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ABSTRACT 

 

 

The Bibiyana gas field is the second largest gas field in Bangladesh, it has started its production 

on March 2007. Now it is producing about 840 MMSCF Gas and 3500 bbls condensate each day 

from 12 producing wells. All producing wells are located in two regions, such as North Pad and 

South Pad. In south pad 5 wells and gas processing facilities are situated and in North pad 

remaining 7 wells are located and connected to south pad process plant via common production 

header. Each well of North pad are comprised of individual Multiphase Flow Meter instead of 

conventional Test Separator system. Bibiyana Gas Filed first introduced this type of flow meter 

in Bangladesh to achieve better surveillance of reservoir and to apply better production 

allocation. Due to wrong selection of meter, fluid flow regime mismatch and due to lack of 

proper fluid sampling procedure this multiphase flow meter performance may also hamper. As 

per manufacturers’ information, this flow meters accuracy is within ±5%, while in practice it is 

found that this error is about 6-9%. This project work determines the fluid flow profile by using 

Taitel-Dukler Model, investigates the working principle of this flow meter and their sampling 

and calibration technique. This flow meter measures gas flow rate by using v-cone differential 

pressure formula, water detection by microwave technology and hydrocarbon part is analyzed by 

PVT Software. As per equipment data sheet, it is found that this flow meter works well for Oil 

density 43.5~45.1 lb/ft
3
  and gas density 1.15~4.46 lb/ft

3
 while calculated value is approximately 

47.8 lb/ft
3
 for oil and 0.05 lb/ft

3
 for gases. To find out the causes, this study investigates for any 

phase changes from well head to separator and found no phase changes occur in individual flow 

line for different flow rates. All calculation including fluid pattern are done manually and phase 

changes are investigated by HYSYS Model. Later flow accuracy is done manually by using Field 



 

Data of the Bibiyana Gas Field. This project also analyzes the applicability and selection criteria 

of Multiphase Flow Meter in Bangladesh in respect to installation cost, maintenance cost, fluid 

property, type of meter and calibration technique. Finally this study suggests that the existing 

technology can be used for process parameters monitoring within limited uncertainties and not 

suitable for custody transfer metering.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

TABLE OF CONTENTS 

 

Chapter  Page  

 

ACKNOWLEDGEMENT …………………………………………………………… i 

ABSTRACT ………………………………………………………………………….. ii 

TABLE OF CONTENTS …………………………………………………………….. iv 

LIST OF FIGURES………………………………………………………………….   vii 

LIST OF TABLES…………………………………………………………………..   ix 

NOMENCLATURE …………………………………………………………………..    x 

1.0    INTRODUCTION ………………………………………………………………    1 

 1.1 Overview of Bibiyana Gas Field ……………………………………………    1 

 1.2 Well Arrangement ……….. ………………………………………………...    1 

 1.3 Well Testing System .……………………………………………………….    2 

       1.3.1 Test Separator System for South Pad Wells …………………………    2 

     1.3.2 Multiphase Metering for North Pad Wells ……………………………    3 

2.0    STATEMENT OF THE PROBLEM ………………………………………......  4 

 2.1 Introduction …………………………………………………………….  4 

 2.2 Flow Measurement Scenario …………………………………………...  4 

     2.2.1 System Components ………………………………………………  4 

     2.2.2 PVT Software ……………………………………………………. . 5 

 2.3 Measurement Uncertainty ………………………………………………  6 

 2.4 Objectives ………………………………………………………………  6 

 2.5 Methodology ……………………………………………………………  6 

  



 

3.0   LITERATURE REVIEW …………………………………………………... . 8  

 3.1 Introduction …………………………………………………………………. 8 

  3.2 Multiphase Flow ………………. ………………………………………….... 8 

3.3 Multiphase Flow Regime ……………………………………………… …… 9 

      3.3.1 Vertical Flows ………………………………………………………… 10 

      3.3.2 Horizontal Flows ……………………………………………………… 11 

3.4 Phase Velocities …………………………………………………………….. 12 

3.5 Relative Phase Velocities and Slip Effects ………………………………… 13 

3.6 Fluid Fractions ……………………………………………………………… 14 

3.7 Mixing Rules ……………………………………………………………….. 15 

3.8 Friction Factor, Shear Stress and Pressure Gradient ……………………….. 15 

3.9 Multiphase Composition Map ………………………………………………. 17 

3.10 Flow Regime Detection …………………………………………………… 17 

        3.10.1 Physical Sensor Technique ………………………………………… 17 

                 3.10.2 Time Series Analysis ………………………………………………. 17  

    3.10.3 Tomography ……………………………………………………….. 19 

3.11 Phenomenological Flow Regime Model …………………………………… 19 

    3.11.1 Horizontal Flow- The Taitel and Dukler Model ……………………. 19 

3.12 Models for Flow Regime Transition ………………………………………… 23 

3.12.1 Transition between Stratified Flow With and Without Waves ……. 24 

3.12.2 Transition between Stratified Flow and Slug Flow ……………….. 24 

3.12.3 Transition between Slug Flow and Dispersed Bubble Flow ……… 25 

3.12.4 Transition between Slug Flow and Annular Flow ………………… 26 

 



 

3.13 The Lockhart-Martinelli Correlation ………………………………………..  29 

3.14 Measurement Techniques ……………………………………………………  30 

    3.14.1 Measurement of Fluid Fractions by Gamma Densitometer………….  30 

    3.14.2 The Venturi Flowmeter ………………………………………………  32 

    3.14.3 Wet Gas Meter……………………………………………………….  33 

3.15 Factors Influence the Measurement of Multiphase Flowmeter ……………….  36 

4.0    DETERMINATION OF FLUID FLOW PROFILE……………………………….   37 

4.1 Introduction …………………………………………………………………….   37 

4.2 Calculation Approach …………………………………………………………..   37 

    4.2.1 Flow Regime Determination ……… …………………………………....   37 

    4.2.2 Calculation of Pressure Gradient ………………………………………...   47 

    4.2.3 Investigation for Phase Changes …………………………………………    49 

    4.2.4 Investigation for Gas Flow Data Accuracy ………………………………    54 

     4.3 Applicability of MFM in Bangladesh ………………………………………….   56 

5.0    CONCLUSIONS AND RECOMMENDATIONS ……………………………..…   58 

 5.1. Conclusions …………………………………………………………………...   58 

         5.2 Recommendations ………….. ………………………………………….……...   59 

REFERENCES ………………………………………………………………………….   60 

APPENDIX - A ………………………………………………………………………….   63 

APPENDIX – B …………………………………………………………………………..     67 

 



 

LIST OF FIGURES 

 

 

  Page 

Figure 1.1 Schematic of North Pad Well Arrangement ...………………………….….  2 

Figure 2.1 V-Cone based Wet Gas Meter ………………………...……………………  3 

Figure 2.2 Wet Gas Meter Measurement Concept ……………………………………. 5 

Figure 3.1 Flow Regime Map for Vertical Flow ……………………………………... 10 

Figure 3.2 Different Types of Flow Profile for Vertical Flow ……….……………….  11  

Figure 3.3 Flow Regime Map for Horizontal Flow …………………….………….….  11 

Figure 3.4 Different Types of Flow Profile for Horizontal Flow ………….…………. 12 

Figure 3.5 Differences between Gas Void Fraction and Gas Volume Fraction…..…… 14 

Figure 3.6 Definitions of Volume Fraction ………………………..………………….  15 

Figure 3.7 Trajectory in Composition Map …………………………………………… 17 

Figure 3.8 Probability Density Functions of various flow regimes ..……………..…… 18 

Figure 3.9 Frequency spectra of gas fraction in various flow regimes ..………………. 19 

Figure 3.10 Taitel and Dukler Model for Stratified near horizontal flow ……….……. 21 

Figure 3.11 Equilibrium liquid levelas a function of the Lockhart-Martinelli parameter 23 

Figure 3.12 Wave generation leading to the Kelvin-Helmholtz instability …………… 25 

Figure 3.13 Taylor bubble on the transition to dispersed bubble flow ………….….…. 26 

Figure 3.14 Slug-Annular Flow Transition ……………………………………………. 26 

Figure 3.15 TheTaitel and Dukler Model-Logical Flow Diagram …………………….. 28 

Figure 3.16 Two-phase multiplier φ in the Lockhart-Martinelli Correlation ………….. 30 

Figure 3.17 Principle of Gamma Densitometer ………………………………………… 31 



 

Figure 3.18 Principle design of Gamma Densitometer …………………………………. 31 

Figure 3.19 Venturi Flowmeter Principle …………………………..………………… 32 

Figure 3.20 V-Cone Wet Gas Meter Principle ……………………………………….. 33 

Figure 3.21 Electromagnetic Field Distribution of V-Cone Resonator ………………. 36 

Figure 4.1 Flow Model for Phase Envelope Determination by HYSYS ……………… 50 

Figure 4.2: Phase Envelope before Choke Valve (Flow: 30 MMSCFD) …………….. 50 

Figure 4.3 Phase Envelope before Choke Valve (Flow: 97.8 MMSCFD) ……………. 51 

Figure 4.4 Phase Envelope after Choke Valve (Flow: 30 MMSCFD) ………………… 51 

Figure 4.5 Phase Envelope after Choke Valve (Flow: 97.8 MMSCFD) ………………. 52 

Figure 4.6 Phase Envelope at Separator Outlet (Flow: 30 MMSCFD) ………………… 52 

Figure 4.7 Phase Envelope at Separator Outlet (Flow: 97.8 MMSCFD) ………………. 53 

Figure 4.8 MFM Error Trend Analysis …………………………………………………. 55 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

LIST OF TABLES 

 

 

  Page 

Table 3.1 “C” Values for the Lockhart-Martinelli Model ………………….....….…… 29 

Table 3.2 List of Influencing Factors for MFM Bias Result ………………………..… 36 

Table 4.1 Necessary Equations for Taitel-Dukler Model .............................................. 38 

Table 4.2 Factors for Taitel-Dukler Model ………………………………….………... 38 

Table 4.3 Calculated results for determining fluid flow profile...…………….……….. 45 

Table 4.4 Calculated results for determining fluid flow profile……………………….. 45 

Table 4.5 Calculated results for determining fluid flow profile ……………………….. 46 

Table 4.6 Calculated results for determining fluid flow profile ……………………….. 46 

Table 4.7 Pressure Gradient Result of Wellhead Flow Line …………………….…..… 48 

Table 4.8 Calculated Results for Meter Data Accuracy ……………………………….. 55 

Appendix A-1: Wellhead Gas Analysis Report of November 2012……………………. 63 

Appendix A-2: Wellhead Oil Analysis Report of November 2007.............……………. 64 

Appendix A-3: Wellhead Gas Stream Analysis Report of November 2007……………. 65 

 

 

 

 

 

 



 

 

 

NOMENCLATURE 

 

A                                   Annular 

ACFS                            Actual Cubic Feet per Second 

BBLS Barrels 

BCF Billion Cubic Feet 

BPD Barrels per Day 

BTU   British Thermal Unit 

BYGP Bibiyana Gas Plant 

CAPEX Capital Expenditure 

CT    Computed Tomography 

EOS Equation of State 

GAP                              Gathering Allocation Performance 

GOR Gas Oil Ratio 

GVF Gas Volume Fraction 

I                                    Intermittent 

IPM                              Integrated Production Modeling  

MFM Multiphase Flow Meter 

MMSCFD Million Standard Cubic Feet per Day 

MSCFD  Thousand Standard Cubic Feet per Day 

NMR Nuclear Magnetic Resonance 

PDF Probability Density Function 

PI      Pressure Indicating Gauge 



 

