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Meter applications today tend to fall into two distinct groups, allocation of
hydrocarbon revenue or well management. Allocation requirements tend to
focus on accurate measurement of hydrocarbon gas and condensate, whereas
well management applications typically focus on measurement or trending of
water production. There are however many applications where the distinction
can be distorted.

This paper will discuss the development of multiphase wet gas measurement

through Solartron ISA’s experience and how it is now being utilized in the Gulf
of Mexico in subsea applications.
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DEEPWATER EXPERIENCE OF DUALSTREAM WET GAS METERS IN
THE GULF OF MEXICO

Alan Downing, Solartron ISA

1. INTRODUCTION

Wet gas metering is now a common requirement on most gas condensate field
developments. The requirement has, in the main, been driven by the need to eliminate the
use of test separators and dedicated test lines. Removing test facilities enhances the
economic case to develop a gas prospect and in many cases has lead to the development of
gas reserves previously considered uneconomic marginal reserves.

Solartron ISA’s involvement in wet gas measurement spans back to the early 1990’s. The
pragmatic approach taken by the UK government towards allocation uncertainty requirements
at that time lead to a growth in third party tiebacks. These applications involved involving
routing new wells into existing subsea pipelines, existing platforms or via new minimal
facilities unmanned platforms.

Meter applications today tend to fall into two distinct groups, allocation of hydrocarbon
revenue or well management. Allocation requirements tend to focus on accurate
measurement of hydrocarbon gas and condensate, where as well management applications
typically focus on measurement or trending of water production. There are however many
applications where the distinction can be distorted.

This paper will discuss the development of wet gas measurement through Solartron ISA’s
experience and how it is now being utilised in the Gulf of Mexico.

2. BACKGROUND

2.1 What is wet gas?

The term ‘Wet gas’ implies the presence of a small amount of liquid within a gas stream. In
the context of multiphase flow measurement it has typically been applied to high GVF (Gas
Volume Fraction) applications where the GVF is >95%. The measurement is generally
considered as a two phase measurement i.e. Gas and total liquid however the liquid fraction
may comprise condensate, water and Methanol.

When using a differential pressure device to measure wet gas flow rates the presence of
liquid causes an over read and as a result a correction is required to generate ‘true’ gas and
liquid flow rates.

Several correction algorithms have been developed those commonly used being Murdock [1],
Chisholm [2] and De Leeuw[3]. Murdock and Chisholm were originally developed for use
with orifice plates although they are now modified and applied to venturi.
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Murdock's correlation is perhaps the most applied, whilst De Leeuw's was developed to
accommodate the observed change in the venturi over-read characteristic with varying
pressure and gas velocity. All three techniques have one common feature - in order to apply
the correction a knowledge of the liquid flow rate or gas mass fraction (GMF) is required. To
date this has typically been achieved through on going well testing either utilising separator or
tracer dilution techniques.

2.2 Wet Gas Measurement utilising Orifice Plates

Solartron ISA’s first involvement in wet gas measurement was with the supply of orifice meter
runs, ironically these early systems now break many of the ‘rules’ which we now abide by and
these installations were quickly superseded by venturi.

In hindsight it is easy to see why orifice plates are clearly not the best choice for wet gas
metering as they provide an excellent trap for debris and liquid and there is no easy way of
knowing if they are subject to build up of debris’ [4]

In addition orifice installations are often supplied with flow conditioning plates to reduce
installed lengths. These plates are an obvious location for hydrate formation, which in many
wet gas applications is a serious concern.

Possible hydrate formation Orifice
erosion

Liquid/debris build up

Fig1. Orifice Plate Installation
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2.3 Wet Gas Measurement Systems using Venturi

In the early 1990’s as the demand for wet gas measurement increased, including requirement
to ‘allocate’ wet gas subsea, the move from orifice plates to venturi meters was relatively
swift. The advantages over the orifice plate are easy to understand. The venturi profile is
inherently robust (i.e. no square edge), particularly important when considering the sand and
debris which can be expected within the well stream. There is no possibility for liquid hold up
and particularly important in subsea installations the venturi spool can be considered as ‘it &
forget’ therefore routine maintenance is not required. [5]

There are now many, many operational applications of wet gas systems on a world wide
basis, Solartron ISA’s experience alone covers over 60 projects over the last decade.
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Fig.2 Traditional Wet Gas Venturi system

To apply a wet gas correction implies a prior knowledge of the liquid fraction of the raw gas
stream. In a standard wet gas system the liquid fraction information has typically been
generated from well testing using either traditional test separators or by means of tracer
dilution techniques. Although accuracy associated with separators is often debated, it is now
accepted that liquid flow rates generated from the careful use of phase selective tracers are
typically within 10% [6].

