.164 -1.106 4.163 1.573 4.3 -1.108 6.078 -0.037 0.865 -1.016 4.826 2.460 692  -1.179
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.013 0.010 -0.014 0.000 0.020 0.004 0.016 0.009 0.011 -0.002 0.016 -0.002 0.022 0.014 0.009 .00
41 | Standard dev. 4.307 4,566 4.942 4596 4.409 4872 2835 4152 2.983 1.615 4115 3.490 4.208 3.546 64.17  4.206
Variance -1.4E-05  -6.8E-06  4.5E-06  15E-05  -8.9E-06-4.0E-07  2.8E-06  -2.2E-05 -22E-05 -1.9E-05 -80E- -1.3E-05 16E-05  -8.3E-06 -1.0E-06  -5.7E-06
Skewness 1.3E-02 1.8E-03 7.9E-03  6.8E-03  5.6E-03 6E-02  49E-03  6.3E-03  50E-02  84E-03  49E-03  &8E- 40E-02  -2.8E-02  1.2E-02  8.2E-04
Kurtosis 1.139 0.788 0.527 0.527 1.364 0.617 0.441 0.491 2.578 0.122 0.377 0.513 2.078 1.551 0.852  970.7
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Experiment 97 98 99 100 101 102 103 104 105 106 107 108 109 110 111 112
Vg (Ms) 0.15 0.59 1.31 0.16 0.31 0.60 1.34 0.16 032 061 1.25 0.15 0.30 0.60 1.33 0.15
Packet | Vs (M/s) 0.66 0.66 0.66 0.69 0.69 0.69 0.69 0.72 072 072 0.72 0.76 0.76 0.76 0.76 0.80
WC (%) 0.60 0.60 0.60 0.40 0.40 0.40 0.40 0.20 020 0.20 0.20 0.80 0.80 0.80 0.80 0.60
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.002 0.005 0.002 0.000 0.001 0.001 0.002 .00D 0.006 0.001 0.001 -0.002 -0.002 0.000 0.002 00D
3 o | Standard dev. 2.413 2.647 2.837 2.438 2,527 2,670  .8492 2.464 2.546 2.690 2.871 2.365 2.482 2.608 Q.82 2417
Variance 26E-06  -35E-06  44E-06  3.1E-06  7.6E-07 .6ED6  -6.7E-06  -6.1E-06  -3.3E-06  9.3E-06  -6.3E-06 6.3E-06  2.9E-06  -1.3E-06 -5.9E-06  2.5E-Of
Skewness -6.9E-07  -4.1E-06  3.0E-06  -8.1E-06 -16E-0 4.2E-06  -40E-05 -7.4E-05  8.7E-06  26E-05 -46E-0 2.9E-05  58E-07  3.7E-06  1.2E-05  -3.3E-06
Kurtosis 0.704 0.705 0.722 0.756 0.723 0.764 0.714 0.707 0.675 0.713 0.702 0.740 0.821 0.745 0774 270.7
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.005 -0.002 0.002 0.000 -0.003 0.003 0.005 0.003 -0.002 -0.002 -0.001 0.003 0.001 0.004 0.006 -0.002
33 | Standard dev. 2.483 2.873 3.114 2.491 2.704 2.900 .0633 2.464 2.644 2.840 3.089 2.426 2.532 2.736 %.03 2486
Variance -5.6E-06 1.9E-06  -7.0E-06  2.6E-06  3.1E-06-3.3E-06  -2.9E-07  -3.0E-06  -2.6E-06  -4.2E-07 A4BE-0 -1.2E-06 -26E-06 -9.1E-07  9.3E-07  -8.5E-07
Skewness 1.6E-04 4.6E-06 3.0E-05  2.7E-05 1.1E-04 4E-05  10E-04  8.7E-05 1.2E-04  90E-05  1.1E-04 @GE 7.9E-05  51E-05  -56E-05  -5.2E-05
Kurtosis 0.209 0.155 0.216 0.200 0.234 0.169 0.223  0.135 0.184 0.182 0.155 0.192 0.259 0.176 0.163  230.2
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.004 0.001 -0.003 -0.003 -0.001 0.002 D.00  0.000 0.002 0.001 -0.001 0.000 0.000 -0.003 .00 0.002
3 4 | Standard dev. 2.487 2.692 2.848 2,521 2.584 2.666 .8492 2.551 2.622 2.725 2.871 2.493 2.550 2.700 .84 2533
Variance -44E-08 ~ 9.8E-07  -45E-07 -7.4E-07  1.6E-07 15E-07  1.5E-07  3.5E-07 1.2E-06  -1.2E-06  1.0E-06 1.6E-07 -1.8E-06  3.2E-07  5.1E-07  9.8E-0f
Skewness 41E-08  -29E-06  1.3E-06  22E-06  -5.0E-07-4.4E-07  -49E-07 -1.3E-06 -3.4E-06 3.9E-06 -3.Z5-0 51E-07  53E-06 -9.1E-07 -15E-06  -2.9E-06
Kurtosis 0.058 0.102 0.105 0.102 0.024 0.037 0.086 0.043 0.071 -0.003 0.087 0.056 0.019 0.142 0.095  .0170
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 -0.001 0.006 -0.003 0.001 -0.001 .00 -0.005 0.001 0.001 -0.001 0.002 -0.002 -0.003  00D. 0.002
35 | Standard dev. 2.473 2.662 2.829 2.484 2.601 2.689 .8592 2.546 2.594 2.726 2.876 2.442 2.545 2.642 ®.79 2500
Variance 1.8E-07 -22E-06  1.7E-06  -20E-06  1.8E-07 -5.3E-07  4.1E-08  -9.5E-07  -3.6E-07  209E-06  -2.3E-06 9.5E-07  -8.7E-07  -1.9E-06  59E-07  -1.4E-06
Skewness -8.0E-07 7.6E-06  -7.8E-06  1.5E-05  -9.2E-081.6E-06  -5.1E-08  3.5E-06  3.8E-07  -7.9E-06  1.1E-05-3.3E-06  5.3E-06  6.1E-06  -2.2E-06  9.0E-0p
Kurtosis 0.160 0.211 0.137 0.087 0.101 0.125 0.158  0.094 0.082 0.085 0.118 0.085 0.136 0.195 0.154  5%0.1
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.003 0.001 0.002 -0.001 -0.004 -0.002 02.0  -0.005 0.002 -0.002 0.002 0.001 0.003 -0.003  004. 0.002
3¢ | Standard dev. 2.422 2.609 2.796 2.445 2.508 2.650 .8452 2.472 2.545 2.668 2.850 2.405 2.486 2.508 ®.79 2425
Variance -1.7E-06  21E-06  -2.7E-06  -2.7E-06  -3.8E-0 2.3E-06  4.6E-06  4.2E-06  5.1E-06  -8.4E-06  4.1E-06 -3.4E-06  1.2E-06 1.9E-07  22E-06  -2.5E-06
Skewness 51E-06  -41E-06  69E-06  6.4E-06  80E-06 .3E-87  6.6E-05  17E-05 -1.1E-05 -6.6E-05 -9.2E-06 .BEI06  -1.6E-07 -8.0E-06 14E-05  6.3E-0
Kurtosis 0.759 0.773 0.784 0.676 0.794 0.774 0.738  0.724 0.753 0.757 0.703 0.683 0.713 0.811 0723 110.7
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.005 -0.004 -0.005 -0.010 -0.005 0.005 08.0  -0.001 -0.012 -0.010 -0.008 -0.004 0.004 -0.010 -0.001 0.006
3 7 | Standard dev. 2.474 2.635 2.825 2.492 2.555 2,639 .8212 2.506 2.572 2.684 2.866 2.440 2.518 2.638 2.80 2476
Variance -6.2E-07  22E-07  -11E-06  29E-06  -3.6E-07 6.1E-08  -6.6E-08  12E-06 -2.3E-06 -3.9E-06  1.8E-06-1.5E-07  25E-06  2.2E-06 -2.8E-07  1.7E-0p
Skewness 1.4E-02 2.7E-03 1.5E-03 14E-02  21E-02 9E-G3  20E-03  -6.7E-03  1.3E-02  17E-02  1.3E-02 4D3E -9.8E-04  11E-02  -1.3E-02  6.6E-03
Kurtosis 0.114 0.199 0.171 0.143 0.180 0.179 0.147 0.139 0.095 0.134 0.122 0.115 0.174 0.187 0152  470.1
Mean 85.319 100.833 114.833 86.221 92.376 100.805 15.101 88.197 94713 104.286  118.496 83.074 89.979 99.582 114.290 84.368
Median 82.357 95.121 114.045 83.260 88.169 95.663 15.1B7 87.085 92.155 100.653  117.415 80.539 84.655 91.869 110.380 81.656
40 | Standard dev. 9.600 17.219 19.476 0.812 12.930 8354 17.853 4818 8.725 11.535 14.085 8.265 13.850 3077  19.295 8.889
Variance 8.9E+00  5.9E+00  5.9E+00  8.8E+00  7.1E+00 S5E€00  6.4E+00  1.8E+01  1.1E+01  9.0E+00  8.4E+00  100E+ 6.5E+00  5.8E+00  5.9E+00  9.5E+0p
Skewness 2.0E+00  1.0E+00 1.9E-01  21E+00  1.8E+00 1E+D0  9.7E-02  1.7E+00  1.7E+00  1.3E+00  25E-01 2006+ 1.8E+00  1.3E+00  4.2E-01  1.9E+0
Kurtosis 4.701 0.213 -1.072 5.244 3.237 0.573 409 3.821 3.230 1.441 -0.971 4.243 2.737 0.697 -1.070 4.146
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.027 0.001 0.009 0.030 0.012 0.005 0.007  013. 0.016 -0.001 -0.010 0.016 0.015 -0.007 0.010  01D.
41 | Standard dev. 4.489 5.167 4.666 4538 4.767 4893 1734 3.448 4.253 4.169 3.669 4.413 3.989 3.977 5421 4714
Variance 3.5E-05 85E-06  -1.2E-05  19E-05  -3.3E-05-1.2E-06  -1.6E-05  -1.4E-05 -1.3E-05 -15E-05 -60BE- -8.4E-06 -1.0E-05 -6.8E-07 -1.3E-05  2.2E-05
Skewness 2.3E-02 1.6E-02 7.3E-03  29E-02  6.0E-03 8E-02  26E-03  5.4E-02 1.86-02  1.1E-02  7.8E-03  @BE- -2.0E-02  1.1E-02 15E-02  3.4E-03
Kurtosis 1.453 0.404 0.667 1.348 0.703 0.392 0.647 2.159 0.992 0.457 0.493 2.101 1.550 0.926 0.754 4015
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Experiment 113 114 115 116 117 118 119 120 121 122 123 124 125 126
Vg (M/s) 0.23 0.62 1.32 0.16 0.32 0.60 1.33 0.15 0.32 0.66 1.32 0.15 0.31 0.60
Packet Vg (m/s) 0.80 0.80 0.80 0.83 0.83 0.83 0.83 0.86 0.86 0.86 0.86 0.15 0.15 0.15
WC (%) 0.60 0.60 0.60 0.40 0.40 0.40 0.40 0.20 0.20 0.20 0.20 0.00 0.00 0.00
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.002 -0.003 0.000 -0.002 0.001 0.009 0.003 0.001 -0.001 -0.002 0.000 -0.002 0.005 0.002
32 Standard dev. 2.512 2.665 2.874 2.422 2.519 2.689 .8482 2.444 2.537 2.700 2.884 2.589 2.688 2.798
Variance -4.4E-06 2.1E-06 -6.7E-08 1.8E-06 2.2E-06 -1.6E-06 -5.1E-06 5.4E-06 -2.1E-06 7.2E-06 3.6E-07 -3.7E-06 6.1E-06 -2.8E-06
Skewness 9.9E-06 -8.2E-07 1.7E-07 -4.3E-06 -5.5E-06-1.1E-05 -1.5E-05 -1.4E-05 4.7E-06 1.4E-05 1.9E-07 7.5E-06 -8.7E-06 6.2E-06
Kurtosis 0.801 0.761 0.798 0.762 0.734 0.743 0.719 0.747 0.728 0.714 0.689 0.726 0.666 0.67§
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.003 -0.001 -0.004 0.003 -0.002 0.001 00.0 -0.003 0.002 0.003 0.004 -0.002 -0.007 0.00
33 Standard dev. 2.668 2.900 3.116 2.540 2.735 2955 1333 2.461 2.656 2.898 3.115 2.574 2,713 2.85f
Variance -4.8E-08 4.5E-06 4.5E-06 -3.5E-06 -2.7E-06 -4.0E-06 -3.1E-06 5.1E-07 1.5E-06 -1.9E-06 3.4E-07 -2.2E-06 -1.4E-06 6.3E-06
Skewness -1.7E-04 -7.5E-05 1.7E-05 3.8E-05 8.2E-05 9.2E-05 -6.6E-05 1.6E-05 8.7E-05 1.6E-05 6.0E-05 4E&5 -3.0E-05 6.1E-06
Kurtosis 0.198 0.181 0.182 0.238 0.249 0.225 0.205 0.139 0.190 0.187 0.169 0.119 0.159 0.133
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.002 0.000 -0.001 0.001 0.000 0.001 -0.001 -0.001 0.002 -0.001 0.000 0.002 -0.001 -0.002
34 Standard dev. 2.564 2.668 2.846 2.521 2.561 2.694 .8292 2.540 2.607 2.726 2.858 2.686 2.797 2.88p
Variance 2.1E-07 -7.8E-07 -1.1E-06 -3.2E-07 1.8E-06 -5.7E-07 -1.8E-07 -8.9E-07 6.1E-07 1.6E-06 -3.36-0 1.4E-06 -6.7E-07 4.2E-07
Skewness -7.2E-07 2.5E-06 3.3E-06 8.2E-07 -5.4E-061.8E-06 5.3E-07 2.8E-06 -1.7E-06 -4.9E-06 7.0E-08 4.0E-06 2.2E-06 -1.3E-06
Kurtosis 0.091 0.093 0.108 0.026 0.033 0.062 0.053  0.053 0.019 0.092 0.072 0.044 0.056 0.05§
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.003 -0.005 0.001 -0.007 -0.003 0.007 .00 -0.005 -0.005 -0.005 0.000 0.004 0.006 -0.001L
35 Standard dev. 2.561 2.641 2.840 2.499 2.555 2.678 .8312 2.532 2.587 2,717 2.837 2.670 2777 2.88p
Variance 8.7E-07 2.4E-06 -4.6E-07 2.2E-07 -4.6E-06 1.0E-06 -1.7E-06 -4.3E-07 -1.9E-06 -2.2E-06 -1.86-0 -2.4E-06 -2.6E-07 1.1E-07
Skewness -8.3E-06 -6.6E-06 3.1E-06 -1.0E-05 1.6E-05-2.9E-06 6.8E-06 7.0E-06 8.7E-06 6.3E-06 4.9E-06 .1E®6 8.1E-07 -3.1E-07
Kurtosis 0.147 0.161 0.118 0.088 0.089 0.128 0.143  0.082 0.098 0.138 0.109 0.100 0.140 0.127
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.002 0.001 0.003 0.001 -0.007 0.000 0.001 0.001 -0.002 -0.001 0.003 -0.001 0.001 0.001
36 Standard dev. 2.498 2.636 2.834 2.444 2.520 2.627 .8502 2.463 2.519 2.697 2.843 2.619 2.737 2.84p
Variance 3.0E-06 -3.6E-06 7.4E-07 -1.9E-06 2.5E-07 1.3E-06 2.7E-06 -3.5E-06 9.7E-07 -4.2E-06 -8.9E-07 4.7E-06 -5.8E-06 2.2E-06
Skewness 2.0E-05 1.4E-05 -7.9E-06 -1.5E-05 8.6E-07-2.8E-05 -6.9E-06 -5.6E-07 -2.4E-06 -1.5E-05 2.6E-0 -1.1E-05 -5.7E-05 -6.1E-06|
Kurtosis 0.782 0.732 0.747 0.743 0.794 0.765 0.782  0.643 0.698 0.765 0.760 0.785 0.683 0.68
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.001 -0.005 0.005 -0.002 -0.005 0.006 00.0 -0.009 0.001 -0.002 -0.006 -0.010 -0.016 0.001
37 Standard dev. 2.545 2.656 2.839 2.471 2.572 2.649 7902 2.486 2.557 2.668 2.854 2.645 2.765 2.864
Variance -7.3E-07 2.2E-07 -2.1E-07 1.9E-06 2.2E-06 3.0E-06 2.8E-06 1.2E-06 3.3E-07 8.3E-08 1.3E-06 ED@ 1.3E-06 -1.6E-06
Skewness 5.3E-03 1.2E-02 -1.2E-02 9.2E-03 6.8E-03 8.1E-04 3.7E-03 5.6E-03 4.8E-03 -9.7E-03 1.4E-03 4E¥02 2.0E-02 3.9E-03
Kurtosis 0.137 0.154 0.198 0.137 0.126 0.099 0.115 0.147 0.119 0.122 0.072 0.063 0.120 0.117
Mean 90.575 99.230 113.472 85.896 91.426 99.666 .6693 87.248 93.678 103.442 116.157 100.698 109.828120.147
Median 85.960 93.427 111.827 83.319 87.471 94.543 12.872 86.285 91.335 99.734 114.180 97.833 106.107117.952
40 Standard dev. 13.208 16.754 19.469 8.830 12.275 13@5. 17.721 4.601 8.165 11.556 13.404 9.316 11.438 1.911
Variance 6.9E+00 5.9E+00 5.8E+00 9.7E+00 7.4E+00 6E-600 6.4E+00 1.9E+01 1.1E+01 9.0E+00 8.7E+00 101E+ 9.6E+00 1.0E+01
Skewness 1.6E+00 1.1E+00 2.7E-01 2.0E+00 1.8E+00 2E+DO 2.0E-01 1.6E+00 1.6E+00 1.4E+00 4.4E-01 20PE+ 1.4E+00 5.6E-01
Kurtosis 2.543 0.530 -1.050 4.744 3.233 0.873 1.06  3.953 2.749 1.513 -0.736 5.275 1.479 -0.474
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.018 0.024 0.012 0.019 0.026 -0.006 -0.007 0.019 0.032 0.006 0.013 0.001 0.008 -0.00
41 Stafldard dev. 5.020 5.328 4.840 4.764 4.794 4.981 .2424 3.352 4.521 4.295 3.804 2.617 3.216 3.298
Variance 2.5E-05 1.5E-06 -4.9E-06 1.2E-05 -2.2E-05-9.7E-06 -7.6E-06 -2.2E-06 2.5E-06 1.2E-05 -2.7E-05 -4.9E-06 -5.9E-06 -1.6E-06
Skewness -3.1E-03 1.4E-02 2.9E-03 3.1E-02 2.5E-04 .2E-02 1.1E-02 3.1E-02 3.9E-02 -1.7E-03 7.4E-03 3E102 6.1E-03 -1.1E-03
Kurtosis 0.714 0.447 0.447 1.386 0.649 0.326 0.430 2.199 1.147 0.454 0.425 1.014 0.398 0.52
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D.4 Wavelet Packet Coefficient Statistics: Packit] — [4 9]