PMRE Petroleum and Mineral Resources Engineering  

PSIA                             Pounds per Square Inch in Absolute 

PSIG                             Pounds per Square Inch in Gauge 

PVT                           Pressure Volume Temperature 

PVSV                           Pressure/Vacuum Safety Valve 

SG                                Specific Gravity 

SCF   Standard Cubic Feet 

SCSSV                         Surface Controlled Subsurface Safety Valve 

SS                                 Stratified Smooth 

SW                                Stratified Wavy 

RFM Roxar Flow Meter 

WC                               Water Column 

WGM  Wet Gas Meter 

 

 

 

A    Area 

���   Gas Fraction 

���   Liquid Fraction 

β     Beta Ratio 

CD    Discharge Coefficient  

Cp    Specific heat capacity at constant pressure 

Cv     Specific heat capacity at constant volume 

D                    Diameter 

dP     Differential Pressure 



 

���
��	 
�  Superficial Pressure Drop for Gas 

���
��	 ��   Superficial Pressure Drop for Liquid 

Fr   Froude Number 

ℎ� �    Liquid Fraction 

K Specific Heat Ratio 

L                  Length 

��   Liquid Holdup  

��   Liquid Viscosity 

��   Gas Viscosity 

��   Mixture Viscosity 

P                  Pressure 

Φg   Two phase multiplier 

Qg                               Gas Flow Rate 

R                   Gas constant 

R   Universal gas constant 

Re                       Reynolds Number 

���   Gas Slip 

���   Liquid Slip 

��   Liquid Density 

��   Gas Density 

��   Mixture Density 

�� Superficial Gas Velocity 



 

�� Superficial Liquid Velocity 

�� Mixture Superficial Velocity 

V  Velocity 

ν Kinematic Viscosity 

X   Lockhart-Martinelli Factor 

y   Fluid Expansibility Factor 

 

Subscripts 
 

d   Discharge 

g   Gas phase 

l   Liquid phase 

m   Mixed Phase 

 



1 

 

Chapter 1 

INTRODUCTION 

 

1.1 Overview of Bibiyana Gas Field  

The Bibiyana Gas Field is located in north-eastern part of Bangladesh in Block 12 and 150 km 

northeast of Dhaka. The field comprises of a North Pad and a South Pad, separated by 4.5 km. 

There are 7 producing wells in the North Pad and 5 in the South Pad. The Gas Plant, Control 

Room, Sales Pipeline, and Metering Station are all located with the five wells at the South Pad. 

Product export from the Gas Plant is via 30” gas pipeline and 6” condensate pipeline, tied into 

Gas Transmission Company Limited’s (GTCL) North-South pipeline grid at Muchai Valve 

Station near Rashidpur, approximately 42 km south of the South Pad. This is the second largest 

gas field in Bangladesh, has started production on March 2007 with 200 MMSCFD. Since then it 

has steadily increased production every year and from February 2013, it is producing 

approximately 840 MMSCFD Gas and 3500 BPD condensate. 

 

 

1.2 Well Arrangement 

All producing wells are located in two sites; North pad and South Pad. North Pad is included 7 

producing wells with 5 future connections and rest of the wells and gas processing facility are in 

South Pad. North Pad is included with production manifold, multiphase metering, a vent stack, 

the upstream terminus of a gathering pipeline including a scrapper/sphere launcher and provision 

for future gathering line connection. Each wellhead is included with hydraulically actuated 

surface controlled subsurface safety valves (SCSSV), master valve and wing valve (pneumatic). 

Fluid flow is controlled by remote-actuated choke valve downstream of the wing valve in each 

wellhead flow line. Gas downstream of this choke valve is in the mixed phase at the 1280 psig 

and 88°F. Individual wellhead flow lines included multiphase flow meters for tracking individual 

well performance and also for monitoring and control purposes. Multiple wellhead flow line 

segments combine into a separate production header upstream of the 4.5 km 20” gathering 

pipeline. The total production rate from the North Pad is designed for 300 MMSCFD of Gas. 

Each flow line also includes for provision for methanol injection for hydrate prevention and 

corrosion inhibitor injection. Rather than multiphase meter like in the North Pad, the South Pad 

well makeup is monitored through a Test Separator to monitor the amount of each phase present. 

Only one well flow line is to be aligned to the Test Separator loop at a time [1]. 
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Figure 1.1 Schematic of North Pad Well Arrangement 

1.3 Well Testing System 

In order to optimize the production and maximize recovery from reservoir, continuous 

monitoring of each well is desired. Well testing at regular intervals is the current norm to 

understand the performance of the well. Also, well testing data is only obtained for specific time 

periods.  

In BYGP, well test is performed in two ways: 

1.3.1 Test Separator System for South Pad Wells 

1.3.2 Multiphase Metering for North Pad Wells 

1.3.1 Test Separator System for South Pad Wells 

The stream from the well being tested is separated in three phases; typically oil, gas and water in 

the test separator and each phase stream are individually metered.  Separate Production and Test 

Manifolds are installed at the South Pad. Only one well is to be lined up to the Test Manifold at a 

given time while the remaining wells are lined up to the Production Header. The Test Manifolds 

feeds a Test Separator Vessel that separates the hydrocarbon liquids, produced water and 

hydrocarbon gas. Test Header is equipped with Orifice, Pressure, Temperature and differential 

pressure transmitter and at the exit of Test Separator, Gas is measured by Orifice Meter, 

Condensate and Water is measured separately by Turbine Flow Meter. As per well testing 
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schedule, one well put into Test Separator for one week, by this time Condensate and Water 

production is measured at fixed Gas Flow Rate, and water salinity is also tested for predicting the 

water production rate. Moreover, every year Bottom Hole Pressure (BHP) survey has conducted 

to understand the reservoir condition and well performance. 

 

1.3.2 Multiphase Metering for North Pad Wells 

There are 7 wells in the North Pad; each flow lines are equipped with Multiphase Flow Meter 

(MFM). The use of MFM offers online installation on flow streams which enables continuous 

monitoring of individual well. An important feature of this MFM is that it does not need the bulk 

physical separation of each phase to obtain the flow rates of each phase. MFM are also much 

smaller in dimensions and lower in weight as compared to test separators. Thus by using MFM 

in BYGP as a replacement for test separator, the high installation and operation cost, test lines, 

manifolds and valve systems were eliminated.  The MFM can detect water content in the gas and 

individual flow rate of hydrocarbons and water. This is designed for the fluid where Gas Volume 

Fraction (GVF)>95%vol. The MFM detects the water content based on microwave technology 

and flow rates using a v-cone differential pressure device. The split between gas and condensate 

is found using PVT calculations and such the meter depends on input of the true hydrocarbon 

composition [2, 3]. 
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Chapter 2 

STATEMENT OF THE PROBLEM 

 

2.1 Introduction 

Multiphase Flow Meters are equipped in each flow line of North Pad Well System of BYGP. 

These flow meters are playing a vital role for well surveillance, well testing and production 

allocation. To understand reservoir behavior and optimize the production, flow accuracy of each 

streams are very important. This project investigated on uncertainty level of Multiphase Flow 

Meter data which should be within ±5% range as suggested by Manufacturer.  

 

2.2 Flow Measurement Scenario 

The Multiphase Flow Meter detects the water content based on microwave technology and flow 

rates using a v-cone differential pressure device. The split between gas and condensate is found 

using PVT calculations and such the meter depends on input of the true hydrocarbon 

composition. Figure 2.1 illustrates the typical arrangement of Multiphase Flow Meter. 

 

 

Figure 2.1 V-Cone based Wet Gas Meter [3] 

 

2.2.1 System Components 

The MFM consists of the following main parts: 

� Meter Body 

Microwave based water fraction meter, differential pressure flow meter V-cone with ∆P 

Transmitter, Pressure Transmitter, Temperature Transmitter 

� Electronic Unit 

Microwave electronics, Wet gas flow computer, Power supply unit 

� Software Unit 

Microwave control software, wet gas flow computer software, PVT Software 
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The water fraction of the total volume is measured using the microwave resonator sensor, 

pressure transmitter, temperature transmitter and microwave control software. The split of 

hydrocarbons between a liquid and gas phase is calculated using a PVT Software Package and 

using pressure, temperature as input. The measured composition is subsequently used together 

with the differential pressure as input to the flow computer to calculate individual flow rates of 

gas, condensate and water. 

 

Figure 2.2 Wet Gas Meter Measurement Concept [3] 

In Figure 2.2, Wet Gas Meter measurement concept has been described where hydrocarbon 

composition and water conductivity need to input of software unit. This software will get input 

of pressure and temperature from sensor, microwave intensity, pressure differential data and 

finally flow computer gives the output as fraction and flow rate of gas, oil and water. 

  

2.2.2 PVT Software 

A PVT Software package is integrated as part of the WGM software. PVTx is used for reservoir 

fluid characterization based on a cubic equation of state (EOS). It is a versatile tool for 

characterizing multi-component mixtures with emphasis on reservoir fluids. 

Input to the PVT package is hydrocarbon composition and it is used to: 

• Calculate the gas density at meter conditions and standard conditions. 

• Calculate the condensate density meter conditions and standard conditions. 

• Calculate the actual Gas/Oil Volume Ratio (GOR) at meter conditions and standard 

conditions. The calculated GOR is subsequently employed to discriminate between gas 

and oil/condensate and hence deduce the condensate and gas fraction, once the water 

fraction has been found using the WFM. 
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The densities and GOR at standard conditions given by the PVT package, is used to calculate the 

flow rates at standard conditions. It is also possible to have flow rate output at other conditions, 

specified by the user. The hydrocarbon composition, used as input to PVTx, of the reservoir 

should include the mole% of each component N2, CO2, H2S, C1, …….. upto PC7  or PC10, the 

data from the last components PC7 – PC10 should also include molecular weight and density [4]. 

 

2.3 Measurement Uncertainty 

 

Uncertainty in flow measurement arises from the variability (or uncertainty) in one or more 

factors, e.g. the fluid properties, flow regime, flow rate, instrumentation, and quality of the 

measurement model. Multiphase flow meters measure unprocessed fluids with two or more 

phases simultaneously, thereby increasing the complexity of the measurement equations and 

model. Uncertainty in multiphase flow meters is mainly due to changes in process conditions, 

fluid properties, flow models, measurement devices, and sensors. The impact of these 

uncertainties on the uncertainty of each phase typically increases considerably as the water liquid 

ratio (WLR), gas volume fraction (GVF) and multiphase flow rate approach their limits. 

Performance based on laboratory tests, the meter data should be within following range [3, 4]: 

 

Gas Volume Fraction (GVF) Range: 90-100% 

Water Liquid Ratio (WLR) Range: 0-100% for GVF>99% 

                                    0-50% for 90% <GVF<99% 

Hydrocarbon Flow Rate Accuracy:  

                                        ±3 - 4%rel for GVF>99%, WLR= 0-100% 

                                        ±3 - 4%rel for GVF<99%, WLR= 0-50% 

Water detection accuracy: 

                                        ±0.1%abs for GVF>99%, WLR= 0-100% 

                                        ±0.2%abs for GVF<99%, WLR= 0-50% 

                                        Not specified for GVF<99%, WLR= 50-100%  

Water detection sensitivity: ±0.005%abs (50 ppm) 
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2.4 Objectives 

� To determine the fluid flow pattern from the PVT properties. 

� To verify the working principle of existing multiphase meter with reservoir fluid 

properties. 

� To check the accuracy level of multiphase flow meter. 

� To check the calibration technique of multiphase flow meter. 

� Finally, find out the applicability of this process for well testing purpose in other gas 

fields in Bangladesh. 