The two well test methods described above suffer from one major draw back, determining
liquid fraction is a ‘one shot’ technique and due to equipment availability or economics these
tests are often only carried out on an intermittent basis. Changes in well characteristics that
are inevitable over a protracted period may not be detected until the next scheduled well test.
Liquids production may vary if the test is carried out at a constrained rate due to equipment
limitations and may take up to 24 hours to return to equilibrium conditions. [7]

This type of system still remains popular today. Where existing well test facilities are readily
available or where well conditions are known to be very stable this relatively simple solution
can be very cost effective.

24 ‘Intelligent’ Wet Gas metering technology

2.41 Dualstream Il

Although effective the draw backs of established wet gas metering systems as described
above has been long understood and as a result a number ‘intelligent’ wet gas meters have
been proposed. Solartron ISA’s ‘new’ meter was originally launched in 2000 and is now
established in the market.

The system was developed in conjunction with Advantica Technologies (formerly BG
Technology). The main objectives being to generate corrected gas and liquid flow rates in
real time from a meter which is inherently based on a traditional wet gas venturi system, and
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therefore simple, robust, reliable and relatively cost effective, yet is not reliant on test
separators or tracer dilution sampling.

If a second differential pressure element is introduced in series with the venturi and if the

second DP device exhibits a significantly different Murdock constant to that of the venturi,
then two simultaneous equations exist that can be solved to yield the gas mass fraction.
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It is this method of calculating the GMF ‘the Dual DP approach’ that forms the basis of the
Dualstream Il wet gas flow meter.
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Fig. 3 Dualstream Il Calculation Process
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Fig. 4 14” Dualstream I Fig 5 14” Dualstream Il on Shell Penguin

Laboratory testing including the NEL Wet Gas JIP and field testing to date has demonstrated
that meter achieves uncertainties of 5%, typically around 2-3% and 10% to 20%o0n corrected
liquid rate for GVF ranges of 90-99%. [8][9].

2.4.2 Second Generation Dualstream | & Il Wet Gas Meters

Over recent years feedback from field applications together with a continuous development
process have led to several enhancements of both Dualstream | & Il meters.

2.4.2.1 Extended operational Range

The pressure profile through a differential pressure type flow element on a single phase
application will recover downstream of the restriction. The actual pressure loss is a function of
amongst other factors, beta ratio, Reynolds number, divergent angle, however on a venturi
the unrecovered pressure will only equate to approximately 10 to 20% of differential pressure
produced. On all but the very low pressure applications this is negligible as for a differential
pressure of 500mbar (7.2psi) the loss would equate to 50-100mbar (< 2psi)

[ = (60)

3 Pressure loss
®  Direction of flow

Fig. 6 Pressure profile through a venturi from ISO5167

It a wet gas application this principle hold true however in addition to the factors mentioned
above the recovery pressure is also a function of the liquid fraction.

For many years Dualstream | type wet gas meters have been supplied with a third tapping to
measure the recovery pressure downstream of the venturi and hence calculate the ‘pressure
loss ratio’ however it has not until recently been used in anger on many projects.
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Fig. 7. Pressure loss ratio equation.

Additional algorithms are now used in conjunction with established wet gas correction
algorithms to reduce the requirement for well testing or to calculate liquid flow rates at high
GVF typically >98%.

Pressure loss ratio measurements are now used in conjunction with both Dualstream | & 1l
type meters enabling liquid measurement up to GVF 99.6% to date.
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Fig. 8. Recent Dualstream Test & Validation data (no points removed)
2.4.2.2 Data Acquisition enhancements

Until recently all equation of state calculations were carried in using third party software. The
latest revision software ‘1642’ now includes on line conversions to standard conditions. In
addition PVT data is now used to calculate condensate and water flow rates from the total
liquid flow rate.

For subsea applications a serial interface unit is now available to interface with Subsea
Controls Modules via MODBUS communication.