Experiment 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Vs (m/s) 0.13 0.30 0.58 0.99 0.13 0.30 0.59 1.32 0.13 0.30 0.59 1.32 0.13 0.31 0.59 1.29
Packet Vg (m/s) 0.12 0.12 0.12 0.12 0.24 0.24 0.24 0.24 037 037 0.37 0.37 0.49 0.49 0.49 0.49
WC (%) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.002 -0.002 0.000 0.001 0.000 0.003 0.001  .00® 0.002 0.000 0.002 0.000 0.000 0.001 -0.001 02.0
42 Standard dev. 1.771 1.946 2.199 2.368 1.724 1.917  .1502 2.344 1.736 1.868 2.071 2.306 1.737 1.890 12.05 2.298
Variance 4.4E-06 6.1E-06 1.1E-05 -1.6E-06 -3.9E-07 3.3E-06 -4.7E-06 2.9E-06 5.6E-06 6.0E-06 5.5E-07 .4E36 2.9E-06 6.5E-06 1.8E-06 1.3E-0
Skewness 1.7E-06 -4.9E-06 -2.9E-05 3.5E-06 -1.8E-054.9E-07 -1.3E-05 -8.2E-07 -9.6E-06 -1.3E-05 -108E-  9.5E-06 1.7E-05 -2.2E-05 -5.1E-06 -1.9E-06
Kurtosis 0.502 0.717 0.463 0.514 0.524 0.527 0.478 0.471 0.422 0.613 0.474 0.417 0.353 0.611 0.529 550.4
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 0.002 0.001 0.003 0.003 0.003 0.001 0030 0.000 0.002 0.000 0.001 0.000 0.001 -0.004 10.00
43 Standard dev. 1.891 2.205 2.521 2.723 1.892 2,167  .4992 2.695 1.930 2.105 2.371 2,701 2.017 2.174 62.40 2.696
Variance -1.6E-05 -4.9E-07 -1.2E-05 -1.0E-06 -806E- -7.8E-06 1.7E-05 -3.8E-06 -3.4E-06 1.1E-05 -106E  -1.9E-05 3.7E-06 8.0E-06 4.6E-06 -8.8E-(6
Skewness -2.1E-04 -1.0E-04 -1.6E-04 1.8E-04 -28E-0 -6.5E-05 1.8E-04 1.5E-05 1.3E-04 2.5E-04 -1.7E-04-1.4E-04 -1.4E-04 -8.1E-05 -1.6E-04 -8.1E-06
Kurtosis 0.625 0.541 0.329 0.344 0.600 0.502 0.350 0.240 0.654 0.632 0.413 0.453 0.813 0.733 0.460 020.3
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 0.002 -0.002 -0.002 -0.001 0.000 0.00 0.000 -0.001 -0.001 0.000 0.000 0.000 0.001 0.000 -0.001
44 Stal_'ldard dev. 1.740 1.846 1.977 2.140 1.711 1816 .9471 2.087 1.705 1.815 1.902 2.061 1.686 1.774 31.87 2.048
Variance -3.3E-06 -2.4E-06 2.0E-07 -4.8E-06 -1.8E-0 -1.3E-06 1.4E-06 7.8E-06 -8.0E-07 1.1E-05 -2.6E-0 3.1E-06 -1.2E-06 -1.1E-06 -4.1E-06 -1.8E-06
Skewness -3.0E-05 3.5E-06 -1.5E-06 -1.1E-04 -18E-0 4.0E-06 -3.6E-06 -8.3E-06 3.3E-06 6.5E-05 -5.8E-0 -9.1E-06 -2.3E-07 1.6E-06 4.2E-06 2.2E-0p
Kurtosis 2.016 2.041 1.923 1.800 1.807 1.873 2.003 1.916 1.782 1.885 2.007 1.881 1.787 2.012 1.927 331.9
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.002 0.000 0.003 0.003 0.004 0.000 0.003 .0010 0.007 0.000 0.002 -0.001 0.001 -0.002 0.001 .00D
45 Standard dev. 1.743 1.856 1.974 2.128 1.696 1.827 9121 2.114 1.693 1.808 1.908 2.082 1.699 1.763 51.90 2.042
Variance -7.6E-06 1.0E-07 2.4E-06 5.1E-06 -6.8E-06-7.3E-07 -1.2E-06 -3.2E-07 2.1E-06 -3.9E-06 -7.3E-0 -6.3E-06 -3.3E-06 2.0E-06 -1.1E-06 4.9E-0p
Skewness -1.5E-06 -5.0E-07 -4.3E-06 -1.0E-05 -@8E- 2.2E-06 -1.4E-07 -5.9E-07 -2.0E-06 -1.4E-05 20BE 8.0E-06 7.1E-06 -6.0E-06 4.5E-06 -2.5E-06
Kurtosis 0.291 0.236 0.322 0.230 0.221 0.228 0.269 0.219 0.275 0.250 0.246 0.228 0.235 0.244 0.242 190.2
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.001 -0.002 0.001 -0.002 0.003 0.000 0.00 0.000 0.001 0.004 0.000 0.004 0.000 0.001 0.002  .0000
46 Starldard dev. 1.713 1.904 2.060 2.230 1.704 1.865 .0362 2.190 1.684 1.824 1.976 2.159 1.679 1.805 8196 2172
Variance -8.8E-07 5.7E-06 -5.4E-06 2.4E-06 -3.6E-06 1.0E-06 4.1E-06 -2.4E-06 -8.0E-06 -3.1E-06 -3.3E-0 9.9E-06 -9.3E-07 -8.9E-06 -6.0E-07 3.4E-0p
Skewness -3.3E-06 -5.4E-06 -2.1E-06 -6.2E-06 13E-0 -1.7E-05 -7.2E-06 1.0E-06 8.4E-06 4.9E-06 6.3E-06 -4.0E-06 2.7E-06 2.1E-05 1.8E-06 2.2E-0p
Kurtosis 0.437 0.504 0.442 0.380 0.495 0.546 0.462  0.369 0.458 0.640 0.430 0.437 0.337 0.448 0.529 640.3
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 -0.001 -0.001 -0.002 0.001 -0.002 00.0 0.000 -0.002 0.001 -0.001 0.000 0.000 0.000 20.00 0.000
47 Standard dev. 1.705 1.869 1.984 2.176 1.700 1.802 9671 2.126 1.680 1.780 1.942 2123 1.661 1.787 4191 2101
Variance 1.0E-05 -6.4E-06 6.2E-07 -2.9E-06 4.7E-06 -8.6E-08 2.7E-06 1.1E-06 2.5E-07 -4.9E-07 2.7E-06 .7ED6 4.7E-06 -8.0E-07 2.3E-06 -4.5E-0p
Skewness 7.3E-05 3.0E-05 3.2E-05 7.0E-05 -3.5E-05 .4E-B85 4.3E-05 -4.3E-05 -1.6E-05 3.8E-05 -3.9E-05 4.9E-05 6.5E-05 -2.3E-05 4.6E-06 6.8E-0%
Kurtosis 0.184 0.195 0.222 0.103 0.105 0.183 0.128 0.110 0.041 0.160 0.157 0.109 0.149 0.160 0.187 480.1
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 -0.001 0.000 0.000 0.000 -0.002 -0.001 -0.002 -0.001 0.001 0.001 0.002 0.000 -0.002 0.000 0.000
48 Standard dev. 1.814 1.910 2.026 2.160 1.819 1912 9781 2.097 1.786 1.853 1.971 2.087 1.755 1.846 71.93  2.067
Variance 4.0E-07 -1.5E-06 -9.7E-07 -7.9E-07 1.3E-06 8.0E-07 6.3E-07 7.6E-07 -1.7E-06 8.3E-07 -1.4E-06-6.3E-07 4.7E-07 -5.9E-07 -1.8E-07 1.8E-06
Skewness -1.1E-06 4.3E-06 3.0E-06 2.0E-06 -3.9E-06-1.9E-06 -2.0E-06 -2.3E-06 4.7E-06 -2.2E-06 4.2E-06 1.8E-06 -1.4E-06 1.7E-06 6.7E-07 -4.7E-06
Kurtosis -0.038 0.120 0.059 0.061 0.040 -0.005 9.05 0.115 0.025 0.090 0.088 0.027 0.041 0.094 0.109  .0920
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.003 0.001 0.002 0.000 0.001 0.000 0.000 0.003 0.000 0.000 0.000 0.001 0.003 0.002 0.001 020.0
49 Stal_'ldard dev. 1.819 1.894 2.016 2.162 1.796 1.900 .9921 2.092 1.783 1.882 1.972 2.080 1.767 1.871 81.96 2.045
Variance -1.0E-06 1.2E-06 6.0E-07 1.2E-06 -5.8E-07-2.6E-07 -9.8E-07 -1.2E-06 2.6E-06 -5.8E-08 -7.8£-0 -3.3E-07 1.3E-07 -8.3E-07 -4.7E-07 -1.3E-06
Skewness 2.6E-06 -3.5E-06 -1.7E-06 -3.5E-06 1.7E-06 8.2E-07 2.6E-06 3.4E-06 -7.5E-06 4.1E-08 2.2E-07 .OED6 -4.2E-07 1.2E-06 1.4E-06 3.3E-0
Kurtosis 0.133 0.111 0.196 0.132 0.156 0.239 0.149 0.105 0.140 0.113 0.081 0.143 0.074 0.191 0.171 320.1
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Experiment 17 18 19 20 21 22 23 24 25 26 27 28 29 0 3 31 32
Vg (Ms) 0.15 0.30 0.59 1.32 0.15 0.31 0.59 1.33 015 0.30 0.59 1.32 0.15 0.30 0.59 1.00
Packet | Vs (M/s) 0.61 0.61 0.61 0.61 0.73 0.73 0.73 0.73 079 079 0.79 0.79 0.13 0.13 0.13 0.13
WC (%) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00  1.00 1.00 1.00 0.80 0.80 0.80 0.80
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.004 -0.001 -0.002 0.000 0.003 0.001 0.001 -0.002 -0.002 0.001 -0.003 0.003 0.001 -0.001 D00  0.002
4o | Standard dev. 1.797 1.905 2.012 2.340 1.804 1.909 .1042 2.339 1.846 1.950 2.047 2.327 1.822 2.009 7228 2.394
Variance 6.1E-06  -9.5E-07  -3.4E-07 -59E-06 -2.E-0 -3.1E-06  -3.9E-06 -2.2E-06  59E-06  -3.3E-06 -8 -1.4E-06 -1.0E-05 18E-05  46E-06  -1.5E-06
Skewness 8.6E-06 5.0E-06 6.6E-07 1.3E-05  3.3E-06 3E-86  8.3E-06  6.2E-06 -1.1E-05 -14E-05 5.7E-06 ED6 14E-05  -1.0E-05 -1.1E-05  1.5E-0
Kurtosis 0.472 0.485 0.452 0.486 0.525 0.615 0.570 0.440 0.692 0.664 0.513 0.385 0.554 0.592 0.447  550.4
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.002 0.000 0.001 0.000 -0.001 0.000 0.000 .00 -0.001 0.003 -0.002 -0.001 -0.001 0.002 0.001  0.002
43 | Standard dev. 2.069 2214 2.330 2.710 2.254 2263 4192 2.717 2.391 2.339 2.412 2.712 2.048 2.397 5.79  2.847
Variance 49E-06  -3.0E-05  1.6E-06  17E-05  5.4E-06 .OED6  -47E-07 -91E-06 -55E-06  9.9E-06  -3.1E-06-1.3E-05  1.7E-06  -1.8E-05  9.6E-06  6.4E-06
Skewness -82E-05  22E-05  -3.9E-05 -16E-04  3.8E-0511E-04  1.9E-04  17E-04  22E-04  13E-04  25E-05 1ED4  15E-04  15E-04  -56E-05  -1.6E-0p
Kurtosis 1.009 0.847 0.480 0.393 1.663 0.858 0.570  0.397 1.583 1.089 0.671 0.497 0.575 0.653 0.602  410.3
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.001 0.000 -0.001 0.000 0.001 -0.002 .00 0.000 0.002 -0.001 -0.001 -0.001 0.000 0.001 0.00 -0.001
44 | Standard dev. 1.696 1.770 1.873 2.039 1.683 1727 8791 2.038 1.686 1.755 1.849 2.005 1.786 1.892 12,01 2130
Variance -8.9E-07  2.7E-06  -1.3E-05 -1.3E-06  4.4E-07 -3.3E-06  4.7E-06  8.7E-06  24E-06  -4.2E-06  16E-06 2.7E-06  -6.2E-06  9.7E-06  4.2E-06  7.2E-0F
Skewness 26E-06  -49E-06  -9.8E-05  3.0E-06  -1.6E-068.4E-06 -5.0E-06 1.7E-04  3.9E-06  3.0E-07  1.1E-05 5.7E-06 12E-05  9.2E-06  3.7E-05  -1.8E-06
Kurtosis 1.896 1.857 2.000 1.832 1.897 1.788 1.937 1963 1.804 1.843 1.894 1.937 1.987 2.182 1.901 9718
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.005 0.002 -0.001 0.002 -0.003 0.001 0.000 0.001 0.002 0.003 0.000 -0.001 -0.004 0.004 0.005 -0.002
45 | Standard dev. 1.688 1.769 1.882 2.061 1.676 1.759 .8751 2.062 1.689 1.742 1.832 2.037 1.776 1.865 61.99 2121
Variance 2.7E-06 1.36-06  -1.1E-06  5.0E-06  2.8E-06 2.4E-06 -1.0E-06  9.5E-07  -9.4E-08  4.6E-06  1.6E-06 2.5E-06  4.3E-06  -1.7E-06  -4.6E-06  3.3E-0p
Skewness -3.9E-06  -2.8E-06  -55E-06 -1.3E-05 -MGE- 6.8E-06  -1.7E-05 -2.4E-06 -2.2E-07  -6.3E-06  I0BE  -2.9E-06  6.0E-06  2.1E-06 1.1E-05  -6.4E-Q6
Kurtosis 0.248 0.149 0.243 0.294 0.204 0.168 0.268  0.167 0.290 0.270 0.221 0.283 0.167 0.303 0.284  200.3
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.002 0.000 -0.001 -0.004 0.001 -0.002 0.003  0.000 0.000 -0.001 0.002 0.000 0.001 -0.002 0.002 0.000
46 | Standard dev. 1.682 1.831 1.970 2.169 1.694 1812 9781 2.170 1.760 1.811 1.941 2.193 1.777 1.916 209 2259
Variance 4.8E-07 29E-06  -2.0E-06 14E-08  43E-06 2.85-07 -15E-06  9.6E-07  -2.8E-06  14E-06  -4.1E-06 1.1E-06  9.6E-06  -1.8E-05 -3.7E-06  5.2E-0p
Skewness -1.4E-06  -7.3E-06  1.0E-05 1.1E-07 1.3E-057.2E-07  4.2E-06 -29E-06 35E-06 17E-05 -3.8E-05 3.9E-06 6.2E-05 -1.2E-04 7.5E-06  1.3E-07
Kurtosis 0.505 0.551 0.483 0.419 0.460 0.382 0.477 0.541 0.441 0.565 0.454 0.511 0.457 0.421 0.518 0.476
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.002 0.001 0.001 0.001 0.001 0.000 0.001  .00©0 0.000 -0.002 -0.002 0.001 0.000 0.000 0.000  00W.
47 | Standard dev. 1.693 1.760 1.896 2.097 1.669 1.766 .8991 2.111 1.719 1.778 1.886 2.094 1.773 1.892 .04 2135
Variance 9.3E-07 -39E-06  5.4E-06  -7.4E-07  -3.8E-06 1.1E-06  1.8E-06  1.3E-06  -1.9E-06 -6.4E-06  -2.2E-06 2.6E-06  -3.4E-06  4.4E-06  52E-06  -3.6E-06
Skewness -4.0E-06 2.0E-05 53E-06  -5.9E-05  1.5E-05-9.5E-06  -2.3E-05  15E-05  9.9E-06  -2.3E-05  -2.6E-052.8E-05  13E-04 -21E-05 509E-05  -2.8E-05
Kurtosis 0.089 0.145 0.209 0.099 0.107 0.279 0.217  0.077 0.116 0.114 0.202 0.146 0.168 0.175 0.226  040.2
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.001 0.000 0.000 0.001 0.002 -0.002 -0.001 0.000 0.001 0.000 -0.001 0.000 0.001 0.001 0.000 .0010
4g | Standard dev. 1.743 1.832 1.929 2.043 1.724 1784 9071 2.030 1.771 1.816 1.912 2.037 1.846 1.958 12.03  2.150
Variance -4.8E-07 11E-06  -1.2E-06  3.9E-07  4.0E-07 6.0E-07  -1.2E-06 -1.8E-06  4.8E-08  -4.4E-07  15E-06 1.5E-06  -1.7E-07  16E-06  -2.5E-06  6.8E-Of
Skewness 1.3E-06  -3.2E-06  3.2E-06  -1.1E-06 -1.3E-061.8E-06  3.7E-06  5.3E-06  -2.3E-07  1.2E-06  -4.4E-06-35E-06  4.1E-07  -4.4E-06  6.5E-06  -2.1E-06
Kurtosis 0.113 0.016 0.105 0.186 0.120 0.044 0.008 0.001 0.008 0.026 0.072 0.045 0.032 0.112 0110  380.1
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.001 -0.003 -0.003 -0.001 0.003 0.000 0D.0  0.002 -0.002 0.001 -0.002 0.000 -0.001 0.000 0.0  0.000
49 | Standard dev. 1.751 1.836 1.944 2.067 1.741 1.797 .9101 2.067 1.770 1.820 1.910 2.027 1.852 1.939 ®.01 2146
Variance -8.7E-07  -2.1E-07  2.7E-06  -7.0E-07 -2.BE-0 -2.0E-06  1.0E-06  4.3E-06  -1.7E-06  2.8E-06  -1.BE-0 -3.1E-07  1.1E-06  -3.5E-06  2.9E-06  -1.5E-06
Skewness 2.7E-06 54E-07  -6.5E-06  2.1E-06  57E-06 .5E-B6  -3.2E-06  -1.1E-05  52E-06  -7.9E-06  3.6E-06 .5E06  -3.1E-06  5.8E-06  -9.5E-06  4.6E-O
Kurtosis 0.083 0.101 0.113 0.094 0.109 0.181 0.156  0.168 0.076 0.155 0.126 0.179 0.189 0.196 0193  4%0.1
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Experiment 33 34 35 36 37 38 39 40 41 42 43 44 45 6 4 47 48
Vg (M/s) 0.15 0.30 0.59 1.00 0.15 0.30 0.59 1.00 0.15 0.30 0.59 1.00 0.15 0.31 0.59 1.33
Packet Vg (m/s) 0.13 0.13 0.13 0.13 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.25 0.25 0.25 0.25
WC (%) 0.60 0.60 0.60 0.60 0.40 0.40 0.40 0.40 0.20  0.20 0.20 0.20 0.80 0.80 0.80 0.80
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 0.002 0.001 -0.001 0.004 -0.002 -0.001 -0.001 -0.002 -0.003 -0.002 -0.001 0.001 -0.002 00D. 0.003
42 Standard dev. 1.883 2.086 2.326 2.457 1.895 2121  .3632 2.538 1.911 2.053 2.195 2.293 1.783 1.957 3216 2.364
Variance -2.3E-06 1.9E-06 1.2E-05 2.4E-06 -1.6E-06 1.7E-06 -3.5E-06 -1.7E-06 -7.9E-06 -1.0E-05 -3.BE-0 3.1E-06 -1.9E-06 -1.7E-06 4.2E-06 -6.0E-(6
Skewness 2.8E-06 -7.9E-06 -2.0E-05 -5.6E-06 4.0E-06-3.9E-06 8.2E-06 -2.2E-05 7.5E-06 1.4E-05 4.5E-06 -6.1E-06 -1.2E-06 3.4E-06 -1.1E-05 1.5E-0p
Kurtosis 0.438 0.529 0.458 0.537 0.524 0.554 0.475 0.512 0.354 0.321 0.411 0.411 0.590 0.439 0.662 550.4
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.002 -0.001 0.004 0.002 0.002 -0.002 -0.003 -0.006 -0.004 -0.001 -0.002 -0.002 0.005 0.001 00D. 0.000
43 Stal_'ldard dev. 2.268 2.592 2.893 2.998 2.288 2.675 .0363 3.192 2.165 2.426 2,571 2.638 1.958 2.301 2.62 2.856
Variance 8.4E-06 4.8E-06 7.4E-07 2.5E-05 1.1E-05 .3EL5 7.2E-06 2.6E-06 -7.3E-06 -4.0E-06 2.9E-06 .2E105 -6.9E-07 -9.6E-07 6.8E-06 -7.6E-0p
Skewness -1.9E-04 2.1E-05 -2.5E-04 1.0E-04 -1.1E-04-6.5E-06 -1.2E-04 1.8E-05 -2.1E-04 8.1E-05 -4.66-0 1.9E-05 -1.5E-04 2.8E-05 1.3E-05 -1.0E-05
Kurtosis 0.478 0.373 0.382 0.429 1.000 0.581 0.427  0.459 0.326 0.264 0.234 0.300 0.660 0.523 0.378 470.3
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 0.000 -0.001 -0.001 0.001 0.000 -0.002 0.000 -0.002 0.000 0.002 0.001 0.000 0.001 0.001 0.001
44 Stal_'ldard dev. 1.786 1.859 1.962 2.089 1.817 1.880 .9621 2.103 1.823 1.916 2.040 2.101 1.734 1.797 91.90 2.050
Variance 4.4E-06 4.3E-06 -1.0E-06 -2.4E-06 -5.8E-06 3.1E-06 4.2E-08 -2.7E-06 -2.9E-06 -2.3E-06 1.5E-06 -2.7E-06 -5.0E-07 -3.8E-06 1.4E-06 5.1E-06
Skewness -1.1E-05 -1.0E-05 6.7E-07 1.8E-06 1.2E-05-6.4E-06 -5.9E-06 6.2E-06 -7.1E-07 1.3E-06 -2.4E-06 -2.3E-05 1.5E-06 1.1E-05 -3.5E-06 -7.3E-07
Kurtosis 1.876 1.986 1.894 1.915 2.029 2.084 1.982 2.003 2.072 1.782 1.902 1.802 1.859 1.953 1.930 081.8
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.005 -0.003 0.004 0.002 0.002 -0.001 -0.00 -0.001 0.002 -0.001 0.004 0.001 -0.006 -0.002 00D. -0.004
45 Standard dev. 1.786 1.865 1.943 2.125 1.789 1.890 .9951 2.122 1.843 1.923 2.011 2.096 1.702 1.799 81.90 2.045
Variance 4.3E-06 4.2E-06 3.9E-06 -3.4E-06 3.0E-06 2.8E-07 7.2E-06 -1.6E-06 3.6E-06 3.4E-06 -1.4E-06 1.9E-06 2.0E-06 -1.5E-06 -3.5E-06 -1.6E-07
Skewness -9.3E-06 -7.3E-06 -6.4E-06 -2.4E-06 -D@E- 7.4E-06 1.7E-05 2.6E-06 3.5E-05 -6.6E-06 3.2E-05 6.1E-06 -5.6E-06 1.9E-06 -2.8E-06 8.2E-0f
Kurtosis 0.174 0.393 0.193 0.268 0.283 0.211 0.282  0.293 0.200 0.186 0.257 0.192 0.192 0.275 0.248 230.2
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 -0.001 -0.002 -0.004 0.000 -0.001 08.0 -0.002 0.001 -0.003 0.001 0.003 -0.002 0.001 02.0 -0.001
46 Standard dev. 1.818 1.918 2.103 2.220 1.820 1.996 .1492 2.293 1.848 1.958 2.089 2.186 1.721 1.846 4199 2219
Variance -3.5E-07 -4.6E-06 -1.2E-05 -5.0E-06 3.8E-0 -1.9E-06 1.4E-06 -4.3E-07 7.6E-06 5.5E-06 5.4E-06 -4.2E-06 7.9E-06 3.0E-08 1.4E-06 6.1E-06
Skewness 3.6E-06 9.7E-06 -3.3E-05 1.2E-05 -1.5E-06-4.2E-06 -3.7E-06 4.4E-06 -1.6E-05 3.0E-05 -1.2E-05 4.6E-06 -8.0E-06 9.8E-07 -2.7E-07 5.3E-0p
Kurtosis 0.482 0.472 0.543 0.417 0.513 0.671 0.525 0.574 0.355 0.395 0.355 0.400 0.402 0.570 0.511 800.4