 

 

2.5 Methodology 

� Study the metering philosophy of existing multiphase flow meter. 

� To collect all relevant data. 

� To determine the fluid flow pattern by using Taitel-Dukler Model for Horizontal Flow. 

� To find out phase envelope for flow line by using HYSYS Simulator.  

� To verify the applicability of working principle on which the flow meter is working for 

existing flow regime. 

� To conduct a thorough investigation for possible causes of metering data inaccuracy. 

� To find out alternatives (flow meter) which are compatible for existing fluid pattern. 

� Overall adaptability of this flow meter for other gas fields in Bangladesh. 
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Chapter 3 

LITERATURE REVIEW 

 

3.1 Introduction 

The need for multiphase flow measurement in the oil and gas production industry has been 

evident for many years. A number of such meters have been developed since the early eighties 

by research organizations, meter manufacturers, oil and gas companies and others. Different 

technologies and various combinations of technologies have been employed and prototype have 

been quite dissimilar in design and function. Some lines of development have been abandoned, 

whereas a number of meters are commercially available and the number of applications and users 

are rapidly increasing.  

3.2 Multiphase Flow 

Multiphase flow is a complex phenomenon which is difficult to understand, predict and model. 

Common single phase characteristics such as velocity profile, turbulence and boundary layer, are 

thus inappropriate for describing the nature of such flows. The flow structures are classified in 

flow regimes, whose precise characteristics depend on a number of parameters. The distribution 

of the fluid phases in space and time differs for the various flow regimes and is usually not under 

the control of the designer or operator [5, 6]. 

Flow regimes vary depending on operating conditions, fluid properties, flow rates and the 

orientation and geometry of the pipe through which the fluids flow. The transition between 

different flow regimes may be a gradual process. The determination of flow regimes in pipes in 

operation is not easy.  

The main mechanism involved in forming the different flow regimes are transient effects, 

geometry/terrain effects, hydrodynamic effects, and combination of these effects: 

� Transients occur as a result of changes in system boundary conditions. This is not to be 

confused with the local unsteadiness associated with intermittent flow. Opening and 

closing of valves are examples of operations that cause transient conditions. 

� Geometry and terrain effects occur as a result of changes in pipeline geometry or 

inclination. Such effects can be particularly important in and downstream of sea-lines, 

and some flow regimes generated in this way can prevail for several kilometers. Severe 

riser slugging is an example of this effect. 

� In the absence of transient and geometry/terrain effects, the steady state flow regime is 

entirely determined by flow rates, fluid properties, pipe diameter and inclination. Such 

flow regimes are seen in horizontal straight pipes and are referred to as “hydrodynamic” 

flow regimes. These are typical flow regimes encountered at a wellhead location. 
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All flow regimes however, can be grouped into dispersed flow, separated flow, intermittent flow 

or a combination of these. 

� Dispersed flow is characterized by a uniform phase distribution in both the radial and 

axial directions.  

� Separated flow is characterized by a non-continuous phase distribution in the radial 

direction and a continuous phase distribution in the axial direction. 

� Intermittent flow is characterized by being non-continuous in the axial direction and 

therefore exhibits locally unsteady behavior.  

Flow regime effects caused by liquid-liquid interactions are normally significantly less 

pronounced than those caused by liquid-gas interactions. In this context, the liquid-liquid portion 

of the flow can therefore often be considered as a dispersed flow. However, some properties of 

the liquid-liquid mixture depend on the volumetric ratio of the two liquid components. 

 

3.3 Multiphase Flow Regime 

Figure 3.1 and Figure 3.3 provide general illustrations of the most flow regimes and indicate 

where the various flow regimes occur. Physical parameter like density of gas and liquid, 

viscosity, surface tension, etc. affect the flow regimes and are not included in this graph. A very 

important factor is the diameter of the flow line, if the liquid and gas flow rates are kept constant  

and the flow line size is decreased from 4” to 3”, both the superficial gas and liquid velocities 

will increase by a factor 16/9. Hence, in the two-phase flow map this point will move up and 

right along the diagonal to a new position. This could cause a change in flow regime, e.g. 

changing from stratified to slug flow or changing from slug flow to annular flow. Multiphase 

flow regimes also have no sharp boundaries but instead change smoothly from one regime to 

another [6].  

 

Most oil wells have multiphase flow in part of their pipe work. Although pressure at the bottom 

of the well may exceed the bubble point of the oil, the gradual loss of pressure as oil flows from 

the bottom of the well to the surface leads to an increasing amount of gas escaping from the oil. 

The diagrams in Figure 3.1 and Figure 3.2 are qualitative illustrations of how flow regime 

transitions are dependent on superficial gas and liquid velocities in vertical multiphase flow.  

 

The term superficial velocities are often used on the axes of flow regime maps and the 

definitions are: 

� Superficial Velocities and Mixture Velocity 

 

The superficial gas velocity (���) is the gas velocity as if the gas was flowing in the pipe 

without liquids, in other words the total gas throughput (��
 
in m

3

/s at operating temperature 
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and pressure) divided by the total cross sectional area of the pipe (A). For the superficial 

liquid velocity the same can be derived, and the simple expressions are given below. They 

are also referred to as apparent velocities or volumetric fluxes. 

 ��� = ��	  ; ��� = �
	  

  

However, the sum of the superficial velocities are called the mixture velocity,          

��� = ��� + ��� 

 

 

3.3.1 Vertical Flows 

In vertical flows, the superficial gas velocity will increase in a vertical flow and the multiphase 

flow will change between all phases, bubble - slug - churn and annular. Note that for a particular 

superficial gas velocity, the multiphase flow is annular for all superficial liquid velocities.  

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Flow Regime Map for Vertical Flow [4] 
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Figure 3.2 Different Types of Flow Profile for Vertical Flow [6] 

3.3.2 Horizontal Flows 

In horizontal flows too, the transitions are functions of factors such as pipe diameter, interfacial 

tension and density of the phases. The following map is a qualitative illustration of how flow 

regime transitions are dependent on superficial gas and liquid velocities in horizontal multiphase 

flow. A map like this will only be valid for a specific pipe, pressure and a specific multiphase 

fluid.  

 

 

 

 

 

 

 

 

 

Figure 3.3 Flow Regime Map for Horizontal Flow [4] 
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Figure 3.4 Different Types of Flow Profile for Horizontal Flow [6] 

Figure 3.2 and Figure 3.4 illustrate the flow regimes in vertical flow and horizontal flow 

respectively. Figure 3.4 illustrate that at low velocities gas and liquid are separated as in 

stratified flow. At high velocities gas and liquid become mixed. Slug flow is an example of a 

flow regime in between, representing both separation and mixing. Slug flow is consequently 

referred to as an intermittent flow regime. The big difference in between vertical and horizontal 

flow is that in vertical (concurrent upward) flow it is not possible to obtain stratified flow. The 

equivalent flow regime at identical flow rates of gas and liquid is slug flow with very slow bullet 

shaped Taylor bubbles.  

 

3.4 Phase Velocities 

The phase velocities are the real velocities of the flowing phases. They may be defined locally 

(at a certain position in the pipe cross section) or as a cross sectional average for the pipe. They 

are defined by [6] 

�� = ��	� ;  �� = �
	
 

In order to determine these quantities it is necessary to determine the real flowing cross sections �� and �� for liquid and gas. This is equivalent to knowing the fractions or amount of liquid and 

gas in the flow. From a metering point of view many measurement techniques have been 

developed to determine the phase velocities.  
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At first sight it might seem as a trivial matter to measure the phase velocities. In practice 

however, there is still no “universal” instrument which may function for all flow regimes 

encountered in two-phase flow. 

 

3.5 Relative Phase Velocities and Slip Effects 

Gas and liquid in general flow with different phase velocities in pipe flow. The relative phase 

velocity or the slip velocity is defined by [6] 

�� = ��� − ���  
The slip velocity thus has the same unit as the phase velocities. In addition the slip ratio, � = �
��  
is commonly used. Note that the slip ratio is dimensionless. It may easily be shown that if the 

slip ratio is 1 (referred to as no slip) the following relation is valid 

�� = �� = ��� 

 

When gas and liquid flow in a pipe, the cross sectional area covered by liquid will be greater 

than under non-flowing conditions, this is due to the effect of slip between liquid and gas. The 

lighter gas phase will normally move much faster than the liquid phase; the liquid has the 

tendency to accumulate in horizontal and inclined pipe segments. The liquid (��) or gas fraction 

(��) of the pipe cross sectional area as measured under two-phase flow conditions is known as 

liquid hold-up (��) and gas void fraction (��). Owing to slip, the liquid hold-up will be larger 

than the liquid volume fraction. Liquid hold-up is equal to the liquid volume fraction only under 

conditions of no-slip, when the flow is homogeneous and the two phases travel at equal 

velocities [5]. 

Liquid hold-up,     �� = 	�	  

Gas void fraction,  �� = 	�	  

�� + �� = 1 and �� + �� = 1 
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Figure 3.5 Differences between Gas Void Fraction and Gas Volume Fraction [5] 

In the majority of flow regimes the Liquid Hold-up will be larger than the Liquid Volume 

Fraction and the Gas Void Fraction will be smaller than the gas volume fractions which are 

described in Figure 3.5.  

 

3.6 Fluid Fractions 

Gas and fluid fractions are then defined by [6] 

�� = �
�   or = 	
	  or = �
�     for gas 

�� = ���   or = 	�	  or = ���    for liquid 

Where V, A and L are volume, area and length respectively. If the flow pattern was a completely 

homogenized mixed the three averages would be equal. In two-phase flow terminology �� should 

be referred to as gas fraction; however the term “void fraction” is seen very often. Gas is then 

considered as absence of liquid (i.e. void). In petroleum industry is still found the symbol �� 
instead of ��, referred to as liquid holdup [6].  
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Figure 3.6 Definitions of Volume Fraction [6] 

 

3.7 Mixing Rules 

� Density 

The density for a two-phase mixture is well defined, geometric quantity that can be 

calculated provided the fluid fractions are known. The equation is [6] 

  � =  ��� +  ��� 

 

� Viscosity 

The mixture viscosity depends on dynamic process as well as including bubble size, flow 

regime etc. As per Dukler Model the equation is [6] 

 !� = ��!� + (1 − ��)!� 
 

3.8 Friction Factor, Shear Stress and Pressure Gradient 

The pressure gradient dP/dx in pipe flow depends on pipe diameter D, fluid viscosity µ, fluid 

density ρ and flow velocity U [6]. 

In addition the wall roughness and pipe inclination is important. In multiphase flow the flow 

regime is also important. In single phase and multiphase flow the discrimination between laminar 
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and turbulent flow plays a decisive role for the friction pressure drop. The type of flow is 

determined from the Reynolds Number 

$% = &'() ≡ '(+   Where, kinematic viscosity, , = )& 

Classifications of the flow regimes as per Reynolds Number are: 

� Re ≤ 2000: Laminar Flow 

� 2000 < Re < 4000: Transition between Laminar and Turbulent Flow 

� 4000 < Re : Turbulent Flow 

Completely turbulent flow is achieved only at very high Reynolds numbers, Re≈ 10
4 

- 10
5
. The 

total pressure gradient in the pipe may be considered as composed of 3 different terms: 

Frictional pressure gradient, hydrostatic pressure gradient and acceleration pressure gradient. 