3.0 HISTORICAL MEASUREMENT & OPERATIONAL ISSUES

Applying the venturi to wet gas measurement has however, not been without its problems.
Many mistakes (some on subsea projects) were made in the installation of venturi meters on
earlier projects and as with any ‘new’ technology there was a steep learning curve to
overcome. Solartron ISA has now installed several hundred wet gas meters and in
conjunction with the major operators has learned several invaluable lessons. [7]

3.1 Design & Operational Issues

Transferring single phase flow measurement practices into a multiphase flow regime gave
rise to many problems associated with liquid entrapment in tappings and impulse lines in
particular where hydrates were an issue. The main reasons were:

e Tappings/impulse pipe work design
e Meter orientation
¢ Rigid manufacture in accordance with ISO 5167
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To quote a previous wet gas paper “If you are going wet gas metering, read the standards,
but do NOT slavishly follow them” [10]. The following recommendations are now considered
to be good engineering practice for the installation of wet gas venturi meters:

Install at high point

Install in an horizontal plane
No annular rings

Tappings at 12 o’clock

No flow conditioning

With the experience of hindsight and by close liaison with operators/design contractors at an
early stage of a project most of these issues can be minimised. One current trend to minimise
any down time due to hydrates at well start up is to install insulation on subsea meters.
Although not sufficient to prevent hydrate formation in during protracted well shut in’s, it can,
for short periods, hold the meter at temperatures above the hydrate equilibrium point or less
the effect of hydrate formation.

Fig. 9. Tree Mounted 2" Generation Dualstream Il ¢/w insulation.
3.2 Measurement Issues

The most notorious historical measurement issue relating to the use of venturi in wet gas
applications is the effect on discharge co-efficient at high Reynolds numbers. Reynolds
numbers at the high velocities associated with wellhead flow rates can be significantly higher
than those covered within ISO 5167.

These issues were probably best described in a paper from the North Sea Flow Measurement
Workshop in 1995 presented by Shell & NEL [11].

It is now accepted that is not possible to predict the Reynolds number for a gas application at
Reynolds numbers in excess of 2x10°. As a result venturis are now dry gas calibrated for
most applications and in particular for gas allocation applications.

Fig. 10. Dualstream | at Advantica dry gas calibration facility.
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Other areas which effect the over reading on a venturi and ultimately the gas a liquid flow rate
measurements are pressure (or density), gas velocity, flow regime and beta ratio. These are
largely taken into account in a traditional venturi system within the correction algorithm with
the exception of beta ratio effects. . Earlier work [12] concluded that the effect of changing
the Beta ratio was expected to be minimal, primarily due to previous published data on orifice
plates that showed little dependency on beta [13]. However, this hypothesis has
subsequently been shown to be inaccurate as further work has been has been undertaken on
both venturi and V-Cones [14, 15]. These effects were further demonstrated on the Shell
Penguin project when initial Dualstream |l research, conducted on 4 and 6” meters was
transferred to a large 14” meters with different Beta ratio.

Although there were several other issues which were outside the flow meters control it
showed that Beta ratio can have a significant impact on the transfer of algorithms from one
meter geometry to another. For Shell Penguin the eventual solution was to build a duplicate
test meter and run tests at K-lab Wet Gas Facility, Norway. On completion of the tests the
meter was put into successful operation with gas and liquid flow rates within £ 5%. [16]

Another issue which is now becoming apparent in several subsea installations is the cooling
effect of seawater around the temperature sensor creating a temperature gradient between
the process and the temperature sensor. This can obviously impact density data used within
the flow calculation and effect PVT conversions. This effect will be fully presented in a paper
on the Mikkel project to be presented at the North Sea Flow Measurement Workshop in
October 2004.

4. GULF OF MEXICO OPERATIONAL EXPERIENCE

There are now 19 Dualstream wet gas meters deployed in the Gulf of Mexico, all but one is
deployed subsea. All meters are primarily utilised in allocation measurement systems
however as with most allocation systems the data is often used for well management
information.

Meters have been deployed staring from 2002 with the latest meter installed in 2004.

It is important to note that all meters deployed in the Gulf of Mexico to date are first
generation Dualstream | or Dualstream |l meters.

4.1 Canyon Express Overview

Canyon Express is probably the most publicised wet gas project in the Gulf of Mexico to date.
It has been the first multi-partner pipeline at record depths and has had many technical issues
to overcome. There are many papers discussing the trials and tribulations [17] however the
main aspects are summarised below:

The project consists three fields, Kings Peak, Aconcagua and Camden Hills. The fields are
owned by BP, Total and Marathon Oil Company respectively. A total of 9 wells are tied into
the Canyon Express pipeline back to the Canyon Station platform. It was the first subsea
application of Dualstream Il wet gas meters. All meters are identical 5 1/8”, first generation
construction and are installed to provide allocation data for MMS royalty allocation for
hydrocarbon gas and condensate.