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 0.000 -0.003 0.001 0.000 0.001 0.001  .0010 0.002 -0.002 0.000 0.000 -0.003 0.001 0.002 .00D
47 Standard dev. 1.758 1.868 2.013 2.125 1.761 1.881 .0052 2.159 1.824 1.917 2.043 2.122 1.719 1.801 11.94 2.095
Variance -2.0E-06 -4.9E-06 -6.1E-07 7.6E-07 -4.8E-0 2.5E-07 -4.1E-06 -2.8E-07 -4.4E-06 -2.9E-07 -208E 3.8E-06 -3.8E-06 2.7E-06 2.0E-06 2.5E-06
Skewness -2.6E-05 5.9E-05 3.2E-05 4.4E-05 1.5E-05 2.4E-05 -4.7E-05 4.0E-05 5.0E-05 3.4E-05 6.4E-05 .9E105 3.6E-05 1.6E-05 1.1E-05 5.9E-0
Kurtosis 0.212 0.156 0.161 0.223 0.181 0.275 0.274 0.170 0.089 0.126 0.116 0.140 0.158 0.197 0.104 820.1
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 0.002 0.000 0.003 0.000 -0.001 0.001  .0010 0.001 0.000 0.000 0.000 0.000 -0.001 0.000 0020.
48 Standard dev. 1.859 1.929 2.023 2.150 1.866 1.959 .0292 2.108 1.912 1.993 2.079 2.158 1.798 1.886 61.96 2.074
Variance 3.3E-08 -2.2E-07 1.2E-06 3.2E-07 -1.3E-07 8.3E-07 1.3E-06 1.3E-07 1.3E-06 -1.9E-06 1.1E-07 1E4Q7 1.5E-06 6.4E-07 6.1E-07 5.7E-07
Skewness -1.1E-07 6.6E-07 -3.5E-06 -1.0E-06 3.9E-07-2.3E-06 -3.9E-06 -3.3E-07 -3.6E-06 4.8E-06 -30#E- -1.3E-06 -4.5E-06 -1.9E-06 -1.8E-06 -1.7E-06
Kurtosis 0.071 0.054 0.114 0.068 0.108 0.126 0.106  0.065 0.018 0.034 0.045 0.099 0.052 0.066 0.101 140.0
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 -0.001 -0.002 -0.001 -0.003 0.001 ©.00 -0.002 -0.003 -0.001 0.000 -0.002 0.001 0.003 00D. -0.001
49 Stal_'ldard dev. 1.851 1.921 2.027 2.122 1.852 1.922 .0232 2.106 1.899 2.000 2.062 2.159 1.798 1.865 4192  2.066
Variance 1.4E-06 -8.0E-07 -6.6E-07 1.0E-06 -5.6E-07 -7.5E-07 -3.5E-06 -1.2E-06 -1.8E-06 6.7E-07 -5(E- -5.7E-07 3.2E-07 1.9E-06 -1.5E-06 -9.9E-08
Skewness -3.6E-06 2.5E-06 1.9E-06 -3.0E-06 1.6E-06 2.2E-06 9.5E-06 3.5E-06 5.2E-06 -2.1E-06 1.6E-06 7EA6 -1.1E-06 -2.7E-06 4.6E-06 2.6E-07
Kurtosis 0.179 0.177 0.171 0.092 0.166 0.236 0.247 0.161 0.093 0.128 0.127 0.113 0.087 0.188 0.188 510.1
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Experiment 49 50 51 52 53 54 55 56 57 58 59 60 61 26 63 64
Vg (M/s) 0.15 0.23 0.60 131 0.15 0.31 0.59 1.32 0.15 0.31 0.59 1.32 0.15 0.31 0.59 1.34
Packet Vg (m/s) 0.27 0.27 0.27 0.27 0.28 0.28 0.28 0.28 029 0.29 0.29 0.29 0.38 0.38 0.38 0.38
WC (%) 0.60 0.60 0.60 0.60 0.40 0.40 0.40 0.40 0.20  0.20 0.20 0.20 0.80 0.80 0.80 0.80
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.003 -0.001 0.001 -0.003 0.000 0.001 0.000 0.001 0.001 -0.001 0.000 0.001 0.001 -0.001 -0.004 0.005
42 Standard dev. 1.807 1.954 2.238 2.427 1.888 2.076  .3172 2.516 1.827 2.015 2.143 2.277 1.791 1.932 214 2373
Variance -7.9E-06 1.9E-06 5.5E-07 -4.9E-06 -1.8E-06 -1.0E-06 6.4E-06 5.2E-08 1.6E-06 -6.0E-06 6.0E-06 4.0E-06 -8.7E-06 -2.5E-06 -6.0E-06 -2.1E-06
Skewness 2.1E-05 -5.0E-06 3.5E-06 1.2E-05 5.1E-06 .4E-86 -1.1E-05 -3.1E-07 -3.1E-06 8.7E-06 -1.4E-05 -1.0E-05 -1.0E-05 -2.0E-06 1.0E-05 9.1E-06
Kurtosis 0.397 0.396 0.535 0.542 0.584 0.540 0.555 0.447 0.424 0.388 0.362 0.394 0.449 0.539 0.405 180.4
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.003 0.000 -0.001 0.008 -0.003 -0.005 .00 -0.005 0.000 -0.001 0.000 0.001 0.001 0.002 0.001 -0.002
43 Stal_'ldard dev. 2.199 2.407 2.837 2.979 2.297 2.608 9712 3.168 2.091 2.392 2.589 2.523 2.039 2.287 2.62 2.800
Variance -3.0E-06 -1.7E-05 -9.6E-06 -1.2E-06 -106E-  -4.5E-06 1.0E-05 -1.5E-05 -1.3E-05 -8.4E-06 E10B6 4.1E-06 8.2E-06 1.4E-05 1.1E-05 1.0E-05
Skewness 7.9E-05 -1.2E-06 -5.1E-05 2.0E-04 -1.5E-04-1.5E-05 5.5E-05 -1.9E-04 -1.0E-04 1.2E-04 -1.8E-0 -1.6E-04 2.0E-04 -3.4E-04 -8.3E-05 -8.5E-(6
Kurtosis 0.525 0.383 0.380 0.352 0.912 0.457 0.486  0.643 0.400 0.252 0.232 0.233 0.783 0.500 0.500 560.3
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.002 -0.001 0.000 0.000 0.001 0.000 0.001 -0.001 0.000 0.000 0.002 -0.002 0.000 0.002 0.002 0.004
44 Stal_'ldard dev. 1.728 1.765 1.883 2.049 1.754 1.811 .9221 2.029 1.769 1.833 1.932 2.029 1.727 1.776 91.88 2.029
Variance -3.4E-06 -6.1E-07 1.6E-06 1.1E-05 3.7E-06 3.2E-06 5.8E-06 -8.5E-06 -3.1E-08 4.6E-06 3.5E-06 7.4E-06 -6.0E-06 1.9E-06 5.9E-08 -8.3E-06
Skewness 8.7E-06 2.3E-06 -3.4E-06 5.8E-05 1.7E-07 .5E-66 -6.0E-06 1.5E-05 -4.5E-07 -5.7E-06 1.9E-05 .OES06 -2.4E-06 2.6E-05 -1.7E-07 4.2E-0
Kurtosis 1.912 1.825 1.939 1.863 2.006 2.034 1975 1.891 1.897 1.958 1.872 1.928 1.894 1.920 1.844 022.0
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.004 0.005 -0.004 0.004 -0.002 -0.002 ©.00 0.003 0.000 -0.006 0.005 0.001 -0.004 -0.001 0.00 -0.001
45 Standard dev. 1.685 1.778 1.890 2.060 1.738 1.791 .9361 2.064 1.775 1.826 1.926 2.074 1.709 1.788 71.87 2.030
Variance -8.4E-06 -2.8E-06 -1.0E-06 -5.1E-06 3.5E-0 -4.4E-06 1.0E-06 2.4E-07 2.0E-06 4.1E-06 6.0E-06 1.2E-06 -3.5E-06 -1.5E-06 -1.6E-07 3.3E-06
Skewness 1.8E-05 6.7E-06 4.0E-06 -1.5E-07 -8.8E-064.1E-06 -1.5E-06 -4.8E-06 7.9E-06 -8.0E-06 -1.5E-05 2.9E-07 6.7E-06 2.0E-06 -8.6E-08 -8.3E-06
Kurtosis 0.270 0.223 0.188 0.296 0.252 0.349 0.323  0.234 0.193 0.208 0.188 0.217 0.254 0.337 0.187 320.2
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 0.000 0.001 -0.001 0.003 -0.001 0.004 -0.002 0.000 0.002 0.000 -0.002 -0.001 -0.002 .00 0.001
46 Standard dev. 1.756 1.831 2.029 2.233 1.756 1.902 .0742 2.266 1.779 1.872 2.035 2.165 1.714 1.839 61.99 2.183
Variance 5.8E-06 1.6E-06 3.5E-06 4.0E-06 1.7E-06 3E4Q7 -3.0E-06 -1.9E-06 -2.5E-06 6.4E-06 -3.5E-06 4.3E-06 -1.8E-07 -4.4E-06 1.0E-05 4.8E-06
Skewness 2.9E-06 -3.4E-06 -5.6E-06 -1.0E-05 -76E-0 3.4E-06 -3.4E-05 4.6E-06 7.8E-06 1.3E-06 -3.4E-05-5.2E-05 -1.8E-07 -4.1E-06 1.6E-05 -1.1E-05
Kurtosis 0.492 0.472 0.391 0.383 0.466 0.520 0.560 0.368 0.392 0.361 0.404 0.417 0.415 0.436 0.382 100.5
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.002 0.000 0.000 0.002 -0.001 -0.001 0.001 -0.001 0.002 0.000 0.000 -0.001 -0.002 0.000 0.002 0.001
47 Standard dev. 1.707 1.753 1.952 2.124 1.758 1.839 9751 2.132 1.738 1.834 1.951 2117 1.693 1.798 51.90 2.092
Variance 7.4E-06 2.0E-06 -1.5E-06 4.7E-06 -3.8E-06 6.4E-06 -1.4E-06 1.7E-06 -3.6E-06 -5.8E-06 -8.0E-06 -3.4E-06 4.2E-06 5.0E-06 -9.5E-07 -1.7E-06
Skewness -6.3E-05 -7.2E-05 7.9E-05 5.3E-05 1.5E-05 4.7E-05 2.0E-05 -1.1E-04 -2.9E-05 -2.1E-07 -7.1E-05 3.8E-05 2.5E-05 -3.3E-06 2.1E-05 7.2E-0p
Kurtosis 0.153 0.093 0.225 0.066 0.179 0.287 0.183 0.181 0.082 0.050 0.157 0.153 0.192 0.186 0.133 230.1
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.001 0.000 -0.002 0.000 0.001 -0.003 0.002 0.002 0.000 0.000 0.000 -0.002 0.000 -0.001 0.001 0.001
48 Standard dev. 1.808 1.841 1.947 2.069 1.805 1.889 .9201 2.060 1.849 1.906 1.970 2.099 1.795 1.870 71.94 2.058
Variance -4.8E-07 3.5E-07 1.1E-06 -1.0E-06 -6.6E-07 -1.0E-06 4.5E-07 -3.9E-07 -3.0E-07 4.6E-07 -6.7E-0 -3.5E-07 -1.5E-07 1.3E-06 1.6E-06 1.7E-0p
Skewness 1.4E-06 -1.0E-06 -2.8E-06 2.5E-06 1.9E-06 2.9E-06 -1.4E-06 1.1E-06 8.5E-07 -1.3E-06 1.7E-06 .0E406 4.1E-07 -3.7E-06 -4.6E-06 -4.6E-0p
Kurtosis 0.023 0.008 0.122 0.135 0.166 0.147 0.062  0.025 0.061 0.054 0.051 -0.033 0.049 0.087 0.026 080.
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.002 0.006 0.003 -0.001 0.001 0.000 0.000 0.002 0.001 0.003 0.002 -0.002 -0.001 -0.002 0.000 0.002
49 Stal_'ldard dev. 1.797 1.835 1.933 2.082 1.815 1.883 .9421 2.049 1.855 1.904 1.949 2.098 1.776 1.861 91.95 2.063
Variance -1.8E-08 -1.5E-06 -5.0E-07 5.6E-07 7.1E-07 2.0E-06 -3.9E-08 5.4E-07 9.9E-07 -1.1E-06 -1.5E-06 7.7E-08 -1.0E-06 -7.1E-08 -1.9E-06 -1.8E-06
Skewness 4.6E-08 3.6E-06 1.3E-06 -1.7E-06 -2.1E-06-5.7E-06 1.1E-07 -1.6E-06 -3.0E-06 3.5E-06 2.6E-06 -1.2E-07 3.0E-06 1.6E-07 5.5E-06 5.7E-06
Kurtosis 0.192 0.147 0.145 0.083 0.059 0.200 0.162 0.136 0.061 0.146 0.099 0.097 0.136 0.097 0.186 430.1
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Experiment 65 66 67 68 69 70 71 72 73 74 75 76 77 8 7 79 80
Vg (Ms) 0.15 0.29 0.59 1.33 0.15 0.31 0.59 1.32 0.16 031 0.59 1.33 0.15 0.31 0.59 1.34
Packet | Vs (M/s) 0.40 0.40 0.40 0.40 0.41 0.41 0.41 0.41 043 043 0.43 0.43 0.51 0.51 0.51 0.51
WC (%) 0.60 0.60 0.60 0.60 0.40 0.40 0.40 0.40 020 0.20 0.20 0.20 0.80 0.80 0.80 0.80
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.001 0.005 -0.001 0.004 0.000 0.003 -0.003 0.000 -0.003 0.001 0.002 0.000 -0.001 -0.004 0.002 -0.001
4o | Standard dev. 1.863 2.001 2.257 2.455 1.906 2149 3342 2.549 1.811 2.039 2.200 2.295 1.758 1.946 214 2341
Variance 42E-06  -63E-06  B8.9E-08  10E-05  6.2E-06 .1ED5  43E-06  3.8E-06  -1.0E-05 -2.9E-06  6.7E-06 8EL6  32E-06  9.6E-06  59E-06  3.2E-0
Skewness -9.6E-06 15E-05  -1.3E-06  -2.2E-05  -15E-0 -2.0E-05 -1.1E-05 -3.4E-06  21E-05  82E-06  -108E- -8.4E-07 -8.1E-06 -1.8E-05 -1.5E-05  -8.5E-06
Kurtosis 0.443 0.502 0.448 0.498 0.429 0.499 0.472  0.457 0.487 0.366 0.553 0.420 0.639 0.549 0336 720.4
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.002 -0.001 0.000 0.000 0.000 0.002 -0.003 0.003 0.001 -0.001 0.000 -0.001 0.003 -0.002 .00 0.003
43 | Standard dev. 2.279 2.534 2.818 2.958 2.422 2773 .0893 3.220 2.070 2.399 2.636 2.601 2.023 2.325 263 2822
Variance -1.2E-05  5.0E-06 1.8E-05  -3.7E-06  1.1E-05-1.2E-05  1.2E-05  -2.0E-05 -3.5E-06  7.2E-06  -6.1E-06 5.4E-06  15E-06  -9.6E-06  3.7E-06  -7.4E-06
Skewness -1.3E-04  -1.7E-04  -21E-05  12E-05  -18E-0 -2.2E-04  50E-05 -1.7E-04 -8.3E-05 -8.7E-05 -i08E -3.6E-05 -4.2E-06 -1.3E-04  24E-04  7.0E-06
Kurtosis 0.448 0.581 0.407 0.398 0.590 0.568 0.447 0539 0.458 0.494 0.391 0.421 0.846 0.557 0.447  160.4
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 0.000 -0.001 0.001 0.000 0.000 0.000 .00 0.000 0.001 0.000 0.000 -0.001 -0.001 0.001  002.
44 | Standard dev. 1.719 1.773 1.911 2.031 1.726 1.800 .8881 2.035 1.748 1.841 1.927 2.046 1.693 1.761 1.87 2010
Variance 17E-06  -7.9E-07  29E-06  46E-06 10E-06 .6EH6  1.8E-06  -4.6E-06  3.4E-06  7.4E-07 -11E-06 7E6  5.6E-06  -4.0E-06 -2.9E-06  1.6E-0
Skewness 2.9E-05 7.7E-06  -7.7E-06  14E-05  -2.1E-063.6E-07  3.0E-05  -5.8E-06 -8.7E-06  -2.1E-06  1.3E-06 2.0E-05  20E-05 -8.0E-06 -3.2E-06  -1.7E-06
Kurtosis 1.959 2.015 1.884 1.931 2.002 1.943 1.985  1.886 1.764 1.808 1.849 1.831 1.825 1.871 2.051 5918
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.001 -0.005 -0.003 -0.003 -0.001 -0.002  .002 -0.004 -0.005 0.000 -0.002 0.003 -0.001 -0.002 -0.001 -0.006
45 | Standard dev. 1.693 1.805 1.904 2.069 1.724 1.800 9131 2.083 1.742 1.829 1.909 2.059 1.693 1.746 61.88  2.040
Variance 6.8E-09 -8.1E-07  -5.1E-06  -7.8E-06  1.3E-06 -3.1E-06  -3.6E-06  9.1E-08  7.8E-06  29E-06  -1.5E-06 3.6E-07  4.9E-06  2.4E-07 1.3E-06  -2.3E-06
Skewness 3.9E-07  -2.1E-06  7.6E-07 1.2E-05  -4.1E-067.9E-06  -16E-06  -5.3E-07  -9.6E-06  7.0E-06  19E-06-1.3E-06 -1.0E-05 -2.5E-05  -1.5E-05  3.0E-0p
Kurtosis 0.165 0.189 0.198 0.284 0.230 0.231 0.246 0.171 0.236 0.262 0.244 0.210 0.174 0.180 0.185  860.1
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 -0.001 -0.001 0.001 0.000 0.001 -0.001 0.001 -0.002 0.000 -0.001 -0.003 0.000 0.001 000 0.004
46 | Standard dev. 1.746 1.866 2.044 2.253 1.790 1.920 .0912 2.289 1.764 1.875 2.045 2.170 1.713 1.837 .00 2187
Variance 2.6E-06 54E-06  -7.3E-07  -7.4E-06  -6.4E-06-1.1E-05  8.5E-07  -1.1E-06  9.2E-06  3.0E-06  -7.0E-06-3.6E-06  -2.3E-06  -1.8E-06  -7.3E-06  -1.1E-07
Skewness -25E-07  35E-05  -2.2E-05  17E-05  45E-06-12E-05 -3.6E-06  8.8E-06 74E-05  -8.3E-06  1.6E-05 4.2E-06  -4.3E-07  -1.2E-05 -6.9E-05  8.5E-0f
Kurtosis 0.423 0.558 0.442 0.423 0.464 0.419 0.518  0.504 0.446 0.407 0.466 0.391 0.422 0.574 0.402  7%0.4
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 0.000 -0.001 0.001 -0.001 0.000 0.000 0.001 0.000 0.000 0.002 0.001 0.002 -0.001 -0.001 .0010
47 | Standard dev. 1.715 1.781 1.921 2.104 1.739 1.844 9441 2.129 1.714 1.827 1.953 2.085 1.702 1.783 01.92 2.089
Variance 7.7E-07 -3.0E-06  B8.9E-06  9.0E-06  -1.1E-065.0E-06  6.2E-07  7.0E-07  -54E-06 -25E-06  3.9E-06 2.4E-06  -3.9E-06 -9.1E-07  4.5E-07  7.8E-0F
Skewness 4.4E-05 8.5E-05 6.7E-05  20E-04  -34E-051.0E-05 3.1E-05  -17E-05  6.4E-06  -4.3E-05  -2.0E-055.7E-05  26E-05 -3.8E-05 6.4E-05  7.0E-0b
Kurtosis 0.145 0.102 0.175 0.113 0.141 0.198 0.100 0.140 0.055 0.146 0.040 0.028 0.143 0.125 0.186  190.1
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.001 0.001 -0.001 -0.001 0.002 0.000 0.00 0.001 0.002 0.000 -0.001 0.001 -0.002 0.001 0.001 0.000
4g | Standard dev. 1.772 1.841 1.945 2.034 1.803 1.857 .9261 2.026 1.828 1.894 2.002 2.083 1.759 1.825 01.92 2013
Variance -9.1E-08 1.8E-06 6.7E-07  -6.5E-07  -8.0E-07-4.6E-07  -62E-07  1.1E-06  -3.6E-07 -1.9E-07 16E-0 -1.9E-06 2.5E-07  53E-07 -1.5E-07  8.9E-0B
Skewness 2.9E-07  -50E-06  -20E-06 1.9E-06  2.4E-06 1.5E-06 1.8E-06  -3.3E-06  1.1E-06  54E-07  -4.6E-06 .0E®6  -7.0E-07 -1.5E-06  3.7E-07  -2.1E-OF
Kurtosis 0.071 0.020 0.023 0.090 0.039 0.051 0.122  0.072 -0.011 0.018 0.051 0.035 0.020 0.040 0.066 .00
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.002 0.000 0.000 0.001 0.001 -0.001 -0.002 -0.001 0.001 0.003 0.000 0.002 0.003 0.001 -0.001 -0.003
49 | Standard dev. 1.765 1.834 1.951 2.028 1.781 1.876 .9431 2.028 1.821 1.912 1.959 2.089 1.768 1.828 61.90 2.033
Variance 9.7E-07 -1.7E-06  -1.3E-07  65E-07  B8.9E-07-7.3E-07  9.3E-08  -4.8€-07  1.8E-06  -5.0E-09  -2.6E-07 2.6E-06  65E-07  -1.9E-06 -3.8E-07  2.3E-0p
Skewness -2.4E-06  4.5E-06 2.3E-07  -2.0E-06  -2.8E-062.8E-06  -2.9E-07  1.4E-06  -52E-06 2.0E-08  8.3E-07-6.3E-06 -1.9E-06  2.8E-06 1.1E-06  -6.8E-06
Kurtosis 0.141 0.141 0.158 0.192 0.081 0.112 0.159 0.213 0.068 0.056 0.080 0.094 0.125 0.091 0.066  640.1
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Experiment 81 82 83 84 85 86 87 88 89 90 o1 92 93 19 95 96
Vg (Ms) 0.15 0.24 0.59 1.34 0.16 0.31 0.59 1.34 0.16 035 0.66 1.33 0.15 0.31 0.60 1.32
Packet | Vs (M/s) 0.53 0.53 0.53 0.53 0.55 0.55 0.55 0.55 057 057 0.57 0.57 0.64 0.64 0.64 0.64
WC (%) 0.60 0.60 0.60 0.60 0.40 0.40 0.40 0.40 020 0.20 0.20 0.20 0.80 0.80 0.80 0.80
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.002 -0.002 -0.002 -0.002 0.001 -0.001 .00  0.000 0.000 0.000 0.000 0.003 -0.002 -0.002 0.004 0.003
4o | Standard dev. 1.908 2.029 2.305 2.459 1.975 2171 3872 2.429 1.785 1.622 2.251 2.270 1.804 1.932 814 2375
Variance -41E-06  7.1E-07 14E-06  -5.1E-06  -2.5E-07-3.5E-06  9.5E-06  4.2E-06  -6.2E-06  25E-06  -15E-06-8.7E-06  7.4E-06  -41E-06  -9.9E-06  -5.8E-07
Skewness 19E-05  -3.8E-06  -3.3E-06  1.2E-05  6.8E-073.5E-06  -1.1E-05 -8.6E-06  10E-05  -9.3E-06  4.1E-06 2.3E-05  4.2E-05 11E-05  -5.6E-06  2.0E-0b
Kurtosis 0.340 0.371 0.429 0.541 0.720 0.512 0.464 0.477 0.341 0.370 0.365 0.404 0.545 0.540 0.487 8.4
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.002 -0.001 -0.003 0.004 -0.002 0.002 .00 0.000 -0.001 -0.001 -0.002 -0.002 0.004 0.000 0D.0  0.000
43 | Standard dev. 2.384 2.623 2.933 3.046 2,577 2.887 .1333 2.935 2.000 1.621 2.732 2.672 2.118 2.305 .62 2.839
Variance 95E-06  -7.8E-06  -3.4E-06  -3.5E-06 -1.BE-0 -9.7E-06  4.4E-06  1.4E-05  8.6E-06  8.9E-06  -6.6E-06-2.0E-06  5.9E-06  6.0E-06 11E-05  -8.3E-06
Skewness 1.6E-04 7.8E-05  -9.0E-05 -1.9E-04  -14E-041.2E-04  23E-05  15E-04  56E-05 -32E-05 -1.7E-05-2.0E-05 -8.4E-05 -23E-04 -9.8E-05  2.1E-Of