Thus 

-.-/ = 0-.-/12 + 0-.-/13 + 0-.-/14 

� Dimensionless Average Pressure Gradient [7] is defined by  

∆6∗ = ∆6 �89 

Where, 

 ∆6 = Average Pressure Drop  � = Mixture Density 

  8 = Gravitational Acceleration 

  9 = Length of the Pipe 

 

3.9 Multiphase Composition Map 

Composition map is an useful tool in the selection of multiphase flow meters, with sediment and 

water (S&W) or water cut (WC) in either % or fraction on the x-axis and gas volume fraction in 

either % or fraction on the y-axis.  Although at the outset a producing well would occupy a point 

on the map, a trajectory for the well can be plotted on the composition map, similar to the well 

trajectory in the two-phase flow map, as the WC and GVF increase over time. The region that is 

traversed by the well’s trajectory defines its production envelope in the composition map. 

Similarly, a multiphase flow meter has its characteristic operating envelope in the composition 

map. Obviously the two envelopes should match if measurement is to be successful [5]. A 

composition map is shown in Figure 3.7. 

 



17 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 Trajectory in Composition Map [5] 

 

3.10 Flow Regime Detection 

In transparent pipe it is straightforward to recognize the main types of flow regimes by visual 

inspection. In offshore pipelines there is little possibility of studying the flow visually. Neither 

can it be done if the oil is non-transparent or if the flow is so strongly mixed dispersed gas-liquid 

flow that the mixture becomes non-transparent [6, 7]. 

3.10.1 Physical Sensor Technique 

To determine flow regime automatically, i.e. with an instrument, some kind of “intelligence” 

must be built into it. This “intelligence” must be capable of finding characteristic features of the 

flow regime. The most common instruments that are used for flow detection are  

� Gamma Ray (or X-Ray) densitometers based on penetration by radioactive beams. 

� Impedance (capacitance) sensors based on (oscillating) electric fields. 

Pressure and temperature sensor may also be used.  

 

3.10.2 Time Series Analysis 

The most common techniques used for analysis of time varying signals work either statistically 

(probability distribution functions) or by calculating velocities and frequencies. 
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� Probability Distributions 

Probability density function is very useful for flow regime determination, because it is quite 

distinct for most flow regimes. Both average liquid level and amplitude of the fluctuations 

are important indicators for flow regime determination. We may identify three relatively 

stationery flow regimes: 

• Stratified (wavy) flow 

• Dispersed bubble flow 

• Annular flow 

 

Figure 3.8 Probability Density Functions of various flow regimes [6] 

These flow regimes have Probability Density Function’s (PDF) with a single peak. Slug flow is 

fluctuating although it may be considered stationery in contrast to transient. 

This means that the liquid level will fluctuate all the time, but on a long term a stationery PDF 

will build up. This PDF is a bimodal type with two peaks, a very distinct characteristic of slug 

flow. Typical PDF’s for the various regimes are shown in the Figure 3.8. The PDF of Annular 

flow and Stratified Wavy flow may look quite similar. Also Dispersed Bubble flow and Stratified 

Wavy flow with high liquid level may be difficult to distinguish.  In such cases it may be 

necessary to use supplementary analysis in which also flow dynamics can be determined. 

 

� Frequency Spectrum Analysis 

The frequency spectrum is obtained from a time series f(t) by using the Fourier transform 

F(ω). It is calculated as  

:(;) = < =(>)exp (−B;>)->C

DC
 

Where “i” is the imaginary number unit and ω is the oscillation angular velocity, which is related 

to frequency by ; = 2F=. 
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Figure 3.9 Frequency spectra of gas fraction in various flow regimes [6] 

The frequency spectrum is often defined by the square module of F(ω) in order to become real. A 

simple sine wave has only one frequency and the spectrum will have only one peak, as shown in 

Figure 3.9. In comparison, a strongly fluctuating signal will be characterized by a broad 

spectrum where a range of frequencies appear. 

 

3.10.3 Tomography 

It is in principle possible to determine the distribution of gas and liquid in the pipe cross section 

by using a set of sensors with individual different spatial sensitivity. This enables tomographic 

analysis of the flow. Well known physical principles are X-Ray and Gamma-Ray based 

tomography often referred to as CT (Computed Tomography) as well as Nuclear Magnetic 

Resonance (NMR). Tomography is mainly used for medical imaging but has also been used for 

multiphase flow. However the tomography technique require a scan time of typically seconds for 

a single spatial scan and is very expensive. X-Ray techniques in comparison are very fast and 

typically giving up to 1000 frames/second. Also impedance techniques are very fast. They are 

also very inexpensive and imply no health hazards [7].  

3.11 Phenomenological Flow Regime Model 

Horizontal and vertical flows represent extremes concerning geometrical conditions for flow 

regimes, of course due to the impact of gravitational forces. The term “physical model” is 

sometimes used to describe a laboratory flow loop as opposed to a full scale flow loop, as 

opposed to a mathematical model which is a set of equations. 

3.11.1 Horizontal Flow - The Taitel and Dukler Model 

The model published by Taitel and Dukler in 1976, has become a classic example of how to 

combine experiment and theory into a model without having to be completely empirical, i.e. 

without having to use correlations of pure curve fit type. It may be criticized for simplification 
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and choice of specific assumptions, however it will be standing as a method to develop useful 

calculation tools with a deeper understanding. The flow regimes arise a competition between the 

most important forces that act-gravitation (with buoyancy), turbulence, interfacial friction and 

lift forces (Bernoulli Effect). To calculate the three latter forces one needs the phase velocity of 

gas and liquid. If only the superficial velocities are known, it is necessary to calculate the fluid 

fraction before one can find the phase velocities [6, 8, 9]. 

Flow Model Assumptions: 

• Stratified without waves 

• Constant gas density 

• Isothermal flow (no thermal effects on density and viscosity) 

• Steady state flow 

Liquid Fraction in horizontal stratified flow: 

Consider a near horizontal flow as shown in the Figure 3.10, with above assumptions and further 

assumed that forces are in equilibrium and equations are [6]: 

Liquid: −�� GHIHJ� − K��� + K��� +  ��� g sin P = 0 

Gas: −�� GHIHJ� − K��� − K��� +  ��� g sin P = 0 

 

 

 

 

 

 

 

 

 

Figure 3.10 Taitel and Dukler Model for Stratified near horizontal flow [6] 
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These equation may be considered as space and time averaged versions of the Navier-Stokes 

equations for two phase flow. Provided the liquid height remains constant along the flow, we 

may use the relation GHIHJ� = GHIHJ� = GHIHJ, and eliminate the pressure gradient from the two 

equations and obtain [6] 

K� ���� − K� ���� + K��� 0 1�� + 1��1 + ( � −  �) g sin P = 0 

 

In this equation the shear stresses are modeled as:  

K� = =�  ���R2  

K� = =�  ���R2  

K� = =�  �(�� − ��)R
2  

The friction factors enter the shear stress equations as in single flow. However, the geometry of 

the fluid wall contact no longer circular and the following expressions are used. 

=� = S� 0T���U� 1DV
 

=� = S� 0T���U� 1D�
 

=� ≈ =�  

The pipe diameter D is replaced by the equivalent hydraulic diameter T� and T� . These are 

defined as in  

For Liquid (Open Channel)  T� = X	�Y�  

For Gas (closed duct)           T� = X	�Y�ZY[ 

 

The assumption that the friction factor  =� ≈ =�  is based on experiments with stratified flow 

without waves. The procedure now is to transform the previous equations into a form where the 

superficial velocities appear instead of the phase velocities and where the liquid fraction (liquid 
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height) appears in separate terms. To do this we need to introduce dimensionless quantities by 

scaling the corresponding dimensional quantities in the following way: all lengths are divided by 

D, areas are divided by TR and phase velocities are divide by their corresponding superficial 

velocities. We also introduce ℎ�] = 3�(  and obtain [6] 

�̂� = ��T = _`aabcd2ℎe� − 1f�̂� = ��T = F − �̂��̂� = ��T = g1 − d2ℎe� − 1fR
 

Th� = T�T = 4�̂��� Th� = T�T = 4�̂��� + �� �̂ = F4 

�̂� = ��TR = 14 j_`aabcd2ℎe� − 1f − d2ℎe� − 1fg1 − d2ℎe� − 1fRk 

�̂� = ��TR = F4 − �̂��h� = ����Y = �̂�̂� �h� = ����Y = �̂�̂� 

 

 

Dimensionless combined momentum equations [6]: 

lR jd�h�Th�fDV�h�R �̂��̂�k − jd�h�Th�fD��h�R m�̂��̂� + �̂��̂� + �̂��̂�nk − 4o = 0 

Where, lR = pGqrqsJ�tGqrqsJ�t
p      and   o = (&�D&�) uvwx y

GqrqsJ�t
 

 

The superficial pressure drops GHIHJ�Y and GHIHJ�Y are calculated as for single phase flow, based 

on gas and liquid superficial velocities and the respective single phase fluid properties. 



23 

 

 

Figure 3.11 Equilibrium liquid levelas a function of the Lockhart-Martinelli parameter [6] 

In the Figure 3.11 is shown the solution of the dimensionless liquid fraction equation for 

different values of Y with the Lockhart-Martinelli parameter X as abscissa. The equation is 

transcendent in ℎe� is to be found as a function of X. 

 

 

3.12 Models for Flow Regime Transition 

Starting from the superficial velocities and liquid fraction the real velocities (phase velocities) 

can be calculated. These now enter models for flow regime borders [6, 9]. We discuss the four 

borders which are essential, describing the transition between: 

3.12.1 Stratified flow with and without waves 

3.12.2 Stratified flow and slug flow 
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3.12.3 Slug flow and dispersed bubble flow 

3.12.4 Slug flow and annular flow 

3.12.1 Transition between stratified flow with and without waves 

On a plane liquid surface waves can be generated in various ways. We are primarily interested in 

waves arising from gas blowing over the surface. Taitel and Dukler adopt a model by Jeffreys 

(1926) who suggested the following condition for wave generation [6, 9, 10]. 

S. (�� − S)R ≥ 4U�8d � −  �fc �  

Here C is the wave velocity and s is a “screening coefficient” which in value is 0.3 according to 

Jeffreys. In the model by Taitel and Dukler the value S= 0.01 is used. At increasing Reynolds 

number the ratio 
|'�approaches unity and for simplicity we may assume S = ��. We further 

assume that �� ≫ S and thus obtain the criterion for wave generation as 

�� ≥ j4U�( � −  �)8abcP� ��� k
~�
 

The pipe inclination β has been included to make it possible to apply the expression also for 

slightly inclined pipes. In this case we use an effective gravity constant 8abcP.  

3.12.2 Transition between stratified flow and slug flow 

The instability where stratified flow transforms to slug flow is called the Kelvin-Helmholtz 

instability which describes in Figure 3.12. When the gas velocity becomes sufficiently high, 

waves become unstable due to Bernoulli lift effects. The reduced gas flow area over the wave top 

leads to pressure drop which lifts the waves. If the lift is stronger than a critical value given by 

the wave mass, the waves will be lifted to entirely the whole pipe cross section. This process is 

spontaneous and very fast, provided the conditions are present. We will develop a simple which 

yields the proper equation for the transition. The quantities that are used to describe the 

instability is �� and the characteristic heights ℎ�  and ℎ� [6, 9, 10]. 

The original analysis was carried out for flow between two infinite planes, by means of wave 

theory, which is too comprehensive to be done here. They obtained the classical criterion 

�� > j8( � −  �)ℎ� � k
~�
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Figure 3.12 Wave generation leading to the Kelvin-Helmholtz instability [6] 

 

We instead use Bernoulli’s equation and assume that  �  is constant along the interval. For 

circular pipes the gas flow area is not linearly dependent on ℎ�  and the solution is more complex. 