The main technical issues on the project were:

a) MMS approval at uncertainties significantly higher than existing USA allocation systems
b) Operation Pressures at pressure in excess of 200Bar
¢) Operation at Depths of over 2000m (7000ft).
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As is the case on many projects to day the most economically viable solution was not the
most traditional. The resultant solution not only being a new approach by operators but also
the result of lateral thinking from the regulatory bodies. In the case of Canyon Express this
resulted in an agreement between the Operators and the MMS for an uncertainty budget
which was out with the tradition requirements for single phase measurements.

As the project requirements were at pressures in excess of existing test data, and as well test
facilities would not commonly be available, a test meter was manufactured for validation at
SWRI. Data was correlated over most of the operation range at pressures up to 250bar. Tests
concluded the meter should perform within specification [17].

To cope with the record breaking water depth a triple redundant instrumentation system was
implemented. This enabled catastrophic failure of three complete instrument systems before
the meter would require retrieval for repair. Although adding considerably to the size, weight
and cost of each meter this was considered the most pragmatic solution. The alternative
being meter retrieval at significantly higher cost, even excluding lost revenue.

Fig. 11. Meter testing at SWRI Fig 12. Triple redundant first generation
Dualstream Il

The meters have now been in operation for 24 months. We understand that there have only
been two sensor failures to date and that although the liquid fraction of the wells is < 1% by
volume and hence outside the liquid detection envelope of a first generation Dualstream I,
the meters are being used as simple Dualstream | meters and enabling gas allocation within
project requirements.

4.2 Mariner Energy — King Kong & Yosemite Development Overview

The King Kong requirements were originally very similar to those of the Canyon Express
project but as with most of the independent producers much shorter project duration. The
simplest route for the project was to utilise identical meters to those being design for the
Canyon Express project. Three meters were purchased.

The King Kong and Yosemite fields (KKY) consist of three gas-condensate wells tied together
and back to Agip Petroleum’s Allegheny TLP by dual 7 inch flow lines/risers, two 5 inch infield
flow lines and a system of umbilicals. The wells are located in 3850 ft of water in Green
Canyon (GC) 472, 473 and 516. Production commenced through the flow meters in February
2002 [18].

Production to date has shown gas flow rates typically within + 2% of reading.

4.3 Pioneer Natural Resources — Falcon Corridor Overview

The Falcon Corridor has been developed over a number of phases starting in 2001 with all
production routed via the Falcon Nest Platform at Mustang Island Block A103 in 389 ft water.
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As the gas fraction of the wells on this project was expected to exceed 99% a decision was
taken to implement a more traditional wet gas meter solution, Dualstream I,  with manual
liquid correction. The design for these meters merged what had become the allocation
standard design for UK applications with the more onerous requirements of the deepwater’s
of the Gulf of Mexico. The meters consist of an upstream spool, venturi and short downstream
spool.

SECTION 'X'—"X"

Fig. 13. Typical Shallow water Dualstream | Allocation System General Arrangement.

Fig 14. Triple Redundant Deepwater Dualstream |

The most obvious differences between these meters and those previously supplied for UK
applications was shorter overall footprint, enabled through the use of non intrusive
temperature measurements on the upstream spool rather than a traditional thermowell
arrangement on the down stream spool. Also as with other deepwater applications a triple
redundant instrument policy was implemented.

Initially implemented on the Harrier well, this concept has now been rolled out on Falcon wells
Tomahawk and Raptur.

Gas rate uncertainty is typically within = 2% on all wells.

5. OPERATIONAL EXPERIENCE
We have now had operational meters in the Gulf of Mexico for over two years.

5.1 Hydrates & Scaling

All differential pressure based flow meters rely on accurate knowledge of internal dimensions
of the meter and free operation of tappings and impulse lines. All projects to date have some
form of hydrate inhibition system. A scaling inhibition system has been implemented on the
Canyon Express project. Even with careful design of tappings and impulse lines and
operation of inhibition systems, hydrate issues have been experienced or suspected at
sometime on all projects.

10
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Hydrates have been experienced in the main during well start up when the process
temperature falls into the hydrate region. During well start up and as the process temperature
rise hydrates have been seen to clear. While hydrates are present differential pressure
signals are unpredictable. One some wells it has taken up to 16 hours for hydrates to clear
and meters to operate correctly.

Early lesson associated with hydrate issues were learnt over a decade ago, however, with
experienced gained in the Gulf of Mexico and on other recent projects it is now considered
prudent to discuss hydrate issues in much greater detail. On some subsequent projects
outside the Gulf of Mexico insulation has been utilised to assist in prevention philosophy.