Kurtosis 0.689 0.530 0.483 0.531 0.754 0.423 0.494 0.465 0.719 0.109 0.348 0.379 1.187 0.743 0493  230.4
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.002 -0.001 0.000 0.001 0.002 0.000 0.001 .00D 0.001 -0.002 -0.003 -0.001 -0.001 0.002 -0.001 0.000
44 | Standard dev. 1.729 1.751 1.894 2.034 1.740 1.783  .8651 2.018 1.768 1.661 1.921 2.036 1.690 1.776 31.84  1.999
Variance -5.0E-06  -2.9E-06  3.3E-06  -1.0E-06 -2.4E-0 -5.6E-07  15E-06  4.8E-07 3.1E-06  -1.6E-06  1.2E-05-4.4E-06  4.4E-06  -4.1E-06  6.0E-06  1.8E-0p
Skewness -1.4E-05  6.6E-06  -4.6E-06 -4.1E-06 -18E-0 -2.2E-06  -4.3E-06  -5.1E-06  -7.6E-06  3.5E-06  60BE- -3.1E-06  -1.2E-05 -1.7E-05 1.7E-05  3.2E-05
Kurtosis 1.830 1.816 1.906 1.870 1.897 1.935 1.869 1.995 1.803 1.863 1.932 1.965 2.002 1.935 1.939 0219
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.003 0.002 0.001 -0.003 -0.001 -0.002 06.0  -0.001 0.001 0.000 -0.003 0.006 -0.003 0.003 0D.0  -0.002
45 | Standard dev. 1.716 1.760 1.906 2.046 1.737 1.817 .9021 2.049 1.757 1.665 1.937 2.056 1.681 1.776 91.87 2.026
Variance 6.2E-07 -1.8E-06  -40E-06  81E-07  -3.6E-06-1.2E-06  4.0E-06  -1.7E-06  1.6E-06  -1.3E-07  1.3E-06 7.7E-08  24E-06  2.4E-06  -3.6E-06  -4.2E-07
Skewness -1.9E-06  -7.0E-07  15E-05  -2.3E-06  1.0E-053.9E-06 -3.5E-06  4.3E-06 -25E-06  3.1E-07  -3.2E-06-2.3E-06  -1.8-08  -4.3E-06  -1.5E-06  -4.0E-0p
Kurtosis 0.237 0.187 0.251 0.208 0.315 0.261 0.194 0.223 0.233 0.177 0.262 0.168 0.202 0.222 0.212  460.2
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.002 0.002 -0.002 0.002 0.001 -0.001 D00 -0.001 0.001 0.003 -0.001 0.000 -0.003 0.000 ®.00 0.001
46 | Standard dev. 1.791 1.865 2.075 2.232 1.793 1.946 1322 2.213 1.743 1.633 2.048 2172 1.723 1.827 200 2203
Variance 51E-06  -1.8E-06  -4.4E-06  1.0E-05  3.2E-06 1.6E-06  -4.6E-07 -1.4E-07  52E-06 -52E-06 17E-06 6.7E-06  -2.2E-06  8.2E-06  2.8E-06  1.8E-0p
Skewness -3.3E-06  -3.6E-07  5.6E-06 1.8E-05  -9.2E-062.9E-05  -6.1E-07  -1.2E-05  -1.2E-05  8.9E-06  -2.8E-0 -2.7E-06  -9.7E-06  -1.5E-05  -1.5E-06  -9.5E-06
Kurtosis 0.475 0.354 0.453 0.509 0.462 0.496 0.625 0.434 0.355 0.395 0.430 0.389 0.408 0.471 0475  540.3
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 0.001 0.001 -0.001 0.002 -0.002 0.001 -0.001 0.002 0.000 0.000 -0.002 0.000 0.000 0.000 0.001
47 | Standard dev. 1.710 1.771 1.960 2.130 1.742 1.835 9791 2117 1.745 1.629 1.948 2.118 1.685 1.782 91.91 2.076
Variance -3.1E-07  2.8E-06 57E-07  -3.0E-06  15E-06 4.6E-07  -2.6E-06 -2.2E-06  -1.8E-06  1.2E-06  -3.1E-06-8.9E-07  4.8E-07  -1.5E-06  3.3E-06  59E-0f
Skewness 6.1E-05  -6.4E-05  23E-05  4.4E-06  3.7E-05 .1E-B5  27E-05  -19E-05 -2.5E-05 -4.8E-05 -9.8E-05-7.3E-06  -5.0E-05 -4.2E-05 -21E-05  1.1E-0p
Kurtosis 0.132 0.087 0.151 0.155 0.149 0.173 0.164 0.166 0.068 0.151 0.127 0.146 0.128 0.220 0212 410.1
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.002 0.001 0.001 0.002 -0.002 0.000 -0.001 0.000 0.000 0.001 0.002 0.000 -0.001 -0.002 0.000 -0.001
4g | Standard dev. 1.784 1.832 1.923 2.032 1.816 1.848 .9001 2.008 1.859 1.768 1.944 2.068 1.780 1.838 31.89 2012
Variance -5.2E-07  -22E-06 -1.1E-06  9.4E-08  -8.BE-0 20E-07 -18E-07 -1.2E-06 -1.1E-07 -8.1E-07  609E- -1.9-07 -1.9E-06 -2.6E-06 -5.0E-07  7.0E-07
Skewness 1.3E-06 6.2E-06 3.3E-06  -2.6E-07  2.5E-07 6.8E-07  6.6E-07  3.4E-06  3.1E-07  21E-06  -2.0E-06 OE&7  54E-06  7.2E-06 1.6E-06  -2.1E-0B
Kurtosis 0.005 -0.005 0.022 0.069 0.121 0.140 0.021 -0.034 0.013 0.014 0.044 0.020 0.055 0.086 0.014 0010
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.001 -0.002 0.002 -0.001 0.002 0.000 .00  0.000 0.001 -0.001 0.000 0.000 -0.001 0.000 0.001 -0.002
49 | Standard dev. 1.791 1.812 1.908 2.061 1.806 1.826 .9111 2.038 1.840 1.746 1.956 2.052 1.754 1.824 1.88 2031
Variance 2.6E-07 58E-07  -3.3E-07  7.8E-07  1.1E-06 .6ED6  6.8E-07  5.2E-07  3.0E-07 1.6E-06  -2.0E-06 EDB  3.5E-06  7.4E-07 1.5E-06  8.6E-0
Skewness -6.5E-07  -8.6E-07  1.1E-06  -19E-06 -28E-0 -4.8E-06  -2.1E-06 -14E-06  -8.2E-07  -2.8E-06  408E -3.8E-06 -9.2E-06  -1.3E-06  -4.9E-06  -2.3E-06
Kurtosis 0.127 0.062 0.253 0.174 0.137 0.147 0.261 0.097 0.117 0.063 0.173 0.067 0.197 0.069 0174  120.1
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Experiment 97 98 99 100 101 102 103 104 105 106 107 108 109 110 111 112
Vg (M/s) 0.15 0.59 131 0.16 0.31 0.60 1.34 0.16 0.32 0.61 1.25 0.15 0.30 0.60 1.33 0.15
Packet Vg (m/s) 0.66 0.66 0.66 0.69 0.69 0.69 0.69 0.72 0.72 0.72 0.72 0.76 0.76 0.76 0.76 0.80
WC (%) 0.60 0.60 0.60 0.40 0.40 0.40 0.40 0.20 0.20  0.20 0.20 0.80 0.80 0.80 0.80 0.60
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 0.002 0.003 0.000 -0.002 0.002 0.001  .00® -0.002 -0.003 0.000 0.000 -0.002 0.001 0.001 .00®
42 Standard dev. 1.945 2.339 2.532 2.015 2.163 2411 4242 1.837 2.079 2.291 2.356 1.805 1.943 2,131 239 1974
Variance 7.8E-06 8.6E-07 -8.1E-08 1.8E-06 -1.3E-06-2.0E-06 2.1E-06 4.1E-06 1.5E-06 -1.2E-06 -5.8E-06 -3.2E-07 -2.9E-06 4.5E-06 -2.6E-06 -5.2E-06
Skewness -2.0E-05 -2.4E-06 -4.5E-05 7.4E-06 8.5E-06 1.4E-06 -3.0E-06 -1.1E-05 -5.0E-06 3.2E-06 1.5E-05 8.1E-07 -2.5E-06 -1.2E-05 5.9E-06 1.2E-0p
Kurtosis 0.514 0.455 0.434 0.392 0.328 0.422 0.581 0.467 0.435 0.380 0.391 0.510 0.559 0.484 0.450 230.5
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 0.004 0.008 -0.003 -0.002 0.000 0.001 -0.001 0.002 0.004 0.004 0.000 0.001 -0.002 -0.001 -0.002
43 Stal_'ldard dev. 2.469 3.093 3.147 2.546 2.955 3.121  .9662 2.302 2.476 2.860 2.777 2.281 2.350 2.600 1290 2514
Variance 6.1E-07 -1.6E-06 -8.9E-06 5.4E-06 2.2E-05 -1.9E-05 3.8E-06 5.5E-06 7.2E-06 2.5E-05 3.5E-06 .OED6 1.1E-05 -3.9E-06 7.8E-06 -4.3E-0f7
Skewness -1.4E-04 -7.0E-06 2.2E-04 -8.6E-05 1.8E-04-1.5E-04 -2.1E-04 1.3E-04 -4.8E-05 -5.9E-05 -40BE-  3.1E-04 -5.4E-05 1.3E-04 -2.1E-05 -2.1E-Q5
Kurtosis 0.693 0.452 0.452 0.559 0.395 0.405 0.443 0.905 0.502 0.262 0.429 1.127 0.934 0.431 0.525 590.9
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 -0.001 0.000 0.000 0.000 0.001 -0.003 0.000 -0.001 0.000 0.002 0.001 0.000 0.001 0.000 0010.
44 Stal_'ldard dev. 1.698 1.852 1.974 1.726 1.783 1.875 .0072 1.745 1.788 1.888 2.017 1.681 1.767 1.833 4198 1.710
Variance 3.4E-06 7.1E-08 4.1E-06 5.6E-06 1.5E-06 .5EL06 -5.6E-06 -6.7E-06 -7.6E-06 1.3E-05 -7.5E-06 4.3E-06 5.3E-07 -6.5E-07 -3.7E-06 -3.3E-07
Skewness 7.2E-06 -1.6E-05 2.3E-06 4.4E-06 7.2E-06 .5E-86 -1.1E-04 -1.1E-04 8.3E-06 1.3E-05 -9.4E-05 .3E706 -1.8E-06 1.1E-06 5.2E-06 7.3E-07
Kurtosis 1.757 1.883 1.820 1.977 1.818 1.895 1.898 1.822 1.823 1.827 1.871 1.857 2.016 1.889 1.960 771.8
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 0.000 -0.002 -0.004 0.003 0.000 -0.001 -0.003 -0.003 -0.001 0.001 -0.001 -0.001 -0.002 00D. -0.006
45 Standard dev. 1.715 1.890 2.037 1.722 1.791 1.901 .0222 1.739 1.813 1.916 2.044 1.664 1.743 1.856 42.01 1709
Variance 2.4E-07 -4.9E-06 2.2E-06 -1.3E-06 -3.9E-07 5.0E-06 -3.8E-06 -1.8E-06 2.9E-06 3.5E-07 -1.5E-06 4.5E-06 3.6E-06 -1.2E-06 -4.6E-06 6.8E-0f
Skewness -8.5E-07 1.1E-05 1.0E-05 1.1E-05 6.3E-07 .2E-05 -1.2E-05 3.6E-06 -9.2E-06 1.0E-06 -7.2E-06 .1E206 3.7E-06 2.1E-06 1.1E-05 -3.5E-0p
Kurtosis 0.240 0.220 0.232 0.269 0.200 0.134 0.190 0.134 0.221 0.176 0.235 0.200 0.281 0.212 0.274 980.1
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.002 -0.002 -0.002 0.000 -0.002 0.002 ?.00 -0.002 -0.001 0.000 0.000 -0.001 -0.002 0.000 0.0 -0.001
46 Standard dev. 1.787 2.107 2.283 1.791 1.979 2127 2462 1.760 1.907 2.068 2.231 1.733 1.825 1.977 .19 1.790
Variance -5.2E-06 3.0E-08 -5.6E-06 4.5E-06 4.9E-08 1.3E-06 -3.9E-06 -4.4E-06 -4.4E-06 -4.8E-06 3.5E-06 2.3E-06 3.9E-06 -7.9E-07 -1.1E-07 -8.6E-07
Skewness -2.0E-05 -5.4E-06 4.8E-06 -1.1E-05 -16E-0 1.4E-05 -3.5E-05 -8.8E-06 7.7E-06 1.1E-05 -4.6E-0 -6.5E-06 -1.1E-05 -3.6E-06 4.1E-07 -2.8E-(7
Kurtosis 0.547 0.506 0.438 0.436 0.464 0.430 0.545 0.382 0.442 0.429 0.335 0.446 0.566 0.411 0.308 010.5
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.002 0.001 -0.002 0.001 -0.001 0.002 0.000 -0.002 0.001 -0.001 -0.003 -0.001 -0.001 -0.001 00D. 0.001
47 Standard dev. 1.723 1.954 2.118 1.732 1.842 1971 .0832 1.725 1.832 1.946 2.136 1.698 1.755 1.892 7210 1.724
Variance -2.6E-06 2.7E-06 -4.2E-06 -9.3E-07 4.5E-06 -6.3E-06 3.8E-06 1.6E-07 8.3E-07 4.4E-06 2.6E-06 4.1E-06 -7.9E-06 -4.9E-07 1.4E-06 -3.3E-07
Skewness 8.0E-05 -1.8E-05 2.5E-05 4.5E-05 -2.3E-055.4E-05 7.4E-05 4.2E-05 3.5E-05 -3.0E-05 7.0E-06 .2ED5 -2.7E-06 -3.0E-05 8.3E-05 -4.5E-0p
Kurtosis 0.139 0.155 0.149 0.191 0.164 0.092 0.133 0.108 0.097 0.154 0.107 0.113 0.129 0.143 0.142 830.0
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 0.000 0.000 0.000 -0.002 -0.001 0.000 0.000 0.001 0.001 -0.001 0.000 0.000 0.000 -0.001 0.001
48 Standard dev. 1.763 1.894 2.023 1.782 1.828 1.878 .0232 1.798 1.853 1.930 2.037 1.768 1.808 1.913 32.00 1781
Variance 6.9E-07 1.6E-06 3.4E-07 7.7E-07 4.6E-07 6EA7 1.8E-06 -1.3E-07 3.0E-07 8.5E-07 1.4E-07 EDI 1.6E-07 -5.2E-07 -9.2E-07 2.3E-0
Skewness -2.1E-06 -4.8E-06 -1.1E-06 -2.1E-06 -D@E- -6.9E-07 -4.5E-06 4.4E-07 -9.3E-07 -1.8E-06 E406 1.2E-06 -3.0E-07 1.7E-06 2.7E-06 -7.1E-Q7
Kurtosis 0.018 0.112 0.168 0.072 0.028 -0.008 0.071  0.020 0.053 0.005 0.023 0.025 0.060 0.097 0.047 0150.
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.002 0.001 0.003 0.003 0.001 -0.001 0.002 0.004 -0.001 -0.001 0.004 0.000 0.001 -0.001 -0.002 -0.002
49 Stal_'ldard dev. 1.755 1.914 2.005 1.783 1.827 1.892 .0062 1.809 1.855 1.923 2.023 1.758 1.798 1.906 8.01 1.801
Variance -7.5E-07 -2.4E-07 -9.8E-07 -1.8E-06 -204E-  -5.3E-08 -1.6E-06 6.3E-07 1.3E-06 -2.5E-06 108E- 1.7E-07 -2.8E-06 9.7E-07 1.6E-06 1.2E-06
Skewness 2.3E-06 6.1E-07 2.8E-06 5.2E-06 7.4E-07 3E-Q7 4.8E-06 -2.3E-06 -3.4E-06 6.8E-06 -3.8E-06 .8E407 7.9E-06 -3.0E-06 -5.1E-06 -3.1E-0p
Kurtosis 0.189 0.135 0.137 0.158 0.214 0.119 0.136  0.189 0.117 0.111 0.135 0.093 0.063 0.127 0.110 020.1
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Experiment 113 114 115 116 117 118 119 120 121 122 123 124 125 126
Vg (M/s) 0.23 0.62 1.32 0.16 0.32 0.60 1.33 0.15 0.32 0.66 1.32 0.15 0.31 0.60
Packet Vg (m/s) 0.80 0.80 0.80 0.83 0.83 0.83 0.83 0.86 0.86 0.86 0.86 0.15 0.15 0.15
WC (%) 0.60 0.60 0.60 0.40 0.40 0.40 0.40 0.20 0.20 0.20 0.20 0.00 0.00 0.00
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.001 -0.002 0.000 0.000 0.000 0.005 0.002 0.000 0.002 -0.001 0.000 0.003 0.004 -0.008
42 Standard dev. 2.201 2.402 2.564 2.018 2.259 2498 5312 1.922 2.069 2.370 2.414 1.825 1.979 2.14D
Variance -5.8E-07 3.4E-06 -7.0E-07 -1.9E-06 8.4E-07 2.2E-06 3.7E-06 -6.2E-06 -2.3E-06 -3.7E-06 2.8E-06 4.4E-07 1.9E-06 -1.0E-05
Skewness 6.0E-07 2.5E-05 1.9E-06 5.6E-06 -2.3E-06 5.0E-06 -1.0E-05 1.5E-05 3.1E-06 1.1E-05 -6.4E-06 3.8E-06 -5.5E-06 1.9E-05
Kurtosis 0.469 0.540 0.500 0.575 0.409 0.396 0.512 0.636 0.341 0.425 0.361 0.400 0.509 0.361
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 0.000 -0.002 0.001 -0.001 0.002 0.003 0.005 0.000 0.003 -0.001 0.004 -0.005 0.001
43 Standard dev. 2,918 3.160 3.189 2.570 2.936 3.236  .0073 2.369 2.489 2.885 2.826 1.990 2.264 2.41p
Variance -5.5E-06 -2.9E-05 -1.1E-05 -4.8E-06 -408E-  -6.7E-06 -3.3E-07 -1.3E-05 1.1E-05 8.7E-07 TBE- -2.5E-06 2.7E-06 3.7E-06
Skewness 9.6E-05 -2.6E-04 4.3E-05 -8.0E-05 -1.2E-048.4E-05 2.6E-04 -1.1E-04 -1.2E-04 3.5E-04 -3.1E-04 -7.7E-05 3.1E-04 2.2E-04
Kurtosis 0.508 0.495 0.490 0.787 0.540 0.423 0.380 1.061 0.632 0.246 0.286 0.239 0.283 0.303
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.001 -0.001 0.001 -0.001 -0.001 0.000 ©.00 0.000 -0.002 -0.001 0.002 -0.001 -0.001 0.00
44 Standard dev. 1.763 1.857 2.011 1.707 1.764 1.884 9911 1.749 1.805 1.886 2.031 1.856 1.902 1.981
Variance -7.0E-06 4.0E-06 1.3E-06 5.7E-07 3.5E-07 3.4E-06 -4.9E-06 4.7E-06 -2.1E-06 4.1E-06 9.1E-07 7.2E-06 5.4E-06 -2.3E-06
Skewness 1.1E-05 1.1E-05 8.2E-06 -1.7E-06 3.1E-07 1.8E-06 -6.8E-06 -2.0E-06 5.4E-06 -6.0E-06 -2.0E-06 1.1E-05 -9.3E-06 2.5E-06
Kurtosis 1.902 1.804 2.018 1.897 1.973 1.949 1.882 1.893 1.920 1.864 1.725 1.853 1.812 1.73
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 -0.005 -0.002 -0.003 0.001 0.000 0.005 0.000 -0.002 -0.003 0.004 -0.002 0.003 -0.001L
45 Standard dev. 1.789 1.911 2.054 1.718 1.798 1919 .0372 1.707 1.782 1.933 2.047 1.805 1.900 1.976
Variance 7.2E-07 -9.8E-07 -1.4E-06 2.0E-06 2.8E-06 1.1E-06 -2.3E-06 2.9E-06 -8.7E-07 6.0E-06 -3.9E-07 2.1E-06 3.2E-06 -1.7E-06
Skewness -1.5E-06 2.9E-06 -1.6E-06 -4.1E-06 -68E-0 8.7E-07 3.4E-06 -9.0E-06 1.7E-06 4.8E-06 -2.1E-06-5.4E-06 -8.2E-06 3.7E-06
Kurtosis 0.310 0.325 0.267 0.247 0.261 0.245 0.189  0.220 0.135 0.218 0.121 0.212 0.164 0.215
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 -0.002 0.000 0.000 -0.001 -0.002 0.002 0.001 0.000 0.001 0.002 -0.001 0.002 -0.002
46 Standard dev. 1.929 2.143 2.272 1.846 2.015 2173 .2982 1.768 1.928 2.096 2.263 1.831 1.928 2.034
Variance -3.2E-07 6.8E-06 3.1E-06 -1.6E-06 -1.5E-06 -5.8E-06 -7.3E-06 5.3E-06 -1.3E-06 4.4E-07 6.6E-07 -6.3E-07 -1.7E-06 8.1E-06
Skewness 9.2E-07 2.2E-05 1.7E-05 -1.4E-05 -1.3E-069.7E-06 3.3E-06 -1.2E-05 1.3E-06 -5.5E-07 2.4E-05 .3EL06 8.8E-06 -3.8E-06
Kurtosis 0.381 0.477 0.501 0.523 0.607 0.475 0.485 0.398 0.461 0.470 0.389 0.447 0.376 0.36
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 0.001 -0.002 0.001 0.001 0.000 0.000 .00® -0.003 -0.001 0.000 -0.003 -0.003 0.001
47 Standard dev. 1.843 1.953 2131 1.744 1.849 2.002 .1292 1.711 1.827 2.001 2.141 1.809 1.909 2.00p
Variance 2.7E-07 -7.5E-07 3.3E-06 -3.5E-06 -2.3E-06 3.4E-07 3.3E-06 -4.7E-06 3.5E-06 -3.2E-06 -2.0E-07 -2.5E-06 -2.9E-07 8.3E-07
Skewness -1.5E-05 2.8E-05 6.9E-05 2.7E-05 4.3E-05 .2E-05 1.7E-05 -5.7E-06 4.0E-05 1.8E-05 -2.8E-05 6E05 -2.7E-05 6.9E-05
Kurtosis 0.186 0.185 0.127 0.174 0.084 0.170 0.160 0.075 0.210 0.099 0.150 0.078 0.144 0.073
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 0.000 0.000 0.000 -0.001 0.002 0.000 .00® -0.001 0.000 0.001 -0.001 0.000 0.004
48 Standard dev. 1.811 1.876 2.014 1.773 1.813 1911 .0092 1.780 1.840 1.928 2.034 1.904 1.969 2.01y
Variance 2.4E-07 4.1E-07 1.6E-06 1.8E-06 -3.2E-07 5.1E-07 -9.6E-07 -3.5E-07 2.7E-07 1.2E-07 4.5E-07 1.7E-06 1.2E-06 -1.3E-06
Skewness -8.2E-07 -1.1E-06 -4.7E-06 -4.7E-06 8BE-0 1.6E-06 2.6E-06 9.7E-07 -7.1E-07 -3.9E-07 -1.8E-0 5.0E-06 -3.6E-06 3.6E-06
Kurtosis 0.047 0.104 0.058 -0.027 0.008 0.109 0.116 0.153 0.036 0.047 0.031 0.041 0.005 0.02
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.002 -0.002 0.003 -0.004 0.001 -0.002 0.002 -0.002 0.000 0.000 -0.002 0.000 -0.002 -0.002
49 Stapdard dev. 1.815 1.896 2.012 1.792 1.809 1.899 .9921 1.812 1.847 1.928 2.008 1.894 1.987 2.05p
Variance 5.3E-08 -1.5E-06 -3.1E-06 -2.2E-06 2.9E-06 -2.9E-07 7.1E-07 -8.9E-07 6.0E-07 2.1E-06 -5.0E-07 3.7E-06 -2.1E-06 1.8E-06
Skewness -1.9E-07 4.7E-06 9.2E-06 7.0E-06 -8.8E-069.6E-07 -1.9E-06 2.8E-06 -1.8E-06 -6.8E-06 1.5E-06 -8.5E-06 7.0E-06 -5.3E-06
Kurtosis 0.118 0.199 0.099 0.109 0.105 0.193 0.100  0.093 0.097 0.168 0.128 0.097 0.131 0.16
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D.5 Wavelet Packet Coefficient Statistics: Packitd.0] — [4 15]