By straightforward manipulation of the previous conditions we get [6] 

�� > j2( � −  �)8abcPdℎ� � − ℎ�f � . ���R��R − ���R k
~�
 

For small waves ��� can be Taylor expanded to give the final expression 

�� > SR j( � −  �)8abcP�� ��� k
~�
 

Where we have used  �� = H	e�H3h�    with SR = �2 (	��/	�)�Z	��/	��~�
 

The function SR is wave height dependent, in general unknown and non-linear. However, simple 

inspection shows that it has the following limits: 

• For low liquid height (and small disturbances) ��� → �� . Thus SR approaches 1.0. 

• For high liquid level ��� is very sensitive to even small waves and approaches zero. In 

this case also SR approaches zero. 

A simple function for this behavior is the linear, SR = 1 − 3�( = 1 − ℎe�.  

3.12.3 Transition between slug flow and dispersed bubble flow 

If the liquid flow rate is large (absolute and in comparison to the gas flow rate), the liquid 

fraction will be high and also the flow velocity. The degree of turbulent mixing then also is 

important and eventual gas will be broken into small dispersed bubbles. In the Taitel and Dukler 
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theory a transition criterion has been introduced based on balance between buoyancy and 

turbulence. Buoyancy causes the gas bubbles to migrate towards the upper part of the pipe and 

coalesce to form large gas bubbles and slug flow. Turbulence on the other hand mainly breaks 

bubbles apart and diffuses the bubbles over the pipe cross section, thus favoring dispersed bubble 

flow. Figure 3.13 for the discussion to follow. Imagine the flow is at the transition between slug 

flow and dispersed bubble flow. The large gas bubble is exposed to the high velocity turbulent 

liquid flow on the bottom interface side and front and rear sides. On the other hand the buoyancy 

acts upwards to recover the large bubble [5, 7, 10]. 

 

 
Figure 3.13 Taylor bubble on the transition to dispersed bubble flow [6] 

 

3.12.4 Transition between slug flow and annular flow 

 If the gas velocity is sufficiently high to exceed stratified flow, e.g. by the Kelvin-Helmholtz 

criterion, there is still a possibility that slug flow does not occur. This is the case if the gas flow 

rate is so high that gas blows through and destabilizes the slugs. In this case annular type flow 

occurs. Taitel and Dukler present a highly simplified argument to quantify this phenomenon. 

They assume that equilibrium level is the most important contribution. The mechanism is 

illustrated in the figure below. In order to maintain slug there at least must be sufficient liquid to 

create the slug. 

 

Figure 3.14 Slug-Annular Flow Transition [6] 
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Figure 3.14 illustrates  slug-annular flow transition. If the average liquid level drops below 50% 

there will not be sufficient liquid to develop a stable slug. The amount of liquid in the slug body 

equals the amount of liquid removed from the neighboring depletion. 

 

The slug creation takes place in very short time and the required liquid must be taken from the 

immediate surroundings. In the critical case with 50% liquid (ℎe� = 0.5) the slug needs all 

surrounding liquid. If the liquid level is less than 50% this is still not sufficient to establish full 

liquid slug; gas blows over the liquid and annular flow results. A modified criterion has later 

been suggested by Taitel and Dukler. It is observed in high velocity slug flow that the liquid slug 

body may contain up to 30% gas. In the critical case the average liquid fraction over the slug unit 

(liquid slug body and neighboring depletion) is  

�� = 12 (0 + 0.7) = 0.35 

 

A logical flow diagram of Taitel-Dukler Model is presented in figure 3.15 on the next page. 
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Figure 3.15 Taitel and Dukler Model-Logical Flow Diagram [6] 
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3.13 The Lockhart-Martinelli Correlation 

The Lockhart-Martinelli correlation was originally developed for calculation of pipe flow 

pressure drop in nuclear plant cooling systems. Later it has been adopted also for petroleum 

applications. The model is very simple and can be characterized as a separated flow model. This 

means that it considers the total frictional pressure gradient as composed of separate liquid and a 

gas terms based on the superficial pressure drops. A simple interaction term is used to describe 

interfacial shear forces. This does not mean that the model is applicable only to separated (e.g. 

stratified flow) [6, 9, 10] 

However, conceptually one may visualize the model as if the total flow in one single pipe with 

diameter D was split into two identical pipes with identical diameters as the original (D), each 

pipe transporting only gas or only liquid. The pressure drop in each pipe would then equal the 

superficial pressure drop. 

However, in the real process the phases interact. This interaction is then modeled as if there was 

some link between the pipes, so that one might express the interaction by some function of the 

individual pressure drops. The interaction term suggested by Lockhart and Martinelli was a 

geometrical mean of the individual pressure drops. 

0-6-/12 = 0-6-/1�Y + S. �0-6-/1�Y . 0-6-/1�Y + 0-6-/1�Y 

The “coupling constant” C depends on the single phase flow regimes (laminar or turbulent) given 

by the Reynolds numbers. The appropriate C values are given in the Table 3.1. Note that C 

approximately doubles each time one of the phases goes from laminar to turbulent.  

Table 3.1 “C” Values for the Lockhart-Martinelli Model [6] 

Liquid Regime Gas Regime Subscript C 

Turbulent Turbulent tt 20 

Viscous (lam.) Turbulent vt 12 

Turbulent Viscous (lam.) tv 10 

Viscous (lam.) Viscous (lam.) vv 5 

 

Depending on the choice we get the two following expressions [6]: 

0-6-/12 = �1 + S. l + lR�. 0-6-/1�Y ≡ ��R . 0-6-/1�Y 

0-6-/12 = �1 + S. 1l + 1lR� . 0-6-/1�Y ≡ ��R. 0-6-/1�Y 
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Where the Lockhart-Martinelli parameter is given by  lR = GqrqsJ�tGqrqsJ�t
 

 

Figure 3.16 Two-phase multiplier φ in the Lockhart-Martinelli Correlation [6] 

On the other hand the two-phase multipliers ��R and ��R can be considered as function of X. In 

this case the “flow regime” is allocated entirely to the coefficient C. It is the various values of C 

that identify the various curves in Figure 3.16. 

 

3.14 Measurement Techniques 

There is a variety of techniques that have been investigated for this application during last 20-30 

years. Multiphase flow is industrial technology, as well as a science and consequently the 

usefulness of various techniques varies from one application to the other. There is a large span in 

instrument parameters like size, complexity, price and even hazards involved by use from one 

technique to the other. The most common techniques from the petroleum production point of 

view, which concern measurement of: 

• Fluid fractions 

• Flow regimes 

• Phase flow velocities and flow rates 
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3.14.1 Measurement of fluid fractions by gamma densitometer 

The gamma (γ) densitometer consists in principle of a radioactive source which irradiates the 

pipe flow line with penetrating gamma rays. A detector on the opposite side registers the 

particles that pas through the pipe walls and the two-phase flow mixture [11]. Figure 3.17 

describes the principle of Gamma Densitometer. 

 

Figure 3.17 Principle of Gamma Densitometer [11] 

The absorption of gamma particles obey the differential equation: 

-� = −!. �. -/ 

Where, dI is the of radiation through a length dx of the medium that the beam penetrates. The 

attenuation constant is material dependent and is to a large extent proportional to the density of 

the medium. The differential equation is solved straightforward to yields Beers Attenuation Law: 

�(/) = ��. %D) 

Where, I(x) is the remaining beam intensity after having traversed a length x of the medium 

starting with intensity I0 at the entrance x = 0. The gamma ray energy from 50 keV to 1 MeV. 

Gamma rays are produced by radioactive sources of various radioactive isotopes. Also X-rays 

may be used, which are produced by X-ray generators. However X-rays are normally low 

energetic, ranging from a few keV to 200 keV. For a homogeneous mixture the attenuation 

constant can be written as 

! = 0��� 1 � � 

Where N0 is Avogadro number, A is the atomic mass number, � is the atomic absorption cross 

section (in cm
2
/g) and  � is the mixture density. The atomic cross section varies with the gamma 

energy and the material irradiated. 



32 

 

 

Figure 3.18 Principle design of Gamma Densitometer [11] 

If the gas liquid flow regime is dispersed (homogeneous) as per Figure 3.18 it can be derive the 

following relation for measurement of gas fraction: 

�� = ln(�/��)ln(��/��) 

Where I is measured intensity reaching the detector when having two-phase flow. On the other 

hand IG and IL are the measured intensities if either only gas or only liquid is present in the pipe. 

Normally �� ≫ ��. For other flow regimes where the gas and liquid come as consecutive sections 

along the beam path the same equation as above applies. However, for flow regimes where gas 

and liquid are parallel along the beam direction the appropriate equation is  

�� = � − ���� − �� 

 

3.14.2 The Venturi  flowmetere 

It is based on the pressure drop associated with increase of flow speed as predicted by the 

Bernoulli equation [7]. 

 

Figure 3.19 Venturi Flowmeter Principle [11] 
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With reference to the Figure 3.19 the equation may write as  

6� + 12  ���R = 6R + 12  R�RR 

If hydrostatic pressure gradient and friction may be neglected. If the density may be assumed 

constant, the continuity equation may be written 

��. �� = �R. �R 

And we obtain the volumetric flow rate � = �R. �R as � = 	���Dy� gR.∆I&  

The equivalent mass flow rate � =  . � is then � = 	���Dy� �2.  . ∆6 

Where P = 	�	~ and the pressure drop ∆6 = 6� − 6R. In practical application there are always 

some extra pressure losses which must be compensated. These may be put into a discharge 

coefficient SH which account for additional flow effects. Thus 

� = SH�R�1 − PR �2.  . ∆6 

 

3.14.3 Wet Gas Meter 

The Wet Gas Meter (WGM) detects the water content based on microwave technology and flow 

rates using a V-cone differential pressure device. The split between gas and condensate is found 

using PVT Calculations and as such, the meter depends on input of the true hydrocarbon 

composition. Figure 3.20 is a schematic diagram of wet gas meter arrangement. 

 

Figure 3.20 V-Cone Wet Gas Meter Principle [3] 
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3.14.3.1 V-Cone Differential Pressure Flow meter 

The individual flow rates are measured using a V-Cone differential pressure flow meter. The 

measured differential pressure basically depends on fluid density, composition and flow velocity 

[4, 11, 12]. In the case of two phase wet gas flow, the gas rate is generally expressed as: 

�� = FTR
4 S( . �∅� � 2. ∆..  8(PDX − 1) 

Where, S( = Gas discharge 

             y = Fluid expansibility 

            ∅� = Two phase gas multiplier 

The WGM can be equipped with dual set of differential pressure transmitter for redundant 

measurements. 

3.14.3.2 Microwave based Water Fraction Meter 

The Water Fraction Meter (WFM) detects the resonant frequency of microwave radiation 

propagating through a fluid mixture that is instantaneously present in the resonance cavity. The 

resonant frequency depends on the dielectric properties of the mixture, which is a function of 

fluid fractions, temperature and water conductivity [11, 12, 13]. 

The permittivity of water (~60-200) is much higher than that of gas (~1) or oil/condensate (~2). 

The dielectric properties of the wet gas mixture are consequently very sensitive to the water 

content and the WFM is basically used to deduce the water volume fraction αw. 

The resonant frequency is generally given by [11]: 

fr = fvac/√εmix 
Where, 

             fvac = Vacuum Frequency 

            εmix = Mixture Permittivity 

and this resonant frequency can be calculated from the permittivity of each of the constituting 

materials (water, gas, condensate) and the individual volume fractions through using certain 

mixing formulas. All Multiphase flow meters are based on the Brȕggeman mixing formula [11]: 

1-αi= εi-εmixεi-εh  . (εh/εmix)⅓ 
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Where, 

           εmix = Mixture Permittivity; 

          εh = Permittivity of the continuous host material (gas); 

          εi = Permittivity of the inclusion material (condensate or water); 

           αi = Volume fraction of the inclusion material 

The measured water fraction is compensated for the presence of water vapor and the appearance 

of slip in the WFM sensor. 