We have had our first known experience of meter scaling in the Gulf of Mexico. Unfortunately
prevention is outside the control of any vendors. In circumstances where scaling has occurred
the only real way to alleviate geometric changes is to calibrate in situ. The trials and
tribulations associated with scaling are detailed fully in previous papers. [17]

5.2 Data Acquisition Hardware/Software issues

First generation subsea Dualstream wet gas meters installed in the Gulf of Mexico utilise
standard analogue 4-20mA signals directly transmitted into subsea control Module (SCM).
Calculation processes are carried out within the DCS or standard PC on the topsides
platform. Most projects prior to these projects utilised a standard flow computer for the
calculation process.

Although not perhaps the most potentially serious issue but probably the most frequent are
issues relating to algorithm implementation. These have concerned DCS programming,
interfaces with EOS software and generation of flow rate data at standard conditions.

Problems with software implementation can lead to unnecessary delays in meter
commissioning and costly service interventions for both operator and meter supplier.
Solartron ISA now considers the flexible approach undertaken on projects to date to have
been counter productive. With fully revised software and online EOS calculations now within
the Solartron 7955 flow computer will propose flow computer based solutions on future
projects.

The commercial evaluation of DCS or PC based systems against a flow computer is
complicated and difficult to accurately define. The initial cost for a flow computer is perceived
to be higher as, although the flow computer hardware costs are relative low, installation costs
and control room space requirements are perceived to be relatively high. Conversely in the
Gulf of Mexico and elsewhere our experience has shown that although highly skilled, the DCS
programmers lack understanding of the metering algorithms. The calculations are complex
and the man-hours involved in implementation for both operator and vendor appear to
outweigh any perceived cost saving.

Another issue generated by dual or triple instrumented meters is the high I/O overhead on
subsea control systems. Some meters supplied in the Gulf of Mexico have up to 18 analogue
loops. Second generation Dualstream meters now have the option of a serial interface
module to allow MODBUS communication. Foundation Field bus communication is now used
between the interface unit and sensors which removes the requirement for stacked DP
transmitters and potentially increases accuracy.

5.3 Subsea Sensor Performance

As discussed earlier the costs associated with retrieving a subsea meter in deepwater have
necessitated the installation of dual or triple instrumented meters.

We have gained much experience of in the selection of sensors for differential pressure,
pressure and temperature measurement. Perhaps surprisingly there have been relatively few

11
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failures. On sensors which have failed as it has not been possible to retrieve any units it is
not possible to ascertain the exact reason for failure.

We have seen intermittent failures of temperature sensors following power interruption. The
fault on these units was traced to a software error which has subsequently been corrected on
later units. A ‘soft boot’ technique has been utilised to correct units already installed.

All units to date in the Gulf of Mexico utilise standard 4-20mA signals with no diagnostic
capability. With Foundation Field bus communication available on future meters this also
opens up diagnostic capabilities available within more advanced electronics.

5.4 Meter Performance and operating envelope

To date all meters supplied are operational and where operating within the claimed operating
ranges are within specification.

Where Dualstream Il meters have been supplied liquid production has been substantially
lower than expected and as a result the liquid flow rates even on Dualstream |l meters
currently outside the operational range.

This said gas rate flow measurements are within 2% on all meters thus achieving the primary
objective in any wet gas allocation system.

6. CONCLUSIONS

Much has been learnt on Dualstream meters supplied in the Gulf of Mexico to date. The
issues of supplying meters into deepwater further complicate an already complex and difficult
measurement process.

Well performance and production difficulties are outside the meter manufactures control
however the resultant effect can cloud the user’'s expectations once the meters have been
installed and the initial project teams have been disbanded.

Meters supplied to date in Gulf of Mexico are generating flow data to allocate gas on all
projects and show good correlation, typically within 2% against downstream production
facilities. These results have been achieved with significant teamwork with the operators.
Although meters are performing within specification the first generation Dualstream meters
have not offered the perfect solution to operators to date.

Dualstream meter design as a result of work carried out in the Gulf of Mexico together with
other recent projects has lead to the further development of the meter designs on both
Dualstream | & Il concepts. These second generation meters offer an enhanced operational
range which would alleviate the short comings of the technology available when the current
projects were implemented.

12
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7. NOTATION

0 Mass Flow rate

X Gas Mass Fraction

X Lockhart-Martinelli Parameter

D Pipe Diameter

B Beta Ratio

g Acceleration Due To Gravity

Vs Superficial Velocity

P Density

M Murdock Coefficient

¢ Murdock Offset

c Chisholm Constant

C De Leeuw 'Constant'

Subscripts

g Gas

l Liquid

gi Indicated Gas

gc Corrected Gas
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