Experiment 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Vs (m/s) 0.13 0.30 0.58 0.99 0.13 0.30 0.59 1.32 0.13 0.30 0.59 1.32 0.13 0.31 0.59 1.29
Packet Vg (m/s) 0.12 0.12 0.12 0.12 0.24 0.24 0.24 0.24 037 037 0.37 0.37 0.49 0.49 0.49 0.49
WC (%) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.001 -0.001 0.000 0.000 -0.004 0.001 0.000 -0.004 0.000 0.004 -0.002 -0.007 0.002 -0.002 08.0 0.000
4 10 Stal_'ldard dev. 1.823 1.925 2.006 2.140 1.785 1.857 .9641 2114 1.774 1.845 1.960 2.099 1.733 1.831 2193  2.059
Variance -3.0E-07 1.2E-06 7.4E-07 2.5E-07 1.9E-06 1.7E-06 5.5E-07 2.0E-07 2.8E-06 2.4E-06 1.6E-06 OE&7 -1.9E-06 3.1E-06 1.9E-06 -1.8E-0p
Skewness 8.9E-07 -8.6E-06 -3.6E-06 -1.1E-05 -2BE-0 5.9E-06 -1.3E-06 7.2E-07 -1.3E-05 -9.5E-06 -30BE-  -8.3E-09 7.4E-06 -1.4E-05 -7.3E-06 5.6E-06
Kurtosis 0.424 0.361 0.420 0.375 0.450 0.418 0.370 0.368 0.422 0.428 0.444 0.348 0.325 0.439 0.461 900.3
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.002 0.003 -0.001 -0.001 -0.004 -0.001 00D. 0.001 0.000 0.000 0.002 0.000 0.002 -0.001 08.0 0.005
411 Standard dev. 1.808 1.894 2.006 2.135 1.780 1.890 .9591 2.076 1.769 1.850 1.957 2.063 1.763 1.835 7195 2.073
Variance 4.4E-07 -3.6E-07 1.2E-06 8.9E-07 -9.7E-07-4.9E-08 7.2E-07 -4.0E-07 -3.0E-06 -9.5E-07 6.8E-07 -4.8E-08 3.9E-07 6.9E-07 1.2E-06 -9.6E-07
Skewness -1.0E-06 7.5E-07 -3.2E-06 -2.9E-06 5.0E-06 1.4E-07 -1.6E-06 1.1E-06 8.8E-06 3.0E-06 -1.7E-06 2.3E-07 -3.2E-06 -1.5E-06 -3.7E-06 3.0E-06
Kurtosis 0.120 0.155 0.112 0.078 0.131 0.151 0.172  0.100 0.176 0.129 0.139 0.188 0.093 0.109 0.115 3%0.1
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 -0.001 -0.002 -0.001 -0.001 0.000 00.0 0.002 0.002 -0.002 0.001 0.000 0.000 0.000 0.001 0.001
412 Stal_'ldard dev. 1.765 1.874 1.966 2.116 1.730 1.840 9531 2.090 1.697 1.817 1.911 2.066 1.693 1.790 01.91 2.026
Variance 4.2E-06 3.0E-06 -1.9E-06 2.5E-06 4.5E-06 .5ED6 -2.0E-06 -6.1E-06 2.6E-06 -8.0E-06 1.2E-06 2.5E-06 1.5E-06 9.3E-07 3.7E-06 1.7E-0
Skewness -5.3E-06 -7.1E-06 5.3E-06 9.9E-05 -7.6E-06-5.2E-06 -7.3E-07 -3.1E-05 4.0E-06 -1.7E-05 3.8E-0 6.7E-06 -4.0E-06 -3.2E-06 -6.5E-06 5.1E-0p
Kurtosis 1.939 2.101 1.899 1.942 1.885 2.067 1.875 2.020 1.943 1.978 1.917 1.964 1.908 1.956 1.924 081.9
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.003 0.003 0.000 -0.002 0.001 -0.001 0.002 0.000 0.003 0.001 0.002 0.002 0.001 -0.002 -0.003 .00
4 13 Stal_'ldard dev. 1.788 1.871 1.972 2.108 1.750 1.836 .9421 2.090 1.723 1.779 1.910 2.066 1.717 1.818 91.90 2.035
Variance -6.2E-07 -7.5E-07 -3.9E-06 -4.0E-06 -108E- -4.1E-06 6.2E-07 -4.1E-06 -3.7E-06 -1.6E-06 S0BE 7.0E-07 -5.2E-07 -2.6E-06 -1.7E-06 -6.5E-Q7
Skewness 1.1E-06 4.7E-06 3.9E-06 6.8E-06 5.1E-07 .9E-65 8.5E-06 2.9E-06 -6.9E-06 4.6E-06 -1.2E-05 2E105 2.2E-06 5.1E-06 4.1E-06 -1.1E-0p
Kurtosis 0.185 0.330 0.238 0.228 0.188 0.251 0.283  0.289 0.158 0.297 0.195 0.238 0.171 0.266 0.287 290.2
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 -0.001 -0.001 -0.001 0.002 0.000 .00 -0.001 0.000 -0.002 0.002 0.002 -0.001 0.000 ®.00 0.000
4 14 Starldard dev. 1.798 1.895 1.993 2.152 1.753 1.886 .9741 2.086 1.778 1.851 1.919 2.066 1.718 1.825 61.89 2.057
Variance 1.5E-06 1.7E-07 -1.9E-06 -1.4E-06 -1.5E-06 3.5E-06 -2.6E-06 2.0E-07 -1.8E-06 2.9E-07 -3.8E-07 1.0E-06 1.3E-06 -2.5E-06 -3.0E-06 2.2E-0p
Skewness -5.7E-06 -2.7E-07 1.2E-05 9.4E-06 2.5E-05-1.2E-05 4.4E-05 -2.4E-07 2.4E-06 -6.4E-06 3.2E-06 -4.5E-06 -4.5E-06 1.1E-05 7.1E-06 -6.6E-06
Kurtosis 0.364 0.431 0.391 0.394 0.399 0.412 0.469 0.402 0.385 0.425 0.356 0.414 0.310 0.431 0.459 290.5
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 0.000 0.003 0.011 0.000 -0.003 -0.002 0.000 -0.016 -0.008 0.003 -0.005 0.002 0.004 -0.007 -0.009
415 Starldard dev. 1.803 1.864 1.983 2.149 1.768 1.874 9581 2117 1.753 1.826 1.923 2.069 1.715 1.822 7191 2051
Variance -1.7E-06 -7.1E-07 2.1E-06 3.2E-06 4.8E-07 8.9E-08 1.0E-06 2.7E-07 2.5E-06 -1.1E-06 -4.3E-06 .2E106 -5.2E-07 1.5E-06 9.6E-07 1.2E-0:
Skewness 1.5E-03 5.2E-03 3.1E-03 -1.2E-02 1.8E-02 .7E-02 1.5E-02 6.6E-03 2.6E-02 1.7E-02 3.7E-04 D2E  -5.7E-03 9.8E-03 1.8E-02 1.6E-02
Kurtosis 0.115 0.166 0.158 0.143 0.097 0.150 0.304 0.116 0.159 0.149 0.204 0.139 0.180 0.116 0.183 030.1
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Experiment 17 18 19 20 21 22 23 24 25 26 27 28 29 0 3 31 32
Vg (M/s) 0.15 0.30 0.59 1.32 0.15 0.31 0.59 1.33 0.15 0.30 0.59 1.32 0.15 0.30 0.59 1.00