 

3.14.3.3 Microwave based Formation Water Detection 

A microwave resonator sensor has a resonance that is used for measurement purposes. The 

resonance has mainly two properties: The resonance frequency frand the quality factor Q. The 

quality factor is defined as the ratio between resonant frequency and the half-power width of the 

resonance peak [11, 12, 13]: 

Q = frΔfhp 

Both frand Q are affected by the permittivity of the mixture being measured. The permittivity is a 

complex quantity, i.e. it has both a real and an imaginary part, which means that it is actually a 

combination of two more or less independent quantities [11]: 

εr = εr
’
–jεr

”
 

The subscript r means that the permittivity is taken relative to that of vacuum. Physically the real 

part gives the speed of propagation, i.e. tells how much the waves are being slowed down by the 

medium. The slowing of the waves also means that the wavelength is shorter in the medium than 

in vacuum. Therefore the phase shift experienced on a fixed distance is larger in the medium. 

Because the resonance condition of a microwave resonator is fulfilled at a fixed wavelength, the 

resonant frequency decreases with increasing permittivity according to 

fr = fro√ε'r 
Where, fro= resonant frequency of the empty sensor 
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The imaginary part tells how fast a propagating wave is attenuated, i.e. how lossy the medium is. 

The losses broaden the resonance peak. When the losses in the medium is the main loss 

mechanism in the resonator, the quality factor is 

Q ≈ ε"rε'r  
Ionic conductivity is associated with resistive losses. The conductivity σ in the medium gives 

rise to a component of the imaginary part of the permittivity: 

ε"rσ = σ2πfεo 

Where, εo = 8.854x10
-12

 As/Vm is the permittivity of vacuuam. 

 

The permittivity of the mixture depends on the permittivity of the constituents. This is the basis 

for all microwave composition measurements. If the water droplets of an oil or gas continuous 

mixture are conductive, the whole mixture is lossy. By measuring both fr and Q, both the WVF 

and the lossiness of mixture increases and is detected as a reduction in Q. Figure 3.21 shows how 

electromagnetic field of V-Cone Resonator are distributed. 

 

Figure 3.21 Electromagnetic Field Distribution of V-Cone Resonator [11] 

 

3.15 Factors influence the measurement of Multiphase Flow Meter  

PVT data of fluid stream affects in the performance of Multiphase Flow Meter. For high GVF 

(~98%) the gas phase is very little affected by PVT errors and with rapidly changing 

composition has significant impact on MFM data. Beside PVT data, some other factors listed in 

the Table 3.2 can contribute for biasing meter data [5, 7, 14]. 
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Table 3.2 List of Influencing Factors for MFM Bias Result [5] 

Nature of Influence Specific Influence Effect on Measurement 

Sensor Drift Drift of DP, P, T Bias calculation of flow rate, 

conversion to standard condition 

etc. 

Count rate drift Cause bias in density or phase 

fraction 

Radiation Detector 

Resolution 

Causes errors in phase fractions 

for dual-energy gamma-ray 

instruments 

Operating Environment Pressure Operating limits, transducer 

damage, offset due to static 

pressure 

Temperature Operating limits, transducer 

damage, offset to low or elevated 

temperature  

Slip Ratio Wrong correction made for slip 

between gas and liquid 

Flow Regime/Pipe 

Orientation 

Bias introduced by use of 

incorrect flow model 

Meter Geometrical Alteration Erosion/Corrosion  Negative bias in calculated flow 

rate 

Buildup of Deposits (Wax, 

Scale, Asphaltenes, etc.) 

Positive bias in calculated flow 

rate 

Pressure Effects Depends on instrument 

Other Meter Effects Meter Finish Change (e.g. 

scale deposits) 

Alter discharge coefficient Cd 

Fluid Property Changes Density Inject flow rate bias 

HC Composition Affect phase fraction calculation 

Salinity Affect phase fraction calculation 

Viscosity Affect phase fraction calculation 

Other additives (H2O, 

H2S…..) 

Affect flow and PVT Models 
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Chapter 4 

DETERMINATION OF FLUID FLOW PROFILE 

 

4.1 Introduction 

There are several methods available for determining the fluid flow regime for horizontal flow 

such as Weisman Model, Taitel-Dukler Model, Beggs and Brill Model. This study followed 

Taitel-Dukler Model for horizontal flow as the assumptions of this model completely matched 

with existing problem.  

4.2 Calculation Approach 

In this project, four steps were followed to complete the study on multiphase fluid flow profile 

and multiphase meter: 

o Flow Regime Determination by using Taitel-Dukler Model 

o Calculation of Pressure Gradient for Horizontal Pipe 

o Investigation for Phase Changes by HYSYS Simulator 

o Investigation for Gas Flow Data Accuracy 

4.2.1 Flow Regime Determination by using Taitel-Dukler Logical Flow Diagram 

This study has been conducted based on the following assumptions [6]: 

� Constant gas density 

� Isothermal Flow (no thermal effect on density and viscosity) 

� Steady state flow 

The following parameters are important to determine flow regime: 

� Superficial Velocities for Liquid and Gas (�� and ��) 

� Liquid and Gas Density (�� and ��) 

� Liquid and Gas Viscosity (�� and ��) 

� Pipe Diameter (D) 

� Pipe Inclination (�) 
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Table 4.1 Necessary Equations for Taitel-Dukler Model [6] 

�	
 = �
� = 14 ��������2ℎ�� − 1� − �2ℎ�� − 1��1 − �2ℎ�� − 1�� 
�	� = �
� = �4 − �	
 

 	
 =  
� = �������2ℎ�� − 1�  	� =  �� = � −  	
  	! =  !� = �1 − �2ℎ�� − 1�
 

�"� = ����# = �	�	� �"
 = �
�
# = �	�	
 �	 = �4 

$%&%'( )�= 
*+ ,� (+./0 )

-m
. 

1 ρ �� 

 

$%&%'( 2�=  
*+ ,� (+.30 )

-m
. 

1 ρ �� 

 

 

4=  
(5657)�9
(5657)�9 

: =  
( ;3  < ;/) = >?@A

$5B57 (�9  

 

Table 4.2 Factors for Taitel-Dukler Model [6] 

Constant for Turbulent Flow C= 0.046,  

 

Exponent for Turbulent Flow, m = 0.2 

Constant for Laminar Flow  C= 16,  

 

Exponent for Laminar Flow, m = 1 

Screening Coefficient, S = 0.01  

Coupling Constant, C2 = 0.38  
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� Now check the following conditions for identifying Flow Regime:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

NO 

SS 

1. SS → SW? 

Ug>C*D3�;3<;/��EF9A9;/G3  

 
NO 

2. S → I/A? 

Ug>, C�;3<;/�� EF9AH�/;/IJ  

YES 

SW 

ℎ�� < 0.5 

3. I → A? 

 

 

ANN. 

YES 

YES 

�� > C4��� − ���) cos � �
��S� !  

4. I → DB? 

 

NO 

DISP 

SLUG 

NO YES 
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Calculation for BY-1 Well: 

Condition: 

� Gas Flow Rate: 97.8 MMSCFD 

� Condensate Production Rate: 512.3 bbl/d 

� Water Production Rate: 191.3 bbl/d 

� Pipe ID: 7.625 inch 

� Pipe Inclination: 1º 

� Gas Density: 0.724 kg/m
3
 =  0.04519 lb/ft

3
 

� Gas Viscosity: 0.0158 cP = 1.06176x10
-5

lbm/ft-sec  (Kinematic Viscosity = 2.34914x10
-4

 

ft
2
/s) 

� Liquid Hydrocarbon Density: 48.71 lb/ft3  (Relative Density = 0.7810) 

� Viscosity of Liquid Hydrocarbon: 1.0893 cP = 7.3201x10
-4

lbm/ft-sec  (Kinematic 

Viscosity = 1.50279x10
-5

 ft
2
/s) 

 

Step-1: Calculation of Superficial Reynolds Number for Gas and Liquid Phase 

Superficial Gas Velocity, �� = 
T/H/ 

Where,  

Ug = Superficial Gas Velocity 

Qg= Gas Flow Rate  

Ag = Flowing Cross Section of Gas 

 

�� = 
UV.W XX#YZ+ [ +W\*]] # [1000[1000[ 1].^1\U*V _`a = 3571.40 ft/s 

Superficial Liquid Velocity, �� = 
T3H3 

Total Liquid Rate, b�  = 512.3 + 191.3 = 703.6 bbl/d = 0.04572 ft
3
/s 

So, Superficial Liquid Velocity, �� = 
].]*cV _`d

# [ 1].^1\U*V _`a = 0.14425 ft/s 
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Superficial Reynolds Number for Gas Phase = 
+;./ e  

= 0.635417 Si [ ^cV1.*] _`9  [ ].]*c1U �j_`d  [ _`<91.]\1V\'1]kl�j  
i.e. Re = 9659126.37   Turbulent Flow 

Superficial Reynolds Number for Liquid Phase = 
+;.3 e  

=0.635417 Si [ ].1**c _`9  [ *W.V1 �j_`d  [ _`<9V.^]1'1]km �j 

i.e. Re  = 6099.24     Turbulent Flow 

 

Step-2: Calculation of Superficial Pressure Drop for Gas and Liquid Phase 

Superficial Pressure Drop for Gas Phase, $%&%'( )� = *+ ,� (+./0 )
-m

. 
1 ρ �� 

Where, 

 $%&%'( )� = Superficial Pressure Drop 

 ,� = Constant for Turbulent Flow = 0.046 

ν = Kinematic Viscosity = 0.000234914 ft
2
/s 

m = Exponent for Turbulent Flow = 0.2 

 

$%&%'( )� = 

*].\^c*1V _`  [ 0.046 [ (0.635417 Si [ 3571.4 _9̀ [ 9].]]]^*U1* _`a)<]. [ 1 [ ].]*c1U �j_`d  [ 3571.40 _`9a

 

= 3346.01 lb/ft
2
-s

2 

Superficial Pressure Drop for Liquid Phase, $%&%'( 2�=  
*+ ,�  (+.30 )

-m
. 

1 ρ �� 

Where, 

 $%&%'( 2� = Superficial Pressure Drop 
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 ,� = Constant for Turbulent Flow = 0.046 

ν = Kinematic Viscosity = 1.50279x10
-5 

ft2/s
 

m = Exponent for Turbulent Flow = 0.2 

 

$%&%'( 2� = 

*].\^c*1V _`  [ 0.046 [ (0.635417 Si [ 0.14425 _9̀ [ 91.c]VUn1]<c _`a)<]. [ 1 [ *W.V1 �j_`d  [ 0.14425 _`9a

 

= 0.025679 lb/ft
2
-s

2
 

 

Step-3: Determinationof Liquid Holdup by Using Lockhart-Martinelli Parameter 

4=  
(5657)�9
(5657)�9            : =

( ;3  < ;/) = >?@A
$5B57 (�9  

 

So, 4 = 
].]c\VU ^^*\.]1  = 7.6745[10<\ 

4 = 0.0028 

And   :  =  
(*W.V1<].]*c1UW) �j_`d  [ ^.V1* _`9a  [ �op1°[ _`a< 9a

^^*\.]1 �j 

               = 0.008 

 

From Figure 3.11, Dimensionless Liquid Fraction, ℎ�r= 
st+   = 0.02 

 

Step-4: Calculation of Gas and Liquid Fraction 

�	 = 
u* = 

^.1**  = 0.785 

��r  = 
1* ��������2ℎ� r − 1� −  �2ℎ� r − 1��1 − �2ℎ� r − 1�� 
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=  
1* warccos(2[0.02 − 1) − (2[0.02 − 1)z1 − (2[0.02 − 1){ 

=  
1* |2.858 + 0.269� 

= 0.782 

 

��r =  
u* − ��r  

= 
u* − 0.782 

= 0.003 

 

Step-5: Determination of Flow Regime 

� Flow Transition: Stratified Smooth to Stratified Wavy 

�� >C*D3�;3<;/��EF9A9;/G3  

�� >�*'1.c]VU'1]<c'(*W.V1<].]*c1UW)'^.1V*'EF91°].]1'].]*c1UW'].1**c  

�� >� ].]U*1\.c1UW'1]kl 

��  >  37.99       [where, �� = 3571.40 ft/s] 

 

So the flow may be Intermittent or Annular 

 

� Flow Transition: Stratified to Intermittent or Annular 

 	! = �1 − (2ℎ�� − 1) 

     =  z1 − (2[0.02 − 1)  = 0.28 

            �� > , C�;3<;/�� EF9AH�/;/IJ  
            �� > 0.38[�(*W.V1<].]*c1UW)'^.1V*'EF91°'].VW].]*c1UW'].W  
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            �� > 310.48              [where, ��  = 3571.40 ft/s] 

This result confirms that flow is not stratified wavy; it may be intermittent or annular. 

� Flow Transition: Intermittent to Annular Flow 

If  ℎ�r< 0.5 then flow will be annular, otherwise it may be Dispersed Bubble Flow or Slug 

Flow. But in this case it is found ℎ�r = 0.02 which is less than 0.5 

 

So Flow Regime is found to be Annular. Using the corresponding data set and similar calculation 

steps, results for all seven wells were determined that is presented in the next section. 
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From Table 4.3 and Table 4.4, all wells were flowing at actual flow condition. It is found by 

Superficial Reynolds number that Gas Flow and Liquid Flow both were turbulent. Flow 

transition check calculation shows that all values are less than Superficial Gas Velocity and 

dimensionless liquid fractions are also less than 0.5. So from Taitel and Dukler Model it can be 

concluded that flow is annular. 

 

Table 4.5 and Table 4.6 summarizes the calculated results at reduced flow condition, the reason 

behind this calculation is as time goes the reservoir will deplete and gas composition will change, 

so flow regime may change due to changing condition and if flow regime is changed that may 

lead to increase uncertainty level of multiphase flow meter. At that condition again flow regime 

calculation has been done and found transition flow values are more or less similar which is 57 

to 74 for stratified smooth to stratified wavy and 282 to 313 for intermittent/annular flow 

transition, while actual flow condition these were 33 to 53 and 292 to 310 respectively, which are 

less than Superficial Gas Velocity and also dimensionless liquid fraction is less than 0.5 and as 

per Taitel and Dukler Model, flow is annular 

 

 

4.2.2 Calculation for Pressure Gradient in Horizontal Pipe 

 

This calculation was performed for horizontal pipeline from downstream of choke valve to 

production header. This pipeline is about 200 ft where pressure drop is minimum (approximately 

5 psi), study carried out to understand the pressure gradient profile for all 7 wells of North Pad. 

To design a two-phase pipeline, an accurate assessment of pressure drop and liquid holdup is 

necessary, and the results of this study can be used for future reference. 

 

Necessary Equations: 

� Average dimensionless Pressure Gradient, ∆�∗ = ∆&;��� 

� Mixture Reynolds number, ��� = +.�;�e�  

� Mixture Froude number, ��� = .�a��  

� Mixture Density, �� = ���� + (1 − ��)�� 

� Mixture Viscosity, �� = ���� + (1 − ��)�� 

� Mixture Velocity, �� = �� + ��  

� Where, �� = .3.� 
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�� =  0.144253571.40 + 0.14425 = 4.03887[10<c
 

 

Mixture Density, �� = (4.03887[10<c[48.71) + �(1 − 4.03887[10<c)[0.04519� 

   = 0.0473505lb/ft
3
 

Mixture Viscosity, �� = (4.03887[10<c[7.3201x10
-4

) +((1 − 4.03887[10<c)x1.06176x10
-5

) 

   = 8.69801x10
-6

lbm/ft-sec   

 

Pipe Length from Choke Valve to Production Manifold = 200 ft 

Average Pressure Drop = 5 psi [From Field Data] 

So, Dimensionless Average Pressure Gradient, ∆�∗ = c].]*V^c]c'^.1V*']] 

       = 0.0164 

Results Summary 

Table 4.7 Pressure Gradient Result of Wellhead Flow Line 

Well 

no 

Mixture 

Velocity, 

ft/s 

Holdup Mixture 

Density, 

lb/ft
3
 

Mixture 

Viscosity,lbm/

ft-sec 

Reynolds 

Number 

Pressure 

Gradient 

BY-1 3571.54 4.039[10<c 0.0473505 8.69801x10
-6

 148251915.10 0.01640 

BY-2 2377.42 5.830x10
-5 

0.0482221 8.71097x10
-6 

100351737.90 0.01611 

BY-3 2523.53 7.026x10
-5 

0.0496980 8.71913x10
-6 

109676470.70 0.01563 

BY-4 1716.41 5.095x10
-5 

0.0488900 8.77275x10
-6 

72936413.42 0.01589 

BY-5 2267.88 6.595x10
-5 

0.0499974 8.78358x10
-6 

98431963.35 0.01554 

BY-6 2114.43 3.291x10
-5 

0.0482479 8.42358x10
-6 

92345276.74 0.01610 

BY-7 2329.91 4.222x10
-5 

0.0471889 8.36306x10
-6 

100242882.20 0.01647 

 

For pressure gradient calculation, individual flow line is considered only because all individual 

flow lines are 8 inches diameter, connected to 20 inches production header and then goes to 

South Pad separator. At production header, all fluid streams of 7 wells are combined where fluid 

composition and flow pattern will be different from individual well flow. This production header 

is about 4.5 km long and pressure drop is higher than shorter flow line, so pressure gradient must 
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be higher than these shorter flow lines. Table 4.7 summarizes the calculated results of all 7 flow 

lines. 

Dimensionless Average Pressure Gradient values are from 0.01554 to 0.01647 which are very 

close to each other. 

 

 

4.2.3 Investigation for Phase Changes by HYSYS Simulator 

HYSYS, a Process Engineering simulation tool, is widely used in universities and industries for 

research, development, modeling and design. HYSYS serves as the engineering platform for 

modeling processes in Gas processing, Refining and Chemical processes. Here HYSYS was used 

to find the phase envelope at three points such as before choke valve, after choke valve and 

separator outlet. In steady state mode, well head stream after choking by valve it goes to the 

separator and divides into its constituent vapor and liquid phases. The vapor and liquid in the 

vessel are allowed to reach equilibrium, before they are separated. 

The entire simulation study and analysis was done on ASPEN
TM

 HYSYS 3.2. For simulation, 

fluid package was selected as Peng-Robinson model. The main reason behind this, for oil, gas 

and petrochemical applications, the Peng-Robinson is generally the recommended and widely 

accepted property package. ASPEN HYSYS contains an oil manager which organizes the data 

and HYSYS properties were used for property generation of the streams. [15].  

Figure 4.1 in the next page shows the Flow Model and the main purpose is to find out phase 

envelope at every pressure drop down point through HYSYS simulation. 
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Figure 4.1 Flow Model for Phase Envelope Determination by HYSYS 

In this HYSYS Model (Figure 4.1), fluid stream is flown through choke valve at 97.8 MMSCFD 

rate and pressure dropped down from 2150 psi to 1300 psi, temperature changes from 109.3º F to 

90º F. This choked flow further goes to separator for primary separation through flow line. This 

flow rate is then reduced to 30 MMSCFD to investigate that fluid composition and phase 

envelope is changing or not and phase envelope is determined for three points such as before 

choke valve, after choke valve and after separator. 

 

Figure 4.2: Phase Envelope before Choke Valve for 30 MMSCFD Flow Rate 

Operating Condition 
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Figure 4.3 Phase Envelope before Choke Valve for 97.8 MMSCFD Flow Rate 

Figure 4.2 and Figure 4.3 illustrates the phase envelope for 30 MMSCFD and 97.8 MMSCFD 

flow rate respectively, their operating pressure and temperature are 2150 psi and 109.3º F. It is 

observed that at both flow conditions operating points are within phase envelope and at same 

position, their operating point indicates that fluid stream contains more liquid to knock out and 

their position is not changed due to change in flow rate. 

 

 

Figure 4.4 Phase Envelope after Choke Valve for 30 MMSCFD Flow Rate 

 

Operating Condition 

Operating Condition 
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Figure 4.5 Phase Envelope after Choke Valve for 97.8 MMSCFD Flow Rate 

Figure 4.4 and Figure 4.5 illustrates the phase envelope for 30 MMSCFD and 97.8 MMSCFD 

flow rate respectively. Their operating pressure and temperature are 1300 psi and 90º F. It is 

found from the figure that at both flow conditions, operating points are within phase envelope 

and at same position; their operating point indicates that fluid stream contains more liquid to 

knock out and their position is not changed due to flow change. It is also found that phase 

envelope of before and after the choke valve is not changed due to flow rate and pressure 

changes. 

 

Figure 4.6 Phase Envelope at Separator Outlet for 30 MMSCFD Flow Rate 

Operating Condition 

Operating Condition 
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Figure 4.7 Phase Envelope at Separator Outlet for 97.8 MMSCFD Flow Rate 

Figure 4.6 and Figure 4.7 illustrates the phase envelope for 30 MMSCFD and 97.8 MMSCFD 

flow rate respectively, their operating pressure and temperature are 1072 psi and 90º F. Both 

figure shows that operating points are still within phase envelope and operating point exist near 

bubble point line but they are different from the phase envelope of before and after choke valve 

condition because some primary separation occurs at separator. Though the shape of phase 

envelope is changed from previous condition and operating point also shifted but still this fluid 

stream has liquids to knock out which will be further separated by dehydration unit. 

 

This project does not find any change in phase envelope for two different flow conditions. 

 

4.2.4 Investigation for Gas Flow Data Accuracy  

Gas flow rate accuracy is very important for production allocation, well testing and for reservoir 

management. As per manufacturer’s recommendation meter accuracy will be within ±5% and 

this project investigated the measurement formula whether it matches the recommended 

guideline or not. To carry out this investigation V-Cone differential pressure formula was used.  