Packet Vg (m/s) 0.61 0.61 0.61 0.61 0.73 0.73 0.73 0.73 0.79  0.79 0.79 0.79 0.13 0.13 0.13 0.13
WC (%) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.80 0.80 0.80 0.80
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 0.001 -0.001 0.006 0.000 -0.005 0.002 0.005 -0.003 0.003 0.001 -0.003 0.001 0.000 0.006 .0080

4 10 Starldard dev. 1.759 1.817 1.906 2.026 1.745 1.799 9281 2.032 1.752 1.789 1.894 2.056 1.853 1.926 8.03 2.128
Variance -6.1E-07 -2.1E-06 -3.4E-07 1.5E-06 -2.4E-0 -3.1E-06 -4.4E-07 -3.0E-06 -2.6E-06 3.3E-06 -106E  -1.9E-06 -1.6E-06 -1.9E-06 -3.6E-06 -2.9E-06
Skewness 2.8E-06 8.2E-06 -2.1E-08 -5.9E-06 7.5E-07 8.9E-06 1.6E-06 1.2E-05 7.9E-06 -9.4E-06 6.4E-06 1EL5 1.2E-05 -1.1E-05 5.6E-06 1.9E-0!
Kurtosis 0.333 0.450 0.459 0.379 0.369 0.308 0.292 0.507 0.400 0.381 0.294 0.413 0.410 0.467 0.460 730.4
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.002 -0.001 0.000 -0.002 0.000 -0.003 D.00 -0.003 0.000 0.002 -0.003 0.001 0.004 -0.003 .00 0.004

411 Stal_'ldard dev. 1.736 1.801 1.911 2.040 1.727 1.812 .9001 2.044 1.770 1.791 1.880 2.018 1.835 1.934 8.05 2.151
Variance 1.3E-06 -1.3E-06 -3.7E-07 -1.0E-08 1.7E-06 2.6E-06 -7.7E-08 -1.7E-06 2.9E-06 -4.3E-06 -5.4E-0 -1.5E-06 -1.0E-06 4.2E-06 2.6E-06 1.8E-0p
Skewness -5.2E-06 4.6E-06 1.4E-06 5.4E-07 -5.4E-06-9.5E-06 2.4E-07 5.5E-06 -7.8E-06 1.6E-05 1.8E-06 .7E4D6 3.0E-06 -2.0E-05 -6.9E-06 -6.9E-0p
Kurtosis 0.071 0.074 0.095 0.105 0.099 0.067 0.174 0.053 0.088 0.168 0.138 0.135 0.146 0.157 0.150 250.1
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.001 -0.001 0.000 0.002 0.000 0.000 0.001 0.002 -0.001 0.000 0.001 0.000 -0.001 -0.003 0.000 0.001

4 12 Stal_'ldard dev. 1.660 1.768 1.892 2.023 1.682 1.753 .8731 1.998 1.716 1.752 1.868 2.018 1.807 1.892 .00 2121
Variance -1.5E-06 -3.7E-06 1.0E-05 8.3E-07 4.4E-07 4.2E-06 -5.7E-06 -8.7E-06 -3.1E-06 3.3E-06 -1.9E-06 -2.3E-06 2.3E-06 -9.7E-06 -5.5E-06 -1.4E-06
Skewness 7.2E-06 8.6E-06 1.1E-04 3.1E-06 2.7E-07 .3E-06 -7.4E-05 -8.7E-05 2.7E-06 -6.2E-06 4.2E-06 8.6E-07 -6.0E-06 -2.7E-06 -4.3E-05 -4.2E-06
Kurtosis 1.794 1.986 1.930 1.869 1.800 1.901 1.968 1.859 1.792 1.802 1.868 1.987 1.876 1.955 1.936 091.9
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.003 -0.004 0.003 0.000 0.003 -0.001 -0.001 0.003 -0.002 0.002 0.001 0.002 0.000 0.000 -0.001 0.000

413 Stal_'ldard dev. 1.699 1.806 1.887 2.022 1.696 1.780 .8791 2.031 1.734 1.773 1.871 1.970 1.818 1.910 71.99 2.110
Variance -1.1E-06 -1.0E-06 2.9E-06 -4.5E-06 1.6E-06 1.6E-06 -8.4E-07 -2.6E-06 1.9E-06 3.6E-06 -2.3E-07 1.4E-06 2.1E-06 -2.1E-06 2.1E-06 -2.3E-06
Skewness -9.1E-06 -1.6E-05 -3.7E-06 -3.0E-06 48E-0 -3.6E-06 -1.2E-05 2.8E-06 -3.3E-06 7.6E-06 -308E- 1.6E-06 -2.9E-06 -1.3E-05 -2.2E-05 4.8E-06
Kurtosis 0.254 0.294 0.288 0.278 0.220 0.208 0.268 0.221 0.209 0.241 0.236 0.242 0.202 0.295 0.273 680.2
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.001 -0.001 -0.002 0.003 -0.002 0.001 02.0 0.001 -0.001 0.000 -0.001 0.001 -0.001 -0.001 00®. 0.001