 

To measure Gas Flow Rate following V-Cone Differential Pressure Formula was used [11]: 

b� = ��
4 ,+��� C2. ∆�. ���<* − 1  

Operating Condition 
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�� = 1 + ,4 + 4 

� = 1 − (0.649 + 0.696. �*) 0.0360912. ∆��. �  

 

Where, b� = Volumetric Flow Rate, MACFD ,+ = Discharge Coefficient = 0.80  � = Fluid Expansibility Factor ��= 2-phase multiplier 4 = Lockhart-Martinelli Factor � = Specific Heat Ratio = 
Y6Y� = 1.29 

� = Operating Pressure 

� = Beta ratio = �1 − %a
+a = 0.70 

∆� = Differential Pressure, inWC 

 

Sample Calculation for BY-1: 

    � = 1 − (0.649 + 0.696. 0.70*) ].]^\]U1'1*1.U'1c] = 0.9997 

 

Where,  ∆� = 14.5"��, Operating Pressure, � = 1300 ��o 
    �� = 1 + ,4 + 4 

    �� = �1 + 20[0.0028 + 0.0028 = 1.0276 

�ℎ���, 4 = 0.0028 ��i���op�� ���2o�� ���io�p �S ��2� 2�io�p �i�� S�� ¡: − 1 

b� = u'c.V\1a
* ].W'].UUUV1.]V\ �'1\'].]*c1UW].V]km<1 =14.83 �,�  = 106.40 ¢¢ ,�� 

While flow meter showing 97.8 MMSCFD at 14.5”H2O DP 

Error = 
1]\.*]<UV.WUV.W [100% = ¤. ¥¦% 

This calculation was carried out for seven wells determining flow meter reading error percentage 

in all seven wells. The results are presented next. 
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Results Summary 

Table 4.8 Calculated Results for Meter Data Accuracy 

Well No Actual 

Flow, 

MMSCFD 

Flowing 

Pressure, 

psig 

y     �� DP 

(wc) 

Calculated 

Flow, 

MMSCFD 

Error % 

BY-1 97.8 1300 0.9997 1.0276 14.5 106.40 8.79 

BY-2 65.1 1270 0.9998 1.0385 11.3 69.61 6.93 

BY-3 69.1 1270 0.9998 1.0444 11.7 73.58 6.48 

BY-4 47 1250 0.9998 1.0335 10.0 50.86 8.22 

BY-5 62.1 1250 0.9998 1.0419 11.0 66.22 6.63 

BY-6 57.9 1250 0.9998 1.0227 10.8 62.25 7.51 

BY-7 63.8 1260 0.9998 1.0287 11.1 68.27 7.01 

 

Table 4.8 summarizes the calculated results for determining meter accuracy percentage for wells 

1-7, where minimum value is 6.48% for BY-3 well and maximum value is 8.79% for BY-1 well, 

where meter flow and actual flow for BY-3 was 69.1 MMSCFD and 73.58 MMSCFD 

respectively, similarly for BY-1 it was 97.8 MMSCFD and 106.4 MMSCFD respectively. 

 

Figure 4.8 MFM Error Trend Analysis 
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Figure 4.8 illustrates the actual flow, meter flow and error percentage of multiphase meter of 

BYGP North Pad. Error percentage for BY-1 is 8.79% for 97.8 MMSCFD flow rate and for BY-

4 is 8.22% where for 47 MMSCFD flow rate is minimum among 7 wells of North Pad and 

minimum error percentage is for BY-3 is 6.48% where flow rate where flow rate is 69.1 

MMSCFD. From this trend it has been concluded that there is no linear relationship with flow 

rate of each well. 

 

4.3 Applicability of MFM in Bangladesh 

Advantages of Multiphase Flow Meter: 

� It can measure the unprocessed well streams very close to the well. 

� It can handle complex flows compared to single phase measurement system. 

� Initial installation cost is low compare to Test Separator System. 

� It can provide continuous monitoring of well performance and thereby better reservoir 

exploitation/drainage. 

� Less space is required and suitable for offshore applications. 

� Low maintenance cost. 

� Easily replaceable. 

Disadvantages of Multiphase Flow Meter: 

� High measurement uncertainty compare to single phase metering. 

� Complex technology. 

� No standard and simple method for multiphase fluid sampling is yet available. Gas 

composition data need to input its PVT Software on regular basis, if gas sampling cannot 

be done accurately then there is a chance to input wrong data and finally measurement 

uncertainty will increase [16]. 

 

Bibiyana Gas Field first introduced MFM in Bangladesh. Except this field, all other fields are 

using single phase measurement system and conventional Test Separator System for Well 

Testing. This system requires the constituents or “phases” of the well streams to be fully 

separated upstream of the point of measurement. To accomplish this stabilized flow, more capital 

investment is required where MFM offers an attractive alternative choice which will not increase 

installation cost, moreover it will reduce the cost and will provide in line multiphase flow rate 

continuously. But this MFM has two major limitations, one is measurement uncertainty and 

other is no established multiphase fluid sampling procedure is in place. 

 



57 

 

If there is space constraint then MFM can be installed but before making any decision to install a 

MFM in any Bangladeshi field, it should consider the following things: 

� Due to increased uncertainty, Cost-Benefit Analysis should be performed over the life 

cycle of the project to justify its application. 

� First investigate and describe the expected flow regime from the wells to be measured 

and determine the production envelope before selecting optimum multiphase metering 

technology. 

� Most of the available MFM in the market needs update on some fluid properties such as 

density, permittivity, conductivity salinity on regular basis, taking care of this in mind is 

important. 

� Careful comparison and selection procedure is required because a number of different 

MFM’s are available in the market, employing a great diversity of measurement 

principles and solutions. Some MFM’s work better in certain applications than others. 

� Need to consider of MFM’s capability of continuously measuring the representative 

phases and volumes within the required uncertainties. The well stream flow rates will 

vary over the life time of the well and it is important to ensure that the MFM will 

measure with the required uncertainty at all times. 

� Type of MFM is another important factor. In addition the installation must include 

adequate auxiliary test facilities to allow calibration and verification during operation to 

ensure confidence in the measurements over the well life time. 

� Due to the higher measurement uncertainties, it is generally not recommended to use a 

multiphase flow meter to replace a high accuracy fiscal measurement. 
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Chapter 5 

CONCLUSIONS AND RECOMMENDATIONS 

 

5.1 Conclusions 

Based on the objectives of this project to investigate Multiphase Metering Systems and 

Measuring Accuracy, the following conclusions are made from this study: 

� Calculation has been done based on PVT properties to identify fluid flow regime and it is 

found that the flow is annular. 

� This project has investigated for phase changes in individual flow lines for actual and 

reduced flow rate condition and simulation study suggests no phase changes will occur 

while flow rate will be declined. 

� Working principle of multiphase flow meter has been studied and found it is completely 

matched with calculated results and fluid flow regimes though it has some inaccuracy. At 

constant error this meter can be used for online monitoring. 

� Manufacturer’s data sheet shows that this flow meter works well for 43.5 to 45.1 lb/ft
3
 

Oil density and 1.15 to 4.46 lb/ft
3
 Gas density, where calculated gas and oil density of 

North Pad Well is 0.05 lb/ft
3
 and 48.71 lb/ft

3
 respectively. This improper density range is 

a possible cause of meter error. 

� This study found gas flow rate reading by the meters is higher than actual value by 6.6% 

to 8.8% and there is no linear relation with flow rate and it is unpredictable to forecast 

about future uncertainty level. Due to uncertainty it is not recommended for fiscal 

metering but compare to lower installation and maintenance cost with test separator 

system and for space limitations it can be used for well surveillance.  

� There is inline calibration option for this multiphase flow meter; PVT data, water 

fraction, water conductivity and fluid composition data need to be updated regularly for 

getting accurate meter data. This project does not find any standard sampling procedure 

to collect fluid stream sample. There is sample point before and after the meter and 

currently sample is collected through this point and study found that this sampling and 

lab analysis is a challenging task because there is no phase equilibrium of fluid stream at 

sampling zone and each phase collected contains some fraction of the other. This mixed 

phase leads to improper lab analysis and wrong input to meter. 

� To verify the correctness of water flow rate measurement from the meter or if the 

microwave measurement fails, there is an option to use gamma densitometer but it was 

not consider during design phase.  
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� Compared to capital investment and maintenance cost this meter is an excellent choice 

for well surveillance only but before doing this it should ensure that uncertainty limit are 

fixed; that means uncertainty level must not be changed with the entire life of the well. 

 

5.3 Recommendations 

From the study, this project recommends the following things: 

� Need to develop a standard and simple multiphase fluid sampling procedure. 

� Need to check measurement uncertainty within limit regularly. 

� Calibrate the Flow Meter on regular basis. 

� For new installation, greater care should be taken, especially on meter type, cost-benefit 

analysis, flow regime, calibration facility and cost of the unit. 

� This meter can be used for measuring the process parameters but should not be wise to 

use custody transfer metering. 
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Gas Analysis Report 

 

Sampling Date: 20/11/2012                  Time: 14:00 hr                Analysis Date: 22/11/2012 

Sample Location: At BY#1 Wellhead 

Temp: N/A 

Pressure: N/A        Sampled by: Chevron 

 

Table A-1: Wellhead Gas Analysis Report of November 2012 

Component % Mole % Vol 

Nitrogen 0.20117 0.201 

CO2 0.14019 0.140 

Methane 95.82575 95.825 

Ethane 2.32951 2.330 

Propane 0.71803 0.718 

i-Butane 0.21230 0.212 

n-Butane 0.17959 0.180 

i-Pentane 0.10066 0.101 

n-Pentane 0.05341 0.053 

Hexane 0.06763 0.068 

Heptane 0.10107 0.101 

Octane 0.06484 0.065 

Nonane+ 0.00584 0.006 

Total 100 100 

 

 

Physical Properties: (Method: ASTM D 3588-98, GPA Standard 2172-96) 

SG:    0.591130 

Gross Heating Value:   1059.30 BTU/SCF 

Viscosity:    0.023 cP 
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GOR Oil Analysis Report 

 

Sampling Date: 29/10/2007                   Time: 14:00 hr                   Analysis Date: 11/11/2007 

Sample Location: At BY#1 Wellhead 

Temp: N/A 

Pressure: N/A        Sampled by: Chevron and BUET 

 

Table A-2: Wellhead Oil Analysis Report of November 2007 

Component % Mole % Wt 

Ethane 0.0 0.0 

Propane 0.0 0.0 

i-Butane 0.0 0.0 

n-Butane 0.0 0.0 

i-Pentane 0.0 0.0 

n-Pentane 0.64 0.32 

Hexane 7.64 4.51 

Heptane 21.91 14.89 

Octane 24.56 19.08 

Nonane 4.07 3.73 

Decane 7.99 8.12 

C11 3.96 4.42 

C12 3.70 4.50 

C13 3.77 4.96 

C14 3.47 4.91 

C15 6.83 10.38 

C16 4.51 7.28 

C17 1.81 3.11 

C18 2.03 3.68 

C19 1.56 3.00 

C20 1.54 3.11 

Total 100 100 

 

 

Mole wt. of Oil (gm/mole): 140.0425 
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Well-Head Gas Stream Analysis Report 

 

Sampling Date: 29/10/2007                   Time: 14:00 hr                   Analysis Date: 11/11/2007 

Sample Location: At BY#1 Wellhead 

Temp: N/A 

Pressure: 3118 psi      Sampled by: Chevron and BUET 

 

Produced Gas in Liter (14.696 psiaand 0°C):   15.9465 

Produced Oil in gram at 30°C:    0.953 

Density of Oil in gm/cc at 30°C:    0.827 

Produced Water in gram at 30°C:    0.633 

 

Table A-3: Wellhead Gas Stream Analysis Report of November 2007 

Component % Mole % Wt 

Nitrogen 0.294 0.451 

CO2 0.065 0.156 

Methane 90.380 79.366 

Ethane 2.237 3.682 

Propane 0.686 1.655 

i-Butane 0.205 0.653 

n-Butane 0.172 0.547 

i-Pentane 0.092 0.365 

n-Pentane 0.073 0.288 

Hexane 0.200 0.944 

Heptane 0.295 1.617 

Octane 0.231 1.447 

Nonane 0.037 0.258 

Decane 0.072 0.562 

C11 0.036 0.306 

C12 0.033 0.312 

C13 0.034 0.343 

C14 0.031 0.340 

C15 0.062 0.716 

C16 0.041 0.504 

C17 0.016 0.215 

C18 0.018 0.254 

C19 0.014 0.207 

C20+ 0.014 0.215 

H2O 4.661 4.596 

Total 100 100 

 

C7+ Mol wt. (gm/mole):   142.626 

Gas Stream Mol wt. (gm/mole):  18.269 
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Multiphase Flow Meter Data Sheet 
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