4 14 Stal_'ldard dev. 1.739 1.803 1.915 2.024 1.724 1.798 .8941 2.032 1.761 1.809 1.881 2.028 1.833 1.909 12.01 2124
Variance 8.1E-07 5.8E-07 -6.5E-07 -6.3E-07 2.1E-06 9.9E-07 3.1E-07 2.4E-06 7.7E-07 -1.1E-06 1.6E-06 7E26 9.0E-07 -1.8E-06 4.1E-07 4.0E-0
Skewness -2.0E-05 5.1E-06 2.3E-06 -8.3E-07 -6.0E-06-9.3E-06 -3.5E-06 -2.3E-05 -3.5E-06 4.4E-06 -508E- -1.6E-05 -8.4E-07 3.4E-07 -3.1E-06 -2.7E-Q5
Kurtosis 0.324 0.409 0.437 0.368 0.318 0.374 0.386  0.467 0.390 0.365 0.375 0.376 0.465 0.459 0.410 920.4
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.005 -0.003 0.001 0.003 0.000 0.003 -0.010 0.007 -0.004 -0.003 -0.001 0.000 0.002 -0.005 .00 -0.007

415 Standard dev. 1.734 1.782 1.886 2.004 1.712 1.786 .8961 2.032 1.733 1.773 1.875 2.021 1.825 1.925 .01 2076
Variance 9.2E-07 4.3E-06 -1.3E-06 2.3E-06 -6.6E-06 5.0E-07 2.1E-06 1.1E-06 3.5E-07 -1.2E-06 2.9E-06 .7ED6 8.0E-07 2.8E-06 -4.3E-07 -8.2E-0B
Skewness 3.0E-02 -1.2E-02 -7.8E-03 -1.1E-02 1.9E-02-5.1E-03 1.1E-02 -1.5E-02 5.3E-03 -5.6E-03 -3.36-0 1.8E-02 6.4E-03 1.0E-02 -1.1E-02 4.0E-0B
Kurtosis 0.216 0.141 0.215 0.164 0.072 0.136 0.239 0.161 0.149 0.172 0.067 0.204 0.127 0.171 0.127 650.1
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Experiment 33 34 35 36 37 38 39 40 41 42 43 44 45 6 4 47 48
Vg (M/s) 0.15 0.30 0.59 1.00 0.15 0.30 0.59 1.00 0.15 0.30 0.59 1.00 0.15 0.31 0.59 1.33
packet Vg (m/s) 0.13 0.13 0.13 0.13 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.25 0.25 0.25 0.25
WC (%) 0.60 0.60 0.60 0.60 0.40 0.40 0.40 0.40 0.20 0.20 0.20 0.20 0.80 0.80 0.80 0.80
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.001 0.001 -0.002 -0.002 0.003 -0.004 00.0 -0.001 0.001 0.002 -0.005 -0.001 0.000 0.003 02.0 -0.001
4 10 Stal_'ldard dev. 1.809 1.917 2.000 2.081 1.824 1.902 .9931 2.115 1.892 1.985 2.046 2.140 1.782 1.855 51.93 2.061
Variance 1.5E-06 1.4E-06 4.8E-07 -2.1E-06 -1.1E-06 1.5E-06 -2.3E-06 -1.7E-06 -4.7E-07 -2.1E-06 -3.%E-0 -3.8E-06 -1.8E-06 3.0E-07 1.7E-06 -1.9E-06
Skewness -4.5E-06 -4.1E-06 -1.2E-06 7.1E-06 8.5E-07-3.4E-06 4.2E-06 6.9E-06 6.1E-07 8.9E-06 7.8E-06 .4EL5 5.3E-06 1.6E-06 -3.1E-06 7.0E-0
Kurtosis 0.369 0.453 0.470 0.371 0.391 0.392 0.419 0.470 0.399 0.379 0.325 0.386 0.303 0.468 0.394 350.4
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.001 0.000 0.001 0.000 -0.001 0.001 0.000 0.001 0.001 -0.001 0.001 0.001 0.001 -0.001 0.001 .00
411 Standard dev. 1.841 1.924 2.001 2.125 1.879 1930 .0132 2.105 1.913 1.963 2.058 2.142 1.796 1.863 51.96 2.056
Variance -2.9E-07 2.0E-06 3.8E-07 -2.0E-06 1.5E-06 -1.4E-06 3.1E-06 1.2E-06 8.4E-07 2.1E-06 8.7E-08 9EA6 -6.5E-07 -4.6E-06 -1.7E-08 -9.3E-0f
Skewness 7.3E-07 -5.8E-06 -3.8E-06 8.0E-06 -4.5E-064.6E-06 -8.2E-06 -2.3E-06 -3.4E-06 -6.1E-06 3.BE-0 -5.7E-06 2.0E-06 1.3E-05 -8.5E-08 3.1E-0p
Kurtosis 0.140 0.149 0.083 0.143 0.090 0.226 0.230  0.205 0.075 0.229 0.169 0.126 0.116 0.134 0.081 070.1
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 -0.001 0.000 -0.001 0.001 0.000 0.001 0.001 -0.001 0.000 0.000 -0.001 0.000 -0.002 0.000 -0.001
412 Standard dev. 1.796 1.869 1.988 2.073 1.803 1.881 .9831 2.056 1.837 1.924 2.018 2.118 1.728 1.814 11.91 2.039
Variance -4.8E-06 8.3E-07 3.0E-07 4.4E-06 4.9E-06 8.1E-07 -1.8E-06 3.0E-06 2.2E-07 1.3E-06 -8.6E-07 .8ED6 1.7E-06 3.9E-06 -2.2E-07 -3.0E-0p
Skewness 7.6E-06 -9.3E-06 9.2E-06 -6.8E-06 4.9E-06 2.8E-06 -1.5E-05 -6.8E-06 -4.5E-06 8.7E-06 2.2E-06 1.6E-06 -3.3E-06 9.9E-06 2.8E-06 8.2E-0p
Kurtosis 1.873 1.949 1.943 2.038 1.817 1.858 2.053 1.815 1.965 1.874 1.929 1.861 1.882 1.909 2.034 521.8
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.002 -0.002 -0.001 -0.002 0.000 -0.001 00.0 -0.003 0.002 -0.003 0.001 -0.001 0.001 0.000 02.0 -0.002
413 Starldard dev. 1.798 1.899 1.996 2.073 1.809 1.888 .9911 2.096 1.860 1.929 2.023 2.124 1.749 1.831 81.91 2.043
Variance -2.8E-06 -6.6E-06 1.4E-06 3.1E-06 -9.2E-08 -2.4E-06 1.3E-06 3.7E-07 1.6E-06 8.1E-07 1.9E-06 .5E6 -2.2E-06 -1.6E-06 2.2E-06 -1.9E-0p
Skewness -4.2E-06 1.2E-05 5.6E-06 -8.7E-06 2.4E-06-1.3E-05 5.3E-06 -9.1E-07 -3.3E-06 5.8E-06 -1.7E-06 1.2E-05 -4.6E-06 4.6E-06 1.9E-07 6.8E-06
Kurtosis 0.218 0.169 0.284 0.166 0.289 0.268 0.281 0.274 0.168 0.189 0.178 0.218 0.209 0.293 0.222 990.2
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 0.002 -0.002 0.005 0.000 0.002 0.002 0.002 0.000 0.002 0.001 -0.002 -0.001 0.003 0.000 .00
4 14 Stal_'ldard dev. 1.830 1.924 1.984 2.100 1.843 1.914 .0122 2.108 1.865 1.968 2.044 2.117 1.780 1.864 21.93 2.056
Variance -1.4E-06 -3.1E-06 -3.9E-07 2.1E-06 1.3E-06 3.0E-07 1.7E-06 1.4E-06 6.9E-07 1.3E-06 4.7E-06 3EJ6 2.4E-07 2.5E-06 -6.4E-08 2.0E-0
Skewness -2.8E-05 9.8E-06 -3.4E-06 -6.6E-05 -28E-0 -1.5E-05 -3.9E-05 -4.8E-06 -4.3E-06 -5.8E-06 E50B6 -1.9E-05 -1.0E-06 -1.1E-05 3.1E-06 -1.1E-05
Kurtosis 0.445 0.396 0.431 0.411 0.445 0.419 0.486 0.417 0.363 0.381 0.481 0.312 0.446 0.462 0.343 090.4
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.002 -0.006 -0.014 0.008 0.003 -0.004 $.01 -0.003 0.007 -0.006 -0.005 -0.012 0.002 -0.008 0049. 0.000
415 Stal_'ldard dev. 1.831 1.891 1.967 2.107 1.813 1.909 .9951 2.059 1.866 1.951 2.053 2.123 1.761 1.853 4190 2.053
Variance 1.2E-06 2.3E-06 -2.5E-06 -5.9E-07 -2.3E-06 -1.5E-07 -2.8E-06 7.6E-07 -1.5E-07 2.7E-07 -8.9E-0 -4.2E-06 -1.4E-07 4.0E-08 -2.0E-06 -1.8E-(7
Skewness -9.6E-03 2.0E-02 3.4E-02 -5.5E-03 3.7E-03 3.4E-03 2.8E-02 1.1E-02 -5.4E-03 -8.1E-03 5.3E-03 .0E2 -7.0E-03 6.0E-03 -7.2E-05 1.2E-02
Kurtosis 0.065 0.106 0.193 0.237 0.118 0.185 0.142 0.129 0.072 0.088 0.133 0.097 0.164 0.089 0.161 360.1
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Experiment 49 50 51 52 53 54 55 56 57 58 59 60 61 2 6 63 64
Vg (M/s) 0.15 0.23 0.60 131 0.15 0.31 0.59 1.32 0.15 0.31 0.59 1.32 0.15 0.31 0.59 1.34
packet Vg (m/s) 0.27 0.27 0.27 0.27 0.28 0.28 0.28 0.28 0.29 0.29 0.29 0.29 0.38 0.38 0.38 0.38
WC (%) 0.60 0.60 0.60 0.60 0.40 0.40 0.40 0.40 0.20 0.20 0.20 0.20 0.80 0.80 0.80 0.80
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.002 0.002 0.000 -0.005 0.000 -0.001 -0.001 -0.002 0.000 0.005 0.001 0.001 0.001 0.004 -0.001 0.003
4 10 Stal_'ldard dev. 1.790 1.820 1.932 2.051 1.807 1.864 .9231 2.031 1.828 1.895 1.984 2.114 1.771 1.847 71.89 2.042
Variance 1.6E-07 -8.4E-07 -4.3E-07 1.7E-06 -7.1E-08 -3.4E-07 -1.2E-06 2.2E-06 -4.7E-07 6.8E-07 -2.8E-0 -2.7E-07 1.8E-06 1.5E-06 -1.8E-06 4.0E-0f7
Skewness -3.7E-07 3.1E-06 1.2E-06 -2.0E-05 4.8E-07 4.6E-07 4.6E-06 -7.6E-06 2.5E-06 -3.6E-06 1.9E-05 .0E406 -5.3E-06 -4.4E-06 3.3E-06 -2.5E-0f7
Kurtosis 0.353 0.424 0.368 0.337 0.367 0.397 0.458 0.396 0.398 0.432 0.370 0.344 0.276 0.467 0.373 850.4
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 -0.002 -0.001 -0.002 0.000 0.003 0.000 0.003 0.001 0.003 0.000 0.004 -0.001 -0.001 0.000 0.002
411 Standard dev. 1.804 1.835 1.936 2.065 1.803 1.866 .9341 2.047 1.842 1.916 1.973 2.087 1.798 1.864 71.92  2.057
Variance 1.7E-06 1.8E-06 7.8E-07 1.4E-06 2.3E-07 1E@7 -2.2E-07 -1.1E-06 -1.6E-06 4.3E-08 1.1E-06 OE206 -1.2E-06 -2.7E-06 4.4E-07 -2.6E-0f7
Skewness -4.7E-06 -6.4E-06 -2.3E-06 -4.7E-06 -80E- -2.0E-06 1.1E-06 3.3E-06 4.7E-06 4.0E-08 -3.8E-0 -6.5E-06 3.8E-06 6.8E-06 -1.3E-06 1.0E-0p
Kurtosis 0.169 0.099 0.243 0.155 0.194 0.107 0.249 0.101 0.094 0.072 0.164 0.235 0.098 0.130 0.198 640.1
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 -0.001 0.000 0.000 0.002 -0.001 0.001 0.001 0.000 -0.001 -0.001 -0.001 0.000 0.000 -0.004 0.000
412 Standard dev. 1.736 1.785 1.899 2.035 1.749 1.825 .8961 2.052 1.786 1.853 1.931 2.065 1.708 1.789 51.89 2.023
Variance 2.8E-06 9.8E-07 -2.9E-06 -8.9E-06 -1.1E-06 -4.7E-06 -4.9E-06 9.0E-06 1.0E-06 -5.0E-06 -4.6E-0 8.0E-06 8.0E-06 -1.1E-06 -2.6E-07 7.9E-0p
Skewness -6.3E-06 -3.1E-06 -2.7E-06 -1.3E-04 28E-0 -1.6E-05 -2.1E-05 3.7E-05 -7.4E-07 8.6E-07 1.6E-0 1.2E-05 -5.8E-06 5.5E-08 7.6E-07 3.2E-0p
Kurtosis 1.942 1.903 1.845 1.885 2.115 2.008 1.942 1974 1.889 1.918 2.020 1.778 1.859 1.994 1.913 371.8
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 0.003 0.000 0.001 -0.001 0.000 0.003  .00® -0.003 0.002 0.002 -0.003 0.001 0.000 -0.001 .00D0
413 Starldard dev. 1.744 1.802 1.895 2.051 1.765 1.829 .9301 2.035 1.791 1.849 1.950 2.065 1.737 1.817 11.90 2.021
Variance 2.1E-06 1.7E-06 2.6E-06 -2.1E-06 -2.0E-06 2.1E-06 -2.1E-06 -2.1E-07 -5.4E-07 -9.6E-07 1.6E-06 -1.2E-06 -1.1E-06 -2.1E-06 3.1E-06 -9.2E-Q7
Skewness -1.3E-06 5.0E-06 1.2E-05 5.4E-06 4.1E-06 4.8E-06 4.2E-06 -2.3E-06 1.6E-06 5.5E-06 7.4E-06 6E36 2.5E-07 -2.7E-05 -3.5E-06 -1.1E-0p
Kurtosis 0.155 0.229 0.228 0.153 0.316 0.195 0.365 0.321 0.169 0.247 0.190 0.250 0.260 0.294 0.241 630.1
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.002 -0.001 0.000 0.003 0.002 -0.003 -0.00  0.000 0.000 0.000 0.000 0.003 -0.001 -0.002 0.001 0.001
4 14 Stal_'ldard dev. 1.800 1.823 1.929 2.046 1.793 1.834 9211 2.040 1.847 1.865 1.977 2.108 1.749 1.825 21.93 2.030
Variance -1.6E-06 2.7E-07 -1.3E-06 -1.9E-06 2.6E-07 -1.5E-06 6.2E-07 -2.6E-06 9.5E-07 -1.4E-06 2.8E-06 -1.9E-06 2.4E-06 -1.0E-07 2.5E-06 2.0E-06
Skewness 5.4E-06 -8.9E-06 6.9E-06 3.2E-06 -1.4E-065.5E-06 -2.0E-06 1.8E-05 -3.9E-06 6.7E-06 -1.0E-05 5.4E-06 -1.5E-05 1.4E-06 -1.1E-05 -1.7E-05
Kurtosis 0.401 0.392 0.373 0.393 0.459 0.483 0.393  0.426 0.368 0.387 0.371 0.389 0.395 0.407 0.313 300.4
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.007 0.002 -0.005 -0.001 -0.001 -0.007 ©.00 0.000 0.004 -0.008 0.006 0.001 0.004 0.000 -0.009 -0.009
415 Stal_'ldard dev. 1.761 1.814 1.887 2.025 1.797 1.846 .9201 2.057 1.800 1.887 1.956 2.074 1.765 1.803 81.91 2.042
Variance -1.2E-06 -5.9E-07 1.6E-06 -6.9E-07 -3.3E-0 1.1E-07 2.0E-06 5.6E-07 2.4E-07 3.0E-06 5.5E-07 .1E®7 -2.0E-06 -7.8E-07 -3.5E-06 -3.0E-0p
Skewness -1.2E-02 -3.2E-03 1.8E-02 1.4E-02 -1.1E-02-2.7E-03 -1.3E-02 6.0E-03 -7.6E-03 7.2E-03 -5.4E-0 2.3E-03 8.5E-03 -1.9E-02 1.4E-02 -8.9E-(3
Kurtosis 0.159 0.115 0.106 0.105 0.215 0.148 0.191 0.150 0.168 0.213 0.103 0.086 0.100 0.168 0.132 270.1
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Experiment 65 66 67 68 69 70 71 72 73 74 75 76 7 8 7 79 80
Vg (M/s) 0.15 0.29 0.59 1.33 0.15 0.31 0.59 1.32 0.16 0.31 0.59 1.33 0.15 0.31 0.59 1.34
packet Vg (m/s) 0.40 0.40 0.40 0.40 0.41 0.41 0.41 0.41 0.43 043 0.43 0.43 0.51 0.51 0.51 0.51
WC (%) 0.60 0.60 0.60 0.60 0.40 0.40 0.40 0.40 0.20 0.20 0.20 0.20 0.80 0.80 0.80 0.80
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 -0.002 0.002 -0.002 0.004 0.002 -0.001 0.006 0.004 0.003 -0.002 -0.001 -0.002 -0.002 D.00 -0.003
4 10 Stal_'ldard dev. 1.801 1.842 1.887 2.023 1.773 1.861 .9351 2.048 1.806 1.864 1.951 2.072 1.765 1.837 71.87 2.016
Variance 3.8E-06 -2.1E-06 -1.4E-06 2.7E-06 3.4E-06 2.2E-06 -1.6E-06 -2.9E-07 8.7E-07 -3.2E-06 -1.8E-06 1.6E-06 -4.7E-06 -3.3E-06 -4.1E-06 -1.1E-06
Skewness -1.2E-05 8.7E-06 4.9E-06 -2.3E-05 -1.2E-05-5.3E-06 4.6E-06 7.6E-07 -2.4E-06 8.3E-06 5.9E-06 -4.5E-06 1.0E-05 8.8E-06 9.5E-06 3.3E-0p
Kurtosis 0.365 0.472 0.350 0.350 0.344 0.386 0.472  0.416 0.359 0.312 0.382 0.487 0.481 0.401 0.438 640.3
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 0.003 0.004 0.000 0.002 0.000 0.003 .00 -0.003 -0.001 0.001 0.001 0.002 0.003 -0.003 0.002
411 Standard dev. 1.773 1.825 1.931 2.056 1.796 1.837 .9241 2.048 1.811 1.897 1.981 2.076 1.778 1.843 .91 2017
Variance -2.9E-06 2.2E-06 6.1E-07 7.4E-07 -5.1E-07 2.3E-07 -1.5E-07 -6.5E-07 -2.6E-06 6.1E-07 -8.1E-07 -1.7E-06 1.3E-07 2.1E-06 1.3E-06 -2.7E-06
Skewness 1.1E-05 -5.8E-06 -3.1E-06 -2.5E-06 1.5E-06-9.7E-07 8.5E-07 2.0E-06 7.6E-06 -2.3E-06 2.6E-06 1.1E-05 -1.7E-07 -5.3E-06 -3.8E-06 7.4E-06
Kurtosis 0.124 0.109 0.128 0.110 0.073 0.168 0.174 0.091 0.066 0.191 0.168 0.156 0.077 0.110 0.198 500.1
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 0.002 0.001 0.000 0.000 0.001 -0.002 0.004 -0.001 -0.002 0.000 -0.002 0.000 0.000 0.000 0.000
412 Standard dev. 1.728 1.774 1.915 2.025 1717 1.807 .8861 2.028 1.768 1.839 1.916 2.023 1.704 1.783 91.87 2.022
Variance -9.3E-07 1.0E-06 -5.2E-06 -4.4E-06 -2.66-0 -5.3E-06 -5.1E-06 5.6E-06 -1.8E-06 3.2E-07 1.BE-0 -8.4E-06 -4.1E-06 2.0E-06 4.7E-06 -1.5E-06
Skewness -6.0E-06 6.2E-06 -1.3E-06 -6.4E-05 -1B8E-0 9.0E-06 9.8E-06 9.9E-06 5.1E-06 1.9E-07 -3.6E-06-3.3E-05 -7.5E-06 4.9E-06 9.5E-06 -7.4E-06
Kurtosis 1.910 1.812 1.927 1.907 1.853 1.961 1.866  1.925 1.829 1.987 1.877 1.821 1.802 1.932 2.039 322.0
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.004 0.002 0.003 0.000 -0.004 0.000 -0.003 -0.002 -0.003 0.001 0.001 0.002 -0.001 -0.003 ®.00 0.003
413 Starldard dev. 1.748 1.817 1.890 2.023 1.765 1.817 .8961 2.015 1.773 1.861 1.922 2.040 1.720 1.776 21.87 2.028
Variance -9.2E-07 7.7E-07 -1.0E-06 1.3E-06 3.4E-07 3.8E-06 6.0E-06 -1.0E-06 -1.9E-06 1.0E-06 -2.5E-06 2.3E-06 -3.7E-06 -1.0E-06 -2.9E-07 3.3E-0p
Skewness -1.7E-05 6.0E-06 3.0E-06 -1.1E-05 -1.1E-062.3E-06 7.2E-05 -4.2E-05 5.7E-06 -4.9E-05 5.5E-06 8.9E-06 5.8E-06 -1.6E-05 2.8E-06 4.1E-06
Kurtosis 0.231 0.252 0.278 0.272 0.213 0.247 0.212  0.253 0.177 0.161 0.205 0.267 0.182 0.194 0.225 570.2
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.001 0.000 0.003 0.001 0.002 0.000 0.000 0.0014 0.001 0.000 -0.001 0.001 0.001 0.000 0.002 .0010
4 14 Stal_'ldard dev. 1.784 1.832 1.922 2.037 1.768 1.843 .9071 2.028 1.798 1.852 1.950 2.074 1.753 1.805 21.89 2.026
Variance -2.5E-06 -1.7E-06 6.5E-07 -3.9E-06 -3.66-0 -8.1E-07 2.7E-06 2.2E-06 -1.4E-06 1.8E-06 2.5E-06 -2.6E-06 3.8E-06 2.9E-06 5.6E-06 1.3E-0p
Skewness 7.0E-06 2.9E-05 -9.5E-07 6.5E-05 3.0E-05 .3E-R6 -1.8E-05 -7.0E-06 1.5E-05 1.5E-06 -7.3E-06 .8ED6 -8.5E-05 -6.1E-06 -8.0E-05 -1.1E-0p
Kurtosis 0.377 0.505 0.439 0.400 0.393 0.398 0.493 0.391 0.348 0.363 0.418 0.366 0.381 0.396 0.308 480.4
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.007 -0.003 -0.001 -0.001 -0.002 -0.016 .002 0.002 -0.001 0.006 0.005 -0.012 -0.005 -0.005 0.001 -0.008
415 Stal_'ldard dev. 1.747 1.820 1.890 2.032 1.776 1.835 .9291 2.008 1.781 1.852 1.930 2.045 1.732 1.822 71.88 2.006
Variance -5.5E-07 2.1E-06 6.9E-07 1.1E-06 3.8E-07 1.7E-06 -2.0E-06 3.1E-07 3.5E-07 -1.6E-06 1.1E-06 .5E6 7.5E-07 1.4E-06 -3.6E-06 -1.1E-0p
Skewness 1.3E-02 1.8E-02 -1.3E-02 1.1E-03 -7.0E-038.0E-03 1.4E-02 6.0E-03 3.7E-03 -1.8E-04 -8.9E-04 .8E102 1.7E-02 3.6E-02 3.3E-03 1.4E-02
Kurtosis 0.110 0.137 0.075 0.133 0.140 0.077 0.172  0.248 0.149 0.144 0.075 0.099 0.077 0.096 0.116 230.1
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Experiment 81 82 83 84 85 86 87 88 89 90 91 92 93 4 9 95 96
Vg (M/s) 0.15 0.24 0.59 1.34 0.16 0.31 0.59 1.34 0.16 0.35 0.66 1.33 0.15 0.31 0.60 1.32
packet Vg (m/s) 0.53 0.53 0.53 0.53 0.55 0.55 0.55 0.55 0.57 0.57 0.57 0.57 0.64 0.64 0.64 0.64
WC (%) 0.60 0.60 0.60 0.60 0.40 0.40 0.40 0.40 0.20 0.20 0.20 0.20 0.80 0.80 0.80 0.80
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.002 -0.001 0.000 0.001 0.004 -0.007 -0.001 -0.002 -0.004 0.001 -0.005 -0.004 -0.002 0.001 00D. -0.002
4 10 Stal_'ldard dev. 1.768 1.814 1.917 1.999 1.770 1.813 .9041 2.026 1.844 1.750 1.944 2.058 1.733 1.806 61.89 2.001
Variance -1.1E-06 1.9E-06 1.4E-06 2.0E-06 -3.0E-06-5.3E-07 -1.2E-06 1.8E-06 5.2E-06 4.6E-07 2.0E-06 4.2E-07 -3.8E-06 6.8E-07 1.2E-06 -4.2E-06
Skewness 3.7E-06 -4.8E-06 -5.4E-06 -5.1E-06 1.2E-05 1.3E-06 8.4E-06 -2.3E-06 -1.2E-05 -3.0E-06 8.1E-07 1.2E-06 3.1E-05 -1.5E-06 -3.7E-06 1.2E-0p
Kurtosis 0.454 0.462 0.427 0.346 0.370 0.373 0.481 0.416 0.398 0.350 0.447 0.405 0.394 0.382 0.490 550.3
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 0.002 -0.001 -0.002 -0.003 0.002 0.003 0.002 0.000 -0.003 0.001 0.003 0.003 0.004 0.000 .000
411 Standard dev. 1.788 1.814 1.911 1.987 1.775 1819 9171 2.013 1.832 1.761 1.946 2.040 1.730 1.842 41.88  2.015
Variance -1.1E-06 7.2E-07 3.4E-06 -2.4E-06 -2.1E-06 -1.0E-06 2.8E-06 6.8E-07 -1.8E-06 -4.3E-08 1.5E-06 -2.3E-06 3.8E-07 2.9E-06 -2.2E-06 -8.0E-07
Skewness 3.2E-06 -1.6E-06 -1.1E-05 7.9E-06 6.2E-06 3.0E-06 -8.5E-06 -3.1E-06 5.1E-06 3.0E-07 -1.5E-06 8.8E-06 -1.1E-06 -4.1E-06 6.3E-06 2.5E-06
Kurtosis 0.126 0.119 0.142 0.158 0.105 0.195 0.171 0.184 0.085 0.134 0.114 0.178 0.094 0.180 0.143 300.1
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.001 0.000 0.001 0.002 0.001 0.000 0.001 0.004 -0.001 0.001 0.000 0.001 0.002 -0.001 0.000 0.002
412 Standard dev. 1.702 1.743 1.856 2.032 1.741 1.794 8901 2.032 1.789 1.674 1.901 2.039 1.703 1.775 81.87 1.993
Variance 5.9E-06 1.5E-06 -3.0E-06 4.1E-06 1.7E-06 .7E®7 -2.0E-06 1.0E-06 -6.4E-06 -5.3E-07 -1.1E-05 3.6E-06 -1.5E-06 3.3E-06 -5.4E-06 -1.4E-06
Skewness 7.3E-06 -4.1E-06 4.4E-06 2.6E-06 -5.1E-06-6.2E-07 4.1E-06 -1.9E-06 1.5E-05 1.5E-06 -8.3E-05 4.6E-07 -1.6E-06 2.8E-05 -4.8E-05 -5.3E-06
Kurtosis 1.717 1.798 1.935 2.023 1.948 1.920 1.912 1.820 1.840 1.909 1.963 1.880 1.860 1.925 2.014 121.9
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 0.002 -0.001 -0.001 0.002 -0.001 0.003 0.000 0.000 0.000 -0.001 -0.005 0.001 0.000 0.000 0.000
413 Starldard dev. 1.745 1.763 1.889 1.998 1.730 1797 .8751 2.008 1.809 1.697 1.909 2.032 1.717 1.775 41.85 1998
Variance -3.7E-06 2.6E-06 2.1E-06 -3.2E-06 -2.2E-06 -8.2E-07 -2.5E-07 1.4E-06 2.1E-07 3.9E-06 -2.0E-06 7.1E-07 4.1E-07 -4.1E-06 5.8E-07 1.9E-0p
Skewness 2.7E-06 2.5E-06 -2.6E-06 2.2E-06 6.4E-06 1.6E-06 -8.1E-07 9.2E-06 9.3E-06 5.7E-07 3.0E-06 9EA5 5.9E-06 -2.0E-06 -1.5E-06 4.0E-07
Kurtosis 0.189 0.177 0.288 0.180 0.256 0.249 0.291 0.238 0.236 0.180 0.233 0.239 0.125 0.242 0.226 500.2
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 0.002 0.000 0.000 0.003 0.000 0.000 .00D 0.000 0.002 -0.003 -0.001 -0.003 0.000 -0.002 0.004
4 14 Stal_'ldard dev. 1.768 1.790 1.895 2.002 1.799 1.823 .9041 2.025 1.811 1.727 1.933 2.050 1.725 1.810 21.89  2.020
Variance 2.2E-06 -1.6E-06 -2.7E-06 -1.9E-06 3.3E-06 5.9E-07 -1.3E-06 -5.2E-07 -3.8E-06 -3.3E-07 -30BE- 4.2E-07 4.4E-07 -5.8E-07 -1.3E-07 3.4E-06
Skewness -5.4E-05 1.4E-05 1.9E-05 1.4E-05 -6.1E-05-3.8E-06 4.5E-06 5.4E-06 3.1E-05 1.4E-05 4.0E-05 6EA6 -9.0E-07 6.1E-06 4.2E-07 -1.7E-0p
Kurtosis 0.440 0.399 0.404 0.377 0.420 0.486 0.382  0.486 0.346 0.344 0.334 0.298 0.385 0.413 0.359 540.3
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.012 0.008 0.004 0.007 -0.007 -0.005 0.011 -0.003 0.007 0.007 0.009 -0.010 0.000 -0.007 0.008 0.001
415 Stal_'ldard dev. 1.735 1.775 1.903 2.052 1.736 1.827 9121 1.996 1.817 1.727 1.928 2.046 1.722 1.807 21.88 1.994
Variance 2.1E-06 7.4E-07 -9.7E-07 1.9E-06 1.9E-06 .7ELD6 -1.4E-06 -2.1E-06 1.9E-06 -2.5E-06 2.1E-06 .5E106 -2.1E-06 2.8E-08 -1.4E-06 -2.2E-0p
Skewness 3.4E-02 -3.5E-03 1.2E-03 -2.9E-03 1.2E-02 8.4E-03 5.7E-04 6.8E-04 1.2E-02 4.0E-03 -1.8E-02 3ED3 1.5E-02 1.0E-02 8.1E-03 1.9E-02
Kurtosis 0.092 0.103 0.138 0.135 0.105 0.161 0.193 0.121 0.088 0.100 0.146 0.130 0.101 0.138 0.172 580.1
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Experiment 97 98 99 100 101 102 103 104 105 106 107 108 109 110 111 112
Vg (M/s) 0.15 0.59 131 0.16 0.31 0.60 1.34 0.16 0.32 0.61 1.25 0.15 0.30 0.60 1.33 0.15
packet Vg (m/s) 0.66 0.66 0.66 0.69 0.69 0.69 0.69 0.72 0.72 0.72 0.72 0.76 0.76 0.76 0.76 0.80
WC (%) 0.60 0.60 0.60 0.40 0.40 0.40 0.40 0.20 0.20 0.20 0.20 0.80 0.80 0.80 0.80 0.60
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 -0.001 0.003 -0.004 -0.001 0.001 0.000 -0.001 0.002 -0.002 0.002 -0.005 0.002 -0.002 D.00 -0.001
4 10 Stal_'ldard dev. 1.751 1.884 1.990 1.760 1.857 1.907 .0292 1.795 1.822 1.925 2.021 1.728 1.794 1.853 81.95 1.772
Variance -1.8E-06 -1.8E-06 1.1E-06 -4.3E-06 1.4E-06 -9.0E-07 -4.8E-07 4.3E-07 4.1E-08 1.5E-06 1.9E-08 7.6E-07 -4.2E-06 -2.7E-06 3.9E-07 7.5E-0y
Skewness 5.4E-06 2.1E-06 -5.3E-06 2.7E-05 -6.7E-072.9E-06 1.3E-06 -1.7E-06 4.8E-08 -7.0E-06 5.6E-06 1.8E-06 2.5E-05 9.3E-06 -1.5E-06 -8.4E-07
Kurtosis 0.414 0.480 0.377 0.320 0.389 0.449 0.402  0.341 0.356 0.298 0.416 0.398 0.381 0.458 0.467 260.4
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 0.003 -0.001 -0.001 -0.001 -0.002 08.0 -0.001 0.003 -0.002 -0.002 0.002 -0.003 -0.001 0.001 -0.001
411 Standard dev. 1.746 1.881 2.012 1.753 1.822 1.896 .0152 1.806 1.846 1.931 2.045 1.726 1.805 1.883 .00 1.763
Variance 2.1E-06 -1.3E-06 1.2E-06 1.4E-06 -1.1E-06 1.5E-07 5.5E-07 -1.8E-06 -5.4E-07 2.5E-06 -3.3E-06 5.7E-07 3.0E-06 9.1E-08 4.5E-07 -2.7E-06
Skewness -7.8E-06 2.6E-06 -4.3E-06 -4.3E-06 3.2E-06-4.1E-07 -1.8E-06 4.4E-06 1.5E-06 -7.9E-06 8.9E-06 -1.5E-06 -8.4E-06 -2.5E-07 -1.7E-06 1.1E-0p
Kurtosis 0.121 0.132 0.165 0.083 0.085 0.122 0.237  0.109 0.162 0.166 0.174 0.090 0.118 0.115 0.044 440.1
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.001 0.000 0.001 0.000 -0.001 -0.001 0.000 0.000 0.001 0.002 -0.001 -0.003 0.001 0.002 -0.001 -0.001
412 Standard dev. 1.719 1.854 1.978 1.719 1771 1.870 .0032 1.754 1.799 1.892 2.027 1.686 1.744 1.826 71.97  1.705
Variance -2.8E-06 2.5E-06 -4.7E-06 -3.9E-06 -2.86-0 2.3E-06 6.1E-06 8.0E-06 5.4E-06 -1.4E-05 5.5E-06 -2.2E-06 2.2E-06 -1.8E-06 3.5E-06 2.0E-06
Skewness 7.0E-06 5.2E-06 1.2E-05 1.1E-05 3.8E-06 .5E-66 9.1E-05 9.3E-05 -9.6E-07 -6.9E-05 3.1E-05 6E®6 -5.0E-06 5.6E-06 2.4E-06 -4.8E-0p
Kurtosis 1.852 1.826 1.996 1.805 1.890 2.014 1.816  1.887 1.865 1.892 1.854 1.871 1.896 1.938 1.812 601.8
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 0.002 -0.002 0.003 0.002 0.000 0.001  0.002 0.000 -0.002 0.003 -0.001 0.000 0.002 -0.001 0.000
413 Starldard dev. 1.706 1.837 1.977 1.739 1.776 1878 .0212 1.742 1.801 1.881 2.003 1.715 1.771 1.848 11.98 1.725
Variance 3.5E-07 5.3E-07 8.3E-07 1.4E-07 -2.6E-06 .5E®7 3.8E-07 -2.1E-06 1.8E-06 1.9E-06 2.8E-07 6E26 -5.0E-07 2.0E-06 -3.2E-07 -5.4E-0p
Skewness -8.7E-07 -2.1E-06 -2.3E-06 1.4E-06 5.9E-07 1.2E-05 -2.1E-06 4.9E-06 2.5E-05 1.5E-05 4.4E-06 .6E7 -5.0E-06 1.9E-05 1.8E-06 2.3E-0
Kurtosis 0.210 0.242 0.242 0.215 0.222 0.299 0.226  0.190 0.271 0.269 0.238 0.152 0.288 0.235 0.213 600.2
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.002 -0.001 -0.001 0.001 0.001 0.000 -0.002 -0.002 0.000 0.002 0.003 0.001 0.001 0.002 -0.001 0.000
4 14 Stal_'ldard dev. 1.752 1.879 2.001 1.779 1.806 1.863 .0012 1.776 1.828 1.908 2.041 1.736 1.786 1.882 31.98 1.757
Variance -1.7E-06 2.0E-06 -1.3E-06 3.0E-06 -2.1E-06 1.9E-06 -4.3E-07 1.5E-06 -3.6E-07 -3.5E-06 4.2E-07 -1.2E-06 3.8E-06 6.0E-07 -1.7E-06 -3.7E-Q7
Skewness 5.8E-06 -1.6E-05 3.8E-06 -2.3E-05 7.4E-06-8.6E-06 -4.7E-07 -4.4E-06 -3.3E-07 1.8E-05 -9.7E-0 1.1E-05 -9.3E-06 -7.6E-08 4.5E-06 -7.1E-06
Kurtosis 0.323 0.338 0.426 0.324 0.391 0.469 0.401 0.366 0.344 0.446 0.342 0.375 0.369 0.435 0.338 560.3
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.014 0.006 0.004 -0.016 0.002 0.008 -0.003 0.007 -0.006 -0.002 -0.004 -0.009 0.002 -0.002 008. 0.004
415 Stal_'ldard dev. 1.747 1.848 1.995 1.744 1.807 1.869 .9891 1.767 1.810 1.887 2.012 1.715 1.775 1.849 81.98 1.745
Variance 8.5E-07 -1.7E-06 -2.3E-07 1.1E-06 1.6E-06 -1.9E-06 3.4E-07 2.4E-07 -2.9E-06 -1.9E-06 2.2E-06 1.0E-06 -3.4E-07 2.5E-06 1.3E-06 2.8E-06
Skewness 3.7E-02 -2.3E-02 -1.8E-02 2.4E-02 8.2E-03-6.4E-03 1.4E-02 -6.8E-03 2.3E-02 8.3E-03 1.7E-02 .3E03 -6.1E-03 4.6E-03 2.1E-02 5.3E-0
Kurtosis 0.103 0.218 0.107 0.078 0.121 0.116 0.125 0.196 0.096 0.103 0.121 0.119 0.122 0.241 0.188 140.1
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Experiment 113 114 115 116 117 118 119 120 121 122 123 124 125 126
Vg (M/s) 0.23 0.62 1.32 0.16 0.32 0.60 1.33 0.15 0.32 0.66 1.32 0.15 0.31 0.60
Packet Vg (m/s) 0.80 0.80 0.80 0.83 0.83 0.83 0.83 0.86 0.86 0.86 0.86 0.15 0.15 0.15
WC (%) 0.60 0.60 0.60 0.40 0.40 0.40 0.40 0.20 0.20 0.20 0.20 0.00 0.00 0.00
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.000 0.002 0.004 0.002 0.003 0.002 -0.001 0.004 -0.004 -0.001 -0.002 0.002 -0.002 0.00
4 10 Standard dev. 1.815 1.858 2.006 1.754 1.797 1.895 .0002 1.783 1.834 1.913 2.020 1.875 1.966 2.04y
Variance 1.9E-06 3.4E-06 -1.7E-06 -2.1E-06 -3.5E-06 8.7E-07 -1.4E-06 -1.1E-07 -1.4E-06 1.3E-06 -1.BE-0 -3.2E-06 -5.1E-07 1.1E-06
Skewness -2.5E-05 -1.0E-05 5.4E-06 3.0E-06 2.6E-06-2.3E-06 6.8E-06 1.8E-05 4.2E-06 -5.9E-06 5.8E-06 .1E405 1.5E-06 -3.6E-06
Kurtosis 0.345 0.432 0.408 0.371 0.359 0.358 0.311 0.373 0.327 0.490 0.408 0.350 0.317 0.348
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.001 0.001 0.001 -0.002 0.003 -0.001 0.001 -0.002 0.001 -0.003 -0.001 -0.002 0.000 -0.004
411 Standard dev. 1.806 1.877 2.011 1.780 1.817 1.892 .0042 1.798 1.825 1.929 1.992 1.901 1.961 2.034
Variance -6.4E-07 -2.4E-08 1.0E-06 2.4E-06 -3.0E-06 5.5E-07 -1.0E-06 -4.9E-07 -1.3E-06 -4.3E-06 -18E- -1.6E-07 1.5E-07 -9.7E-07]
Skewness 1.9E-06 9.0E-08 -2.0E-06 -6.9E-06 5.0E-06-2.0E-06 3.1E-06 1.5E-06 4.1E-06 1.4E-05 4.2E-07 .2E®7 -3.2E-07 3.2E-06
Kurtosis 0.125 0.161 0.090 0.030 0.118 0.122 0.134 0.121 0.168 0.011 0.073 0.110 0.162 0.095
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 0.000 0.002 0.000 -0.001 0.000 -0.001 -0.001 0.000 0.000 -0.004 0.000 -0.001 0.00
412 Standard dev. 1.774 1.851 2.016 1.702 1771 1.847 .0272 1.734 1771 1.924 2.000 1.846 1.933 2.01p
Variance 8.2E-06 -3.5E-06 6.1E-07 -1.1E-06 -4.3E-06 3.3E-06 5.1E-06 -3.3E-06 5.5E-07 -4.6E-06 -2.1E-06 6.9E-06 -4.0E-06 2.3E-06
Skewness -1.6E-05 -4.2E-09 4.4E-06 2.3E-06 8.7E-06-1.2E-06 -9.4E-06 5.0E-06 4.8E-06 1.1E-05 5.0E-06 .0E&)6 5.7E-06 1.5E-05
Kurtosis 1.921 1.891 1.828 1.847 1.897 1.900 1.848 1.796 1.887 1.851 1.885 1.960 1.888 1.879
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.001 -0.004 0.002 -0.002 0.002 -0.004 08.0 0.000 0.000 0.001 0.002 0.000 -0.003 0.00
413 Starldard dev. 1.760 1.877 1.992 1.754 1.793 1.869 .0032 1.749 1.791 1.890 2.021 1.857 1.937 2.01p
Variance -4.1E-06 -1.6E-06 4.3E-07 -1.6E-06 4.6E-06 -1.4E-06 -1.3E-06 -1.6E-06 8.1E-07 -1.3E-06 8.7E-0 -2.1E-07 -4.1E-06 8.3E-07
Skewness -5.1E-05 -6.8E-06 2.2E-06 -3.0E-05 4.4E-06-5.4E-05 -8.5E-06 1.5E-06 2.1E-05 -5.5E-06 -3.66-0 1.9E-07 -4.3E-05 -5.9E-07|
Kurtosis 0.240 0.275 0.196 0.232 0.261 0.275 0.278 0.123 0.181 0.185 0.210 0.174 0.179 0.223
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000
Median 0.001 0.002 0.000 0.004 -0.002 -0.001 0.002 0.005 -0.002 -0.001 0.000 0.000 0.004 0.002
4 14 Stal_'ldard dev. 1.797 1.888 2.019 1.753 1.832 1.877 .9741 1.766 1.809 1.892 2.013 1.870 1.962 2.038
Variance -5.7E-07 -1.8E-06 2.2E-06 -3.7E-07 3.6E-06 -1.6E-07 1.6E-06 2.5E-06 3.5E-06 2.7E-06 2.6E-06 .1E36 1.6E-06 3.6E-07
Skewness 1.5E-06 1.3E-05 -1.3E-05 6.8E-06 -3.9E-053.6E-07 -1.0E-05 3.4E-06 -3.7E-05 -5.3E-05 -7.6E-06 -4.1E-05 -6.0E-06 -8.3E-06
Kurtosis 0.383 0.427 0.493 0.427 0.373 0.271 0.296 0.391 0.381 0.451 0.351 0.376 0.342 0.362
Mean 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 0.000 0.000
Median -0.003 -0.007 -0.016 0.005 0.001 0.002 0.004 0.003 -0.010 0.005 -0.006 0.003 -0.009 -0.018
4 15 Stal_'ldard dev. 1.802 1.867 1.997 1.742 1.804 1.869 .9721 1.750 1.806 1.881 2.023 1.870 1.948 2.01y
Variance -4.6E-07 2.2E-06 -2.6E-06 3.1E-06 -4.8E-07 4.5E-06 2.4E-06 -8.3E-07 -3.0E-06 -2.6E-06 -7.4E-0 -1.4E-06 1.8E-07 -2.6E-06|
Skewness 5.5E-03 1.5E-02 1.8E-02 3.1E-03 1.5E-03 1E-@2 5.5E-03 -1.8E-02 4.2E-03 -2.7E-03 4.8E-03 EDg 1.9E-02 8.0E-03
Kurtosis 0.109 0.064 0.132 0.133 0.125 0.192 0.101  0.152 0.052 0.077 0.116 0.150 0.157 0.132
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Appendix E — ANN Feature Contouring and Selection
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E.1 Feature Selection and Pre-Processing

Preliminary investigation of a wide range of caradel features was undertaken
employing digital signal processing techniques.t@&erfeatures failed to exhibit any
appreciable discriminatory ability and were notsidered worthy candidates for further
analysis (maximum, minimum and range features).

Definite discriminability abilities were shown blyg moments of distribution amplitude
features, linear prediction coefficients, lineaespal frequencies and autocorrelation
parameters. These features were selected for fuehalysis using feature contour
mapping techniques.

Table E.1 summaries the features extracted from the diffedemains for further
examination. Definition of these features is giveAppendix B.

Information Domain

Feature Symbol Amplitude LPC LSF ACF
Mean Value AV 4

Standard Deviation SD v

Coefficient of Variation CV 4

Coefficient of Skewness CS v

Coefficient of Kurtosis CK v

Signal Total Energy = v

Linear Prediction Coefficient 2 LPC2 v

Linear Prediction Coefficient 3 LPC3 v

Linear Prediction Coefficient 4 LPC4 v

Linear Prediction Coefficient 5 LPC5 v

Linear Prediction Coefficient 6 LPC6 v

Linear Prediction Error & v

Line Spectral Frequency 1 LSF1 v

Line Spectral Frequency 2 LSF2 v

Line Spectral Frequency 3 LSF3 v

Line Spectral Frequency 4 LSF4 v

Line Spectral Frequency 5 LSF5 v

ACF Coefficient at Minimum AC1 v
ACF Lag Minimum AC2 v
ACF Coefficient at Pseudo Period AC3 v
ACF Pseudo Period AC4 v

Table E.1 — List of Features Extracted from Infotima Domains

Experience has shown pattern recognition systenergésation can be improved if
certain pre-processing steps are performed on th@hpattern recognition system’s
inputs and targets. These techniques can range d$iomple normalisation to feature
pruning. Three commonly applied routines are dbscki
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* Range Equalisationinput features are scaled so that they all fathiw a
specified range, usually -1 to 1.

» Zero-Mean and Unit Variancénput features are normalised by centring the
data values and then dividing them by their stashdawviation so that they will
have zero mean and unity standard deviation.

e Principal Component Analysis (PCA)a procedure for performing
dimensionality reduction of a feature set. Thishteque has three effects:
orthogonalisation of the components comprisingitipeit vectors (inputs are
uncorrelated); ordering of the resulting orthogoo@mponents (the so-called
principal components) so that those with the largesiation come first; and
elimination of components that contribute only eairamount to the variation
in the data set{1].

The PCA routine subtracts the mean of each fedtore input vector. The
covariance matrix of the adjusted data set is ttedoulated. The eigenvector
and eigenvalues of the covariance matrix are theterdchined. The
significance of the features can be determined ftloenrelative magnitude of
their eigenvalues: the eigenvector which has thigekt eigenvalue is the
principle component.

Preliminary examinations of the three techniques-pocessing routines with the
gamma densitometer data established that the simplenalisation routine was

significantly less effective than the other methotise marked difference between the
routines’ performances was attributed to the ingbhibf the simple normalisation

technique to assign an equal emphasis to each wgxtor. The other techniques
achieve equalisation of the input vector through dpplication of zero-mean and unit
variance normalisation.

As an extended number of features had been extrécm the raw data signals, it was
considered that PCA may prove to be a valuable ftoolfacilitating further
dimensionality reduction and it could aid in theetmination of a subset of features
with strong discriminatory abilities. Nevertheless,was recognised that for some
problems the key discriminatory data may exist agsbthe lower order PCA vectors.

Two main comparisons were undertaken using the temaining pre-processing
routines of interest. In the first instance the P®&s employed in an orthogonalising
capacity only (no features were pruned) and itfoperance assessed against that of the
zero-mean and unit variance normalisation. The ltespbtained showed that the
network performances were comparable with no apgiokr difference in their
classification accuracy.

The pre-processing routines were subjected to durtimalysis; however, on this
occasion the PCA routine was also used to reduealithensions of the input feature
vector: features contributing less than 0.01% &dterall variation in the data set were
removed. Figure E.1 illustrates the effect of dimensionality reductiaon the
classification capabilities of the neural netwdtlkcan be clearly seen that the lower the
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number of principal components, the poorer the ngtwerformance. The principle
components identified in the hard spectrum inpatuee, and their relative ranking, is
detailed inTable E.2

Rank Feature

Mean Value

Coefficient of Kurtosis
Coefficient of Variation
Standard Deviation
Coefficient of Skewness
LPC2

ACF Pseudo Period

ACF Coefficient at Minimum
LSF4

OO |N|O|OTBWIN|F

Table E.2 — List of Principle Components in Har&&pum Input Feature

In this instance, it was observed that the netv@iormance varied with both the pre-
processing routine used, depending on the featymat iset being examined. There was
no apparent trend in the routine-feature combinagtidghat offered a satisfactory
explanation for the discrepancies observed in teevork performance for certain
permutations.

——\Vsg
—=—Vsl
—&— W C

Correaltion Coefficient (R)
o
@

T T T T T T T
1 3 5 7 9 11 13 15
No. Principal Component Vectors

Figure E.1 — Principal Component Analysis Evaluatio

Consequently, both the zero-mean and unit-variammenalisation and PCA were
studied as part of the current research prograniheeral network simulations were
repeated using both pre-processing routines; teoabling the influence of the pre-
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processing routine on the network’s performancke@valuated over a wider range of
input feature combinations.

E.2 Feature Contour Mapping

Identified features had all shown some degree idigtation during the preliminary
analysis. These features were extracted from tiie the hard and soft gamma signals.
As the response of the gamma photons to variationswultiphase flow is energy
dependent, the hard and soft energies operatdieéfigcas two independent sensors. A
third signal was from the hard and soft spectraiytracting the hard signal from soft
signal to yield the difference between the specitds enables the differing spectra
response to be analysed for pattern recognitiatstréihe features ifable E.1 were
also extracted from the ‘difference’ signal for usgpattern recognition analysis.

Investigation of the extracted features’ respomses the range of flows examined was
undertaken using feature a contour plotting tealmmigContour plots facilitate the
representation of three-dimensional data on a tweedsional plot. Consequently, the
feature trends could be visualised by monitoring thriations in their magnitude with
alterations in gas and liquid superficial velodti®sq and V4 respectively). The feature
magnitude can then be plotted as a series of contower an intersecting grid of
superficial gas and liquid velocities. The testp®iwere superimposed onto the grid to
aid trend visualisation. The test point water duse also been identified for trending
purposes.

E.2.1 Hard Energy Features

Figure E.2 (a) — (f) show normalised feature distribution maps for #mplitude
features extracted from the hard energy. A zeromsal unit-variance normalisation
procedure was applied to all feature data setadilithte effective comparison between
different features.

The mean value feature shows a definite responbettothe gas and liquid superficial
velocities, although with a distinct bias towartie gas. The mean value’s magnitude
increased with increasing gas and decreasing ligupkerficial velocities. The mean
feature contour reaches a peak at minimum liquidoiy and a gas velocity of 1 ils
The maximum was located in this position as no getiats for the highest gas and
lowest liquid rates were obtainable during test jgaign.

Examining the standard deviation feature contougeaeral increase in the feature
magnitude was observed with increasing gas suparfielocities. The liquid loading
displays a complex relationship with the standagdiation, having little influence at
the upper and lower gas velocities but dominathey feature between gas loadings of
between 0.6 and 1 MsAs a result, two regions of feature maxima anentbon the
standard deviation contour plot: Gs2/sq < 0.3 ms' and 0.6< Vg < 0.6 ms'; and 1<
Vsg< 1.25 m§ and \4 < 0.6 ms".

It would seem likely that the different contouriregions are induced by the presence of
data points of different flow regimes. The domingtiflow regime will have a
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significant influence on the feature response. dsviypothesised that the contouring
features observed for superficial gas velocitiess lthan 1 mS would depict feature
trending in the bubble flow regime while those la higher gas velocities would be
representative of feature response in the slug flegime. The sensitivity of pattern
recognitions techniques to the prevailing flow negs will be examined later in this
report.

Feature contours for the coefficient of variatitow complex swirling patterns for low
gas loads (< 0.7 ms'"). Two maxima regions can be found for the variafieature in
this complex swirling region. At gas superficialaties greater than 1 ighe liquid
loading dominates the feature magnitude, increasittydecreasing liquid loads.

The magnitude of the coefficient of skewness featxhibited an affinity for the both
the gas and liquid superficial velocities. A stragpendency on the gas velocity was
evident across the whole of the flow range with toefficient of skewness feature
magnitude decreasing with increasing gas velociliae skewness showed an increased
sensitivity towards the liquid loading atsg/> 0.4 ms'. At low gas flow rates, the
skewness is unaffected by liquid velocity variaiphbut as the gas velocity increases, so
does the liquid velocity’s influence: increasingtigre magnitude with increased liquid
superficial velocity.

The coefficient of kurtosis feature contour pldustrates a strong dependence on the
gas loading, with feature magnitude decreasing witheasing gas phase velocity. In a
similar fashion to the coefficient of skewness te@f liquid loading exhibited little
influence at low superficial gas velocities but\a, > 0.4 ms$' increasing the liquid
loading results in an increased coefficient of &sid feature magnitude.

Analysing the total signal energy, an almost idmitresponse to that of the mean was
produced: the feature magnitude increases witheasing gas and decreasing liquid
superficial velocities. Accordingly, the total sainenergy of the hard energy was
eliminated from further analysis.

Figure E.3 (a) — (f)show normalised feature distribution maps forlthear prediction
coefficients extracted from the hard energy signal.

LPC2 exhibits a strong dependence on the liquid@lsaperficial velocity for low gas
velocities (< 0.5 m¥d), increasing with decreasing liquid velocity. Aetupper range of
gas velocities, the feature’s response was weak wétiations in both gas and liquid
superficial velocities.

Examining the LPC3 feature, three regions of défemresponse were identified. At gas
velocities less than 1 msthe feature shows a strong affinity for the lifjwielocity:
decreasing with increases in the magnitude of thgericial liquid velocity. For gas
velocities between 1 and 2 tsthe feature demonstrates an identical responsésbu
more sensitive to the liquid load. Gas superfigigbcities greater than 2 msesulted

in gas velocity dominated LPC3 values, the feamagnitude decreasing as the gas
velocity increases.

268



The LPC4 parameter displayed three distinct regadnesponse as seen with the LPC3
feature. At low gas loads, the LPC4 feature mageitwas observed to increase with
liquid superficial velocity. Between gas velocitie1 and 2 m$, the liquid velocity
continues to dominate the feature response, thapheight increasing with the liquid
velocity. The LPC4 response at a superficial gaecity greater than 2 miswas
dominated in a similar fashion by the liquid load.

LPC5 and LPC6 revealed similar responses acrosfidiverange, feature magnitude
increasing with liquid load except that the LPC5swmaore sensitive to these variations
in superficial liquid velocity.

The error associated with the LPC parametegsskow discernable discriminatory
abilities. The error was observed to increase witheasing gas loads and decreasing
liquid loads. The parameters sensitivity to thauiligloading is a function of the gas
velocity, with sensitivity increasing with the sufieial gas velocity.

Figure E.4 (a) — (e)show normalised feature distribution maps for lthear spectral
frequency features extracted from the hard energy.

LSF1 showed dependency on both the gas and liguyadr8cial velocities. The largest
feature magnitudes were produced for low gas laadshigh liquid loads. The feature’s
sensitivity to the liquid loading decreased sigraftly with increasing gas velocity.

LSF3 exhibited the same response to gas velociigtians as the LSF1 parameter but
yielded an inverse response with respect to theditpading. The feature’s sensitivity

to the liquid loading was similarly a strong fureti of the gas superficial velocity,

decreasing with increasing gas velocities.

The LSF5 feature yielded a response evocativeatfdhserved for LSF3 aside from the
sensitivity to the liquid loading. LSF5 was obseatte be more sensitive to liquid load
variations as seen with the increased contour sgadong the vertical axis.

The contour plots for the LSF2 and LSF4 featuresgaite similar. There appears to be
three distinct regions exhibiting very responsetgoat to variations in the gas and
liquid superficial velocities. At gas velocitiessie than 1 m§ the liquid velocity
dominates the feature magnitude which increasds ligiid flow. Between 1 and 2 ms

! there is an increased sensitivity to the gas.|tmthis region, increasing liquid flow
continues to increase the feature magnitude whiteeasing the gas velocity tends to
reduce the feature magnitude. The features’ seitgito the gas loading decreases as a
function of increasing liquid load. At the uppenge of the gas loads examined (2 — 2.7
ms?'), the feature magnitude remains dominated by itngid velocity. However, its
magnitude now increases with decreasing liquidaiglo

Figure E.5 (a) — (d)show normalised feature distribution maps for dhéocorrelation
function parameters extracted from the hard energy.
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ACF 1 and ACF 3 showed a strong dependency on #ee sgyiperficial velocity.

Complex feature contours with localised maximumsosg the flow domain were
observed for these parameters.

The magnitude of the ACF2 and ACF4 features deeckasth increasing liquid flow

rate and decreasing gas load. The feature respdriie ACF4 feature is very weak at
low gas flow rates.
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E.2.2 Soft Energy Features

Figure E.6 (a) — (f) show normalised feature distribution maps for #mplitude
features extracted from the soft energy. As one ldvaxpect, the feature maps
produced were very similar to those acquired frbedoft energy.

The soft energy mean feature exhibits a definispoase to both the gas and liquid
superficial velocities, although the liquid infllen on the feature diminishes with
increasing gas velocity. The hard and soft spestemn feature maps are virtually
identical.

The soft energy standard deviation was in accomlavith that obtained from the hard
energy with the relative feature contour magnitusdesnparable with analogous
variations in the phase superficial velocities.

The coefficient of variation feature exhibited nmral discrepancies between its hard
and soft spectra responses. This corresponds téllthe similarities observed for the
hard and soft spectra mean and standard deviatainre contour plots.

Plotting the feature magnitude for the soft energgfficient of skewness feature, one
can observe a similar mapping pattern to that obthby the hard energy. However, at
superficial gas velocities greater than 1.5'nthe feature magnitude of the soft energy
reveals a weaker dependence on the liquid supsrfuglocity than the hard energy

coefficient of skewness.

It was observed that the coefficient of kurtosislged a similar response to that of its
hard energy counterpart except a less sensitiverdigmcy on the gas phase velocity
was exhibited at gas superficial velocities in esscef 2 mg.

The response of the total signal energy featuréocwrplot for the soft energy produced
an identical response to that of the soft energyamméeature: feature magnitude
increasing with increasing gas and decreasingdiguperficial velocities. Accordingly,
the total signal energy of the soft energy was ielted from further analysis.

Figure E.7 (a) — (f)show normalised feature distribution maps forlthear prediction
coefficients extracted from the soft energy. It d@seen that the LPC2, LPC4 and
LPC5 contour plots for the soft energy yielded aa#ly similar responses to their hard
energy counterparts.

Analysing the contour plot for the soft energy LPi€&ture, a broadly similar response
was generated to that of the hard energy. Howeveeduced sensitivity to the liquid
superficial velocity was identified for: gas supeiel velocities less than 0.5 fhand
liquid phase superficial velocities greater tha®50ms' and for gas superficial
velocities greater than 1 fhs

LPC6 exhibited an increased feature magnitude dbpwe on the gas superficial
velocity for the soft energy in comparison to trechenergy across the measurement
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range. Furthermore, the soft energy LPC residual éeature, g, demonstrated a more
pronounced sensitivity to the gas phase loading Wes obtained with the hard energy.

Figure E.8 (a) — (e)show normalised feature distribution maps for lthear spectral
frequency features extracted from the soft enet@F2, LSF3 and LSF4 contour plots
for the soft energy exhibited responses akin te¢haf the corresponding hard Energy
features. The soft energy LSF1 and LSF5 featuresdstrated a decreased sensitivity
towards the gas loadings in comparison to theid leaergy counterparts.

Figure E.9 (a) — (d)show normalised feature distribution maps for dahécorrelation
function parameters extracted from the soft enefdne soft energy ACF2 and ACF4
feature contour plots (the minimum and maximum eonieelation coefficients
respectively) did not produce any significant déweias from those obtained from the
hard energy. ACF 1 and ACF 3 (the autocorrelatiomcfion minimum and maximum
lag respectively) showed an increased and decresesgsitivity, respectively, towards
the liquid loading for gas superficial velocitie®gter than 2 ms
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E.2.3 Spectra Difference Features

Figure E.10 (a) — (f)show normalised feature distribution maps for thikerence
between the soft and hard spectra amplitude feature

The difference between the spectra means, stamaidtions and variances produced
contour responses in accordance with those produgédth the hard and soft spectra.

Examining the contour plot of the difference betwethe spectra coefficients of
skewness, an increased dependence on the liquiintpavas observed for gas
superficial velocities below 1 ritsand decreased dependency for gas superficial
velocities greater than 1 srelative to the hard and soft spectra responses.

Contrary to the hard and soft spectra responseglitfference between the coefficients
of kurtosis exhibited insensitivity towards increasn the gas loading at superficial gas
velocities greater 1.5 rits

As observed for both the hard and soft spectraasigmergy features, the contour plot is
identical to that obtained for the mean featurestithe signal energy was eliminated
from further study.

Figure E.11 (a) — (f)show normalised feature distribution maps theedéfiice between
the soft and hard spectra amplitude features. Th@ P and LPC4 difference feature
plots yielded contour geometries approximately kirmo those obtained from the hard
and soft spectra. However, the LPC3 and LPC5 bdeatlres demonstrated an
increased and decreased sensitivity to the licuadihg respectively, at gas superficial
velocities below 2 m& LPC6 produced a contour plot detailing the fegitureduced
sensitivity towards the gas loading across the eaangd increased dependence on the
liquid loading at gas superficial velocities beldwms'. The LPC residual error
difference feature exhibited increased sensititéiwards both liquid and gas phase
superficial velocities.

Figure E.12 (a) — (e)show normalised feature distribution maps for thkerence
between the soft and hard spectra amplitude featw®F2, LSF3 and LSF4 contour
plots produced similar responses to those givethbyhard and soft spectra features.
The spectra difference LSF1 and LSF5 features detraied decreased sensitivity
towards both the gas and liquid loadings in congmerito both hard and soft spectra
features.

Figure E.13 (a) — (d)show normalised feature distribution maps for thikéerence
between the soft and hard spectra amplitude featuh€F1 and ACF3 produced
contour plots in accordance with the hard and spkctra feature contour plots.
However, the ACF2 and ACF4 demonstrated an alnmest response to the difference
between the hard and soft spectra.
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